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ABSTRACT 

The ozonides of unsaturated fatty acids 
may be reduced with 2,4-dinitrophenylhy- 
drazine and the resulting aldehydes re- 
acted with an excess of this same reagent 
to give the 2,4-dinitrophenylhydrazones of 
the aldehyde and Mdoester fragments. The 
2,4DNP of the aliphatic aldehydes can be 
separated by several thin-layer chromatog- 
raphy systems and are identifiable on the 
basis of their behavior in these systems. 
The methods described can be utilized for 
both qualitative identification as to the 
location of the double bond. and for 
quantitative measurements of various posi- 
tional isomers in some instances. All of 
the reactions may be performed on the 
plate for qualitative application, and the 
method can be applied to fatty acids in 
various forms. 

COMBINATIONS Of c h r o m a t o g r a p h i c  t ech -  
n iques  now make it relatively easy to isolate 

fatty acids in pure form in small quantities, it 
becomes possible to further characterize these 
fatty acids. The location of double bonds in 
unsaturated fatty acids has recently been ac- 
eomplished by gas-liquid chromatography 
(GLC) of reduetive ozonolysis products (2,3). 
These works also illustrated that when ozonoly- 
sis was conducted under low temperature con- 
ditions such as were employed, very few side 
products resulted. Since the reduction of an 
ozonide of phenanthrene by 2,4-dinitrophenyl- 
hydrazine and phenyhydrazine and the forma- 
tion of the hydrazones has been reported (5) 
it was apparent that this might be extended 
to fatty acids and the derivatives identified by 
thin-layer chromatography (TLC) or GLC. 
This report presents progress in developing 
such a procedure and in the examination of 
the products of these reactions in order to 
make the procedure quantitative. 

~.XPERIMENTAL METHODS 

Ozonolysis 

One milligram of the methyl ester of the 
fatty acid was dissolved in 2 ml of methylene 
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chloride or n-pentane, in a glass stoppered 
graduated test tube or centrifuge tube. This 
was brought to approximately --75C in an 
acetone dry ice bath and the effluent from an 
ozone generator was bubbled through the solu- 
tion, the ozonolysis was conducted in a rune- 
tioning hood. After the solution turns blue 
it was removed from the ice bath and warmed 
until the solid material went into solution. Dur- 
ing this warming, ozone was being bubbled 
through the solution. I t  was then replaced in 
the ice bath m~d ozone bubbled through until a 
blue color was again detectable. This whole 
ozonoiysis procedure took approximately 5-10 
rain. The ozone and methylene chloride or 
n-pentane were then removed by warming the 
solution to room temperature and then taken 
to dryness under a brisk flow of nitrogen. 

Reduction and Formation of the 
2,4-DinitroDhenylhydrazones 

The reagent used consisted of 4.0 g of 2,4- 
dinitrophenylhydrazine dissolved in 40 ml of 
concentrated sulfuric acid. The amount of 30 
ml of water was added slowly with stirring; 
100 ml of 95% ethanol was added. The reagent 
was stable when stored in the dark. One tenth 
of a milliliter of this reagent was used for 
each double bond per milligram of fatty acid 
methyl ester. This provided sufficient excess to 
obtain quantitative conversion of the ozonide 
to the hydrazone. This amount of the reagent 
was added directly to the dry ozonide and the 
tube was allowed to sit at room temperature 
for a few minutes. The reactions to this point 
may be summarized by using methyl oleate as 
an example. Methyl oleate would have under- 
gone the following reactions at this point:  

CH~(CH~)r = CH(CH.@ -- COOCH~ + 
03 -~ C H o ( C H ~ ) ~  - -  C ] ~ O o C R ( C H ~ ) ,  - -  

COOCH~ 
+ 

H~NHNC~tI~(NQ)~ 
$ 

CH~(CH,_,)~HC = NHNC,H~(NO~),~ 
+ 

(NO~) ~C,H~NHN = CH (CH~) ~COOCH:~ 
+ 

reduced 2,4-dinitrophenylhydrazine and water 
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Cleanup of Reaction Mixture Subsequent 
To TLC 

Procedure A - - f o r  Quantitative Work. Five 
milliliters of chloroform and 2 ml of distilled 
water were added to the reaction mixture; the 
tube was shaken and centrifuged, and the upper 
water layer was removed by suction. This wash- 
ing procedure was repeated two more times. 
Anhydrous sodium sulfate was added, the tube 
shaken and aliquots taken for chromatography. 

Procedure B - - fo r  Qualitative Worlc. One 
milliliter of petroleum ether (bp-50-65C) was 
added and the tube shaken. Aliquots were 
taken directly from this extract and pat  on 
the thin-layer plates. 

Separation of Products by Thin-Layer 
Chromatography 

The qualitative separation and identification 
of products was performed using micro or 
macro methods. The basic difference in chrorna- 
tography was that 6.66 • 6.66 cm plates, 
0.25 mm thick were used for micro work while 
20 X 20 em plates, 0.5 rmu thick were used 
for macro work. 

Proced~re A. Two stationary phases, n- 
undeeane and silicone oil were used and both 
were satisfactory. The undeeane had greater 
resolving power than the silicone oil. Silica 
gel G plates were impregnated by developing 
in a 10% solution of undeeane or silicone oil 
in petroleum ether. They were then removed, 
allowed to dry a few migrates and the cleaned 
products of the ozonolysis and reduction were 
then placed on the plate. Usually 5 /,1 of the 
solution was added to the small plate and 10 
to the large plates. The plates were usually 
developed with 25% water--75% methanol by 
volume. This mL-~ture was very satisfactory for 
separating the aldehydes that would originate 
from fatty acids of the linoleate or oleate 
series (6 and 9 carbons). However, the longer 
chain aldehydes required a less polar mixture 
in order to move them from the origin on the 
nonpolar stationary phase. For  instance, if 
the mixture is methyl oleate and methyl 
petroselineate, an 80% methanol, 20% water 
solution was used to separate the 9 and 11 
carbon aldehyde 2,4-dinitrophenylhydrazones. 
After developing, the plate was allowed to dry. 
The spots were observed under ultraviolet light 
and marked with a hypodermic needle or similar 
object. The spots can also be made visible by 
spraying with 5N sodimn hydroxide solution. 
Standard 2,4-dinitrophenylhydrazones were run 
at the same time that the unknown was run 
and the spots identified from the standards. 

Procedure B. This procedure was similar 
to that described in detail by Urbach (4). 
Chromatoplates 6.66 • 6.66 cm or 20 • 20 
cm of Kieselgur G 0.24 mm and 0.5 mm thick, 
respectively, were utilized. The plates were 
impregnated by developing in 10% 2-phenoxy- 
ethanol in ethanol. Development was accom- 
plished with n-heptane. Repeated development 
was sometimes used, but was not always 
necessary. 

Procedure C. The reaction products were 
first separated on a plate using dimethyl 
formamide on aluminum oxide to separate 
syn and antio form. The syn form was eluted 
and reehromatographed, using the phenoxy- 
ethanol system of Urbach described under 
procedure B. Chromatoplates 20 • 20 era, 
of aluminum oxide, 0.5 mm thick, were utilized. 
The plates were impregnated by developing in 
10% dimethyl formamide in ethanol. The 
chloroform extract of the reaction mixture 
representing 15 to 50 t~g of original fatty acid 
was plated in four bands at the origin for 
development. The plates were developed with 
n-heptane two or three times. The need for 
repeated development -+-as ascertained by visual 
inspection. The spot representing the syn 
form was placed in an elution tube and the 
2,4-DNP eluted with 1 ml of acetone three 
times. This extract is taken nearly to dryness 
and then placed on phenoxyethanol impregnated 
plates and developed as outlined in pro- 
cedure B. 

Quantitative Determination of 2,4-Dinitro- 
phenylhydrazones of the Straight Chain 
Aldehydes 

Tile spots from the large plates may be 
measured quantitatively. The spots are scraped 
off and placed into eluting tubes. When the 
undeeane system was used the undeeane is re- 
moved by extracting twice with 2 ml of petro- 
leum ether. The 2,4-dinitrophenylhydrazones 
are eluted with chloroform, usually 2 extrac- 
tions with 2 ml suffices. The volume is reduced 
to 1 ml and the optical density read in the 
speetrophotometer~ at 356 m/z, using semimiero 
euvettes. 

Conducting all Reactions on the Plate 

Approximately 5 to 40 t*g of the material 
to be investigated was placed on a Kieselgur 
G plate. The ozonolysis was performed by 
placing the plate in a chamber and saturating 
the chamber with the effluent from the ozone 
generator. The plate was allowed to remain in 
the chamber for 5 rain. After removing the 
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T A B L E  I 

R~ Yalues of 2,4-1)initrophenylhydrazones of 3-9 Carbon 
n-Al iphat ic  Aldehydes a 

No. of carbons i n  a l iphat ic  aldehyde 
of 2,4-d in i t rophenylhydr  azone 

3 4 5 6 7 8 9 

Lower  band 0.63 0.54 0.40 0.27 0.18 0.10 0.05 
Uppe r  band  0.72 0.67 0.54 0.43 0.33 0.22 0.14 

a The thin-layer  plate  is 20 X 20 cm, Sil ica gel G, 
0.5 mm thick, s t a t ionary  phase undecane,  developing 
phase 2 5 %  w a t e r - - 7 5 %  methanol .  

plate, one drop of 2,4-dinitrophenylhydrazine 
reagent was placed on the spot where the 
methyl ester or other material to be investigated 
was placed. The plate was dried on a hot plate 
for approximately 1 rain. The plate was placed 
upside down in the ethanol solution containing 
]0% of the stationary phase (phenoxyethanol) 
and this was allowed to ascend to the spots 
(they were clearly visible). The plate was 
removed, ethanol removed by gently heating 
on a hot plate under a stream of nitrogen and 
the plate then developed in the normal way with 
heptane. 

RESULTS AND DISCUSSION 
Ozonolysis 

The yield of the combination reactions was 
not as high if the ozonolysis solution was not 
warmed until all crystals dissolve at least once 
during the ozonolysis. The reason for this was 
not investigated. ]~Iowever, a reduction in yield 
was noted, and a solution of 1 mg of methyl 
oleate in 2 ml of methylene chloride was cloudy 
at --75 to --78C. The inference is that the 
crystallized methyl ester was not completely 
ozonized. 

Separation of Products by Thin-Layer 
Chromatography 

The greatest problem encountered in this area 
was the separation of each pure 2,4- 
dinitrophenylhydrazone into two spots. A de- 
tailed account of observations on this phenomena 
is to be published in another paper (5). These 
observations indicated that the 2,4-DNP formed 
from an aldehyde or unsymmetrical ketone 
were a mixture of syn and antio form. That 
repeated crystallization gave a product that 
was pure syn form. When this crystal was 
dissolved in a solvent such as acetone, petro- 
leum ether, methanol or ethanol, it did not 
racemize and was pure by chromatography. 
However, if the crystals were dissolved in a 
solvent as chloroform, immediate racemization 
took place and the two fornls were apparent 

when chromatographed. Also, addition of a 
drop of hydrochloric acid to the other solutions 
caused racemization. Therefore, the only way 
that one isomer was obtained frmn products 
of fatty acids was by crystallization and 
purification of the syn form. This required 
a large sample and may not be quantitative. 

Table I gives the R~ values obtained from 
the homologous series of normal aliphatic alde- 
hydes using the undecane system. I t  is 
apparent that derivatives of each of the ad- 
jacent members of the homologous series over- 
lap. However, using this system, there is no 
overlap between every other member. This is 
important, since it allows for quantitative 
separation of the products of acids such as 
vaccenic acid and oleic acid. The silicone 
system resolves the two isomers to approxi- 
mately the same extent. The phenoxyethanol 
system resolved the isomers even more and 
there was an overlap between adjacent mem- 
ber of the homologous series of aliphatic alde- 
hydes. The amount of material in the antio 
form was approximately 25% in most reaction 
mixtures. 

Figure 1 is a photograph of a chromatoplate 
illustrating separation of the products resulting 
from ozonolysis and treatment of the ozonide 

.with 2,4-DNP reagent of methyl vaccenate, 
methyl oleate and a mixture of these two 
compounds using the undecane system. This 
chromatoplate illustrates the separation os the 
heptanal and nonanal 2,4-DNP. I t  also shows 
that the load limit of this system is very 
small as indicated by trailing in A% B ~ and C" 
where products from 20 ~g of each acid were 
applied to the plate. 

Quantitative Determination of 
2,4-Dinitrophenylhydrazones 

The recovery of the 2,4-DNPH derivative 
of n-pentanal was studied and the recovery 
of this derivative from the plate after chroma- 
tography was approximately 91%. Recovery 

T A B L E  II 

Quantitative Analysis of a l~ixture of )/[ethyl Esters 
of Fatty Acids Using the Undecane Chromatographic 

System 

Percen t  analysis  of mix tu re  

By optical density 
By GLC of of 2 dinitrophenyl- 

methyl esters hydrazones  

16 :1  18 :1  16 :1  18 :1  

Sample 1 49.0 ~--- .3 51.0 ~ .3 51.0 • 3.8 49.0 ~ 2.7 
Sample 2 49.0 • .3 51.0 -~ .3 46.7 • 1.5 53.3 ~.~ 1.3 

Average  49.0 • .3 51.0 ~ .3 48.9 • 2.9 51.1 ~ 2.1 
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FIG. 1. Chromatoplate of the 2,4-DNP tha t  
result from methyl vaccenate and methyl oleate. 
Plate iv 20 • 20 cm, Silica gel G, 0.5 mm thick, 
stationary phase undecane, developing phase 25% 
wate r - -75% methanol. 

A represents products front 10 tLg methyl vae- 
cenate, spots from bottom represent antio and 
syn form of 2,4-DNP of heptana] and the antio 
and syn form of 2,4-DNP of methyl undecanoate- 
l l -al .  A' represents products from 20 ~g of 
methyl vaecenate. B represents products from 10 
~g methyl oleate, spots from bottom represent 
antio and syn form of 2,4-DNP of nonanal and 
the antio and syn form of 2,4-DNP of methyl 
nonanate-9-al. B'  represents products from 20 
/~g methyl oleate. C represents products from l0 
~g methyl vaecenate and 10 t~g of methyl oleate. 
C' represents products from 20 #g methyl vaccenate 
and 20 ~g of methyl oleate. 

exper iments  wi th  methyl  oleate car r ied  througt l  
the en t i re  exper imentM procedure  wi th  the  
2 , 4 - D N P H  of a n -nonanM being  the  p roduc t  
measured  gave yields of 89-92%.  These da ta  
would indicate  t ha t  the ozonolysis, reduct ion,  
a n d  c leanup procedures  mus t  yield ahuos t  
100%,  wi th  the  g rea tes t  loss being in the 
ex t rac t ion  of  the der iva t ive  f rom the  Silica 
gel G. 

The abso rp t ion  max imum of the  3-9 carbon 
s t r a igh t  chain  aldehydes was a t  358 m~. The 
abso rp t ion  max imum of the 2 , 4 - D N P H  of 
methy l  n -nonanoa te  al was also 358 mt~. 

The resul ts  of' quan t i t a t ive  analysis  of a 
mix tu re  of  methy l  oleate and  methy l  pa lmi t -  
oleate are presen ted  in Table I I .  The values 

FI~. 2. Chromatoplate where ozonolyMs, reduc- 
tion and formation of 2,4-dinitrophenylhydrazones 
was conducted on the thin-layer plate. The plate 
is 20 X 20 cm, iKieselgur G, 0.50 mm thick, 
stationary phase 2-phenoxyethano], plate developed 
one time with heptane. A, 80 #g of stearyI and 
pa]ymity], eicosatetrayl lecithin (made available 
by Gosta Arvidson).  The site of the reaction is 
the round dark spot (samples A - F ) .  The first 
thin black spot indicates the border of the 2- 
phenoxyethanol (stat ionary phase) and tile spot 
is actually composed of the 2,4-DNP of the 
aldoester f ragment  and in the case of A i t  con- 
tains the di-2,4-DNP of malona]dehyde. The next 
spot represents the syn isomer of 2,4-DNP of 
hexaldehyde. Traces of 2,4-DNP of heptaldehyde 
are also present. ]3-40 p,g of monoglyeerlde (14:0- 
5.0%, 14:1-4.4%, 16:0-5.5%, 16:1-17.3%, 18:0- 
4%, 18:1-57.5% and 18.2-6.2%). Spots cor- 
responding to 6, 7 and 9 carbon aldehyde deriva- 
tives are apparent.  C-40 ~g of diglyceride (18:1- 
100%) spots for the syn and a**tio form of the 
9 carbon aldehyde derivative are present. D-40 
~g triglycerlde (14:1-3.5%, 16:1-13.2%, 18:1- 
80.9% and 18:2-2.2%. Spots representing the 7 
and 9 carbon aldehyde derivatives are apparent.  
E-40 t~g methyl els vaecenate--spots  representing 
the syn and antio forms of the 7 carbon aldehyde 
derivates are seen. F-40 ~g methyl oleate-spots 
representing the two isomers of the 9 carbon 
aldehyde derivatives are apparent.  

fo r  samples  1 an d  2 are  t r ip l ica te  deternf ina-  
t ions of the 9 ca rbon  a ldehyde  and  7 ca rbon  
aldehyd~ der iva t ives  ob ta ined  f r o m  methy l  
oleate and  methyl  palmitoleate ,  respectively.  
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A sample of methyl eicosatrienoate (95%) 
and methyl docosatrienoate (5%) isolated from 
E F A  deficient pig testis lipids was examined 
by this quantitative procedure. The results 
show that 84.4% of the material was 5,8,11 
eicosatrieuote and 7,10,13 doeosatrienoate and 
while 15.6% was 7,10,13 eieosatrienoate and 
9,12,15 doeosatrienoate. While Privet t  et al. 
(2) did not give actual percentage composition, 
they examined methyI eicosatrienoa.te from 
liver lipids of E F A  deficient rats by the re- 
ductive ozonolysis procedure and found that  the 
5,8,11 eicosatrienoate was the major  com~ 
ponent and 7,10,13 eicosatrionate the minor 
component. 

Quantitative analysis of a mixture of 28.5% 
methyl petroselinate, 31.3% methyl oleate and 
40.2% methyl vaccenate using the combination 
of dimethyl formamide and the phenoxyethanol 
chromatographic systems gave the following 
results by spectrophotometrie analysis of 
separated 2,4-dinitrophenylhydrazones: 29.2 • 
0.2% methyl petroselinate, 30.1 • 0.6% methyl 
oleate and 40.6 • 0.5% methyl vaccenate. This 
method in which the analysis is conducted with 
the isolated s y n  forms appears  to be precise 
and accurate for this combination of fat ty  acids. 

Results of Conducting all Reactions 
on the Plate 

Figure 2 illustrates the application of this 
technique to 4 different classes of lipids. The 
sensitivity of the method is shown by the fact 
that spots for  hexanal and heptanal derivatives 
are seen in the monoglyceride preparat ion (B) 
where the GLC data indicates that  hexadeeenoic 
and octodecadienoic acids were present. These 
acids are probably 9-hexadecenoic acid and 
9,12-oetadecadienoic acid and therefore yield 

the 6 and 7 carbon aldehyde derivatives. The 
chromatoplate pictured in Figure 2 is 
20 • 20 cm. However, small plates have been 
used very successfully, and the total analysis 
can be conducted in 20 to 30 miD. 

Advantages and Disadvantages of the 
Methods Described 

The main advantages of the methods are: 
(1) i t  does not require a GLC appara tus ;  (2) 
it  does not require a hydrogen reduction pro- 
cedure; (3) the products are very stable; and 
(4) extremely small samples may be utilized 
for the analysis. The major  disadvantages are:  
(1) the results are not clear cut when the 
fa t ty  acids yield aldehydes of adjacent mem- 
bers of the homologous series due to overlap of 
the s y n  and ant io  form of the 2~4-dinitrophenyl- 
hydrazone of these aldehydes; and (2) the 
derivatives of short chain (4 carbon and less) 
are not separated from aldoester products by 
the chromatographic procedures developed. 
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ABSTRACT 
X-ray diffraction powder data are re- 

ported for  25 mono- and dithiol diesters 
of straight chain aliphatic acids where the 
acid portion of the molecule consists of 
one of the following acids: octanoie, 
decanoic, dodecanoic, tetradecanoic, hexa- 
decanoic or octadecanoic acids, and where 
the thiol portion consists of one of the 
following : 2-mercaptoethane, 1,2-ethane- 
dithiol, 1,3-propanedithiol, 1,4-bntanedi- 
thiol or 1,5-pentanedithio]. The individual 
compounds can be identified and distin- 
guished by the long spacing data. The 
compounds crystallize in tilted nmnomole- 
cular layers. 

INTRODUCTION 

A RECENT PUBLICATION (1)  describes the syn- 
thesis of monothiol and dithiol diesters of 

long chain acids. Many of these compounds are 
solid crystalline materials whose melting points 
are above room temperature. These compounds 
are suitable for  a study by X-ray diffraction. 
This paper  reports X-ray studies os 25 mono- 
and dithiol diesters of straight chain aliphatic 
acids containing an even nmnber of carbon 
atoms, namely, octanoic, decanoic, dodecanoic, 
tetradecanoic, hexadecanoic, and octadecanoic 
acids. The general fm~nula of the mono di- 

0 O 
II II 

esters is R-C-O-(CH~)-S-C-R and of the dithiol 

0 0 
I1 II 

diesters is R-CS-(CH~).-S-C-R where n varies 
between two to five. 

E X P B R I M E N T A L  
The synthesis and the purification of the 

compounds used in this study were described 
elsewhere (1). Most of these compounds were 
crystallized front acetone, hexane and chloro- 
form at room temperature. X-ray diffraction 
measurements were made with a General 
Electric XRD-3 direct recording unit, using 
nickel-filtered CuKa radiation (X = 1.5405 ~ ) ,  
1 ~ beam slit, 0.1 ~ detector slit, mediunl resolu- 
tion soller slit, scanning speed 2 ~ /rain, chart 

1 E. Util. Res. Dev. Div., ARS, USDA. 

speed 60 in./hr.  The X-ray data listed in 
Table I were obtained from unground samples. 
Thin layers measuring approximately 0.5 in. 
by 1.0 in. were firmly pressed on a glass slide 
to insure adherence. The long spacings listed 
in Table I are the average of several orders 
taken from oriented samples. The first few 
orders were often not included because os 
the limited accuracy with which they could 
be measured. Complete X-ray powder data 
were obtained from ground (unoriented) sam- 
ples but are not included in this paper  due 
to the large amount of space that  would be 
required to describe them. Shown in Figure 
1 are the long spacings of the compounds 
studied plotted against the number of carbon 
atoms in each of the individual acid portions 
of the molecule. 

RESULTS AlgD DISCUSSIOlg  

All compounds investigated can be identified 
and distinguished on the basis of the X-ray 
diffraction long spacing data. The compounds 
investigated gave X-ray diffraction patterns 
which contained a large number of relatively 
sbarp diffraction peaks. This is characteristic 
of the highly crystalline nature of these com- 
pounds. The same crystalline forms appeared 
irrespective of the solvent used, namely, hexane, 
acetone, or chloroform. Three compounds, 
namely, 1,2-ethanedithiol didodecanoate, 1,4- 
butanedithiol didecanoate and 1,4-buthanedi- 
thiol didodecanoate, always crystallized in two 
polymorphic forms. The number of orders 
used in the calculation of each long spacing 
is given in Table I. 

A plot of the total nmnber of' carbon atoms 
in each acid chain (y) against  the long 
spacings (x) of the 2-mercaptoethanol diesters 
(Fig.  1) showed that the long spacing values 
fall in a straight line whose equation as deter- 
mined by the method of least squares is y ---- 
0.4~4143x --  2.82. This would indicate that  
the 2-mercaptoethanol diesters studied crystal- 
lize in the same polymorphic form. A plot of 
the total number os carbon atoms in each 
acid chain (y) against the long spacings (x) 
of the 1,2 ethanedithiol diesters (Fig.  1) showed 
that the long spacing values fell on two 
straight lines. The values of the dioctanoate, 
didecanoate, and the smaller long spacing 
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T A B L E  I 

Long  Spacings  of !~ono- and  Di th io l  Diesters  

Total  No. of Crystal- 
atoms Long" Spac ing  orders lized 

Compound in  chain a 3~ used form 

2-1~ercaptoethanol didecanoate 
2 -~ercap toe thano l  didodecanoate 
2- ) le rcaptoethanol  d i te t radecanoate  
2-1r dihexadecanoate 
2-Mercaptoethanol dioctadecanoate 
1 ,2-Ethanedi thioI  dioetanoate  
1 ,2-Ethanedi th iol  didecanoate  

1 ,2-Ethanedi th iol  didodecanoate 

1 ,2-Ethanedi th iol  d i te t radeeanoate  
1 ,2-Ethanedi thiol  dih exadeeanoate 
1 ,2-Ethanedi thiol  dioctadecanoate 
1 ,3-Propanedi th io l  didecanoate 
1 ,3-Propanedi th io l  didodecanoate 
1 ,3-Propanedi th io l  d i te t radecanoate  
1 ,3-Propanedi th io l  dihexadecanoate 
1 ,4-Butanedi th iol  dioctanoate 

1 ,4-Butanedi th io l  didecanoate 

1 ,4-Butanedi th io l  didodecanoate 

1 ,4-Butanedi th io l  d i te t radecanoate  
1 ,4-Butanedi th iol  dihexadecanoate 
1 ,5-Pentanedi th io l  didecanoate  
1 ,5-Pentanedi th io l  didodecanoate 
1 ,5-Pentanedi th io l  d i te t radecanoate  
1 ,5-Pentanedi th io l  dihexadeeanoate 
1,5-Pentanedi~hiol  dioctadecanoate 

24 28.85 • .0279 8 A 
28 33.34 • .0114 14 CHA_ 
32 37.88 ~- .0179 10 CI-IA 
36 42.40 • .0184 15 CHA 
40 46.84 • .1023 6 CI-IA 
20 23.70 • .0203 6 G I l A  
24 28.46 ~---.0206 8 GttA. 

f 33"04--~ '0199 8 t CKA 

28 t 33-92 -~ .0183 10 
32 38.40 ~ .0099 15 CI IA  
36 42.92 +--- .0179 14 CI-IA 
40 47.40 • .0420 12 CHA 
25 28.12 ~ .0350 7 CHA 
29 32.28 • .0106 14 CHA 
33 36.47 ~--~ .0108 18 A 
37 40.72 - - . 0 1 5 9  15 CHA 
22 26.2s • .0115 9 CHA 

I 30.78 •  5 t 
26 C CI{A. 

31.48 ~- .0878 3 

30 t 35.24• 5 I cI-IA 
35.96 • .0153 17 

34 40.52 • .0105 11 CI~A 
38 45.03 • .0124 18 CHA 
27 25.61 • .0986 4 C t t A  
31 29.14 • .0127 i0 CHA 
35 32.74 • .0165 10 CHA 
39 36.26 ~ ,0328 11 CHA 
43 39.76 • .0397 5 CI~A 

a I~ydrogen and  earbonyl oxygen atoms not  included.  
I-I ---- n ]-Iexane. A ~ Acetone. C ~-- Chloroform. 

value of one polymorphic form of the didode- 
canoate fell on a line whose equation as deter- 
mined by the method of least squares is y 
0.428212x -- 2.1612, whereas the larger long 
spacing value of the other polymorphic forni 
of the didodecanoate and the values of the 
ditetradecanoate, dihexadecanoate, and the 
dioctadecanoate fell on a line whose equation 
as determined by the method of least squares 
is y = 0.444838x -- 3.0871. The data indicate 
that a change in molecular packing (2) takes 
place when the number of carbon atoms in the 
acid chain is greater than 12 for  this series. 

2O 

c~ 

z 

o 
I0 

5 

J ~ L 

, L 

LONG SPACING, ~. 

FIG. 1 

The relative amounts of the two polymorphic 
forms found in the X-ray spectra Of 1,2- 
ethanedithiol didodecanoate appeared to be a 
function of the solvent's polarity. The higher 
the polarity of the solvent the higher the rela- 
tive amount of the polymorphic form exhibiting 
the larger value of the long spacing was 
present in the spectra. 

When the total number of carbon atoms in 
each acid chain (y) was plotted against the 
long spacing values (x) of the 1,3-propanedi- 
thiol diesters (Fig. 1), their values fell on a 
straight line whose equation as determined by 
the method of least squares is y ---- 0.476292x -- 
3.3844. Only one polymorphie form was ob- 
served. A similar plot of the long spacings 
of the 1,4-butanedithiol diesters (Fig. 1) 
showed that the long spacings values fell on 
two straight lines. The long spacing values 
of the dioctanoate and the smaller long spacing 
values of the didecanoate and the didodecanoate, 
both of which showed the presence of two 
polymorphic forms fell on a line whose least 
squares equation is y ~ 0.446425x -- 3.7365, 
whereas the larger long spacing values of the 
other polymorphic forms of the didecanoate 
and the didodecanoate and those of the ditetra- 
decanoate and the dihexadeeanoate fell on a 
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TABLE II 

Least  Squares Equations for ~iono- and Dithiol Diesters 
Y (carbon atoms in each side chain) ~ B x (long 

spacing) -4- A 

Series B A 

2-hfercaptoethanol diesters 0.444143 --2.82 
1,2-Ethanedithiol diesters 

(low members) 0.428212 --2.1612 
1,2-Ethanedithiol diesters 

(high members) 0.444838 --3.0871 
1,3-Propanedithiol diesters 0.476292 --3.3844 
1,4-Butanedithiol diesters 

(low members) 0.446425 --3.7365 
1,4 Butanedithiol diesters 

(high members) 0.442375 --3.9208 
1.5-Pentanedithiol diesters 0.564639 --4.4637 

straight line whose least squares is y ---- 
0.442375x -- 3.9208. A change in molecular 
packing (2) is indicated when the acid chain 
contains 10 to 12 carbon atoms in this series. 
A similar plot of the 1,5 pentanedithiol diesters 
(Fig. 1), gave a straight line whose least 
squares equation is y ---- 0.564639x -- 4.4637. 
Only one polymorphic form was observed in 
this series. The above results are summarized 
in Table II.  

Given in Table I I I  are the results of the 
least squares analysis for each series studied 
where the y parameter was taken as the total 
number of atoms in the chain (Table I) .  The 
limits about B, the linear regression coefficient, 
and A, the y intercept given in Table I I I  are 
the 95% confidence limits. Also given in Table 
I I I  are the reciprocals of the linear regression 
coefficients in units of angstrom units per ad- 
ditional carbon atom. The average increments 
in long spacings per additional carbon atom 
were all less than the maximum calculated 
increment for a carbon atom, 1.306 ~ ;  there- 
fore, these compounds crystallize in tilted 
mono- molecular layers. 

Examination of Table I I I  shows that signi- 
ficant overlap exists in the 95% confidence 
ranges in both the B and A parameters of the 
low members of 1,2-ethancdithiol diester and 
the lower members of the 1,4-butanedithiol 

diester series. Therefore the packing in the 
solid state of these two series is probably 
isomorphic. Examination of Table I I I  shows 
that significant overlap exists in the 95% 
confidence ranges in both the B and A para- 
meters of the high members of 1,2-ethanedi- 
thiol diester and the high members of the 
1,4-butanedithiol diester series. Therefore the 
packing of these two series is also probably 
isomorphic. 

Examination of Table I I I  shows that the 
linear regression coefficient B for the 2- 
laercaptoethanol diester series is ahnost 
identical to those of the high members of both 
the 1,2-ethane and the 1,4-butanedithiol diester 
series. A study of the 95% confidence limits 
also shows considerable overlap. In  contrast 
the y intercepts A of the three series shows 
only insignificant overlap. However, the co- 
valent radius for sulfur is 1.04 A, whereas the 
covalent radius for oxygen is only 0.74 
(3). The difference in their covalent diameter 
is therefore 0.60 ~. I f  one assumes that this 
difference is equal to the difference in the 
longest crystallographic axis that one would 
expect between the same dithiol and monothiol 
derivative and dividing by 1.306 s to obtain 
for the difference in the A parameter one 
gets a figure of 0.46 s I f  one subtracts this 
value of 0.46 A algebraically from the A 
parameter of the 2-mercaptoethanol diester 
series and assumes that the 95% confidence 
limits are relatively unchanged, one now gets 
considerable overlap in the 95% confidence 
ranges of the A parameters of these three 
series. This would lead one to suspect that 
these three series crystallize i8omorphically. 
This, however, cannot be said with certainty 
withou~ further study. 

Normally an alternation in long spacing 
between members in a homologous series con- 
taining even and odd numbers of carbon atoms 
is characteristic of long chain compounds (4). 
Examination of Table I I I  shows that the 
curves resulting from the 1,3-propanedithiol 

TABLE I I I  

Least  Squares Equation and 95% Confidence Limits  for 1VIono- and Dithiol Diesters 
y (total atoms in chain) --~ B X (long spacing) -~ A 

1 (~  per addition- 
Series B A B" al carbon atom) 

2-Mercaptoethanol diesters 
1,2-Ethanedithiol diesters 

(low members) 
1,2-Ethanedithiol diesters 

(high members) 
1,3-Propanedithiol diesters 
1,4-Butanedithiol diesters 

(low members) 
1,5-Pentaneditblo] diesters 

0.888287 ~ 0.004775 --1.6310 -~- 0.183242 1.126 

0.856425 -- 0.041177 --0.3225 -- 1.1807 1.168 

0.889676 --~- 0.003883 --2.1742 ~ 0.1588 1.124 
0.952585 -- 0.010439 --1.7689 • 0.3628 1.050 

0.892850 ~ 0.011746 --1.4730 ~- 0.3644 1.120 
1.1293 ~--- 0.004054 --1.9281 ~ 0.1338 0.886 
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dies ters  and  the 1 ,5 -pen taned i th io l  d ies ters  are  
too f a r  r emoved  f r o m  the o the r  scabies to be the 
same  crys ta l l ine  f o r m s ;  in fact ,  too f a r  re-  
moved  f r o m  each o the r  to be the same crys ta l -  
line f o r m s .  
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Gas-Liquid Chromatographic Analysis of Cyclopropene Fatty Acids 1 
P. K. Raju and Raymond Reiser, Department of Biochemistry and Nutrition, 
Texas A&M University, College Station, Texas 

ABSTRACT 
A gas-liquid chromatographic method is 

described for the quantitative estimation 
of eyelopropene fatty acids as their methyl 
mereaptan derivatives. This method esti- 
mates individual eyelopropene acids as 
well as normal and eyelopropane acids. 
Nine seed oils were analyzed for their 
cyelopropene fatty acid content. 

Evidence was obtained for the presence 
of a cyelopropene fatty acid of shorter 
chain length than malvalic in Althaea 
rosea car and one with a higher chain 
length than stereulie in Bombacopsis 
glabra seed oil. This method is less ac- 
curate for cottonseed oil than for the other 
oils tested beeause of the appearance of 
some unsymmetrical peaks of unknown 
origin. 

The mereaptan derivatives of the cyelo- 
propene acids may be isolated by silver 
ion thin-layer chromatography. 

Small amounts of cyelopropane fatty 
acids were found in a number of the oils 
analyzed for eyelopropene fatty acids. 

INTRODUCTION 

A~ 
PRESENT Tt:IERE are two methods in gen- 
ral use for the estimation of cyclopro- 

pene fatty acids in vegetable oils; a speetro- 
photometric method based on the t talphen test 
(1) and hydrogen bromide titration at elevated 
temperature (2). The present authors have had 
very limited success with the spectrophotomc- 
tric method. The hydrogen bromide method 
has given reproducible results, but like the 
modified t talphen test, it estimates only the 
total cyclopropene fatty acid content and not 
the individual acids. 

Application of gas-liquid chromatography 
(GLC) to the analysis of cyclopropene fatty 
acids has been hindered by their extreme in- 
stability at high temperatures. Currently, the 
analysis of these compounds by GLC is car- 
ried out after hydrogenation to the heat stable 
cyclopropane derivative (3-5). Unfortunately, 
the hydrogenation often gives rise to a number 
of side products, making it necessary to cor- 
rect the results in order to obtain absolute 
values. 

1Presented at the AOCS meeting, Chicago, October 
1964. 

The demonstration of the addition reaction 
of mereaptans to cyelopropene compounds bv 
Kircher (6) has suggested a new approach to 
the analysis of these compounds. This report 
describes a quantitative GLC method for the 
analysis of eyclopropene fatty acids based on 
the methyl mercaptan addition product, and a 
TLC method for the isolation of these 
derivatives. 

EXPERIMENTAL 

Procedure 

Oils are extracted from crushed seeds with 
petroleum ether (bp 30-60). The solvent is 
evaporated under vacuum in a rotary evapor- 
ator. The fatty acid methyl esters are prepared 
by transmethylation of 100 mg of the oils in 
5 ml of methanol containing 1% sodimn 
methoxide as catalyst. The reaction is allowed 
to proceed at room temperature with stirring 
for 24 hr. After  adding 10 ml water the 
methyl esters are extraced with petroleum 
ether. The extracts are washed free of the 
alkaline catalyst with distilled water, dried over 
anhydrous sodium sulfate, and the solvent 
evaporated in a stream of nitrogen. 

The method of Kircher (6) with the follow- 
ing modifications is used to prepare the mer- 
captan derivatives of the fatty acid esters: 

Ten or 15 mg of the fatty acid methyl 
esters are treated with a 100% excess (0.25- 
0.5 ml) of a 12.5% (w/v) solution of methyl 
mercaptan (Eastman Kodak Company) in 
benzene and held at room temperature for 5 
hr. The solvent and excess mercaptan are re- 
moved in a stream of nitrogen and the products 
analyzed directly by GLC. I t  is essential to 
use fresh mereaptan solutions each time in 
order to obtain quantitative results. 

Gas-Liquid Chromatography 

A. For the quantitative determination of 
cyelopropene acids only: I f  it is desired to 
know only the kind and amounts of the eyclo- 
propene acids in the oil one may use an Apiezon 
L column. A 45 cm • 0.4 cm column os 3% 
Apiezon L on 60-80 mesh Gas Chrom RZ 
(Applied Science Labs, Inc., State College, 
Pa.) at 220 with a flame ionization detector and 
a helium flow rate of 50-60 ml/min was found 
to give optimum results. 

10 
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Under these conditions the C~ normal acids 
elute in about 4 to 5 rain, the malvalate 
derivative in about S rain, and the stereulate 
derivatives in about 12 rain. Similar columns 
with SE-30 give comparable results. 

B. For the quantitative determination of all 
the acids present: Since under these conditions 
the nonpolar Apiezon column separates the 
fatty acid esters by carbon number only, it is 
necessary to use a polar column for the deter- 
mination of the normal acids. 20% diethylene 
glycol succinate (DEGS) on Gas Chrom RZ 
in 90 cln X 0.4 em column packed as described 
by Wood et al. (7) is used. The helium flow 
rate of about 50 ml/min and a flame ionization 
detector were found to be best. 

The elution time for tt:e malvalate derivative 
is about 22 rain and for the stereulate about 
28 rain. 

Thin-Layer Chromatography 

Preparative thin-layer chromatography is 
carried out with Adsorbosil-1 (Applied Science 
Labs, Inc., State College, Pa).  

The amount of 50 g of Adsorbosil-:l is dis- 
solved in 71 ml of a 12% solution of silver 
nitrate and applied at 0.75 mm thickness on 
8 • 8 in. glass plates. The plates are allowed 
to dry in air for 30 rain and then activated 
at 110C for 2 hr. The activated plates are 
cooled and stored in a desiccator in the dark. 
In order to separate mercaptan derivatives 
from other fatty acid esters a solvent system 
consisting of 10% ethyl ether in hexane is 
used. The derivatives separate from other fatty 
acid esters, staying near the base line well be- 
hind methyl linoleate. 

Identification of the Peaks of Malvalate and 
Sterculate Derivatives 

The relative retention times of malvalic and 
sterculic acids were determined by comparison 
of the GLC graphs of methyl mereaptan 
treated fatty acid methyl esters of Sterculia 
f oetida~ Hibiscus syriacus~ and Gossypium 
hirsutum seed oils. Sterculia foetida seed oil 
has been reported to contain a higher per- 
centage of sterculic than malvalic acid, whereas 
Hibiscus syriacus seed oil and Gossypium 
hirsutum seed oil contain a higher percentage 
of malvalie than sterculic acid (3,8). 

A sterculic acid concentrate was prepared 
by the urea adduct method as described by 
Kireher (6). The product contained about 
94% of sterculate and about 4% of malvalate 
as determined by the present GLC method. 

Tests for Quantitative Response 

The quantitative efficacy of the method was 
tested by 3 procedures: 

1. Due to the unavailability of pure cyclo- 
propene fatty acids, quantitative capability 
of this method could not be tested with abso- 
lute standards. However, the methyl mereaptan 
derivatives of their methyl esters can be pre~ 
pared pure by TLC. The linearity of the 
response of the detector to the mercaptan 
derivatives in mixtures with other fatty acid 
esters was tested by making quantitative mix- 
tures of the derivatives with methyl stearate 
and methyl palmitate. The ratio of the weight 
percentage to area percentage was compared. 

2. Known mixtures of corn oil with Sterculia 
foetida seed oil were made and the fatty acids 
were analyzed by the method described under 
Procedure. The theoretical and the determined 
values were compared. 

3. The GLC method was compared to the 
t IBr  method (2) by analyses of Sterculia 
foetida~ oil and cyclopropene acids isolated 
from Sterculia foetida oil by the urea adduct 
technique. 

Cyclopropene l~atty Acid Content of Some 
Seed Oils 

A number of seed oils were analyzed for 
their cyclopropene fatty acid content by the 
described procedure. 

RESULTS AND DISCUSSION 

The exact nature of the reactions between 
the cyclopropene ring and methyl mercaptan 
is not clear. They can undergo either a free 
radical or nueleophilic addition. The reaction 
may be represented as in Figure 1. The --SCH~ 
group can be added to either the 9- or 10- 
position, and the saturated ring may be either 
cis or trans configuration. 

Under the experimental conditions described, 
the absence of any additional peaks on gas 
chromatograms indicated that no side reactions 
occurred. However, if the reaction is carried 

v c~sH 
�89 �89 

C H 3--- ( C N 2~ '~ - -  ( C H2)TCO0 CI..I 3 C H3-(C H2)7- H~"-(C N2)~- C O0 C FI 3 

CN 3 C H 3  

Y~G. 1. Methyl mereaptan addition products of 
methyl sterculate. 
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T A B L E  I 

E q u i v a l e n t  Chain  L e n g t h  of l~ethy] 1VIercaptan D e r i v a t i v e s  
of Cyclopropene F a t t y  Acid  Methyl  E s t e r s  

S t a t i o n a r y  phase  

Apiezon L D E G S  
Compound  2 2 0 0  2 1 0 0  

C t t 3 S H  de r iva t i ve  of 
ma lva la t e  20.38 23.90 

C t t3SH de r iva t ive  of 
s te rcu la te  21.38 24.90 

CH3St t  d e r i v a t i v e  of the  
u n k n o w n  cyclopropene 
acid  in Bombacops i s  
gl~bra 22.38 25.90 

C H ~ S E  d e r i v a t i v e  of the  
u n k n o w n  cyclopropene ac id  
in Alth(~eet ~'osea car 18.90 

D ihyd ros t e r cu l a t e  18.80 19.40 

:~[ethyl s t ea ra t e  18.00 18.00 

out above 35C, methyl linoleate forms an ad- 
dition product which will give a peak on GLC 
between the malvalate and sterculate deriva- 
tives. 

The addition products do not have the dis- 
agreeable mereaptan odor. On GLC columns 
operated up to 240C, the derivative showed no 
sign of decomposition. The stability of the 
derivatives provides a method of purifying 
cyclopropene containing compounds for struc- 
tural analysis. 

The methyl mercaptan addition products have 
very long retention times due to the presence 
of -SH~ groups. In  DEGS columns, the 
mereaptan derivative of malvalate has a re- 
tention time of 4-5 times that of methyl 
stearate. On polar columns the retention times 
of the mereaptan derivatives have about half 
that of the nonpolar colunms. Nonpolar 
eolmnns permit the use of higher temperatures 
which further reduces the overall retention time. 
Apiezon L columns used in this study per- 
mitred the elution of the mercaptan derivative 
of sterculic acid in about 32 min at 222C. Note, 
however, that the use of Apiezon L under the 
described conditions, although giving a clear 
cut analysis of cyelopropene acids, separates 
normal fatty acids by carbon number only. 

The equivalent chain length of the various 
fatty acid derivatives are given in Table I. 
On DEGS columns all these derivatives have a 
higher retention time than on the Apiezon L 
c o l u ] l l n .  

The GLC behavior of methyl mercaptan 
treated fatty acid nmthyl esters of Sterc~dia 
foetida~ Hibiscus syriaeus and Gossypium 
hirsutum seed oils is shown in Pigure 2. The 
identity of the peaks may be ascertained by 
comparison of the retention items of the methyl 

mercaptan treated fatty acid esters of Gossy- 
plum hi~:sutum and Hibiscus syriacus seed oils, 
both of which have been shown to contain 
relatively greater amounts of malvalic than 
sterculic acid (3,8). The peaks are symmetrical 
so that quantitation by triangulation is 
possibIe. 

The GLC behavior of the methyl mercaptan 
treated Sterculia foetida seed oil fatty acid 

G O S S Y P I U M  H I R S U T U M - L  

w 

Z 
0 
n 

Ld 

0 
k) 
b3 

E ~ STERCULIA 

FOETI DA 

c~ 

HIBESCUS SYR IACUS 

4 8 12 16 

T I M E  ( M I N . )  

FIG. 2. GLC separation of methy] mercaptan 
treated fatty acid methyl esters of Gossypium 
hirsutum, Sterculia foctida and Hibiscus syriacus 
seed oils. Column: 45 • 0.4 cm glass column 
packed with 3% Apiezon L on Gas Chrom RZ 
(60-80 mesh) at 220C. Flow rate 60 m] of 
helium per minute. All runs except part of the 
Gossypi,~m hirs~tum were made at 3K attenuation. 



GLC oF Cu FATTY ACIDS 13 

< 
w 

g 

4 e 12 1'6 20 24 28 32 

TIME (MJN.I 

Fro. 3. GLC separation of methy] mercaptan 
treated fa t t y  acid methyl esters of Sterculia 
foet ida seed oil on DEGS column. 90 X 0.4 cm 
copper eohnm, 20% DEGS on Gas Chrom RZ 
(60-80 mesh) at 210C, flow r~te: 60 m]/min of 
helium. Flame ionization detector. 

esters on DEGS columns is given in Figure 3. 
Note the long retention time and skewed shape 
of the lnercaptan derivatives. The unsym- 
metrical nature of the peak may be due to 
the positional and geometric isomers formed 
during the reaction. In  spite of these dif- 
ficulties the DEGS column may be used for 
the complete fatty acid analysis of oils con- 
taining cyelopropene fatty acids if one takes 
the time required for the elution and measures 

the areas represented by the mercaptan deri- 
vatives by planimeter or disc integrator. Thus 
one may obtain a rapid estimation of the eyclo- 
propene acids by the use of the Apiezon L 
column and a more time consuming complete 
analysis by the DEGS column. 

Cyclopropene fatty acid contents of a nuln- 
ber of seed oils as determined by the Apiezon 
L column are given in Table II ,  Malvalie and 
sterculic acids appear to be common constit- 
uents of all the samples analyzed. Dijkstra and 
Duin (9) have reported the presence of an 18 
carbon cyclopropene acid in kapok seed oil and 
have given it the name "Bombacic acid." The 
present work shows that there are two cyclo- 
propene fatty acids in kapok seed oil; one has 
a retention time on GLC as stereulie a,eid and 
the other a retention time of malvalic. 

The analysis of methyl mercaptan treated 
fatty acid methyl esters of Althaea rosea car 
shows, besides malvalic and a small amount of 
sterculic acids, a major peak with a shorter 
retention time than either of these. That this 
is probably e~ cyclopropene acid is indicated 
by the fact that the GLC of the methyl esters 
produced the characteristic decomposition 
products of cyclopropene fatty acids. Also, 
on silver ion thin-layer chromatography of the 
mercaptan treated fatty acid methyl esters 
developed wit]h ether : hexane (10:90), the acid 
stayed just above the origin. This shows that 
this peak is due to a mercaptan derivative. In 
the case of Bombacopsis glabra seed oil analy- 
sis, a peak appeared after the sterculate deri- 
vative which again appears to be due to cyelo- 
propene fatty acid. 

T A B L E  I I  

Cyclopropene F a t t y  Acid Contents  of ~ a r i o n s  Seed Oils as Dete rmined  by GLC 

Cyclopropene acid content  

Species Common name Malval ic  Sterculie  U n k n o w n  

Percent  

Ste~ulic~ foetida Hazel s tercul ia  10.33 53.22 - -  
Hibiscus ~yrfacus ]~ose of Sharon  13.55 2.25 - -  
Hibiscus esculentus L. Okra 0.50 Trace" - -  
Bo~rebax malabarlcum Kapok 6.01 6.77 - -  
Tilia platyphilla Lime 2.39 0.87 
Althaett rosea car Hollyhock 4.46 Trace a 12.23 
Lavatera trimestrls t t e rb  tree mallow 6.10 0.30 - -  
Bombacopsis glabra A. l~obyns 3.•9 34.45 5.50 
Gossypium hirsutum L. b Cotton 1.58 0.84 - -  

a Less than  0 . 2 5 % .  
b Calculated wi thou t  t a k i n g  in to  considerat ion the unsymmetr ica l  peaks. 
Sterculia ]oetidtt seeds were obta ined f rom the  Director,  B u r e a u  of P l a n t  Indus t ry ,  ~ a n i l a ,  The 

Phi l ippines .  Althaea rosea car seeds were purchased  from V a u g h a n ' s  Seed Company, Chicago, I l l inois ,  
Bornbax malabaricum seeds f rom E. A. 1Vfenninger, S tuar t ,  F lor ida .  Oil of Hibiscus syr~acus and  
Lavatera tr~mestris seeds was  a gif t  f rom E. L. Skau,  Sou thern  l~egionaI l~eseareh Laboratory ,  New 
Orleans, La.  Bombacopsis glabra seeds were a flirt f rom G. G. Shone, Nor th  Staffordshire  College 
of Technology, Stoke on Trent,  Eng land .  Tiller platyphiUa seeds were :purchased f rom F. W. Schumaker ,  
Sandwich,  Mass. Gossypium hirsutum L. and  Hibiscus eseulentus Z.. seeds were obtained f rom local 
markets .  
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TABLE III 

Linea r i t y  of Recorder  Response Between F a t t y  Acid 
Methyl Esters  and  Methyl IV[ercaptan Der iva t ives  

l~'eigli~ % 
Sample Components  Calculated F o u n d  area % 

% % 
S t a n d a r d  

nl ixture  l 

S t a n d a r d  

mix tu re  2 

Palmitate 44.84 44.90 0.997 
Stearate 24.05 23.69 1.015 
CPA esters a 31.11 31.41 0.990 

Pa lmi ta te  38.03 37.33 1.018 
Stearate  45.91 46.67 0.979 
CPA esters a 16,06 16.00 1.003 

a l~{ethyl mercap tan  der iva t ives  of cyclopropene fatty 
acid n~tetllyl es ters :  calculated as methyl stereulate,  

Linearity of the recorder response between 
the fatty acid methyl esters and the methyl 
mereaptan derivatives are given in Table I I I .  
The weight per cent/area per cent for the 
mercaptan derivative is found to be one. This 
is not surprising when considering the fact 
that the flame ionization detector is insensitive 
to sulfur dioxide. 

The quantitative capability of the present 
method as compared to the HBr procedure is 
shown in Table IV. The GLC analysis agrees 
fairly well with the hydrogen bromide titration 
method. The sample of eyelopropene acids pre- 
pared by the urea adduet method contained a 
considerably higher ratio of stereulate to mal- 
valate compared to the original sample, show- 
ing that the sterculate preferentially forms the 
adduct under the conditions used. Thus, the 
composition of the urea adduets cannot be used 
as a measure of the eyelopropene composition 
of the original oil. I f  malvalie acid is present 
in only small amounts, there is a possibility 
that it may not be detected in the final 
concentrate. 

The quantitative capability of the method 
was further tested by preparing standard mix- 
tures of corn oil and Sterculia foetida seed oil 
and analyzing the mixtures for their cyelo- 
propene acid content. The results are given in 

TABLE IV 

Comparison of GLC and I-Iydrogen Bromide Quantitative 
Methods for Cyelopropene F a t t y  Acids 

GLC 

Sample H B r  ~ a l v a l i c  Sterculic 

Sterc~dia foetida 
seed oil 

Cyclopropene fa t ty  acid 
pur i f ied from Sterculi(~ 
foetida seed oil by 
urea adduct  method 

% % % 

61.67 a ]0 ,33 53.22 

96.74 a 3.27 94.69 

a Calculated as stercu]ic acid. 

TABLE u 

GLC Analysis  of Mixtures  of Sterculia foetida Seed 
Oil wi th  Corn Oil 

Cyelopropene fa t ty  acid content  

Mixture  Calculated a F o u n d  Devia t ion  

% % 
Number  1 2.89 3.04 + 0 . 1 5  

Number  2 19.17 19.31 + 0 . 1 4  

Number  3 29.62 30.68 + 1 . 0 6  

Nmnber  4 40.60 41.08 + 0 . 4 8  

Based on the va lue  for  Stereulia foetida seed. oil 
sample as 64 .72%.  

Table V. The close agreement gives confidence 
that the method is quantitative. 

Cottonseed oil presents problems in applying 
this method. Some irregular peaks appear 
after the C18 and before the malvalate. In  
certain cases an incomplete reaction was also 
noticed. Harris et al. (10) had similar dif- 
ficulty in applying the HBr method to cotton- 
seed oil. They overcame this by treating the 
oil with alumina. We applied this technique 
but it did not remove the irregular peaks. 
The effect was found in fresh oil extracted 
from both normal and glandless seeds as well 
as in refined commereiM products. 

Presence of small amounts of cyclopropene 
fatty acids have been reported to be present 
in Hibiscus syriacus seed oil (3). In  the 
present study a minor constituent acid was 
found in a number of other seed oils which 
contain eyclopropene fatty acids. On silver 
ion TLC, this acid moves with the saturated. 
However, it does not fit the graph representing 
log of retention time against carbon number 
of straight chain saturated fatty acid esters 
(11). The TLC and GLC behavior of the 
methyl ester of synthetic cis 9,10-methylene 
octadeeanoic acid was compared. They were 
found to behave identically. I t  is tentatively 
assumed, therefore, that it is a 19 carbon cyelo- 
propane acid. The content of the cyelopropane 
acid in various seed oils is given in Table VI. 
However, if the biosynthesis of cyelopropene 
fatty acids is by desaturation of the corres- 
ponding analog (3,12), one should expect to 

TABLE V I  

Cyelopropane F a t t y  Acid Content  of Var ious  Seed Oils 
Which  Conta in  Cyclopropene F a t t y  Acids 

Species Cyclopropane fa t ty  acid content  

% 
Stcrculia ]oetid~ 0.43 
Hibiscus syriaeus 1.03 
Hibiscus esculentus I,. 1.50 
Bombax malaba~'icum 2.55 
]'ilia platyphilla 1.30 
Bombacopsis glabra 2.53 
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find d ihydromalva l ie  acid as welt as d ihydro-  
sterculie. W e  were not  able to detect any  
cyc lopropane  acid cor responding  to malval ic  
acid. 
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Gis 9,10-methylene octadecanoie acid provided by I%. 
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Preparation and Properties of Various Salt 
Forms of Plant Phosphatidyl Inositols ~ 
Herbert E. Carter and Evelyn J. Weber, ~ Division of Biochemistry, Noyes Laboratory of 
Chemistry, University of Illinois, Urbana, Illinois 

A B S T R A C T  

The Ca and ~ g  content of flax and 
corn phosphatidyl inositol fractions has 
been determined. Procedures were devised 
to prepare  various salt forms of phos- 
phatidyl  inositol. The divalent cations 
were exchanged for  monovalent ions (Na 
or K) on chelating resin columns. With  
the Folch wash procedure the Na or K 
forms of phosphatidyl inositol were com- 
pletely converted to the Ca form. The 
nature of the metal ion associated with 
the phosphatidyl inositol had a striking 
influence on the solubility properties of 
the lipid. The differences in mobility on 
silieie acid columns of the various salt 
forms were utilized to free the phos- 
phatidyl  inositol from nitrogenous 
contaminants. 

T 
HE CATIONS that are associated with natu- 
rally-occurring phospholipids have received 

l ittle attention, although they exert  great in- 
fluence on solubility properties of the phospho- 
lipids and may be of importance in t ransport  
phenomena, l ipoprotein binding and enzyme 
activity. The chromatographic behaviors of 
phosphatidyl serine (1,2) and phosphatidyl 
inositol diphosphate (3) have been shown to 
depend upon the type  of metal ion combined 
with the lipid. In  this p a p e r  the preparat ion 
of various salt forms of phosphatidyl inositol 
and their properties will be discussed. 

Phosphatidyl inositol (PI )  h'actions pre- 
pared from plant sources have a high ash 
content. F lax  P I  upon ignition gave a 9.4% 
ash and corn P I  10.0%. Investigation of this 
ash revealed that magnesium and calcium were 
the major cations present. The determination 
of the amounts of Ca and Mg present in the 
P I  fractions was complicated by interference  
from phosphorus, but a procedure was adapted 
from a method used by Malmstadt and 
Hadjiioannou (4,5) to determine Ca and Mg 
in plant  leaves. In  this method phosphate was 
removed by precipitation with zirconimn 
nitrate. 

z Presented in par t  at AOCS symposium, Pomona 
College, Claremont, Calif., August 1965. 

2Present address: USDA, Crops Research Division, 
Davenport  ttall, University of Illinois, Urbana.  

The Ca and Wig of the plant  lipids have 
been exchanged for  Na or I4: by passing the 
lipids through a chelating resin column in the 
Na or I(  form. An organic solvent system 
(chloroform:methanol:water - -  5:4:1, v /v /v )  
was used to ensure the solubility of the P I  
fractions. The chelating resin removed 97% 
of the Ca and Mg and replaced it with Na or K. 

The l%a form of P I  was easily converted to 
a calcium salt by the washing procedure of 
Foleh et al. (5). Calcium acetate w a s  added 
to the upper  layer of the ehloroform-methanol- 
water  (8:4:3, v /v /v )  solvent system and the 
lipid to the lower  layer. A f t e r  the lower layer  
had been washed twice with fresh portions of 
upper  phase containing no Ca, tile l ipid was 
isolated from the lower phase. The molar 
ratios of phosphorus to calcium in these lipids 
were always approximately 2 to 1, the same 
as the P /Cad-Mg ratio observed in the P I  
f r ac t ions  i so la ted  f rom corn and f l ax  
phosphatides. 

With  the Folch procedure the replacement 
of Ca and Mg by Na was only par t ia l ly  com- 
plete. Increasing the ratio of Na to Ca and Mg 
did increase the displacement. When the con- 
centration of !%a in the upper  phase was in- 
creased from 4 meq of INCa per  milliequivalent 
of Ca and Mg to 16 meq of Na, the recovery 
of the original Ca and Mg dropped from 64% 
to 31%. The chelating resin columns, however, 
were much more efficient for this replacement 
step. 

The solubility properties of the salts of P I  
varied greatly. The Na form of P I  dissolved 
easily in water at the level of 2.5%, but the 
Ca form gave a gel-like suspension at one-half 
this concentration. I f  P I  (Na salt) was par-  
titioned between ether and water, 94% os the 
phospholipid was recovered from the aqueous 
layer, ttowever, with P I  (Ca salt) 75% was 
found in the ether layer  under  the same 
experimental conditions. 

The type of cation associated with a lipid 
also determines its chromatographic mobility. 
Rathbone (2) noted that the Ca and Mg forms 
of phosphatidyl serine were eluted from silicic 
acid-Hyflo Super-Cel columns with chloroform- 
methanol (4:1,v/v) ,  whereas the l~a or K 
forms were eluted with chloroform:methanol 
(3:2,v/v) .  Hendrickson and Ballou (3) found 
that the Ca and Mg salt of phosphatidyl 
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inositol diphosphate prec~eded the Na salt 
on a DEAE-eellulose column with a gradient 
elution of ammonium acetate in chloroform- 
methanol-water. This tendency for the Ca and 
Mg salts to be eluted with less polar solvents 
than the Na or X forms has been observed 
with phosphatidyl inositol. When flax P I  
(Na salt) was chromatographed on a silicic 
acid column, the major P I  fl'aetion was eluted 
with chloroform-methanol (3:1,v/v).  How- 
ever, with P I  (Ca salt) the bulk of the lipid 
was eluted with chloroform-methanol (7:1,v/v).  

The preparation by silieic acid column chro- 
matography of PI  free of nitrogenous con- 
taminants has been found to be ve~7~ difficult 
from certain sources such as yeast (7) and 
brain (3). Phosphatidyl inositol fractions from 
plant sources presented the same problem, but 
the different chromatographic mobilities of the 
various salt forms on silicic acid provided a 
method by which essentially nitrogen-free 
material could be obtained. Corn P I  (Ca and 
Mg salt) was converted to PI (K salt) with 
a chelating resin column (I( + form), and the 
t (  was exchanged for Ca by the Folch proce- 
dure. The P I  (Ca salt) eluted from silieic 
acid by chloroform-methanol (7:1,v/v) was 
changed to PI  (Na salt) with another chelating 
resin column (Na + form). This P I  (Na salt) 
was chromatographed on silicic acid, and a 
low nitrogen fraction (.N 0.08%) was obtained 
upon elution with chloroform :methanol 
(3:1,v/v). 

EXPBRIMENTAL AND RESULTS 

Analytical Methods 

Total nitrogen was determined by the micro- 
Xjeldahl method and total phosphorus by the 
procedure of t tarr is  and Popat (8). The 
phytosphingosine content of the samples was 
determined as long-chain base nitrogen 
(LCB-N) by the method of Lauter and Trams 
(9). The dinitrophenylation procedure of Long 
and Staples (10) was used to estimate ethan- 
olamine and serine. 

Ca and Mg Determinations 

The automatic titration method of 1V[almstadt 
and Hadjiioannon (4,5) was modified for the 
determination of Ca and ~][g in lipid samples 
with high phosphorus content. The samples 
were hydrolyzed by the perchloric acid-nitric 
acid digestion procedure of Harris and Popat 
(8). Phosphates were removed by precipitation 
with zirconium nitrate. Interfering heavy 
metals were extracted as diethyldithiocarba- 
mate complexes with carbon tetrachloride. 

Triethanolamine was added immediately be- 
fore the titration to mask any traces of iron, 
manganese, copper or aluminum remaining in 
the samples. 

The Sargent-Malmstadt Spectro-Electro 
Titrator was used with a Sargent Automatic 
Constant Rate Buret. The filter wheel on the 
titrator was set at 650 mt~. The constant rate 
buret, assembled with the 10 ml tube, delivered 
ti trant at the rate of 1 ml/min. Ten milliliter 
beakers were used as sample holders for the 
automatic titrations. The indicators were pre- 
pared and the disodium dihydrogen ethylene- 
diamine tetraaeetate dihydrate (EDTA) titrant 
was standardized as indicated by Malmstadt 
and t tadji ioannou (4,5). 

The lipid sample (approx. 10 rag) was 
weighed into a phosphorus digestion tube, and 
1 ml of perehloric acid and 4-5 drops of con- 
centrated nitric acid were added. The sample 
was heated very carefully over a low flame 
until nitric acid fumes appeared. After the 
digestion mixture became clear, 3-4 more drops 
of nitric acid were added. The heating was 
continued until the solution was colorless. 
Water (0.5 ml) was added, and the hydrolysis 
mixture was heated for another 30 rain. The 
hydrolyzed sample was transferred to a 50 ml 
beaker with a Pasteur pipet. The digestion 
tube was washed four times with 2 ml por- 
tions of deionized water. The beaker was 
placed on a sand bath heated by a hot plate, 
and the perchloric acid mixture was evaporated 
to dryness below its boiling point. The residue 
was taken up in 2 ml of 1 N hydrochloric acid 
and again evaporated to dryness. This residue 
was dissolved and transferred to a centrifuge 
tube in 8 ml of deionized water. 

The amount of zirconium nitrate added was 
critical, because too little did not precipitate 
all the phosphate and too much interfered 
with the sharp color change needed for auto- 
matic termination of the titration. For a 10 
mg sample containing approximately 3.5% 
phosphorus, 0.2 ml of 1% zirconium nitrate 
was added. The sample was thoroughly mixed, 
and the tube was placed in boiling water for 
3 rain to aid ftoeeulation of the precipitate. The 
tube was cooled and centrifuged 3 rain. The 
zirconium nitrate addition was repeated with 
0.02 ml increments until  no further precipitate 
was observed. 

The supernatant was transferred to a 30 
ml separatory funnel. The precipitate was 
washed with 1 ml of deionized water; the wash 
was added to the separatory funnel. The eom- 
plexing agent (0.2 ml of 1% sodium diethyldi- 
thioearbamate) was added, and the solution was 
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extracted three times with 10 ml portions of 
carbon tetrachloride. The upper aqueous layer 
was divided into two portions, and these sam- 
ples were placed in 10 mI beakers. 

One sample was used to determine the total 
Ca+Mg. A buffer, 0.5 ml of an ammonium 
hydroxide-ammoninm chloride solution (4,5), 
was added to the sample. The beaker was 
inserted into the titrator, and stirring was 
started before 2 drops of triethanolamine and 
1 drop of the total Ca and Mg indicator 
(Eriochrome Black T, G. Frederick Smith Co.) 
were added. The sample was titrated to the 
automatic endpoint with the standard EDTA 
solution. The color change was from wine-red 
to blue. 

The other aliquot was analyzed for Ca. The 
pH of the sample was adjusted to 13 with 1 N 
sodium hydroxide. Two drops of ethanolamine 
and 1 drop of calcium indicator (Calcon, J. T. 
Baker and Co.) were thoroughly mixed with 
the sample. The titration with EDTA was 
automatically terminated when the color of the 
solution changed from pink to blue. The N[g 
present was calculated by the difference between 
the Ca content and the total Ca+Mg. 

Preparation of  Crude PI Fractions 
Flax P I  was prepared from linseed oil phos- 

phatides as described previously (11). Corn 
crude P I  was isolated from corn germ oil 
phosphatides by the same procedure except 
that lipophytin, a polyphosphate fraction, was 
removed before the countercurrent extraction 
of the inositol lipids (12). The crude P I  
fractions thus obtained were characterized by 
analyses and by chromatography. Typical data 
for nitrogen, phosphorus and long-chain base 
nitrogen in flax and corn PI  fractions are 
listed in Table I. 

The percentages of Ca and Mg are given in 
the same table. The most abundant divalent 
cation in these fractions was Mg, particularly 
in corn where only a trace of Ca was found. 

Ethanolamine, serine, choline and phy- 
tosphingosine were identified as hydrolysis 
products when 10 mg samples of flax or corn 
crude PI  were hydrolyzed with 0.5 ml of 6 N 
hydrochloric acid at 100C for 6 hr. Ethanola- 
mine-containing lipids accounted for approxi- 
mately 50% and serine-containing compounds 

TABLE I 

Analyses of Flax and Corn Crude P I  l~ractions 

P LCB-N Ca )/Ig 
Sample % % % % % 

Flax P I  0.44 3.56 0.08 0.27 0.99 
Corn P I  0.68 3,30 0.17 0.09 1.15 

12% of the total nitrogen in a flax crude P I  
f rac t ion.  Phytosphingolipids cont r ibu ted  
another 11%. 

The nitrogenous compounds in the crude P I  
fractions were identified by chromatographing 
the intact lipids on formylated paper accord- 
ing to the method of It5rhammer, Wagner and 
Richter (13). Standards and samples (100 
g g) were spotted on the paper with a micro- 
pipet. The paper was run for 18 hr in a 
descending system with the upper layer of 
n-butanol-acetic acid-water (4:1:5,v/v/v) .  Af- 
ter the chromatogram had been dipped in 
Rhodamine 6G (0.0001% in 0.25 M dipotas- 
slum hydrogen phosphate) (14), the spots 
were observed under ultraviolet light and then 
visualized by dipping in Nile Blue (0.05% in 
0.1M sulfuric acid). When flax or corn P I  
(Ca and Mg salt) were chromatographed on 
formylated paper, an intense P I  spot appeared 
at an R~ of 0.46. The major contaminant had 
an R~ of 0.80. This is the region of phos- 
phatidyl ethanolamine and phosphatidyl choline 
which are not separated by this solvent system. 
Trace amounts of phosphatidyl serine (R, 
0.74) and phytoglycolipid (Rf 0.15-0.25) were 
obselwed. 

Preparation of PI (Na or K Salt) 

The conversion from PI  (Ca and Mg salt) 
to P I  (Na or K salt) was accomplished by the 
use of a chelating resin. The resin (Chelex 
100, 50-100 mesh, BioRad Laboratories) was 
prepared in the proper ionic fornl by the 
following procedure. It  was treated twice with 
two volumes of 2 N hydrochloric acid and 
washed thoroughly with deionized water. The 
resin was then recycled three times with two 
volumes of 2 N sodium hydroxide (or potas- 
sium hydroxide according to the cation de- 
sired) and washed with deionized water until 
the pH was approximately 12. The pH of 
the resin was adjusted to 8.0 by repeated ad- 
ditions of 2 N acetic acid. For greater 
solubility of the lipids the solvent phase for 
the rcsiu was changed to chlorofornl-methanol- 

TABLE II 

Analyses of Crude P I  Fraction 
before and after  Chelating Resin Column 

Before After 
chela~ng chelating 

resin resin Recovery 
column colmnn % 

Weight  14,1 g 12.5 g 89 
Nitrogen 0.44 % 0.35 % 71 
Phosphorus 3.56 % 3.39 % 84 
Ca@Mg 1.15% 0.04% 3 
(expressed 
as Mg)  
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water (5:4: l ,v /v /v)  by pouring this solvent 
system through the resin on a Buchner funnel. 
The pH adjustment and the change of solvents 
were done always immediately before prepara- 
tion of a column. When the chelating resin 
was poured into a column, the resin particles 
in this mesh size tended to float in this solvent 
system but could be held in place with a 
perforated porcelain disc or glass wool plug. 

In  a typical fractionation flax PI  (Ca and 
Mg salt) (14.1 g) was dissolved in 50 ml 
of chloroform-methanol-water (5:4:1,v/v/v)  
and added to a chelating resin colunm (38 
cna by 55 cm; total volume of 624 cc). The 
column was eluted slowly with 1.8 liters of the 
same solvent system. Table I I  shows the 
analyses of the crude P I  before and after it 
passed through the chelating resin. 

Intereonversion of Salt l~orms of PI  by Folch 
Procedure 

PI  (Na salt) to PI  (Ca salt). Flax P[  (Na 
salt) (147 nag) was dissolved in 36 ml of 
lower phase of the Folch ehloroform-naethanol- 
water (8:4:3,v/v/v)  system. Calcium acetate 
monohydrate (21.5 mg) was dissolved in 24 
ml of the upper layer (5 • 10 :~ ~I). Calcium 
acetate was selected rather than magnesimn 
acetate, because the calcium salt was less 
soluble in organic solvents. The layers were 
shaken for 1 min and separated by centrifuga- 
tion. The lower layer was removed and washed 
twice with 24 ml portions of upper phase 
which contained no ealcimn. The lipid (120 
rag) was recovered from the lower layer. The 
percentage of Ca was 1.99% which was very 
close to the 1.90% Ca+~[g (expressed as Ca) 
content of the native P I  isolated from flax. 

P1 (Na salt) to P I  (Cu salt). Other divalent 
cations can be substituted for the monovalent 
with the Folch procedure. The copper salt 
formed very readily. P I  (Na salt) (1.000 g) 
was dissolved in 240 ml of the lower phase 

of the chloroforna-methanol-water (8:4:3,v/v/v)  
system. CuCI~.2It~O (0.1387 g) was dissolved 
in 160 ml (0.01N) upper layer. When the two 
layers were equilibrated, the green copper color 
immediately transferred to the lower phase. 
The emulsion problem was not as great as in 
the Ca and Na exchanges. Only short centri- 
fugations were required after equilibration and 
the washings. A pale green lipid (0.804 g) 
was recovered from the lower phase. 

PI  (Ca and Mg salt) to P I  (Ca salt). A 
high concentration of Ca did not completely 
replace the Mg in the native Ca and Mg salt 
of PI.  I f  a chloroform-methanol-water distri- 
bution was made using the same concentrations 
of lipid and calcium acetate as previously, the 
percentage of Ca salt in the P I  (Ca and Mg 
salt) was increased from 14 to 82. 

P I  (Ca and M 9 salt) to P I  (Na salt). Thirty 
milliliters of lower phase containing 252 mg 
of flax P I  (Ca+Mg, as Mg 1.15%) was 
equilibrated with 20 nal of upper phase in 
which 58 nag of NaC1 (5 • 10 _2 N) was dis- 
solved. After centrifugation and evaporation 
225 mg of lipid was found in the lower layer. 
The Ca+Mg of the recovered lipid was 0.82% 
(as Mg). I f  the concentration of the NaC1 in 
the upper layer was increased to 20 • 10 -: N, 
more Ca and 3/[g were displaced, but the lipid 
still contained 0.42% Ca§ (as Mg). 

Silicic Acid Chromatography. Corn PI  (Ca 
and Mg salt) was converted to the K salt 
with a chelating resin column (K § form). The 
K was exchanged for Ca in the usual Folch 
system. 

Mallinkrodt silicic acid (100-200 mesh) was 
prepared for use in column chromatography by 
washing with methanol and decanting the 
fines. Immediately before use the silieic acid 
had been activated at 140C for 12 hr. The 
silicic acid (450 g) was slurried into the column 
with chloroform. The column measured 4.8 
cm by 57 cm for a total volume of 1033 cc 

TABLE I I I  
Cllromatography of Corn P I  (Ca salt) on Silicic Acid Cohunn 

Weight, N P Ca 
Fraction ml mg % % % 

P I  (Ca salt) 5426 0.68 2.99 1.84 
(Star t ing  material)  

C" ~ 3600 
C ~  7:1 I ~ 395 ( 642 (12) b 0.26 ( 4 )  0.98 ( 4 )  
CM 7:1 I I  980 2599 (48) 0.41 (29) 3.27 (52) 
C ~  7:1 I I I  2220 303 ( 6 )  0.44 ( 4 )  3.10 ( 6 )  
C ~  4 :1  3500 564 (10) 0.60 ( 9 )  3.30 (11) 
C ~  3:1 3600 227 ( 4 )  0.59 ( 4 )  2.78 ( 4 )  
CM 1:4  3500 500 ( 9 )  1.12 (15) 2.94 ( 9 )  

(89) (65) (86) 

0.82 (5)  
2.38 (63) 
1.68 (5)  
1.74 (10) 
1.42 (3)  
0.85 (4)  

(00) 
a G and !Y[ indicate chloroform and methanol respectively. The ratios are by volume. 
b Parentheses indicate per cent recovery. 
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TABLE IV 

Chromatography of Corn PI  (Na salt) on Silicic Acid Column 

Weight, N P 
Fraction ml nag % % 

PI (Na salt) 1506 0.36 3.29 
(starting anaterial) 

c5~ 7:1 a 1420 217 (14) b 0.40 (16) 
c~r 4:1 1875 132 ( 9 )  0.26 ( 6 )  
C]Yf 3:1 I I  560 195 (13) 0.12 ( 4 )  

I I  865 365 (24) 0.08 ( 5 )  
C~ 7:3 1450 123 ( 8 )  0.24 ( 6 )  
CM 1:4 1 350 296 (20) 0.70 (38) 

II 1600 190 (13) 0.58 (20) 

(101) (95) 

1.83 ( 8 )  
2.84 ( 8 )  
3.32 (13) 
3.40 (25) 
3.18 ( s )  
3.45 (21) 
2.42 ( 9 )  

(92) 

C~'~ indicates chloroform-methanol mixtures; the ratios are by volume. 
b Parentheses indicate per cent recovery. 

a n d  h o l d u p  v o l u m e  of  910 co. The  co rn  P I  

( C a  sa l t )  (5.426 g )  w a s  d i s s o l v e d  in  25 ml  

of  c h l o r o f o r n l  a n d  a d d e d  to the  co lumn .  T a b l e  

] I I  s h o w s  the  m i l l i l i t e r s  of  each s o l v e n t  s y s t e m  

p a s s e d  t h r o u g h  the  c o l u m n  a n d  the  a n a l y s e s  of  

the  e lu t ed  f r a c t i o n s .  

The  P I  ( C a  sa l t )  in  the  c h l o r o f o r m - m e t h a n o l  

f r a c t i o n ,  CM 7 : 1  I I - T a b l e  I I I ,  w a s  c o n v e r t e d  

to P I  ( N a  s a l t )  w i t h  a c h e l a t i n g  r e s i n  c o l u m n  

( N a  * f o r m ) .  Th i s  P I  ( N a  s a l t )  (1 .506 g )  

was  c h r o n l a t o g r a p h e d  on a co lun ln  of  180 g 

o f  s i l i c ic  ac id  (1.4 cm by  66.5 c m ;  t o t a l  v o l u m e  

o f  410 cc) .  The  we igh t ,  n i t r o g e n  a n d  phos -  

p h o r u s  d a t a  of  the  f r a c t i o n s  f r o m  th i s  c o l u m n  

a r e  g i v e n  in  T a b l e  I V .  
E s s e n t i a l l y  p u r e  P I  w i t h  v e r y  s l i g h t  con- 

t a m i n a t i o n  w i t h  n i t r o g e n o u s  l i p i d s  w a s  oh- 
t a b l e d  i n  f r a c t i o n  CM 3 : 1  I I - T a b l e  I V .  The  

h o m o g e n i t y  of  t h i s  f r a c t i o n  w a s  c he c ke d  by  

c h r o m a t o g r a p h y  on  f o l ~ n y l a t e d  p a p e r .  P I  

was  the  m a j o r  l i p i d  o b s e r v e d  w i t h  o n l y  t r a c e s  

of  s l o w e r  m o v i n g  m a t e r i a l s .  
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The Isolation and Partial Characterization of Gangliosides 
and Ceramide Polyhexosides from the 
Lens of the Human Eye 
Gerald L. Feldman and Lutrell S, Feldman, Department of Ophthalmology, Baylor 
University College of Medicine, Houston, Texas; George Rouser, Department of 
Biochemistry, City of Hope Medical Center, Duarte, California 

ABSTRACT 

The first isolation of glycolipids from 
the lens of the hunmn eye is described. 
Neutral (ceramide polyhexosides) and 
acidic (gangliosides) glyeolipids were sep- 
arated by column chromatography and 
further resolved by thin-layer chromatog- 
raphy. The components were metha- 
nolyzed, converted to trimethyl silyl ethers 
and the ratios of the components deter- 
mined. Two types of monosialoganglio- 
sides were found. The most abundant 
ganglioside contained long chain base / fa t ty  
aeid/glucose/galactose/neuraminic acid in 
the ratio 1/1/1/2/1. The ratio of com- 
ponents of the minor gangtioside fraction 
was 1 /1 /1 /1 /1 .  Dihydrosphingosine was 
the major  base and the major  fat ty  acids 
were palmitate and nel~,onate. The cera- 
mide polyhexosides all had a glucose/ 
galaetose molor ratio of 1/1 and the mix- 
ture of ceramide polyhexosides had a 
dihydrosphingosine/s ph ingos ine  molar 
rat io  of 7.85. The fa t ty  acids ranged from 
C~o to C~ with both odd and even carbon 
chains and were saturated or monoun- 
saturated with palnfitate, oleate, and 
nervonate predominating. 

INTRODUCTION 

p~ CENT ADVANCES in techniques of analyzing 
lipids, especially the use of column, thin- 

layer and gas-liquid chromatography, permit the 
separation, characterization and quantification 
of lipid classes from complex lipid mixtures 
such as tissue extracts. They also frequently 
indicate the presence of new lipids. The micro 
character of these methods has made possible 
the analysis of very small samples such as 
the lipids of a single lens. Such analyses have 
shown that the composition of human lentieular 
lipids is significantly different from that of 
cattle and rabbits (1,2), the two most com- 
monly used species for ophthMmie research. 

Our initial investigations of human lenticular 
lipids indicated the presence of gangiiosides 
and neutral glycolipids (1,3). Although a 
variety of glycolipids have been found in other 

tissues, none have been reported previously in 
the lens. This paper  presents details on the 
isolation and characterization of the glycolipids 
present in the lens of the human eye. 

MATERIALS AND METHODS 

Tissue Specimens 

A total of 120 cataractous human lenses were 
the starting tissue for this study. Cataractous 
lenses are more available than normal lenses, 
can be obtained af ter  surgery, and do not 
appreciably differ from normal lenses in lipid 
composition (1). The lenses were stored in 
clean dry vials at --20C until a sufficient 
quantity was accumulated. 

Extraction 

Groups of 20 lenses each were homogenized 
in an all-glass Potter-Elvehjem type tissue 
grinder (Kontes Glass Co., Vineland, New 
jersey)  with 200 ml of chloroform/methanol 
2/1 (v/v)  saturated with water. The extracts 
were then filtered through a sintered glass 
filter of medium porosity. The residue was re- 
extracted twice with 100 ml of the same solvent 
and filtered. The combined filtrates from each 
group of lenses were evaporated to dryness 
under reduced pressure in a rotary flash 
evaporator (Buehler Instruments, Fo r t  Lee, 
New Jersey) with pr ior  purging of the system 
with nitrogen. Total l ipid content was deter- 
mined by the procedure of Rouser et al. (8). 

Thin-Layer Chromatography 

An examination of the l ipid classes was 
made by two-dimensional TLC (9). Aliquots 
(200 ~g') of the total l ipid extract from a 
single human lens were applied to 20 X 20 
cm glass plates coated with Silica Gel Plain 
(l~esearch Specialties) containing 10% mag- 
nesium silicate. The plates were then developed 
in the first dimension with chloroform/metha- 
nol /water  65/25/4 (v /v) ,  dried in air  for 10 
rain, developed in the second dimension with 
n-butanol/acetic acid/water  60/20/20 (v/v) .  
After drying, the plates were sprayed with one 
of the following reagents: 1) sulfuric acid- 
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potassium dichromate (10), a general spray 
reagent for  the loeMization of lipid classes; 
2) the specific phospholipid reagent of Dittmer 
and Lester (11);  3) an a-naphthol reagent 
(12) for  the detection of glycolipids; and 4) 
ninhydrin reagent (0.1% in n-butanol) for 
compounds containing amino groups. 

Isolation of the Gangliosides 

The first step in the procedure was cellulose 
column chromatography (13). Six separate 
colunms (2.5 I.D. • 20 era) were used with 
extracts from 20 lenses (approximately 94 
rag) applied to each. The major lipid fraction 
was eluted first with 10 column volmnes (about 
800 ml) of chloroform/methanol 9/1 saturated 
with water. The gangliosides plus water soluble 
nonlipid material was then eluted with 10 
column volumes of methanol/water 9/1. 

Gangliosides were obtained from the latter 
fraction by passing it through a column (2.5 • 
20 cm) of diethylaminoethyl (DEAE)  cellulose 
(8). Three colmnns were required to handle 
the material obtained from the above cellulose 
columns, i.e., about 120 mg of ganglioside 
fraction per  DEAE column. Samples were 
applied to the DEAE columns in methanol. 
Water  soluble nonlipids were eluted with 10 
column volumes (about 750 ml) of methanol 
and the mixture of gangliosides free of other 
lipids was eluted with 10 eolmnn volmnes of 
glacial acetic acid. 

Partial Characterization of 
Mixed Gangliosides 

Gas-liquid chromatography (GLC) was used 
to identify the products obtained af ter  metha- 
nolysis of the mixed gangliosides (14). In  
this procedure methanolysis is carried out with 
anhydrous 0.5 N methanolie hydrochloric acid 
and glucose, galaetose, and neuraminic acid 
are analyzed as their trimethylsilyl (TMS) 
derivatives. The l ipid bases were determined 
by the method of Gaver and Sweeley (15) with 
which methanolysis is carried out in aqueous 
1.0 N methanolie hydrochloric acid (10 M with 
respect to water) and the bases are analyzed 
as their TMS derivatives. The fa t ty  acids 
were analyzed as their methyl esters (16). 

Resolution of the Gangliosides by 
Preparative TLC 

In order to obtain individual gangliosides, 
t mg of mixed gangliosides from D E A E  cellu- 
lose columns was separated by TLC with n- 
propanol /water  70/30 as solvent. Spots were 
located by spraying with water. While still 

moist, the individual spots of gangliosides were 
scraped from the plate with a razor blade, 
transferred to small beakers and 10 ml of 
methanol added. Af ter  stirring, the mixture was 
passed through a small sintered glass filter of 
fine porosity to remove the adsorbent. The 
eluates were then evaporated to dryness under 
a stream of nitrogen, subjected to methanolysis 
as described above and analyzed by GLC. 

Isolation of Neutral Glycolipids 

After  cellulose column chromatography to 
remove gangliosides, a series of columns 
(DEAE,  TEAE and Florisil)  was used to re- 
cover a total neutral glycolipid fraction free 
of other lipids. Final ly TLC was used for 
separation and recovery of individual neutral 
glyeolipids. As a first step, the chloroform/ 
methanol 9/1 eluates from the 6 cellulose 
columns were evaporated to dryness, dissolved 
in chloroform and pooled into 2 samples of 
about 165 mg lipid each. F i f t y  grams of 
DEAE slurried in glacial acetic acid was then 
packed into each of two columns (4.5 cm I.D.) 
to a height of 20 era. The columns were 
washed with one liter portions each of the 
following solvents in succession: methanol, 
chloroform/methanol 1/1, chloroform/methanol 
9/1 and finally, chloroform. After  the sample 
was applied to the column, the neutral glyeo- 
lipids together with phospholipids were eluted 
with one liter of chloroform/methanol 1/1 
followed by 5 liters of methanol. Similar frac- 
tions from the two columns were combined for 
further separation. 

Phosphatidyl ethanolamine (PE)  was re- 
moved from the mixture by triethylaminoethyl 
(TEAE)  cellulose colmnn chromatography (8). 
One hundred grams of TEAE (Cellex T, Bio- 
Rad Laboratories, l%iehmond, Calif.) was put  
into the acetate form by washing i t  as a slurry 
first with 2.5 liters of glacial acetic acid fol- 
lowed by 2.5 liters of methanol. The washed 
TEAE was resuspended in methanol and packed 
into a tube (8.5 cm I.D.) to a height of 12.5 
cm. The column was then washed with 2 
liters of methanol followed by 2 liters of 
chloroform/methanol 1/1. The pooled polar  
lipid fractions from the two DEAE columns 
were dissolved in a small volume of chloroform/ 
methanol 1/1 and applied to the column. 
Elat ion was begun with 1500 ml (approximately 
5 bed volumes) of the same solvent followed 
by 2400 ml (approximately 8 bed volumes) of 
methanol. These two fractions containing 
neutral glycolipids, lecithin, and sphingomyelin 
were combined for further separation. The 
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column was cleared os PE with 1500 ml of 
glacial acetic acid. 

The separation of mixed neutral glycolipids 
from lecithin and sphingomyelin was made with 
a Florisil column. Water-washed, heat activated 
Florisil (60/100 mesh) was slurried in metha- 
nol containing" 5% redistilled, 2,2-dimethoxy- 
propane (DMP) and packed into a 4.5 cm 
(I.D.) column to a height of 12 cm (17). The 
sample was applied to the column in a small 
volmne of methanol, The neutral glycolipids 
were eluted with 500 ml of methanol containing' 
5% DMP and lecithin and sphingomyelin 
eluted with 600 ml chloroform/methanol 2/1 
saturated with water. The mixed glycolipids 
were then partially characterized by GLC with 
the previously mentioned procedures. 

Isolation of Neutral Glycolipids by 
Preparative TLC 

Individual components of the mixed neutral 
gtycolipids were obtained by one dimensional 
TLC. Approximately 800 ~g of material 
was applied to each of 3 plates (100 /~g/ 
individual spot) and developed in chloroform/ 
methanol/water 65/25/4. Plates were sprayed 
with water to locate the spots and the bands 
of individual components were scraped from 
the plates with a razor blade, transferred to 
test tubes (15 • 125 mm equipped with 
screw caps) and dried in a vacuum desiccator 
over KOH pellets. Without prior elution of 

the compounds, methanolysis was carried out 
with 0.5 N anhydrous methanolic hydrochloric 
acid or aqueous 1.0 N methanolic hydrochloric 
acid as described above. After methanolysis 
of the adsorbed glycolipids, the adsorbent was 
removed by filtration through a Pasteur pipette 
whose tapered end contained a tightly packed 
plug of glass wool. Flow through this dispos- 
able filter can be facilitated, if necessal~, by 
positive pressure applied with a rubber bulb. 
Fines will pass through the glass wool plug if 
it  is not tightly packed, but these can be 
removed by re-passage o2 the filtrate through 
the filter when the latter contains a small cake 
of adsorbent. The filtrate is then analyzed for 
carbohydrates and fatty acids by GLC as 
described above. 

RESULTS 

Two-Dimensional TLC 

The components of the lentieular lipid mix- 
ture are shown in Figure 1. In  an earlier 
study (2) a smaII number of components were 
detected by one dimensional TLC. Additional 
components are detected by two-dimensional 
TLC combined with special spray reagents. 
Five os the spots were found to be ninhydrin- 
positive. Two of these were identified as phos- 
phatidyl serine (PS) and phosphatidyl 
ethanolamine (PE) by chromatographic char- 
acteristics. The remaining components occurred 
in the area of the ehromatogram in which 

~I~. l. Human lenticular liplds by two dlmensionM th~n-]ayer chromatography. Abbrevia- 
gions: PE, phosphatidyl ethanolamine; PS, phosphatidyl serine; PI, phosphatidyl inositot; 
C, charring with potassium dichromate-sulfuric agent; An, a-naphthol; N, nlnhydrin; P, 
phospholipid spray. 
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gangliosides are found. Since gangliosides are 
ninhydrin-positive under some conditions, these 
components were tentatively identified as 
gangliosides. Further evidence of the identity 
of these compounds was obtained after spray- 
ing with the a-naphthol reagent. The spots in 
the ganglioside area were positive to this 
carbohydrate detection reagent. In  addition, 
several other a-naphthol positive spots were 
evident and tentatively identified as neutral 
glycolipids. The major a-naphthol positive 
component had the chromatographic properties 
of a synthetic sample of ceranfide dihexoside 
and overlapped the PE spot. 

Identification of Gangliosides 
Recoveries from cellulose columns averaged 

94% since the samples contained a small 
amount of protein that was not removed be- 
fore application to the cellulose columns. Higher 
recoveries were obtained with an extract o~ 
40 pooled human lenses and with 6 replications 
of bovine lenticular lipids, all of which were 
filtered prior to chromatography (recoveries 
were 99.8% with the human sample and aver- 
aged 99.6% with the bovine samples). How- 
ever, it was deemed advisable to omit the 
filtration step to ensure that this procedure, 
plus the additional evaporation to dryness 
required, did not lead to the partial destruction 
or loss of any of the compounds. 

A total of 30.84 mg of gangliosides was 
obtained from three DEAE columns (10.25, 
]0.27 and 10.32 tag, respectively). The per- 
cent recovery of the total sample from these 
columns is not meaningful because the non- 
lipid fraction undergoes a considerable increase 
in weight as a result of the ion exchange 
leading to recoveries in excess of 100%. How- 
ever, the reproducibility obtained with the 
three columns is evidence of satisfactory 
performance. 

The GLC analysis of the mixed gangliosides 
showed the carbohydrates to be galactose and 
glucose in a molar ratio of 1.56:1.00 as 
calculated from the peak areas. Hexosamine 
was not present since acetylation after metha- 
nolysis (required for GLC analysis of hexosa- 
mine) did not lead to the appearance of a 
peak for N-aeetyl hexosamine. The neuraminie 
acid/glucose molar ratio was 0.94. 

The lipid base was found to be predmninantly 
dihydrosphingosine, the molar ratio dihydro- 
sphingosine/sphingosine being 2.66 calculated 
from peak areas. There was no evidence for 
the occurrence of longer or shorter chain 
analogs of sphingosine. From the fatty acid 
composition data shown in Table I it can 

be seen that palmitate and nervonate pre- 
dominate. In  this regard gangliosides are very 
similar to human lenticular sphingomyelin (2). 

The mixture os gangliosides was resolved by 
TLC with n-propanol/water 70/30 into 3 major 
areas, each composed of two spots which were 
analyzed together (Fig. 2). The pair of spots 
with lowest R~ (Fraction 1) comprised the ma- 
jor portion of the mixture. This fraction con- 
tained galactose and glucose in a molar ratio 
of 2:1. I f  the 2 spots differed in carbohydrate 
composition, an even ratio could not have been 
obtained. The slight difference in R~ value 
for the pair  of spots is probably due to dif- 
ferences in base and fatty acid composition. 

The other 2 fractions contained galactose 
and glucose in a 1:1 molar ratio. All three 
fractions contained neuraminic acid in a 1:1 
molar ratio either with respect to glucose or 
to ceramide. Thus each of these three major 
components are monosialogangliosides. 

Identification of Oeramide Polyhexosides 
The neutral glycolipids upon GLC analysis 

were found to contain galactose and glucose 
in a 1:1 molar ratio. As in the case of the 
gangliosides, the base structures were di- 
hydrosphingosine and sphingosine, with the 
former predominating in a 7.85:].00 molar 
ratio. The fatty acid composition was similar 
to that of the gangliosides with palmitate and 
nervonate predonlinating (Table I). 

TABLE I 

F a t t y  A c i d  C o m p o s i t i o n  of I - I u m a n  L e n t i c u l a r  
G a n g l i o s i d e s  a n d  N e u t r a l  G l y c o l i p i d s  

% C o m p o s i t i o n  

F a t t y  a c i d  G a n g l i o s i d e  C P H  

1 0 : 0 0  - -  0 . 6  
1 2 : 0  - -  1 ,0  
1 3 : 0  - -  0 . 3  
1 4  : 0 1 . 5  1 . 7 9  
1 4 : 1  0 .3  0 . 9  
1 5 : 0  0 . 4  0 ,8  
1 5  : 1 T r a c e  Trace  
1 6 : 0  2 0 . 9  1 5 . 7  
16 :I 1.2 1.7 
1 7  : 0 T r a c e  T r a c e  
1 7  : 1 T r a c e  Trace  
1 8 : 0  6 .1  3 . 6  
1 8 : 1  9 .3  1 2 , 4  
1 9 : 1  - -  1 .1  
2 0 : 0  T r a c e  2 . 4  
2 0 : 1  T r a c e  0 . 6  
2 1 : 0  - - -  2 . 4  
2 1 : 1  - -  4 . 9  
2 2 : 0  3 , 4  2 . 1  
2 2 : 1  3 . 4  7 ,8  
2 3 : 0  0 . 4  Trace  
2 3  :i 1.3 8 .4  
2 4 : 0  9 .2  8 . 1  
2 4 : 1  4 2 . 5  1 5 , 0  
2 5  : 0 T r a c e  Trace  
2 5 : 1  T r a c e  3 ,9  

U n k n o w n  4 , 8  
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TLC (Fig. 3) revealed a series of well 
resolved spots that appeared to occur in pairs, 
the pair  having the highest R~ value being 
the most abundant. Each spot was found to 
have galaetose and glucose in a 1:1 ratio. 
Further study is required to completely char- 
aeterize these paired spots. 

DISCUSSION 

The lens of the eye is an ellipsoid structure 
situated behind the iris. Although it is an 
important part of ~he visual system, i~ lacks 
both blood vessels and nerves. Its cellular 
architecture is very simple and consists of 
two types of cells: epithelial cells that cover 
its anterior face in a sheet that is one cell 
in thickness and lens fibers that lie beneath 
the epithelium and are orientated in an antero- 
posterior direction. The whole structure is 
contained within an aeellular capsule of col  
lagenous material. 

There are several characteristics of the lens 
fibers that make them unique among living cells. 
Those that occupy the central portion of the 
tissue or lens nucleus are formed during the 
fetal period. Shortly after birth they begin 
to lose both their nuclei and mitoehondria and 
remain throughout life as transparent cylinders. 
Despite the lack of these subcellular particles, 
the nuclear lens fibers have metabolic activity, 
presumably from cytoplasmic or microsomal 
enzyme systems. Growth and formation of 
lens fibers occur throughout life by the dif- 
ferentiation of epithelial cells at the lens 
equator. Perhaps the most striking feature 
of the lens fibers is their size. Those occupy- 
ing the central portion reach a length of over 
5 mm or roughly the antero-posterior thickness 
of the lens at that point. 

Histoehemical studies have shown that the 
intercellular membranes of the lens fibers are 
strongly sudanophilic, indicating that lipoidal 

FIG. 2. Composition of hmnan lentieular 
gangliosides. 

FIG. 3. Thin-layer chrmnatogram of the 
neutral glyeolipids from the hmnan lens. The 
plate was developed in chloroform/methanol/ 
water 65/25/4. Spots were located with the 
charring technique. Sample applications repre- 
sent approximately 50, 100, and 200 ~g. Numbers 
refer to the fractions taken for carbohydrate 
analysis. 

material is localized at this site (18). Such 
findings suggest that one of the major func- 
tional roles of the lentienlar lipids is as struc- 
tural components of the cellular raembranes. 
Available data from other organs indicates 
that polar lipids occur Mmost exclusively as 
components of membranes of subeellular 
particles. Failure to demonstrate fatty acid 
oxidation in the lens is in keeping with a 
structural rather than a metabolic role for 
[ipids and indicates a great stability of lentie- 
ular membranes. Thus, it appears likely that 
the sudanophilie areas of tile lens are indeed 
the membranes of the lens fibers. 

Dihydrosphingosine is the major lipid base 
in gangliosides of the lens. A high level of 
dihydrosphingosine has been repor ted  for 
sphingolipids of spinal cord in contrast to 
brain where sphingosine predominates (19). 
Lentieular gangliosides do not contain hexos- 
amine and in this regard, as well as in their 
fatty acid composition, they differ from the 
nmjor brain gangliosides. Lentieular gangli- 
osides resemble the hematosides of equine eryth- 
roeytes (4) artd the major gangliosides of hu- 
man spleen (7). 

The nomenclature of the gangliosides has not 
as yet been standardized. I t  seems desirable 
to name the ]entieular gangliosides as deriva- 
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rives os eeramide (5). Thus the names ceram- 
ide nlonosialotrihexoside and ceramide mono- 
sia]odihexoside are proposed for the lenticular 
components until such time as their molecular 
structures have been completely defined. 

The neutral glycolipids are similar to those 
of other tissues except in the large amount of 
dihydrosphingosine that they contain. Com- 
pounds with simliar carbohydrate molar ratios 
and fatty acid composition have been reported 
in human kidney for example. However, un- 
like this tissue in which the predominant com- 
pound is a ceramide trihexoside, the major 
lenticular neutral glycolipid is a ceramide 
dihexoside. 
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Evaluation of Mathematical Distribution Methods for the 
Determination of Triglyceride Composition ~ 
M. L. Blank ~ and O. S. Privett, The Hormel Institute, University of 
Minnesota, Austin, Minnesota 

ABSTRACT 
The triglyceride composition of a number 

of animal and vegetable fats was deter- 
mined directly by means of selective ar- 
gentation and lipase hydrolysis, and com- 
pared to that given by the 1,3-random,2- 
random method of analysis described by 
Vander Wal  [JAOCS 37, 18 (1960)]. 

Exceptions to the basic assumption of 
the 1,3-random,2-random method that the 
fat ty  acids in the 2-position are distributed 
randomly are reported. 

The analyses of some fats determined 
by the 1,3-random,2-random method agreed 
elosely with those determined by the direct 
method, but the overall results indicated 
that  methods based on mathematical dis- 
tribution pat terns generally are not as 
precise as direct methods. 

INTRODUCTION 

~ TttOUGt-I  G~EAT STRIDES have been made 
in chromatographic techniques for  the 

analyses and fractionation of triglycerides (1-  
12), methods based on mathematical distribu- 
tion patterns of the fat ty  acids are still being 
widely applied for  the determination of the 
structure of these compounds. The most widely 
applied method of this type is the 1,3-random, 
2-random method (13-15), or slight modification 
thereof (16). These methods are based on the 
total fa t ty  acid composition and the composi- 
tion of the fa t ty  acids distributed in the 
fl-position of the molecule as determined via the 
pancreatic lipase technique (13). The agree- 
ment between the results determined by these 
methods and those for which analytical data 
are available may be very close for  some 
fats, especially certain vegetable oils, par t ia l  
for other fats and in obvious discord for still 
other fats. 

In  the present investigation the structural 
anaIysis of the triglycerides of a number of 
animal and vegetable fats is determined by a 
method based on fractionation by selective 
argentation and lipase hydrolysis (8) and 
compared to values obtained by the l~3-random, 
2-random method described by Vander 
Wal  (17). 

1 P r e s e n t e d  at  A O C S  meet ing ,  l-touston, 1965. 
2 P r e s e n t  a d d r e s s :  l~ational D a i r y  Corpora t ion ,  Glen- 

view,  I l l inois.  
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~XPERIMENTAL 
MATERIALS AND METHODS 

Triglycerides of greater than 98% pur i ty  
as determined by thin-layer chromatography 
(TLC) were obtained from the following 
sources: commercial samples of refined corn 
and cottonseed oil, cocoa butter, human sub- 
cutaneous and omenta fat, akee f rui t  (Blighia 
sapida Sapendacea),  ra t  liver l ipid of animals 
raised on a fat-free diet (9), and the lipids 
of several tissues of swine obtained fresh from 
a local meat packer. 

Tripentadeeanoin, the standard triglyceride 
mixture and other fa t ty  acid esters employed 
as standards are products of The I-Iormel 
Institute. 

The analytical method employed for  the 
det~ermLnation of triglyeerlde structure has 
been described in detail previously by the 
authors (8). 

Gas-liquid chromatography (GLC) was car- 
ried out with an F&~I i~r 609 frame ioniza- 
tion instrument equipped with a 1~ in. X 7 f t  
column packed with 10% ethylene glycol 
succinate polyester (EGSS-X,  Appl ied Science 
Laboratories, State College, Pennsylvania) on 
100-120 mesh Gas-Chrom P with a carried 
gas flow of 60 ml/min at 185C. 

RESULTS AND DISCUSSION 

The reproducibili ty of the method for the 
determination of triglyeeride classes is il- 
lustrated in Table I. Previously (8), it  had 
been shown the absolute error of the method 
was ~ 0.7%. The standard deviation of the 
results in Table I is ~ 0.5%. Thus, differences 
between experinaental values of greater than 
1.0 percentile units generally are significant. 

The analyses o f  all of the samples of tr igly- 
eerides are presented in Tables 1I and I I I .  
Since the 1,3-random-2-method provides a tri-  
glyceride analysis only in terms of saturated 
and unsaturated fa t ty  acids as groups, the 

T A B L E  I 

Ana lys i s  of a S t a n d a r d  Tr ig lyee r ide  M i x t u r e  

No. 1 No. 2 No. 3 

T ~ p a l m i t i n  2.4 2 .4  2 .4  
Dipa imi tomonole in  53.6 53.7 54.0 
~Ionopalmitodiole in  38.1 38.6 38.1 
Tr io le in  5.9 5.3 5.6 



28 M. L .  BLANK AND O. S. PRIVETT 

T~kBLE I I  

S t ruc tu ra l  Analys is  of Na tu ra l  Triglycerides  

TG 
type Corn Cotton- Cocoa H u m a n  H u m a n  R a t  
1,2,3 oil seed Akee hu~ter subcutaneous  omen~al l iver  

SSS t r  O 

S s M  ] 
S ~ S  ~ 1.6 4.5 

SSD ] 2.7 13.5 
SDS / 

MSM 0.3 ] 2.5 
MMS 4.3 

DS D 0.5 ~ 27.9 
DDS  13.9 

s~D 5.6 l 
SDM 7.7 ~ 0 . 3  
D S ~  0.6 ] 

MMM 3.9 1.5 

MMD 8.0 ] 
MDM 5.2 / 5.0 

MDD 19.2 ) 11.4 
DMD 5.0 / 
DDD 21.5 13.4 

0 0 0 1.5 2,7 

[ 4.5 0 7.8 ) 12,3 ~ 4.2 
29.3 76.3 7.4 ; ~ 15.0 

F 0.4 0.6 ~ 2.7 ~ - -  
tr ) 7.1 1.4 F ] - -  

1.0 0.2 2.2 ~ 32,6 { 2.7 
41.2 11.8 34.9 { ) 57.1 

0.1 ~ 0,6 ~ - -  
tr t~ 1 0.6 F 1 - -  
1.1 o.7 3.2 1 F - -  
6.3 1.4 9.7 ~ 12.7 q - -  
o o.2 07 J 1 - -  
8.5 0.8 17,7 22.1 18.3 

4.6 ~ 9.0 ( - -  
3.s F 1 - -  

3.s ~ 1.1 1 1 F 
I ~ 5.3  ~ 6.5 ~ -- 
1 I I I 

S ~ Sa tu ra ted  fa t ty  acids, IV[ z monoenoic fa t ty  acids and I) ~ dienoic fa t ty  acids. 

values in Tables I I  and I I I  were recalculated 
in these terms for convenience in making a 
comparison with the 1,3-randonl,2-random 
method. The recalculated analytical data for 
the vegetable oils are compared to the results 
of the 1,3-random,2-random method in Table 
IV. Although the experimental values and the 
results obtained by the Vander Wal method 
agreed fairly well for corn oil and cottonseed 
oil trigIyceride analyses, the experimental 
values for both cocoa butter and akee oil showed 
significant deviations from the 1,3-random,2- 
random method. For  example, the values for 
the S.~U class are higher in both of these oils 
than those obtained by the 1,3-random,2-random 
method. Also, the experimental values for the 

S1U-~ class are lower for cocoa butter and higher 
for akee oil than those obtained by the 1,3- 
random,2-random method. In the akee oil the 
amount of the U3 class is lower by direct 
analysis than the Vander Wal calculated 
values. The same type of variation from the 
1,3-random,2-random distribution shown here 
for coca butter has also been reported by Sub- 
baram and Youngs (18). 

Table V shows a comparison of the results 
obtained by the two methods on the triglycerides 
of rat liver and two samples of human fat. 
The experimental values for the triglyeeride 
structure of the human tissues showed a 
significant disagreement with those calculated 
by the 1,3-random,2-random method. The 

T A B L E  I I [  

S t ruc tu ra l  Analys i s  of Swine  Tissue Triglycer ides  

TG 
type 
1,2,3 ~[esentery H e a r t  Kidney L u n g  Panc reas  Spleen L ive r  

SSS 7.9 2.6 5.5 3.2 5.$ 5.4 0.9 
SSM 31.4 24.1 30.6 24.0 32.1 28.6 5.4 
S ~ S  0.3 0 0 0.6 0 t r  7.3 
SSD 7.5 3.6 5.4 4.9 5.8 5.4 1.6 
SDS 0 t r  0.4 0 0 0 2.7 
MSM 27.9 33.2 25.4 31.9 27.2 26.5 2.6 
~ M S  1.9 0.9 6.0 7.3 3.5 4.2 21.6 
DSD 1.4 0,7 0.9 1.2 2.1 2.3 1.5 
DDS  0 0.3 0 0 0 t r  3.3 
S ~ D  0.2 0.8 0,5 0 0 0.9 7.9 
SDM 0.1 0 1,2 1.4 0.9 1.1 8.2 
DSM 11.1 8.6 8.8 8.1 9.7 8.7 1.6 
M M ~  4.1 13.5 7.6 9.0 6.0 7.4 9.9 
MMD 1.6 3.1 2.5 2.4 1.7 2.1 5.3 
M D ~  0.8 1.9 1.3 1.3 0.9 1.2 3.6 
MDD 0.4 0.9 1.2 0.5 1.1 0.9 0.8 
DMD 0.8 0.5 0.3 0.5 0.5 0.6 4.5 
Others 2,6 5.3 4.2 3.7 2.7 4.7 11.3 
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T A B L E  I~ r 

Comparison of the S t r u c t u r a l  Analyses of the  Triglycer ides  of ~egetable  Oils by Direct  Analyses  and  the 
1,3-random, 2-random Methods. 

TG Cocoa but te r  
type 
1,2,3 1 2 

Corn oil C()tt3nseed Akee oil 

3 1 2 3 1 2 3 1 2 3 

SSS 0 0.8 0 r t r  0 0 0.4 0 0 2.0 O 

SUS  83.4 81.6 ~ f 33.6 34.1 
S S U  0.4 0.1 { 83.2 4.3 4.6 4.3 18.0 18.6 18.7 ) 4.5 2.6 ~, 39.4 

S U U  13.9 16.6 ~ 15.8 32.9 32.0 33.1 50.7 48.4 49.1 [ 48.6 45.4 ~ 46.7 
U S U  0.4 0.1 [ ) 1.O 0.9 [ 

U U U  1.9 0.8 1.0 62.8 63.3 62.6 31.3 32.6 32.2 12.3 15.0 13.8 

1 - -  Blank,  Verdino and P r ive t t  (8) .  
2 - -  Calculated according to Coleman or Vander  W a l ' s  1 ,3-random,2-random d i s t r ibu t ion  (14 ,15) .  
3 - -  Calculated according to Guns tone  (16) .  
S --  Sa tu ra ted  fa t ty  acids and U = U n s a t u r a t e d  fa t ty  acids. 

greatest disagreement occurred in the analysis 
of the sample of subcutaneous fat. The values 
obtained by the 1,3-random,2-random method 
were low for the SU~ class and correspondingly 
high for the U~ class. The same type of dis- 
agreement has been showr~ previously for 
human fat by Subbaram and Youngs (18). 
Differences in the results by the two methods 
for the omental fat were less pronounced. 

A great divergence between the results of 
the two methods was also observed with rat  
liver triglycerides. Such differences have been 
pointed out previously by Vander Wal (19), 
as wei1 as the authors (8). The group of 
rats from which the fat was obtained had 
been maintained 12 weeks on a fat-free diet. 
A sinfilar pattern of results was also obtained 
in rats which received either lard or corn oil 
in their diets, and indicated that endogenous- 
exogenous mixtures of triglycerides were not 
responsible for the variance between the two 
ulethods of analyses. 

The data obtained on the swine tissue tri- 
glycerides (Table I I I )  are condensed and 
compared with the values obtained by the 
1,3-random,2-random method in Table u  

Table VI shows that although the differences 

between the values of the two methods are 
not greatly different, the same triglyceride 
types, namely S~U, SU: and U3, always vary 
in the same direction. The pattern was the 
same in all of the tissues except the liver. 
The triglycerides of the liver contained pre- 
dominately unsaturated fatty acids in tile 2- 
position as opposed to saturated fatty acids 
in the 2-position of triglycerides of the other 
tissues. 

A close examination of the composition of 
the swine tissue triglycerides (Table YII )  
showed that the percentage of palmitic acid 
esterified at the 2-position varied in the 5 
tissues from 60-70% in the trisaturated gly- 
cerides to 100% in the unsaturated gIycerides 
and, therefore, contradicts the basic assumption 
of the 1,3-random,2-random method that the 
fatty acids are randomly distributed in the 2- 
position. Thus, application os the pancreatic 
lipase technique to the total fat gives only 
an average value for the distribution of the 
fatty acids in the 2-position of all the gly- 
ceride classes. 

DISCUSSION 
The 1,3-random, 2-random methods of tri- 

T A B L E  ~V 

Comparison of the S t r u c t u r a l  Analyses of the Triglycer ides  of Three An ima l  Tissues by Direct  
Analysis  and  by the 1,3-random,2-random ~Viethods. 

TG 
type 
1,2,3 

H u m a n  H u m a n  
subcutane as omenta] Ra t  l iver  

1 2 3 1 2 3 1 2 3 

SSS 0 1.6 0 1.5 1.7 0 2.7 2.1 0 

S U S  8.8 12.2 "~ [ 15.0 20.9 
S S U 8.4 5.3 , 1 8 " 4  15.0 16.6 16.2 ) 4.2 4.5 f 27.6 

S U U  48.4 41.5 ~ ( 57.1 ~_5.5 ~r 
U S U  3.0 4.5 . 49.0 45.9 44.7 48.0 ~ 2.8 2.4 . 49.9 

U U U  31.4 34.9 32.6 37.6 37.0 35.8 18.3 24 .6  22.5 

1 - -  Blank,  Verdino and P r i v e t t  (8) .  
2 - -  Calculated according to Coleman or Vander  ~Val's 1 ,3-random,2-random d i s t r ibu t ion  (14 ,15) .  
3 - -  Calculated according to Guns tone  (16) .  
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TABLE VI 

The S t ruc tu ra l  Analyses of Swine Tissue Triglycerides by Direct  Analysis and  the 1 ,3-random,2-random ]~ethod 
(14 ,15) .  

TG lgesentery H e a r t  Kidney L u n g  Panc reas  Spleen 
type 
1,2,3 1 2 1 2 1 2 1 2 1 2 1 2 

SSS 7.9 7.2 2.6 2.2 5.5 6.0 3.2 3.7 5.8 6.0 5.4 5.1 
SUS 0.3 1.0 tr 0.8 0.4 1.8 0.6 1.4 0 1.3 tr 1.5 
SSU 38.9 35.6 27.7 21.0 36.0 30.8 28.9 25.5 37.9 32.6 34.0 29.4 
SUU 2.2 5.2 2.0 7.8 7.7 9.4 8.7 9.3 4.4 6.8 6.2 8.8 
USU 40.4 44.5 42.5 49.6 35.1 39.8 4] .2 44.1 39.0 44.1 37.5 42.4 
UUU 10.3 6.5 25.2 18.6 15.3 12.2 17.4 16.0 12.9 9.2 16.9 12.8 

1 - -  Blank, Verdino and  Pr ive t t  (8) .  
2 - -  Calculated according to Coleman or ~ a n d e r  Wal ' s  1 ,3-random,2-random distr ibution (14 ,15) .  

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

f o r  t h e  a n a l y s i s  o f  s e v e r a l  c o m m o n  v e g e t a b l e  

o i l s .  H o w e v e r ,  i n  r e c e n t  y e a r s ,  t h e s e  m e t h o d s  

h a v e  b e e n  a p p l i e d  t o  a n i m a l  a s  w e l l  a s  a w i d e  

v a r i e t y  o f  v e g e t a b l e  o i l s  w i t h  l i t t l e  p r o o f  t h a t  

t h e  d i s t r i b u t i o n  t h e o r y  u p o n  w h i c h  t h e y  a r e  

b a s e d  is  v a l i d .  A l t h o u g h  t h e  m e t h o d s  o f  t r i -  

g l y c c r i d e  a n a l y s e s  b a s e d  o n  t h e  1 , 3 - r a n d o m , 2 -  

r a n d o m  d i s t r i b u t i o n  t h e o r y  a p p e a r s  t o  g i v e  

c l o s e  a g r e e m e n t  w i t h  e x p e r i m e n t a l  v a l u e s  o n  

s o m e  v e g e t a b l e  o i l s ,  i t  o b v i o u s l y  g i v e s  e r r o n -  

e o u s  v a l u e s  o n  m a n y  f a t s  a s  d e m o n s t r a t e d  

h e r e .  M o r e o v e r ,  t h e  d i s c r e p a n c i e s  o b s e r v e d  h e r e  

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

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

s t r u c t u r e .  H a d  m o r e  e l a b o r a t e  e x p e r i m e n t a l  

m e t h o d s  b e e n  a p p l i e d ,  p e r h a p s  d i s c r e p a n c i e s  

w o u l d  a l s o  h a v e  b e e n  r e v e a l e d  i n  t h e  a n a l y s e s  

o f  t h e  m o r e  c o m m o n  v e g e t a b l e  o i l s .  I n  t h i s  

c o n n e c t i o n ,  i t  h a s  b e e n  s h o w n  r e c e n t l y  t h a t  

d i s t r i b u t i o n  o f  t h e  f a t t y  a c i d s  i n  b a y b e r r y  

t a l l o w  ( 2 0 ) ,  s a b l e  f i sh  ( 2 2 )  a n d  a l s o  b i t t e r  

g o u r d  t r i g l y c e r i d e s  ( 2 1 )  v a r i e d  s i g n i f i c a n t l y  

f r o m  m a t h e m a t i c a l  d i s t r i b u t i o n  t h e o r i e s  b y  

d i r e c t  m e t h o d s  o f  a n a l y s i s .  T h e  v a l i d i t y  o f  

t h e  b a s i s  f o r  t h e  1 , 3 - r a n d o m , 2 - r a n d o m  t h e o r y  

h a s  a l s o  b e e n  c h a l l e n g e d  b y  M o r r i s  ( 2 3 ) .  T h u s ,  

i t  i s  a p p a r e n t  t h a t  a l t h o u g h  t h e  1 , 3 - r a n d o m ,  

2 - r a n d o m  m e t h o d  m a y  s t i l l  h a v e  s o m e  p r a c t i c a l  

u t i l i t y ,  i t  s h o u l d  n o t  b e  a p p l i e d  i n d i s c r i m i n a t e l y .  
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TABLE VII 

Percentage 16:0 Esterified at 2-Position in Swine 
Tissue Triglycerides 

TG 
type Mesentery Kidney L u n g P a n c r e a s  Spleen 

$3 ~ 68 .6% 61.5 69.5 73.8 
S201 ~ 84 .8% 82.5 81.3 88.7 83.7 
$I02 ~ 100% 97.1 99.7 I01 98.8 
SOL ~ 1 0 5 %  100 102 103 104 
Total -~ 96 .7% 85.3 91.6 95.6 92.6 

Assistance in the determinat ion of tr iglyceride struc- 
tures,  David Schlicbting and  ~ ranc i s  Lightly.  Akee 
fa t  provided by A. C. Ellington, Government  Chemists, 
Kingston,  J a m a i c a ;  cocoa but te r  sample, E. C. Ham-  
mond, Iowa  State Univers i ty ;  samples of h u m a n  fats, 
1%. J.  Vander  Wal, Armour  & Company. 
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Antigenic Properties of a Synthetic Protein Complex with
Glycolipids and Related Substances"2

Tamotsu Taketomi and Tamia Yamakawa, Department of Chemistry, the Institute for
Infectious Diseases, the University of Tokyo, Tokyo, Japan

ABSTRACT

Erythro-sphingosine was obtained from
sphingomyelin by alkaline hydrolysis .
N-p-nitrobenzoyl-sphingosine, N-p-amino-
benzoyl-dihydrosphingosine and dihydro-
sphingosine-protein were synthesized .

It was found that dihydrosphingosine-
protein can produce a specific antibody
which can be detected by the complement
fixation test and by Ouchterlony's double
diffusion method in agar . The determining
factor of dihydrosphingosine may be due
to the hydroxy groups at C 1 and C3 .

In the course of experimental allergic
encephalomyelitis, the cross-reactivity of
rabbit antisera against spinal cord, and
with psychosine-protein in particular, was
observed by the complement fixation test
and by the Arthus reaction .

SINCE WE HAVE ISOLATED ABO-blood group
specific mucolipids from human erythrocytes

and Forssman active inucolipids from equine or
guinea-pig kidney and spleen (1-4), the rela-
tionship of chemical structure of these muco-
lipids and serological activity has become of
interest to us. As a first approach to the basic
immunochemical study of glycolipids, we have
attempted to prepare artificial antigens capable
of producing by themselves the lipid-hapten
specific antibodies. As already published (5),
we found that psychosine, the product obtained
by deacylation of cerebroside, is fully antigenic
when coupled with a protein through diazotiza-
tion of its N-p-aminobenzoyl derivative .
In the present paper, an effort has been made

to elucidate whether or not a sphingosine-
specific antibody can be produced by immuniza-
tion with a sphingosine-protein complex .

'Presented at the Prof. Ernst Klenk Symposium on
Glycolipids and the Nervous System, AOCS Meeting,
Houston, April 1965 .

ZAbbreviations : GVB, gelatin-veronal buffer contain-
ing 1.5 X 10 -4 M CaC12 and 5 X 10 -4 M MgCl 2, pH
7 .5 ; SE, dihydrosphingosine-egg albumin ; SS, dihy-
drosphingosine-Serum albumin ; CE, ceramide-egg
albumin ; PS, psychosine-serum albumin ; PE, psycho-
sine-egg albumin ; GE, glucose-egg albumin ; LS,
lactose-serum albumin ; LE, lactose-egg albumin ;
Gal-NS, N-acetyl galactosamine-serum albumin ; GNE,
N-acetyl glucosamine-egg albumin .- C1H50 refers to the
hemolytic unit of complement, i .e ., that amount required
to lyse 50% of 5 .0 X 10s sensitized red cells under
standard conditions (24) .
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Naturally occurring erythro-sphingosine was
obtained 'by alkaline hydrolysis of sphingo-
myelin. Acidic hydrolysis which produces the
threo isomer of sphingosine and the threo- and
erythro- 0-methyl ethers of sphingosine was
avoided (6) . The demonstration of erythro-
sphingosine product was dependent upon the
fact that erythro, but not threo, dihydrosphingo-
sine forms a crystalline tribenzoyl derivative
(7) . The erythro-sphingosine was coupled with
a protein through diazotization of its N-p-
aminobenzoyl derivative. It was found that
immunization with sphingosine-protein pro-
duces sphingosine-specific antiserum in rabbits .

Joffe, Rapport and Graf (8) have found that
galactocerebroside can react with antibody pre-
pared against brain fractions in the presence
of auxiliary lipids . Niedieck and Kuwert (9)
have found that the hapten which is sero-
logically active in ethanolic spinal cord extract
is cerebroside, and that in the course of ex-
perilnental allergic encephalomyelitis, antibodies
are produced against cerebroside. Brady and
Trams (10) have suggested that an auto-
immune reaction, possibly directed against other
lipids such as gangliosides which are pre-
dominantly located in the neuronal cell body,
may be a contributing factor in the patho-
genesis of demyelinating diseases . In the pres-
ent paper, we have investigated the cross-
reactivity of psychosine-protein, sphingosine-
protein, and other sugar-proteins with antibody
prepared against the rabbit spinal cord by the
complement fixation test . Antibody capable of
cross-reacting with psychosine-protein complex
has been found in the sera of rabbits im-
munized with an encephalitogenic mixture of
spinal cord and adjuvants. Judging from the
antigenicity of psychosine-protein, one of the
determinant groups of antigenicity of spinal
cord may be concerned with glycolipids, partic-
ularly cerebroside . These experimental results
will be presented in the present paper .

MATERIALS AND METHODS

Alkaline Hydrolysis of Sphingomyelin
Sphingomyelin (4-5 g) obtained from bovine

brain, was hydrolyzed for about 2 hr in 100 ml
of 90% aqueous butanol solution containing
N KOhI as a final concentration under reflux
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on a mantle heater (5) . The hydrolysate was
then washed with distilled water three times in
a separatory funnel . The upper butanol solu-
tion was concentrated to dryness . The residue
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containing crude sphingosine was chromatog-
raphed on a silicic acid column to obtain
crythro-sphingosine . The final yield was about
50-60% of the theoretical value.
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FIG . 1 . (a-d) Infrared spectra of various sugar derivatives in the synthesis of p-aminophenyl glycosides .
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FIG. 1 . (e-f)
glycosides.

Preparation of Tribenzoyl-Dihydrosphingosine
Part of the sphingosine was used to prepare

its crystalline derivative, tribenzoyl-dihydro-
sphingosine, to demonstrate the erythro con-
figuration. The sphingosine was reduced by
catalytic hydrogenation with palladium on
Norit A as catalyst to form dihydrosphingosine .
The dihydrosphingosine was benzoylated with
benzoylchloride in pyridine solution to yield
crystalline tribenzoyl-dihydrosphingosine .

Preparation of Sphingosine-Protein Complex
As already reported in the previous paper

(5), the sphingosine was benzoylated with p-
nitrobenzoylchloride in chloroform-methanol
(2 :1) solution by the Schotten-Baumann
method. N-p-nitrobenzoyl-sphingosine thus ob-
tained was reduced by catalytic hydrogenation
to form N-p-aminobenzoyl-dihydrosphingosine .
Water-insoluble N-p-aminobenzoyl-dihydro-
sphingosine was dissolved in aqueous N CHI-
methanol mixture. The solution was cooled to
1C and mixed with NaNO0, in ice-cold water.
Then, the reaction mixture was reacted with
crystalline bovine serum albumin and egg al-
bumin, respectively . After dialysis against dis-
tilled water and lyophilizing, the synthetic di-
hydrosphingosine-serum albumin (SS) and
dihydrosphingosine-egg albumin (SE) were
obtained .
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in the synthesis of p-aminophenyl

Preparation of Azo Protein Containing
Various Sugars

Following the methods of Babers and Goebel
(11) and of Westphal et al . (12), various
sugars were coupled with protein through
diazotization of their p-aminophenyl derivatives .
P-arninophenylglycosides of glucose, galactose,
mannose and lactose, and of N-acetyl-glucosa-
mine and N-acetyl-galactosamine were all pre-
pared and coupled to protein. The infrared
spectra of the various sugar derivatives in the
synthesis of p-aminophenyl-glycosides are
shown in Figure 1 . These sugar-proteins had
similar patterns in ultra-violet and visible
absorption spectra with absorption maxima (1)
at 280 mµ due to the protein, (2) near 370-380
mµ and (3) a shoulder or maximum near 430
mµ. Maxima (2) and (3) are probably due
to the diazophenyl moiety . They contained
about 30 phenyl sugars per one molecule of
serum albumin or egg albumin.

Preparation of Ceramide-Protein Complex

Ceramide was obtained from equine spleen .
It was benzoylated with p-nitrobenzoyichloride
in pyridine solution to get 1,3 O-di-p-nitro-
benzoyl-Ceramide . Then, the 1,3 O-di-p-
nitrobenzoyl-Ceramide was reduced by catalytic
hydrogenation to obtain 1,3 O-di-p-amino-
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benzoyl-dihydroceramide . The 1,3 0-di-p-
aminobenzoyl derivative was coupled to protein .
Infrared spectra of the ceramide derivatives
obtained in the synthesis of 1,3 0-di-p-
aminobenzoyl-dihydroceramide are shown in
Figure 2. Chemical analysis of the ceramide
derivatives is summarized as follows ;

Ceramide C33H 72N03
(as Arachidyl-N-sphingosine)

C

	

H

	

N

Calculated

	

76.90

	

12.65

	

2.36
Found

	

76.65

	

12.33

	

2.08
mp = 80-82C

1,3 0-di-p-nitrobenzoyl-ceramide CSOHS,ON3O9

Calculated

	

70.04

	

9.09

	

4.71
Found

	

68.93

	

8.58

	

4.75
mp = 84-86C

1,3 0-di-p-aminobenzoyl-dihydroceramide
C 03H87N305

Calculated

	

74.79

	

10.44

	

5 .04
Found

	

73.75

	

9.84

	

5.02
mp = 120-125C

Preparation of Antiserum Against the Synthe-
tic Dihydrosphingosine-Serum Albumin (SS)
White rabbits weighing between 2 .5 and 3

kg were used . A saline solution containing
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FIG. 2 . Infrared spectra of ceramide derivatives .

Fin . 3. Silicic acid column chromatography of
crude sphingosine . Silicic acid : Hyflosupercel
(2 :1) = 60 gm. Crude sphingosine = 1 gm . Each
tube contained 10 ml . of effluent . 0.05 ml. of aliquot
of each tube was analyzed with ninhydrin reagent .

5 mg/0.5 ml of artificial antigen (SS) was
injected intravenously. After a 5 hr interval,
2 ml of saline suspension containing an alum
precipitate of 20 mg of SS was injected
intravenously . After a 2-day interval, 20 mg
of antigen as the alum precipitate was in-
jected every other day for 2 or 3 weeks . After
a 2-week interval, 4 ml of saline solution of
40 mg of antigen was finally injected intra-
venously as booster . The rabbits were bled
from the ear artery or carotid one week after
the last injection . The blood was allowed to
clot at 37C for one hour and to stand at 4C
overnight . The serum was collected and stored
at -20C until used .

Preparation of Antibody Against Spinal Cord

A saline suspension of spinal cord (rabbit)
together with Mycobacterium was emulsified
with oil (Drakeol No . 6 : Aracel A, 9 :1 V/V)
at a 1 :1 ratio by volume in the Potter-Elvehjem
homogenizer. Each rabbit received the emulsion
intradermally in the 4 foot-pads or gluteal
regions. About 2 weeks after the injection, the
rabbits with complete paralysis or ataxia were
bled completely by cardiac puncture .

Complement Fixation Test

The procedure developed by Kabat and Mayer
(13) was used in the present experiment . Sera
were inactivated at 56C for half an hour and
diluted with gelatin veronal buffer containing
0.00015 M Can, and 0 .0005 M MgC12, pH 7 .5
(GVB) . Various amounts of antigens were
also dissolved with GVB . A checkerboard
arrangement of antigen and antibody was set
up for each test, all tests being carried out
in test tubes . In each test, 5 C'H 50 of guinea-
pig serum was used as complement . Sensitized
red cell (0.2 ml) was added to 1 .3 ml of total
fixation volume. Fixation proceeded for 16 hr
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FIG. 4 . Thin-layer chromatogram of aliquots
from silicic acid column chromatography (Fig. 5) .
Plate : Kieselgel G, 0 .5 mm thick, solvent, chloro-
form:methanol :water (65 :25 :4, v/v/v) ; ascend-
ing time : 45 min. a t room temperature ; sprayed
with ninhydrin reagent and heated at 80C for
10 min, spots : (19-32) erythro-sphingosine, (c)
erythro-dihydrosphingosine obtained by catalytic
hydrogenation of erythro-sphingosine .

at 4C and finally 30 min at 37C with shaking .
The hemolytic reaction proceeded for 60 min
at 37C with shaking, The reading was given
as degree of hemolysis, with "0" representing
no lysis, and "4" representing complete lysis .

Qualitative Precipitin Test
The precipitin tests were carried out with the

standard ring test and Ouchterlony's double
diffusion in agar.

Arthus Reaction
The abdominal region of the immunized

rabbits were shaved. One tenth milliliter of the
saline solution containing 100 µg of various
antigens was intradermally injected . Two or
three hours and 24 hours after the challenge,
the skin reaction was recorded as follows ;
negative "-", edema "± ' +", erythema

hemorrhage "+++", and necrosis

9 #

	

1

4 2

FIG . 5. Thin-layer • chromatogram of erythro-
sphingosine (1) and psychosine (2) . The proce-
dure followed Fig. 6,
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FIG . 6 . Infrared spectra of erythro-sphingosine
and tribenzoyldihydrosphingosine . Prepared as
KBr pellets .

Fluorescent Antibody Techinque

The procedure developed by Goldstein, Slizys
and Chase (14) was modified in the present
experiment. Psychosine and spinal cord speci-
fic antibodies were used in the fluorescent
antibody technique . Brain and kidney tissues
from the mouse were frozen in hexane chilled
to -70C . Sections were cut at 4 µ in a
cryostat at -20C. The staining of the freshly
frozen tissue section with fluorescent anti-
psychosine or antispinal cord solution was
performed without prior fixation or treatment
with organic solvents .

Analytical Methods

Ultraviolet and visible absorption spectra
were taken with the Hitachi UV and visible
spectrophotometer (EPS-1) . Infrared spec-

FIG. 7 . Infrared spectra of N-p-nitrobenzoyl-
sphingosine and N-p-aminobenzoyl-dihydrosphingo-
sine. Examined as KBr pellets .
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FIG . 8 . Qualitative precipitin reaction using
Ouchterlony's double diffusion method in agar.
Anti-SS was reacted with SS, SE, E (egg albumin),
PE (psychosine-egg albumin) and CE (dera-
minde-egg albumin) as antigens .

tra were taken with the Hitachi infrared spec-
trophotometer (EPI-2) . The ultracentrifugal
pattern was obtained with the Spinco Model E
centrifuge. The specific rotation was measured
by the polarimeter (EPU-2A) of Hitachi
spectrophotometer .

RESULTS

Preparation of Conjugated Erythro-
Dihydrosphingosine-Protein

Erythro-sphingosine . As described above,
erythro-sphingosine was prepared from sphingo-
myelin . The time course of sphingosine re-
lease was estimated by ninhydrin reagent and
it was found that the amide linkage of sphingo-
myelin was completely split in 2 hr by alkaline
hydrolysis (N KOH in n-butanol) . As shown
in Figure 3, the sphingosine could be eluted
with chloroform-methanol (8 .5 :1.5 and 8 :2)
solvent from the silicic acid column . The
sphingosine showed only one spot, separated
from that of dihydrosphingosine or psychosine
by thin-layer chromatography (Fig. 4 and 5) .

TAMOTSU TAKETOMI AND TAMIO YAMAKAWA

The infrared spectra of erythro-sphingosine
and tribenzoyl-dihydrosphingosine are shown in
Figure 6 . The configuration of the sphingosine
was demonstrated by catalytic hydrogenation,
and benzoylation with benzoylchloride yielding
a crystalline tribenzoyl-dihydrosphingosine
which was identified by chemical analysis and
infrared spectrum (Fig . 6) . The analytical
values for C,H and N, and the melting point
of this tribenzoyl-dihydrosphingosine were
identical with the results reported by Fujino
and Carter (15) . These findings demonstrated
the erythro-configuration of the sphingosine
obtained from sphingomyelin by alkaline
hydrolysis.

N-p-nitrobenzoyl-sphingosine . As described
above, this substance was synthesized from
erythro-sphingosine and p-nitrobenzoylchloride
by the Schotten-Baumann's method. This syn-
thetic substance was identified as N-p-
; litrobenzoyl-sphingosine by chemical analysis
and infrared spectrum . As shown in Figure 7,
the infrared spectrum of this substance showed
the presence of amide linkage, but no ester
linkage.

Analysis. C 2rH, 0N200 (448.6)

C

	

H

	

N

Calculated

	

66.93

	

8.99

	

6.24
Found

	

67.43

	

9.30

	

5.80

mp = 48-50C (a) ;89 = +22.0
(1% in chloroform)

N-p-Aminobenzoyl-Dihydrosphingosine . This
substance, as already described above, was ob-
tained by catalytic hydrogenation of N-p-

I d.-0--< l-2-(N-p- -bn WD-sphingosine

2.
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6
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FIG. 9. Infrared spectra of 1,3 di-O-acetyl
(N-p-nitro benzoyl) -sphingo sine and 1,3 di-O
acetyl-2-(N-p-nitro benzoyl)-sphingosine and 1,3
di-O-acetyl-2-(N-p-aminobenzoyl) - dihydrosphingo-
sine . Prepared as KBr pellets.

8
1200

	

1000

	

800

	

600



nitrobenzoyl-sphingosine . This reduced ma-
terial was identified as N-p-aminobenzoyl-
dihydrosphingosine by chemical analysis and
infrared spectrum. The p-nitro group absorp-
tion at 1600 cm - and 1350 cm - ', and the trans
double-bond absorption at 970 em' in the
infrared spectrum of N-p-nitrobenzoyl-sphingo-
sine are absent in this spectrum (Fig . 7) .

Analysis. C,5H,,N 5O, (420 .6)

C

	

H

	

N

Calculated

	

71.38

	

10.54

	

6.66
Found

	

70.60

	

9.83

	

5.90

nip = 120-125C (a) 589 = +23.0
(1% in chloroform)

Synthetic Dihydrosphingosine-Protein . As al-
ready described above, the dihydrosphingosine-
serum albumin (SS) and dihydrosphingosine-
egg albumin (SE) were obtained through
diazotization of the N-p-aminobenzoyl deriva-
tive . The UV and visible absorption spectra of
SS were very similar to those of psychosine-
serum albumin (PS), i.e. absorption maxima
at 280 mµ, 375 my, and 430 mµ . The PS con-
tained 6.5% galactose, that is, about 25-30
benzoyl-dihydropsychosine groups estimated
from galactose content per one molecule or
serum albumin (as molecular weight 70,000) .
A comparison of the spectra of PS and SS,
showed that SS contained at least 20 benzovl-
dihydrosphingosine groups per one molecule
of serum albumin. Similarily, S {' contained
also about 20 benzoyl-dihydrosphingosine groups
per one molecule of egg albumin .

Preparation of Antibody Against
Sphingosine-Protein
Complement Fixation Test. Antibody pro-

duced against SS did not fix complement with
egg albumin, but fixed it with SE or SS as
shown in Table I. This finding pointed out
that antisera against SS contain at least two
kinds of complement-fixing antibody, one each
to the serum albumin and sphingosine moieties .

Qualitative Precipitin Reaction . The antisera
prepared by immunization with SS were tested
for the presence of precipitins against the
homologous antigen (SS), and heterologous
antigens of SE, E, PE and CE by the Ouchter-
lony's double diffusion method in agar . As
shown in Figure 8, it is possible that anti-SS
contains at least two kinds of antibody, namely,
the antisphingosine and the antiserum albumin .
The antiserum albumin exhibited a much higher
potency than the antisphingosine . The anti-
sphingosine did not cross-react with psychosine

ANTIGENIC PROPERTIES OF PROTEIN

TABLE I

Two-dimensional complement fixation test with egg-albumin
(E), sphingosine-egg albumin (SE) or sphingosine-
serum albumin (SS) and rabbit antibody against SS .
"0" representing no lysis, "4" representing complete

lysis

Amount of

	

Antiserum dilution

	

Control with
E per test -
mixture

	

1

	

1/2

	

1/10

	

1/20 - 5 C'H5o 3 C'H5o

µg 20

	

4

	

3

	

3

	

4

	

4

	

4
10

	

4

	

4

	

3

	

4

	

4

	

4
5

	

4

	

4

	

4

	

4

	

4

	

4
3

	

4

	

4

	

4

	

4

	

4

	

4
2

	

4

	

4

	

4

	

4

	

4

	

4
1

	

4

	

4

	

4

	

4

	

4

	

4
Control with

5 C'H ;w 4

	

4

	

4

	

4

	

4

	

4
3 C'Hso 4

	

4

	

4

	

4

	

4

	

4

Amount of
SE per test
mixture
µg 20

	

3

	

4

	

3

	

4

	

4

	

4
10

	

0

	

0

	

3

	

4

	

4

	

4
5

	

0

	

0

	

0

	

4

	

4

	

4
3

	

0

	

0

	

0

	

2

	

4

	

4
2

	

0

	

0

	

0

	

2

	

4

	

4
1

	

0

	

0

	

0

	

2

	

4

	

4
Control with

5 C'H5o 4
3 C'Hso 4

4

	

4

	

4

	

4

	

4
4

	

4

	

4

	

4

	

4

Amount of
SS per test
mixture
µg 20

	

0

	

0

	

0

	

4

	

4
10

	

0

	

0

	

0

	

4

	

4
5

	

0

	

0

	

0

	

4

	

4
3

	

0

	

0

	

0

	

4

	

4
2

	

0

	

0

	

0

	

4

	

4
1

	

0

	

0

	

0

	

4

	

4
Control with

5 C'Hro

	

4

	

4

	

4

	

4

	

4
3 C'Hao

	

4

	

4

	

4

	

4

	

4

and ceramide-proteins . Although psychosine
and ceramide are sphingosyl complexes, the
sphingosine moiety of psychosine and ceramide-
proteins differs from that of sphingosine-protein
at the hydroxy groups at C 1 and C 3 . The
hydroxy groups of sphingosine of the latter
are free . After acetylation of N-p-nitrobenzoyl-
sphingosine and catalytic hydrogenation, the
1,3 di-O-acetyl-2-(N-p-amino'benzoyl)-dihydro-
sphingosine obtained (Fig . 9) was combined
with a protein by the diazo-coupling reaction .
This synthetic, acetylated sphingosine-protein
did not react with anti-SS .
Preparation of Antibody Against Rabbit

Spinal Cord. Each rabbit received a total of
0.5 ml of emulsion containing 200 mg spinal
cord and 5 mg Mycobacterium . Two out of
three rabbits developed complete paralysis or
ataxia. The cross-reactivity of various artificial
antigens with antisera of diseased rabbits was
checked by the complement fixation test . As
shown in Table II, it was found that psychosine-
protein (PS), in particular, had a cross-
reactivity with antisera against spinal cord .
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Lactose-protein (LS), sphingosine-protein
(SS) and N-acetylgalactosamine-protein
(Ga1NS) had a very weak cross-reactivity.
Glucose, galactose, mannose and N-acetylglu-
cosamine-proteins had no cross-reactivity. On
the other hand, the antisera of nondiseased
rabbit had no cross-reactivity with any one of
the artificial antigens by the complement fixa-
tion test . As already published by us, psycho-
sine is antigenic when coupled with a protein .
In the present experiment, the cross-reactivity
of anti-PS with these artificial antigens was
also checked by the complement fixation test .
The result showed that anti-PS contained
complement-fixing antibodies with serum al-
bumin and psychosine, and also cross-reacted
a little with lactose-protein (LE) and
sphingosine-protein (SE) . In view of these
findings, one of the determinant groups of
antigenicity of rabbit spinal cord may be
related to glycolipids composed of psychosine-
moiety .

Arthus Reaction . The rabbits immunized
with rabbit spinal cord or psychosine-protein
(PS) were intradermally injected with 0 .1 ml
of the saline solution of artificial antigens .
The results of the skin reactions are shown in
Table III. This demonstrates that circulating
antibody capable of reacting with psychosine-
protein is produced in the rabbits immunized
with spinal cord or psychosine-protein .

Fluorescent Antibody Technique . When sec-
tions of mouse brain were stained with
fluorescent antibody against psychosine or
spinal cord, the fluorescence appeared con-
sistently in the lumen of the cerebral blood
vessel and in the plexus, but not in the myelin
sheath of white matter, contrary to our ex-
pectation . In sections from kidney stained
with the fluorescent antibodies, the tubules and
the renal blood vessel show brilliant fluores-
cence, but the glomerules do not show (Fig . 10) .

DISCUSSIONS
As we have mentioned (16), we have the

impression that such cell antigens as the ABO-
blood group and Forssman's hapten are glyco-
lipids, similar to the lipocarbohydrates which
make up a structural part of the bacterial cell
wall. It is generally supposed that antigenic
determinants exist in the sugar moiety and that
the fatty part have little or no direct relation
to antibody . We found that psychosine is
fully antigenic when coupled with a protein . In
that case, it seemed that the terminal non-
reducing galactose is the antigenic determinant.
In the present experiments, following the pre-

FIG . 10. Photograph of a kidney section stained
with fluorescent antibody against psychosine .

vious procedure for the preparation of
psychosine-specific antibody, it was found that
the naturally occurring erythro-sphingosine
also can be antigenic when coupled with a
protein through diazotization of its N-p-
aminobenzoyl derivative . It appears that the
determining factor of erythro-sphingosine is
due to the hydroxy groups at C, and C8 . As
is well known, the limited solubility of lipids
in aqueous medium is disadvantageous for the
immunological study of lipids and the char-
acteristics of the micelle of glycolipids in
aqueous solution are critical in determining
immunological reactivity . As already suggested
(5), the water-soluble conjugated lipid-protein
antigens may serve to elucidate the immuno-
logical reactivity of lipids in general .
So far, many workers (17-21) have chal-

lenged the observations that antigenic prop-
erties of nervous tissue have been detected and
that circulating antibodies against nervous
tissue have been formed in experimental
allergic encephalomyelitis . While there are
many opinions and ideas concerning these
problems (22,23), there is a lack of decisive
evidence .

We imagined that various artificial antigens
of lipid-protein or sugar-protein would be
useful and desirable for the investigation of
these problems . The cross-reactivity of anti-
body against spinal cord with psychosine-
protein (PS) was not strong enough to be
assayed by the quantitative precipitin test, but
was detected definitely by the complement
fixation test . However, lactose-protein (LS),
N-acetylgalactosaiiiine-protein (Gal-NS) and
sphingosine-protein (SS) had a very weak
cross-reactivity with the antibody against
spinal cord. It is interesting that the psychosine
portion of cerebroside, which is constituted 'by
galactose and sphingosine combined in glyco-



TABLE II
Two-Dimensional Complement Fixation Test with S(Serum-Albumin), LS (Lactose-Serum-Albumin),
GaiNS(N-acetylgalactosamine-Serum-Albumin),

	

SS (Sphingosine-Serum-Albumin)

	

and PS(Psychosine-
Serum-Albumin), and Antispinal Cord

Amount of

	

Antiserum dilution

	

Control with
S per test
mixture

	

1/5

	

1/10

	

1/20

	

1/40

	

1/80

	

1/160

	

5 C'H5o

	

3 C'H5o

µg 20

	

4

	

4

	

4

	

4

	

4

	

4

	

4

	

4
10

	

4

	

4

	

4

	

4

	

4

	

4

	

4

	

4
5

	

4

	

4

	

4

	

4

	

4

	

4

	

4

	

4
1

	

4

	

4

	

4

	

4

	

4

	

4

	

4

	

4
0.1

	

4

	

4

	

4

	

4

	

4

	

4

	

4

	

4
Control with

5 C'H5o

	

4

	

4

	

4

	

4

	

4

	

4

	

4

	

4
3 C'H5o

	

4

	

4

	

4

	

4

	

4

	

4

	

4

	

4

Amount of
LS per test
mixture

µg 20

	

2

	

3

	

3

	

3

	

4

	

4

	

4

	

4
10

	

2

	

3

	

3

	

4

	

4

	

4

	

4

	

4
5

	

2

	

3

	

3

	

4

	

4

	

4

	

4

	

4
1

	

4

	

4

	

4

	

4

	

4

	

4

	

4

	

4
0.1

	

4

	

4

	

4

	

4

	

4

	

4

	

4

	

4
Control with

5 C'H50

	

4

	

4

	

4

	

4

	

4

	

4

	

4

	

4
3 C'115o

	

4

	

4

	

4

	

4

	

4

	

4

	

4

	

4

Amount of
Ga1NS per
test mixture

pg 20

	

3

	

3

	

3

	

4

	

4

	

4

	

4

	

4
10

	

3

	

3

	

4

	

4

	

4

	

4

	

4

	

4
5

	

4

	

4

	

4

	

4

	

4

	

4

	

4

	

4
1

	

4

	

4

	

4

	

4

	

4

	

4

	

4

	

4
0.1

	

4

	

4

	

4

	

4

	

4

	

4

	

4

	

4
Control with

5 C'H5o

	

4

	

4

	

4

	

4

	

4

	

4

	

4

	

4
3 C'H5o

	

4

	

4

	

4

	

4

	

4

	

4

	

4

	

4

Amount of
SS per test
mixture

izg 20

	

3

	

3

	

3

	

4

	

4

	

4

	

4
10

	

3

	

3

	

3

	

4

	

4

	

4

	

4
5

	

3

	

3

	

4

	

4

	

4

	

4

	

4
1

	

4

	

4

	

4

	

4

	

4

	

4

	

4
0.1

	

4

	

4

	

4

	

4

	

4

	

4

	

4
Control with

5 C'H5o

	

4

	

4

	

4

	

4

	

4

Amount of
PS per test
mixture

µg 20

	

0

	

0

	

0

	

2

	

4

	

4

	

4

	

4
10

	

0

	

0

	

0

	

3

	

4

	

4

	

4

	

4
5

	

0

	

0

	

0

	

3

	

4

	

4

	

4

	

4
1

	

2

	

2

	

3

	

4

	

4

	

4

	

4

	

4
0.1

	

3

	

4

	

4

	

4

	

4

	

4

	

4

	

4
Control with

	

4
5 C'1is0

	

4

	

4

	

4

	

4

	

4

	

4

	

4

	

4

TABLE III
Result of Arthus Reaction in Abdominal Skin or Rabbits immunized with Rabbit Spinal Cord or
PSa. After Injection of 0 .1 ml of the saline solution containing 100 µg of various antigens, the skin
reaction was recorded with "-" negative edema and "++" erythema . PS :psychosine-serum
albumin, PE :psychosine-egg albumin, LE :lactose-egg albumin, GNE :N-acetylglucosamine-egg albumin,
GE : glucose-egg albumin .
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After injection

	

Antigens

of antigens

	

Control

	

PS

	

PE

	

LE

	

GNE

	

GE

Rabbit immunized

	

3 hr

	

-

	

+

	

+

	

-

	

-

	

-
with spinal cord

	

24 hr

	

-

	

+

	

++

	

-

	

-

Rabbit immunized

	

3 hr

	

+

	

+

	

-±-

	

-
with PS

	

24 hr

	

-

	

+

	

+

	

-h

	

-
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sidic linkage, is far more cross-reactive than
sphingosine or galactose alone . In view of
these findings, it seems that not only the sugar
moiety, but also the fatty moiety contributes
to the serological activity of glycolipids .

The ultracentrifugal pattern of psychosine-
protein (PS) shows that it has a lipoprotein
property in comparison with those of serum
albumin (S) and lactose-protein (LS) (Fig .
11) . The S .>o, of PS, LS and S is 3.5, 4.5
and 4.1, respectively . Thus, the density of PS
is much lower than that of S and LS .

The Arthus reaction in the abdominal region
of rabbit serves as evidence for circulating
antibody against spinal cord or PS . We
attempted to clarify the localization of glyco-

FIG . 11 . Ultracentrifugal patterns of PS, LS
and S on the left are the patterns at the start
and on the right the patterns after 54 min of
centrifugation at 59,780 rpm at 20.4C.

TAMOTSU TAKETOMII AND TAMIO YAMAKAWA

lipids in tissues by means of direct fluorescent
antibody technique, but unfortunately failed
in staining the myelin sheath of nervous tissue
with fluorescent antibody against psychosine
or spinal cord . Lack of specific staining may
be explained if the fluorescent antibody did
not combine with reactive sites of antigen in
the myelin sheath because of steric hindrance
or altered permeability . Further investigation
of fixation or pretreatment of frozen sections
for fluorescent staining are needed .

REFERENCE

1 . Yamakawa, T., R . Iris and M . Iwanaga, J . Biochem .
48, 490 (1960) .

2 . Makita, A ., and T. Yamakawa, Ibid. 51, 124
(1962) .

3 . Yamakawa, T ., A . Makita, T . Taketomi, S . Hands,
and S. Yokoyama, Abstracts, 6th International Con-
gress of Biochemistry, New York, 1964 .

4. Hands, S., Japan J . Expr. Med. 33, 347 (1963) .
5 . Taketomi, T ., and T. Yamakawa, J. Biochem . 54,

444 (1963) .
6 . Carter, H . E ., O . Nalbandov and P. A. Tavormina,

J . Biol . Chem . 192, 197 (1951) .
7 . Carter, H . E., D. Shapiro and J. B. Harrison,

J. Am. Chem . Sec . 75, 1007 (1953) .
8 . Joffe, S ., M. M. Rapport and L . Graf, Nature

197, 60 (1963) .
9 . Niedieck, B ., and E. Kuwert, Z. Immun. Allerg.

125, 470 (1963) .
10 . Brady, R. 0., and E . D. Trams, Ann. Rev .

Biochem . 33, 75 (1964) .
11 . Babers, F. H., and W . F. Goebel, J. Biol . Chem .

105, 473 (1934) .
12 . Westphal, 0 ., and H. Schmidt, Anal . Chem . 575,

84 (1952) .
13. Kabat, E. A., and M. M. Mayer, "Experimental

Immunochemistry," Charles C Thomas, Publisher,
Springfield, Ill ., 1961, p . 209 .

14 . Goldstein, G ., I . S. Slizys and M. M. Chase,
J. Exper . Med . 114, 89 (1961) .

15 . Fujino, Y., and H. E. Carter in "Biochemical
Problems of Lipids," Popjak, G ., and E. Breton, (ed .),
Butterworths Scientific Publications, London, 1956,
p. 115 .

16. Yamakawa, T., in "Biochemistry and Medicine
of Mucopolysaccharides," P. Egami and Y . Oshima,
Maruzen Company Ltd., Tokyo, 1962, p . 136 .

17. Waksman, B . H., H. Porter, M. B. Lees, R. D .
Adams and J . Folch, J . Exp. Med . 100, 451 (1954) .

18 . Kies, M. M., and E. C . Alvord, Jr ., in "Allergic
Encephalomyelitis," M . M. Kies, and E. C . Alvord, Jr .,
(Eds .), Charles C Thomas, Publisher, Springfield, Ill .,
1959, p. 293 .

19 . Robertson, D . M ., R . Blight, and C . E . Lumsden,
Nature 196, 1005, (1962) .

20 . Olitsky, P . K., and J. M. Lee, J. Immunol . 71,
419 (1953) .

21. Lumsden, C . E ., E . A . Kabat, A . Wolf and A. E .
Bezer J . Exp. Med . 92, 253 (1950) .

22. Good, R . A., in "Mechanisms of Demyelination,"
A. S. Rose, and C . M. Pearson, (Eds .), McGraw-Hill
Book Company Ltd ., N.Y ., 1963, p . 119 .

23. Waksman, B . H ., Ibid . p . 170 .
24 . Kabat, E. A., and M. M. Mayer, "Experimental

Immunochemistry," 2nd ed ., Charles C Thomas, Publisher,
Springfield, Ill ., 1961, p. 149 .

[Received Oct. 18, 1965]



Naturally Occurring Epoxy Acids. 
Configuration of Vernolic Acid 
L. J. Morris ~ and D. M.  Wharry, 2 Bmnel College, 

ABSTRACT 

Yernolic acid [ (+)-cis-12,13-epoxyleic 
acid] was transformed by stereospeei- 
fic reactions to a mixture of threo-9,10,12- 
and threo- 9,10,13-trihydroxyoctadecanols. 
The four components of this mixture were 
separately isolated by chromatography on 
thin layers impregnated with glycol- 
complexing agents. The 9,10,12-trihydroxy- 
oetadecanols so obtained were identical to 
the corresponding derivatives of D - ( + ) -  
ricinoleic acid, thereby proving the absolute 
optical con~guration of the epoxy group of 
vernolie acid to be D. As a corollary to 
this the absolute configurations of some 
other oxygenated fatty acids have been 
deduced. 

INTRODUCTION 

E POXY ~kCIDS I~AVE TWO ASYSiSIETRIC carbon 
atoms at the oxirane ring" and are thus 

capable of existing in enantiomorphic forms. 
]Kost of the epoxy fatty acids which have so 
far been shown to occur natm'ally as com- 
ponents of glyceride oils have been demon- 
strafed, either directly or indirectly, to have 
optical activity (1-4). This is to be expected, 
as it seems to be a general rule that racemates 
are not produced in nature. ~Iore remarkable, 
however, is the fact that cis-12,13-epoxyoleic 
acid occurs naturally in both of its optically 
active forms (4,5). The (+) -ac id  (vernolic 
acid), which gives rise to predominantly ( - - ) -  
threo-12,13-dihydroxyoleic acid by acetolysis, is 
present in the seed oils os a number of species 
of the families Compositae~ Euphorbiaceae, and 
Onagraceae whereas the (--)-epoxy acid, which 
by similar chemical cleavage gives predomi- 
nantly the (+)-dihydroxyoleic acid enantiomer, 
is a constituent of seed oils of several species 
of Malvaceae. 

The absolute optical configuration of no 
natural epoxy acid has yet been ascertained. 
The elegant work of Serck-Hanssen (6,7) 
proving that ricinoleic acid, namely (+) -12-  
hydroxyoleic acid, has the D-configuration 
[i.e. is (R) according to the Cahn-Ingold-Pre- 

1 Unilever Research Fellow (1961-64)  at Brunel 
College; present address: Unilever t~esearch Laboratory, 
Colworth ~Iouse, Sharnbrook, Bedford, England. 

2 ]?resent address: Isleworth Polytechnic, Isleworth, 
Middlesex, England. 
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log system (8)] provides the key for the 
determination of the absolute configuration of 
12,13-epoxyoleie acid. I f  by stereospecific re- 
actions the epoxy acid can be converted to 
12-hydroxyoIeic acid or a derivative of this 
acid then simple determination of the identity 
or enantiomorphism of the product with the 
corresponding derivative of ricinoleic acid will 
unequivocally ascertain the absolute configura- 
tion of the epoxy acid. 

Some years ago, one of us described ex- 
periments which indicated fairly conclusively 
that vernolic acid has the D-configuration (9). 
The reactions involved and the specific rota- 
tions of the products obtained from epoxy- 
o]eate and from ricinoleate for comparison are 
very briefly summarised in Figure 1. 

The epoxide cleavage reactions by hydro- 
chlorination and by reduction with lithium 
aluminium hydride are known to be stereo- 
specific in the manner indicated (10,11) so 
that the hydroxyl groups of their respective 
products, whether on the 12- or the 13-position, 
retain the absolute configuration of the parent 
epoxide group. Those products which could be 
compared to the reference derivatives from 
ricinoleie acid showed the same sign of rotation 
as the reference compounds even when, as in 
the sequence I > I I I  ---> V ---> u  the sign 
os rotation changed with each reaction step. 
This showed fairly conclusively that vernolic 
acid was of the same configuration as 
rieinoleic acid, namely D. The specific rota- 
tions of the products derived from vernolic 
acid, however, were always lower than the 
reference values indicating that some racemisa- 
tion had occurred, probably during the LiA1H~ 
reduction stages. This and the fact that, due 
to the very small amounts of the ehlorohydrin 
isomers ( I I  and I I I )  we were able to isolate 
pure, it was not possible to prove unequivocally 
the structures of all the products are the 
-:easons for this work not being published 
previously. 

The recent discovery that the diastereoiso- 
merle pairs of 9,10,12- and 9,12,13-trihydroxy- 
stearates could be separated by thin-layer 
chromatography (TLC) on adsorbents im- 
pregnated with glycol-complexing agents (12), 
suggested another approach to the determina- 
tion of the absolute configuration of vernolic 
acid. This paper describes the reactions and 
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Fro. 1. Summary of reactions and specific rota- 
tions of products from earlier attempts (9) to 
determine the absolute optical configuration of 
methyl vernolate (I). All rotations are at the 
lXraD line, measured on ca. 10% solutions in 
chloroform. The reactions are: (i) reaction with 
anhydrous HC1 in diethyl ether; (ii) separation 
of isomers by adsorption chromatography; (iii) 
reduction with LiA1H4/LiH mixture, by refluxing 
2 days in tetrahydrofuran solution; (iv) reduc- 
tion with LiAII=[4, at room temperature in ether 
solution; (v) hydrogenation over Adanls catalyst 
in ethanol solution. 

the chromatographic separations involved and 
demonstrates conclusively that vernolic acid 
has the D-configuration, thus verifying the 
earlier work summarised above. 

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

Pure methyl cis-12,13-epoxyoleate was iso- 
lated from the mLxed esters from Vernonia 
anthelmintica seed oil by adsorption column 
chromatography as described previously (13). 
The pure ester had an optical rotation, without 
so lvent ,  o f  a ~  ---- + 1 . 7  ~ in  a 1 d m  tube  a n d  
speci f ic  r o t a t i o n s  o f  [ a J ~  ---- + 5 . 4  ~ a n d  - - 0 . 3  ~ 
as 10% solutions in chloroform and ethanol 
respectively. Methyl ricinoleate was isolated 
from castor oil mixed esters by a simple single 
withdrawal countercurrent distribution, in three 

separating funnels, between pre-equilibrated 
hexane and methanol-water (9:1).  Both methyl 
vernolate and methyl ricinoleate so prepared 
were completely pure as judged by TLC and 
G L C .  

Preparation of Polyhydroxy Derivatives 

The reactions used to prepare the polyhy-= 
droxy derivatives from methyl vernolate and the 
reference derivatives from methyl ricinoleate 
are summarised in Figure 2. The stereospeci- 
ficity of the reductiorL of epoxy compounds 
with LiA1H, is known (11) and leads to the 
isomers of the same configuration as the 
original epoxy group as shown. 

trans-Hydroxylation of the double bond to 
give the threo-glycol derivatives was chosen be- 
cause, by analogy with the corresponding 
9,10,12-trihydroxystearic acids (14), the speci- 
fic rotations of the threo-compounds were likely 
to be of much greater magnitude than those of 
the corresponding erythro-isomers. In addition, 
the individual diastereoisomers of each threo 
oxidation pair would be expected to have 
rotations of opposite signs whereas the 
erythro-compounds would be likely to have 
the same sign of rotation (14,15). 

The reaction steps in the preparation of the 
derivatives from methyl epoxyoleate will be 
described in detail. The same reactions were 

?o~c.~ ,%oH ,%oH 
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H 
CH (i)). OH + CH 
I l I 
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FIG. 2. Snmmary of reactions in preparation 
of trihydroxyoctadecano] derivatives from methyl 
vernolate and methyl ricinoleate. The reactions 
are: (i) reduction with LiA1H~ in diethyl ether 
solution; (ii) hydroxylation with performic acid. 
Details are given in the text. 



i~ATURALI~Y OCCURRING ]~]POXY _A_CIDS. I V  43 

used to obtain the reference derivatives from 
methyl ricinoleate, with comparable yields. 

LiA1H~ Reduction 

Methyl epoxyoleate (10 g) in anhydrous 
diethyl ether (50 ml) was added slowly to a 
solution of LiA1H~ (2 g) in ether (100 ml),  
which had been refluxed for  1 hr to effect 
maximum solution of the hydride. The re- 
action mixture was boiled under reflux for 2.5 
hr, stood overnight at room temperature, cooled 
in ice and the complex then decomposed by 
careful addition of excess 10% H:SO~. The 
product was extracted into the ether layer which 
was washed six times with distilled water and 
dried over anhydrous NafSO~. The solvent was 
removed to yield 7.64 g (83% of theoretical 
yield) of product which migrated on TLC as a 
single zone with the same mobility as a sample 
of authentic ricinoleyl alcohol, showing that  
the reduction was complete. This product is 
a mixture of two positional isomers, as shown 
in Figure 2, but these are not separable by 
normal adsorption TLC. 

Hydroxylation 

Prior  to hydroxylation of the double bond 
with performic acid, the reduction product was 
acetylated by refluxing with acetic anhydride. 
The diacetate thus obtained was mixed with 
formic acid (25 ml) and 4 ml of a 30% solution 
of hydrogen peroxide was added. The flask 
was tightly stoppered and shaken vigorously 
on a wrist-action shaker until the mixture was 
homogeneous (ca. 1 hr) and then for a further 
3 hr. The formic acid was removed under 
reduced pressure and the residue was boiled 
under reflux for 1 hr  with 100 ml of 3N 
sodium hydroxide in aqueous methanol. The 
hot solution was poured into stirred ice-water 
(1000 ml) and the precipitated solid was 
filtered off in a sintered glass funnel, thoroughly 
washed with distilled water till the washings 
were neutral and dried in a vacumn desiccator. 
The yield of mixed tetrahydroxyoctadecane 
isomers was 7.67 g, i.e. 75% overall yield 
h'om methyl epoxyoleate. 

Isolation of Individual Isomers 

From the above series of reactions, methyl 
ricinoleate gave a mixture of two threo-9,10,12- 
trihydroxyoetadecanols and methyl vernoIate 
gave a mixture of four isomers, two threo- 
9,10,12-trihydroxyoctadecanols and two threo- 
9,10,13-trihydroxyoctadecanols, as illustrated in 
Figure 2. 

The mixed product from ricinoleate was 
very clearly separated into its two components 
by TLC on silica gel G impregnated (10% 
w/w) with sodium arsenite, using methanol- 
ether (5:95) as developing solvent. An attempt 
to achieve this separation on a large scale by 
column chromatography on Davison 950 silica 
gel similarly impregnated and using chloroform 
as eluting solvent was abortive, probabiy due 
to overloading of the complexing capacity of 
the column. Because preparat ive TLC separa- 
tions were so clearcut, even with large loads, 
this procedure was adopted for  all separations 
and no further attempts were made to perfect 
the column chromatographic method. 

In  checking the fractions which were eluted 
from the tr ial  column separation on nonim- 
pregnated silica gel plates, it  became evident 
that the prodncts were being eluted as stable 
arsenite complexes. The free tetrahydroxy 
compounds, however, were readily regenerated 
by alkaline hydrolysis. 

Preparat ive separation of the two threo- 
9,10,12-trihydroxyoctadecanols from ricinoleate 
was effected by TLC on arsenite impregnated 
silica gel layers, 1 mm thick on 20 • 20 cm 
plates, at  a loading of about 150 mg of 
mixture per  plate. Af ter  developing in diethyl 
ether-methanol (95:5) and spraying with di- 
chlorofluorescein solution, two clearly separated 
bands could be seen under ultraviolet light. 
These were scraped off and the adsorbed com- 
plexes eluted with ether-methanol (1:1).  The 
solvent was removed from each fraction and 
the residues were hydroiysed by refiuxing for 
30 rain or by standing overnight with 10% 
K O H  in methanol. The hych'olysates were 
diluted with water and the h'ee hydroxy com- 
pounds were extracted into ether-methanol and 
washed with water-methanol (95:5) till 
neutral and recovered. Recrystallisation from 
acetone-water and from ether-methanol mix- 
tures gave the two pure threo-9,10,12- 
trihydroxyoctadecanots. 

F rom a series of ten such preparat ive plates, 
the yields os oily complexes were 0.93 g and 
1.12 g for  the upper  and lower bands respec- 
tively and these in turn yielded 0.61 g and 
0.58 g of the individual tetrahydroxy isomers. 
As with the threo-9,10,12-trihydroxystearates 
(12), the upper  band from the arsenite plates 
corresponded to the higher melting compound 
(RAI)  and the lower to the isomer of lower 
melting point ( R A I I ) .  The melting points 
and specific rotations of these compounds are 
included in Table I and their migration be- 
havior on arsenite and borate impregnated 
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plates is illustrated in Figure 3 (samples 1 
and 2). 

The product of reduction and hydroxylation 
of methyl vernolate was expected to be the 
four isomers illustrated in Figure 2 and TLC 
on arsenite impregnated silica gel did indeed 
show four component spots as illustrated in 
Figure 3 (a), sample 3. Of these, the com- 
ponents VAI  and u  which had respec- 
tively the greatest and the least mobility, were 
present in greater amounts than the inter- 
mediate components V A I I  and V A I I I  and, 
moreover, had the same mobilities as the 
reference derivatives RAI  and RAII .  The 
two components of least mobility, V A I I I  and 
VAIV,  were barely separable in analytical 
amounts and were not separated on preparative 
chromatogralns. 

Preparative TLC of the product mixture 
from epoxyoleate on arsenite impregnated 
layers was carried out as described for the 
rieinoleate derivatives except that 20 • 40 cm 
plates were used and the amount of sample 
applied to each plate was somewhat reduced. 
Three distinct bands of material were evident 
after development of these plates, of which 
the most polar was a mixture of the two 
isomers V A I I I  and VAIV. An initial separa- 
tion of about 1.5 g of the product mixture on 
fifteen 20 • 40 cm plates was followed by 

FIG. 3. Thin-layer chromatograms of trihy- 
droxyoctadecanol derivatives on silica gel im- 
pregnated (a) with sodium arsenite and (b) with 
sodium borate. The ehromatograms were developed 
in methanol-ether, (a) 5:95 and (b) 7.5:92.5. 
The spots were detected by spraying with 25% 
HfSO~ and charring and were reproduced by 
photocopying. Samples are: (1) = RA I ;  (2) = 
RA I I ;  (3) = mixed product from methyl 
vernolate; (4) = VA I ;  (5) = VA I I ;  (6) = 
VA I I I  and (7) = VA IV; see text and Table I 
for details of this coding. 

purification of the middle (VAII)  and lowest 
( u  -t- VAIV)  band components by re- 
chromato~-aphy. After  alkaline hydrolysis of 
the arsenite complexes so isolated, the products 
from the top and middle bands were re- 
erystallised several times from ether-methanol 
to yield 375 mg of VAI  and 64 mg of VAII ,  
respectively. These migrated as single com- 
pounds on both arsenite and borate hn- 
pregnated plates (Fig. 3, samples 4 and 5) 
and their melting points and specific rotations 
are given in Table I. The lowest band from 
the arsenite plates gave 800 mg of product 
after hydrolysis and was a mixture of V A I I I  
and VAIV. 

These two compounds were readily separated 
by chromatography on silica gel layers im- 
pregnated with sodium borate (10% w/w) ,  
as had been anticipated by analogy with the 
results obtained with the 9,10,12- and 9,12,13- 
trihydroxystearate isomers (12). Preparative 
TLC on borate impregnated plates (20 X 20 cm) 
was carried out in the same way as on 
arsenite impregnated plates, except that a 
more polar developing solvent (ether-methanol, 
92.5:7.5) was used. Because of a tendency 
towards streaking on these plates even less 
sample could be applied than before and 
eighteen plates were required for isolation of 
the two components of this fraction. Each was 
then purified by rechromatography on ad- 
ditional plates. As with the arsenite plates, 
the compounds eluted from the borate plates 
proved to be intact complexes. Direct hydroly- 
sis of these borate complexes seemed to be 
less effective than with arsenite complexes and 
the desired trihydroxyoctadecanols were finally 
recovered by shaking the borate complexes 
with a large excess of sodium arsenite solution, 
which resulted in an exchange of the com- 
plexing group, followed by hydrolysing the 
resulting arsenite complexes as before. After  
several recrystallisations of the trihydroxy- 
octadecanols regenerated in this way, the upper 
band from the borate plates yielded 286 mg 
of VAIV and the lower band gave 80 mg of 
VAII I .  These compounds also migrated as 
single spots on both arsenite and borate im- 
pregnated layers (Fig. 3, samples 6 and 7) 
and their melting points and specific rotations 
are included in Table I. 

I t  is clear from the migration of behaviour of 
the various purified products on both arsenite 
and borate impregnated plates and from the 
data in Table I that the products VAI  and 
VAIV from vernolic acid are identical respec- 
tively to RAI  and R A I I  from ricinoleate and 
are therefore the two threo-9~lO,12-trihydroxy- 
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T A B L E  I 

M e l t i n g  P o i n t s  a n d  S p e c i f i c  R o t a t i o n s  

C o m p o u n d  rap ,  C E~3546.1 m/z 

R A  I 1 0 1  - - 3 4 , 5  ~ 
R A  II 7 7  ~ 1 9 . 6  ~ 
V h  I I01 - - 3 1 . 0  ~ 
V A  I I  9 1  - ~ 2 2 . 1  ~ 
V A  III 1 0 2  - - 1 3 , 3  ~ 
V A  Iu 7 7  ~ - 2 0 , 0  ~ 

octadecanol isomers. This conclusion was 
further supported by mixed melting point 
determinations on YAI  plus R A I  and on VAIV 
plus R A I l ;  no depression of melting point 
relative to the individual compounds was ap- 
parent. Components V A I I  and V A I I I ,  there- 
fore, are the two threo-9,10,13-trihydroxy- 
oetadecanol isomers. 

DISCUSSION 

The stereochemical as well as chemical 
identity of the two tetrol derivatives (VAI  
and VAIV)  from methyl epoxyoleate with the 
derivatives from methyl ricinoleate proves that 
the two parent  compounds have the same con- 
figuration. This depends only on the assump- 
tion that the reductive cleavage of the epoxide 
group of methyl vernolate results in inversion 
of configuration at the point  of nucleophilic 
attack and retention of configuration of the 
hydroxyl group so formed, as illustrated in 
Figures 1 and 2. However, the mechanism and 
stereochemistry of' LiA1H~ reductions of epoxide 
groups are now so well known (11,16) that 
this assumption is certainly valid. As ricin- 
oleic acid is known to have the D-configuration 
(6,7), i.e. (R) in the Cahn-Ingold-Prelog sys- 
tem (8), then (+) -verno l ic  acid is proved to 
be D-cis-12,13-epoxy-cis-9-octadecenoic acid, i.e. 
(12S :13R) - cis-12,13,-epoxy-cis- 9 -octadecenoic 
acid. The (--) -epoxyoleic  acid from seed oils 
of the Malvaceae (4) must therefore be of the 
L-configuration, i.e. (12R:13S). 

The other compounds whose absolute optical 
configurations are immediately apparent  are 
the erythro-12,13-dihydroxyoleates and -stea- 
rates derived from these epoxyoleate enan- 
tiomers. Bharucha and Gunstone (17) obtained 
erythro - 12,13 - dihydroxyoleic acid ( [ a ] ,  ---- 
--3.6 ~ in ethanol) from vernolie acid in two 
steps which involved retention of configuration 
about one of the epoxide carbons and two 
inversions (i.e. retention) about the other, so 
that the product nmst be D-12,D-13-dihydroxy- 
oleic acid; i.e. (12-S, 13-R). The erythro-12,13- 
d i h y d r o x y s t e a r i c  acid ( [ a ] ,  ~-- --  1.7 ~ in 
ethanol) derived from it (17) must, of course, 
have the same configuration and the enantio- 

meric compounds would be derived from the 
L- ( -- ) -epoxyoleie acid. 

Of the diastereoisomeric pairs of 9,10,12- and 
9,12,13-trihydroxyoctadecanols prepared and 
separated in this study, i t  is not possible to 
state conclusively which isomer is which. A 
cis-l,3-diol grouping on positions 10 and 12 
would be expected to engage in fa i r ly  strong 
intramolecular hydrogen bonding and thus to 
have a lower nlelting point than the isomer 
with a trans disposition of hydroxyls on posi- 
tions 10 and 12. I f  this is the case then the 
compounds R A I I  and VAIV Imp 77C) are 
L-9,D-10,D-12-trihydroxyoctadecanol, i.e. (9-R, 
10-R~ I2-R) and the conlpounds R A I  and 
VAI  are D-9,L-10,D-12-trihydroxyoctadecanol, 
i.e. (9-S, 10-S, 12-t~). The corresponding 
isomeric threo-9,10,12-trihydroxystearic acids 
derived directly from ricinoleic acid (14) 
would then also have these configurations for 
the lower and higher melting forms respectively 
but it  should be enlphasised that  these par-  
ticular configurational assignations are only 
tentative at present. 

As a corollary to the findings described in 
this paper~ the absolute optical configurations 
of some other oxygenated derivatives of 
epoxyoleic acid can be deduced with reasonable 
certainty. Thus Figure 3 (a),  sample 3 shows 
that considerably more than 50% of the 12- 
hydroxy isomer was formed in the reductive 
cleavage of epoxyoleate, a fact borne out by 
~he yields of the individual trihydroxyoctade- 
canol isomers isolated by preparat ive chroma- 
tography. This shows that nucleophilic attack 
is preferential ly at the 13-position, presumably 
due to the influence of the 9,10-double bond, 
resulting in preferential  cleavage of the ether 
bond to that carbon. In  reactions with acidic 
reagents such as HC1 or acetic acid, although 
the pr imary  attack is by a proton to form 
the conjugate acid of the epoxide the actual 
cleavage of the epoxide results from nucleo- 
philic attack on this conjugate acid (10,17). 
The influence of the 9,10-double bond in this 
case is likely to be in the same direction as in 
the LiA1H~ reaction, again directing the nucleo- 
philic attack predominantly to the 13-position. 
This will result in preferential  cleavage of the 
ether bond to the 13-position so that the major 
product from such acidic reactions will have 
the epoxide oxygen retained as hydroxyl, in 
the same configuration, at the 12-position and 
the new substituent group inserted, with in- 
version, at the 13-position. Thus the major 
product from reaction of cis-12,13-epoxyoleate 
([, Fig. 1) with anhydrous HC1 should be the 
12-hydroxy, 13-chloro-oleate isomer ( I I I ,  Fig.  
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1). TLC of the chlorohydrins from epoxy- 
oleate results in separation of the two isomers 
and demonstrates clearly that the isomer of 
lower mobility is present in greater amount. 
From the specific rotations of the mixture and 
of the individual pure compounds reported in 
Figure 1, it can readily be calculated that the 
more polar laevorotatory compound conlprises 
74% of the mixture. According to the ideas 
on reaction mechanisms expressed above, this 
compound should be the 12-hydroxy, 13-chloro- 
oleato isomer and this structure was, in fact, 
~airly conclusively proved in the original work 
(9). Thus the chlorohydrin I I I  from methyl 
vernolate ( In ] .  = --8.3 ~ is considered to he 
D-12-hydroxy, L-13-chloro-oleate, i.e. (12-S, 
13-S), and the less polar chlorohydrin I I  
([a] D ---- +11.9 ~ is L-12-chloro, D-13-hydroxy- 
oleate, i.e. (12-R, 13-R). 

Acetolysis of methyl vernolate, which will 
have the same mechanism as reaction with tiC1, 
is also partially specific since the threo-12,13- 
dihydroxyoleic acid product is optically active 
([a],---- --5.7 ~ in E t 0 H ) .  By fractional 
crystallisation, Hopkins and Chishohn (5) 
isolated one pure enantiomer ( [ a ] ,  ---- --19.0 ~ 
in ETCH) from this mixture and from the 
product of acetolysis of the (-- )-12,13- 
epoxyoleic acid from Malope oil, they isolated 
the other enantiomer ([a],---- +18.9 ~ in 
EtOH).  From the specific rotations of the 
pure enantiomers and the mixed product, it is 
evident that the dihydroxyoleic acid product 
from acetolysis of methyl vernolate contains 
65% of the (--)-isomer and 35% of the ( + ) -  
enantiomer. From the mechanistic considera- 
tions, the ( - - )  -dihydroxyoleic acid from 
vernolic acid is considered to be D-12, L-13- 
dihydroxyoleic acid, i.e., (12-S~ 13-S) and the 
dextrorotatory enantiomer to be, of course, 
L-12, D-]3-dihydroxyoteic acid, i.e. (12-R~ 
13-R). The threo-12,13-dihydroxystearic acids 

produced from these compounds (5) and hav- 
ing rotations of --23.8 ~ and +23.8 ~ are 
similarly the D-12, L-13- and the L-12, D-13- 
dihydroxystearic acids, respectively. 

Enzymatic hydration of vernolic acid in 
crushed, incubated Vernonia seed (18) gives 
the opposite enantiomer to that predominating 
in the chenlical acetolysis product from the 
same acid, i.e., it gives the dextrorotarory L-12, 
D-13-dihydroxyoleic acid. Thus the enzymic 
attack must be at the ]2-position resulting in 
inversion there and the oxygen of the D-I3- 
hydroxyl groups is presumably the oxygen 
from the original epoxide group. 
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ABSTRACT 

The metabolism of the fa t ty  acid moieties 
of brain cerebrosides, sulfatides, and 
gangliosides is reviewed and discussed. 
The methodology involved in the isolation 
of the fa t ty  acids is described briefly. I t  
seems clear now that most of these acids 
are made by chain elongation of inter- 
mediate length fa t ty  acids by addition of 
acetate residues. The unsaturated acids 
are made by desaturation of the inter- 
mediate length acids (palmitic, heptade- 
canoic, stearic) followed by chain elonga- 
tion. The hydroxy acids are made directly 
from the corresponding nonhydroxy acids, 
saturated, unsaturated, and odd-numbered. 
All the hydroxy acids undergo oxidative 
decarboxylation to yield fa t ty  acids con- 
taining one less carbon atom. The odd- 
numbered acids are also made from 
propionate, which is elongated to inter- 
mediate length acids and then to longer 
acids. The major  intermediate length 
"primer" acid seems to be palmitate, but 
there is evidence that the stearate used 
for cerebroside synthesis is also made 
d e  n o v o  from acetate. The ganglioside 
fa t ty  acids were found to turn over some- 
what faster than the other fa t ty  acids. Two 
metabolic pools for the cerebroside acids 
were found, one with a very high turnover 
rate, the other with a very low turnover 
rate. 

INTRODUCTION 

T 
I~E BtCAII~ GLYCOLIPIDS covered in this 
paper  are the cerebrosides, sulfatides, and 

gangliosides. More specifically, these are 
ceramide galaetoside, cerebroside sulfate (sul- 
furic acid ester of eerebrosides, attached to 
the 3-position of the galactose), and the ce- 
ramide polysaccharides containing neuraminic 
acid. These lipids occur as families, differing 
within each family as to the nature of the fa t ty  
acid in the ceramide residue. The cerebrosides 

1 Presented at the Prof. :Ernst Klenk Symposium o n  
Glycolipids and the Nervous System, AOCS meeting, 
Houston, April 1965. 

2 Abbreviations: RCA, relative ca rboxy l  a c t i v i t y  
(activity in COOH g r o u p X  1 0 0 / a c t i v i t y  in  to t a l  
F A ) ;  FA, fatty acid, HFA, 2-hydroxy fatty acid; NFA, 
nonhydroxy fatty acid; 18:0, s.tearic acid; 18:1, oleic 
acid; 16:19, palmitoleic acid as is 16:1s7.  An h 
symbolizes a 2-hydroxy l~A, thus h24:0 is c e r e b r o n i e  
acid (2-hydroxy]ignoceric acid). A k indicates a 2-keto 
FA. C is chloroform; E, ether; H, hexane; 1~, methanol. 

and sulfatides contain N F A  and t I F A ,  
saturated and unsaturated;  the gangliosides, 
however, contain only N F A  in which there are 
only traces of unsaturated acids. In  the cere- 
t)rosides and sulfatides there are two clusters 
of F A :  those around 18 carbons long and those 
around 24 carbons long. In  the gangliosides 
there is only one cluster, centering around 18:0, 
with negligible amounts of 22:0 and 24:0. 

Other points of contrast between gangliosides 
and the other two can be made:  the former 
occurs pr imari ly  in brain gray matter, the 
latter are pr imari ly  in white. The former 
has glucose attached to the ceramide residue, 
the latter have galactose. The former has 
only traces of odd-numbered F A ;  the latter 
can contain considerable amounts of C~ and 
C2.~ FA.  Fur ther  differences, part icularly in 
the metabolism of the two groups of glyeo- 
lipids, will be described below. 

This paper  describes mainly the studies 
carried out in this laboratory, generally with 
live rats. I t  discusses the special problems of 
isolation that  were encountered, as well as the 
interpretation of the isotopic data that were 
obtained. I t  is hoped that the approaches used 
will be of value in other types of studies. 

SPECIAL PROBLEMS OF ISOLATION 
Technical problems made this s t u d y  partic- 

ularly difficult. These arose from several 
factors : 

(a) Judging by experiments with adult ani- 
mals the blood-brain barrier  causes the brain 
to come out second-best when there is a com- 
petition for intraperitoneally administered 
isotopic precursors. The liver and other organs 
pick up most of the injected material, so that  
large amounts of radioactivity must be ad- 
nfinistered to each animal in order to get useful 
levels of incorporation into the brain. While 
intraeranial  injection yields much better utili- 
zation of labeled material, it  does not seem to 
be reproducible or physiological enough to 
warrant  use in turnover and other quantitative 
studies. Because of the blood-brain barrier  and 
the relatively leisurely rate of metabolism in 
the brain, the glycolipid F A  obtained from 
labeled acetate administration have low specific 
activities. This prevents use of the convenient 
GLC-ionization chamber combinations, which 
allow rapid  determination of the radioactivity in 
each FA.  

47 
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(b) I f  the individual F A  in each glyeolipid 
family is to be quantified and its relative radio- 
activity is to be measured, the glyeolipid fam- 
ily must be isolated from the brain in nearly 
]00% yield. Methods which involve losses in- 
evitably give unequal losses of the various 
individual members. 

(e) Because of the high amounts of odd F A  
in many glyeolipid samples, GLC separations 
of the highest quality are needed. 

(d) Since GLC methods, on a preparat ive 
scale at least, do not give complete separation 
of saturated from unsaturated FA,  and N F A  
from H F A ,  it is necessary to carry out pre- 
l iminary class separations. 

(e) The methyl esters of the 2-hydroxy F A  
do not, in our hands, undergo GLC separation 
without destruction. I t  is therefore necessary 
to protect the OH group prior  to GLC. In  
experiments where the isolated H F A  is to be 
degraded chemically, it  is necessary to use an 
easily removed protecting group. 

(f) Because of the great length of the 
glyeolipid F A  (up to C~), part icular ly strin- 
gent requirements are placed on the techniques 
for  GLC. "Bleed" materials from packings 
contaminate the GLC effluents. 

This list of difficulties is offered to enlist 
not only the reader's sympathy but also his 
skepticism toward studies in which the im- 
portance of the factors was inadequately 
appreciated. 

SPECIt~IC METHODS OF ISOLATION 

Ganglioside l~atty Acids 

As in most of the recent methods for  ganglio- 
side isolation or analysis, we ~se a version of 
the later extraction-parti t ioning system of 
Foleh, Lees, and Sloane Stanley (8,26,17). The 
upper  layer of this solvent system contains 
nearly all the gangliosides, as well as an un- 
known lipid in which the I~A are ester-linked. 
Isolation procedures which rely on dialysis 
as the pr imary  purification step (following 
parti t ion) cannot eliminate this impurity. The 
ester-linked F A  account for  nearly all the 
]8:1  in such extracts. 

For  simple analytical work, we renmve most 
of the esterified F A  by a back-extraction with 
"Foleh lower phase" (8), but for isotopic 
work we saponify the ganglioside extract with 
mild aqueous alkali, extract the free FA,  and 
then process the purified gangliosides. The F A  
are obtained by evaporating the solution to 
dryness, methanolyzing with HCI-IV[, and ex- 
tracting with hexane. We have made the 

methanolysis step convenient and reliable by 
using a test tube with an O-ring closure (25). 

Cerebrosides and Sulfatides 

In  our earlier work (36,18) we used Florisi l  
to remove nonpolar lipids (mainly cholesterol), 
gangliosides, and nearly all the phosphatides 
from the total brain lipids. The potentialities 
of this interesting and economical adsorbent 
were thus brought to the attention of workers 
in the field of the complex lipids. Following 
the suggestion of Carroll ( 5 )  we have more 
recently been using Florisi l  deactivated by 
addition of water. We first dry the powder 
thoroughly by heating at 600C for 60 min, 
then add 8 nfl water per  100 g powder. The 
separating power of such Florisil  undergoes a 
rather sudden deterioration after 3 months, 
and we discard the outdated material. I t  is 
likely that cold storage of the wetted material 
would prolong its life. Perhap~ the adsor- 
bent, which is copreeipitated silica gel and 
magnesia, slowly reacts in the presence of 
water to form magnesium silicate. 

Sulfatides are not readily separated from 
eerebrosides by Florisil,  so we used synthetic 
ion exchange resins to isolate the sulfatides 
from the mixture (37). Impurit ies in the 
resins, as well as other exchangers we tried, 
kept us from prepar ing pure sulfatides by this 
approach. As Rouser and his co-workers have 
shown (39), it is possible to make ion exchange 
practical by purifying the ion exchanger and 
eluting reagent very extensively. 

Our previous methods called for the use o f  
large Florisi l  eolunms since much o~ the total 
brain lipids had to be retained by the adsor- 
bent. We now carry out a preliminary cleavage 
of the ester-linked lipids, following removal of 
gangliosides by solvent part i t ioning (17). The 
lipids are stirred 1 hr at room temperature in 
0.07 N NaOH in C-M 2:1, then parti t ioned 
with aqueous acetic acid to remove glyeero- 
phosphate esters. This treatment converts the 
ester-linked F A  and par t  of the free F A  (7) 
to methyl esters, which are then readily isolated 
by Florisil  chromatography. The same column 
also yields brain, cholesterol quantitatively. 
Cerebrosides and sulfatides are eluted with 
C-M 3:1. Because of the pr ior  methanolysis 
step, the Florisil  column has to adsorb just 
the cholesterol, cerebrosides, sulfatides, and 
lyso derivatives of the alkenyl and alkyl phos- 
phatides. I f  the cholesterol is not wanted, it  
can be eluted with the methyl esters, thereby 
reducing the size of the column further. 

This procedure is of additional interest as 
it yields the ester-linked F A  in the form of 
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methyl esters, ready for GLC, by a very mild 
and rapid process. There is no contamination 
by acetals or aldehydes since the lysophos- 
phatidal derivatives formed during trans- 
esterification are held back by the Florisil. 
Most of the free FA are also held by the 
Florisil under these conditions. 

The availability of a superior quality of 
silica gel (Unisil, Clarkson Chemical Co.) has 
made it possible to get good separation of 
the two glycolipids obtained from Florisil 
columns (17). The mixture is applied to the 
Unisil column in C-M 98:2, and eluted further 
with this solvent to remove eeramide. Elation 
with C-M 94:6 gives the eerebrosides, and C-M 
85:15 gives the sulfatides, slightly contaminated 
with cerebroside. This method is the simplest 
one available. 

Isolation and Analysis of Cerebroside r a t t y  
Acids 

The methyl esters of the NFA and I-IFA 
can be separated readily with l~lorisil eolulnns 
(18,20). The unsaturated and saturated esters 
in each group can be separated with Florisil 
by first forming the methoxy mercuriacetate 
derivative of the former esters. The mercury 
derivative is sufficiently polar that it sticks 
firmly to Florisil. The saturated esters are 
eluted with hexane or H-E, and the mercury 
derivative is eluted with chloroform-alcohol- 
HCI. The IICl regenerates the original un- 
saturated ester during elution. Now that good 
silica gel is available the above separations can 
be performed equally well with that adsorbent; 
however, Florisil is somewhat cheaper. 

In  the course of various problems we have 
also isolated the hydroxy acids as the copper 
chelate (20), and have separated the saturated 
from unsaturated FA esters with silver nitrate- 
silica gel columns (21). The OH group does 
not interfere in the latter method, but there is 
appreciable overlap in the elution of un- 
saturated NFA and saturated t tFA.  

The H F A  methyl esters can under some 
conditions apparently be isolated by GLC 
without derivatizing the OH group (34). How- 
ever, we found it necessary to form the methyl 
ethers (18) or acetate esters (11,20). The 
acetate esters are more convenient to make and 
are necessary when subsequent degradations 
are to be performed, but the methyl ethers 
separate more sharply and at lower tempera- 
tures in GLC. 

Application of these techniques led initially 
to the discovery that the NFA and H F A  in 
rat and human cerebrosides greatly resemble 

one another in chain length distribution, ex- 
cept for the relative absence of h18:0 (18,35). 
The saturated FA of both types differ in 
distribution from the unsaturated FA. On 
this basis we suggested that tile NFA are made 
from the I t F A  or vice versa. A second major 
finding was the high concentrations of the C~, 
and C.~ FA, the relative amounts increasing 
with age remarkably (19). As is now known, 
this is the result of conversion of the C~, and Cs~ 
acids to the odd-numbered FA by a 1-carbon 
degradation system. 

CHAIN ELONGATION vs DE NOVO 
SYNTHESIS OF THE GLYCOLIPID 

FATTY ACIDS 

Interpretation of Isotopic Data 

I t  is now well established by in vitro work 
that there are two main pathways of biosyn- 
thesis of NFA. One is the de novo route, the 
other is chain elongation of intermediate length 
FA (13,15). The former system has been pre- 
pared in soluble form from various organisms 
and tissues, including brain (2). This system 
is able to synthesize 16:0 from aeetyl CoA, via 
malonyl CoA, in one fell swoop without ap- 
preciable dilution by adjacent short-chain FA 
molecules. (The intermediate formation of 
malonate, ineidentaIIy, was first proposed to a 
scientific gathering at a Gordon Research Con- 
ference in 1958 by the senior author.) There 
is evidence that 14:0 is also formed by the 
soluble system, but it is not yet clear whether 
any 18:0 is formed in this way. 

An enzyme system which elongates FA is 
found in mitochondria and acts by adding C~ 
units (acetyl CoA or malonyl CoA) to medium 
length acids, sueh as 16:0 or 16:1. Mierosomes 
are known to synthesize FA but the mechanism 
is not yet known. Since somewhat more fornm- 
tion of 18:0 than 16:0 is observed in mi- 
erosomes (28), one might expect that both 
systems are present. However, on the basis 
of findings described below, we suggest that 
the microsomes make both acids by the de novo 
route. 

A way of determining which route is 
operating in a live animal is to administer 
COOH-labeled aeetate, isolate the FA of in- 
terest, and deearboxylate it. I f  the FA is 
made only by the de novo system, the radio- 
activity in each odd carbon atom should be the 
same, regardless of the time at which the 
animal is sacrificed. Thus the activity in tile 
FA's  earboxyl carbon should be 1/s the total 
activity in the case of 16:0, 1/9 the total in 
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18:0, etc. On a percentage basis, the RCA 
for 16:0 should be 12.5%. 

I f  a FA is made by chain elongation, the 
RCA can be greater than, equal to, or less than 
the de novo value, depending on when the 
animal is killed after the isotope has been 
administered. This can be seen by considering 
the relative activities in the acetate and palmi- 
tare pools. Shortly after injection of acetate- 
1-C ~', the brain acetate pool becomes highly 
radioactive. The 16:0 pool in brain is assumed 
to consist of free pahuitic acid, previously 
formed by synthesis from cold acetate as well 
as breakdown of complex lipids. Each non- 
radioactive 16:0 molecule condenses with a 
labeled acetate residue, forming 18:0 in which 
all of the C ~' is in the COOH group (RCA 
100%). As time passes, the 16:0 pool becomes 
highly radioactive and the acetate pool loses 
much of its activity due to the rapid metabolism 
characteristic of this intermediate. Thus 18:0 
molecules made later will contain rather little 
activity in their COOH groups, the RCA thus 
falling below the de novo value. 

Samples of 18:0 isolated at various time 
intervals will exhibit a wide range of RCA's, 
depending on the relative turnover rates of 
acetate, 16:0, and 18:0. At all times the 
isolated 18:0 will consist of a mixture of 
molecules formed at different times and with 
differing RCA's. I f  one were to carry out 
such a study with only a single time point, 
one might accidentally find an RCA characteris- 
tic of the de novo value. 

As was indicated above, it is conceivable 
that the acetate pool might be used to form 
16:0 de novo and then, without delay, used to 
elongate the 16:0 molecules. In  this case it 
would appear that 18:0 was made de novo. 
However, it is known that free FA, including 
]6:0, occur in brain (7,40) and that many of 
the complex lipid molecules of brain undergo 
hydrolytic release of their FA moieties, pre- 

At first: 
c---------n 

Cl5-COOH + C-C*OOH ----> II00ZRCAI 

T 
H20 CIT-C*OOH 

complex lipids 

F------"----D 
At all times: 8 C-C*OOH ~ C*15-C*00 H II2.5%RCAI 

E l  

complex llpids 
$ 

Later: C*I7-COOH ~ C-COOH + C*I5-C*0OB 

Fro. L Sequence of events in brain following 
intraperitoneal injection of aeetate-l-Clt 

sumably feeding FA into the free FA pool 
Moreover, recent experiments with microsomal 
FA synthesis indicate that the newly syn- 
thesized FA are immediately incorporated into 
complex lipids, rather than released as free 
FA. One might therefore expect that the chain 
elongation enzymes would have available pre- 
formed, nonradioactive 16:0. The above hy- 
pothesis is summarized in Figure 1. 

We have obtained the expected data in the 
case of 16:0 and 18:0 of the total brain lipids 
(11). Here, the RCA of 16:0 ranged between 
12.2 and 12.9 during a 56 day Nine period, 
during which time the specific activity dropped 
31-fold. (The theoretical value : ~/s ---- 12.5%.) 
Meantime the 18:0 RCA dropped from 20.7 
at 4 hr to 6.0 at 56 days (de novo value = 
11.1%). Evidently all or most of the 16:0 
and 18:0 fit the pattern predicted above. 

Relative Carboxyl Activities of Ganglioside 
Stearate 

Three groups of young rats were injected 
with acetate-l-C 1", then killed in subgroups of 
five at various time intervals (see Fig'. 2). The 
three groups differed in their initial ages: 7, 
13, and 22 days, chosen to represent the be- 
ginning of myelination, tile time of most 
active myelination, and the point of slowing 
myelination. The brains of all five rats in 
each time point were pooled and the 18:0 was 
isolated from the gangliosides and decar- 
boxylated (17). Figure 2 shows the RCA's 
obtained at each time point. I t  is evident that 
ganglioside 18:0 follows the predicted pattern 
of chain elongation from 16:0 and that there 

2 5  I I I I I l l l l l  I I l I [ 1 1 1 1  I J 

2o ?..~C..~..~..,~..~. 
a , ~ . ,  ".,%. 

15 A ~ , ~  ~ "~ M 

OE NOVO VALUE "~__''0~_ " .  -I 
I0 -~ "-~. 

-t 

0 I I I I I I l l l l  I I I I I I I I I  I I ' ~  
4 h  2 d  I O d  3 0 d  

T I M E  

FIG. 2. Relative radioactivity in earboxyl car- 
bon of ganglioside stearate as a function of age. 
A, rats injected at 7 days of age; B, rats in- 
jected at 13 days; C, rats injected at 22 days. 
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is no qualitative difference in mode of synthe- 
sis in the three age groups. 

The older animals show higher RCA's at 
each time point, probably because the turnover 
rates of the F A  are slower in the older 
animals. 

Kelative Carboxyl Activities of the 
Cerebroside Nonhydroxy l~atty Acids 

Table I shows the results of two studies in 
which rats were given acetate-l-C ~ and the 
eerebroside lignocerate (24:0) was isolated and 
decarboxylated. The de hove value for 
lignocerate RCA is 1/12 = 8.3%. I t  can be 
seen that high RCA's were found in the early 
time points, as with ganglioside and total brain 
18:0, and the RCA's declined with time. How- 
ever, only the youngest group of rats showed 
RCA's below the de novo value, evidently be- 
cause of a considerable decrease in turnover 
rate with increasing age. I t  is evident that 
cerebroside 24:0 is made by chain elongation. 

Fulco and Mead carried out a similar study 
(9), killing at only one time point, and found 
an RCA for 24:0 of 10.31. Since this is 
moderately close to the de hove value of 8.3% 
they concluded that 24:0 is made directly from 
acetate, with little preliminary formation of 
shorter acids. In  one of our experiments with 
rats of the same age (line 1, Table I ) ,  we 
found a similar value after two days (9 .41) ,  
but it is evident that this is only a coincidence 
of timing. 

We also examined the 18:0 from cerebrosides 
in the above experiments and here (Table I I )  
the RCA's come rather close to the de novo 
value (11.11).  0n ly  one point (18.21) in- 
dicates the existence of chain lengthening. 
There is thus good reason to believe that the 
]8:0 used for cerebroside synthesis is made by 
a hitherto uncharacterized synthetic system. 
Sphingosine (3), psychosine (6), and cere- 
broside (1) are made by microsomes, which 
are also known to utilize acetate to make 
labeled complex lipids (28). I t  is thus quite 

TABLE I 

Rela t i ve  Carboxy] Ac t iv i ty  in Biosyn thes ized  Cerebrosldo 
L i g n o c e r a t e  fo l lowing  In j ec t i on  of Ace ta t e - l -C  1~ 

Age of r a t s  T i m e  of sacr i f ice  a f t e r  i n j ec t ion  
a t  t ime  of 
in jec t ion  4 h r  1 0 h r  2 d 4 d  10 d 2 8 - 3 0 d  5 6 d  

Days  
13 13 .4  - -  9 .4  - -  6 .5  5 .5  - -  
22 18.2  - -  13 .6  - -  12 .1  11.2  - -  
23 15.7  15.6  - -  13 ,1  - -  8 .1  7 .8  

F i r s t  2 l ines  a re  p a r t  of one expe r imen t  (17); l as t  
l ine is p a r t  of ( 1 1 ) .  D a t a  a r e  in  percen ts .  

possible that these particles make 18:0 de nero 
and elongate it to form 20:0, 22:0, etc. Liver 
microsomes can convert malonyl-CoA to FA, 
mainly to 18:0 rather than 16:0 (28), and it  
would be of interest to isolate these particles 
after in vivo administration of labeled acetate 
to see if the microsomal lipids, freshly formed, 
contain uniformly labeled 18:0. 

Direct ~.vidence for Chain Lengthening in 
Sphingolipids 

Additional evidence for the chain elongation 
system was obtained by injecting emulsions of 
palmitate-l-C 1' and stearate-l-C 1' directly into 
the brains of 22-day-old rats (12). The major 
sphingolipids (cerebrosides + sulfatides + 
sphingomyelin) were isolated from the brains 
24 hr later and their FA were decarboxylated. 
The 16:0 isolated after palmitate-C 1' injection 
contained nearly all its radioactivity in the 
original position (96% RCA), showing that 
degradation to acetate and resynthesis of 16:0 
(12.51 RCA) was a minor route, and that 
part  of the injected FA was incorporated into 
the sphingolipids. Similarly, the 18:0 isolated 
after stearate-C :' injection was incorporated 
very directly, too (97% RCA). 

The 18:0 isolated after p a l m i t a t e - C  1" injec- 
tion was rather highly labeled and its RCA 
was 3%. Evidently the injected 16:0 was 
elongated with acetate that was relatively non- 
radioactive. The 16:0 isolated after s teara te -  

C 14 injection was not highly labeled, evidently 
because it was made purely by fl-oxidation of 
18:0 to acetate, followed by de novo formation. 
The RCA for this 16:0 was 15%, a little too 
high for the de novo value (12 .51) ;  it is 
likely that a small amount of highly labeled 
18:0 (97% RCA) contaminated the 16:0 dur- 
ing GLC. 

Radioactivity was also found in 22:0 and 
24:0 of the sphingolipids and here the RCA's 
were 3-5% with both groups of injected rats. 
This is direct evidence showing that both 16:0 
and 18:0 can be elongated to 22:0 and 24:0, 
the elongation having taken place with acetate 
of relatively low specific activity. 

T A B L E  II 

Rela t i ve  Carboxyl  Ac t iv i ty  in  Cerebros ide  S t e a r a t e  foI- 
lowing' I n t r a p e r i t o n e a l  I n j ec t i on  of Ace ta te - l -C  1~ 

Age of r a t s  T i m e  of sacr i f ice  a f t e r  i n j ec t ion  
at  t ime of 
in jec t ion  4 h r  1 0 h r  2 d  4 d  1 0 d  2 8 - 3 0 d  5 6 d  

Days  
13 11 .7  - -  9.8 - -  10.8  9.4 - -  
23 18.2  10.9  - -  11.2  - -  10 .9  10.2  

F i r s t  l ine  f rom ( 1 7 ) ,  second l ine  f rom ( 1 1 ) .  D a t a  
a re  in  pe rcen t s .  
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l~ormation of the Odd-Numbered l~atty Acids 

The major odd-numbered Nt~A in the glyco- 
lipids are 23:0 and 25:1, with smaller amounts 
of 23:1 and 25:0. Small amounts of 15:0 and 
17:0 occur in brain and elsewhere, and the 
results of in vitro work with those acids in- 
dicate that they are made by the same de novo 
system that makes 16:0 (4). The only dif- 
ference is that the starting substrate is 
propionyl-CoA instead of acetyl-CoA. To see 
whether a similar system exists in brain, we 
injected propionate-l-C ~ intraperitoneally into 
a group of rats, then isolated the saturated 
NFA from the cerebrosides (10). 

The data showed that the odd-numbered 
acids exhibited the highest specific activities by 
far. Similar results were obtained when the 
total brain FA were isolated, in which case 
15:0 and 17:0 had much more activity. In  
view of the previously described data for the 
even-numbered acids, it seems very likely that 
15:0 and 17:0 are made from propionate + 
~cetate (malonate) and that these are elongated 
with C~ residues to form the ~onger odd- 
numbered FA so characteristic of the 
glyeolipids. 

Evidence for a second route of biosynthesis 
is presented later. 

Formation of the Unsaturated Sphingolipid 
Acids 

Surprisingly little is known from in vitro 
work about the mode of formation of the 
unsaturated acids. For  many years the basic 
fact was known that 18:0 can be desaturated 
to form 18:19 and it appeared likely that 16:0 
is desaturated simi~arly, to form 16:1 ~ (palmi- 
toleate). Presumably the same enzyme acts on 
both substrates, renmving two hydrogen atoms 
in both cases at the 9,10 position (counting 
from the C 0 0 t t  end). In  the case of the 
longer unsaturated NFA of the glyeolipids, 
one would expect this enzyme to form 24:1 ~, 
26:1', etc., from the saturated analogs. ]-Iow- 
ever, the only isomers of known structure at 
the time we began this study were 24:1 ~ 
(nervonate), 22:1 ~*, and 20:l~L From this 
observation it woul~ appear unlikely that 
desaturation of long FA takes place. 

Examination of the sphingolipid unsaturated 
F A  from a different viewpoint--from the 
methyl or ~ end--places the acids in a more 
coherent system. I f  we locate the double bonds 
by counting from the o~ end, we find that they 
are all in the oleate family: 18:1~9, 20:1o~9, 
22:1~9, and 24:1~9. I t  is then reasonable to 
assume that the chain elongation system used 

by the brain to make the glycolipid acids acts 
similarly on oleate. 

Fulco and Mead, in the same labeled acetate 
experiment mentioned above (9), isolated 
nervonate and deearboxylated it. Its RCA was 
20.2%, much different from the 10.3% they 
found for the saturated analog. Since they 
had concluded that tile latter is formed by 
de novo synthesis, they then concluded that 
24:1 is formed by the alternative method, 
chain elongation. Noting the above-mentioned 
similarity in double bond position, they sug- 
gested oleate is the precursor of ne~wonate. 

We sought to make a direct demonstration 
of the conversion by injecting oleate-l-C 1. 
directly into rat brains, as in the labeled 
palmitate and stearate experiments. The re- 
sults were somewhat different (22), for the 
long unsaturated FA showed very high RCA's: 
74% for 24:1, 53% for 22:1, and 86% for 
20:1. An additional surprise is that relatively 
little of the injected oleate was incorporated 
into the sphingolipids. Par t  of the explanation 
for the latter finding is that 18:1 is a very 
minor acid in this group of complex lipids, 
and it apparently turns over very slowly 
(if at all). 

I t  would appear from the above results 
that very little of the injected oleate entered 
the cells making nervonate, etc., and much of 
the 18:1 was simply oxidized to ~eetate-t-C "~. 
The acetate did enter the synthesizing cells and 
was used to elongate the 18:1 already present 
in the cells, t towever~if labeled acetate were 
used to elongate only 18:1, the resultant 24:1 
would have 1/3 of its C ~' in its COOH group 
(since three C~ units are needed). Since the 
RCA ~or 24:1 was far above 33%, it must be 
made in part  by elongation of 22:1 and 20:1. 
Evidently the sphingolipid-synthesizing cells 
contain pools of 22:1 and 20:1, as well as 
]8:1, all of which can be used for chain 
elongation. I t  is likely that similar pools of 
saturated FA are also present. 

Evidence from Ozonolysis of the Sphingolipid 
Acids 

Palmitoleate, 16:1~o7, exists in brain, albeit 
in much lower concentrations than oleate, and 
it too should be subject to chain elongation if 
the elongating enzymes are not too specific. 
]7:1 also exists and should give rise to the 
odd-numbered unsaturated FA, none of whose 
structures was known. In  order to confirm 
these guesses, we processed pig brains to 
isolate the sphingolipids and their individual 
unsaturated FA. GLC yielded these acids as 
single peaks which showed the expected in- 
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frared absorption spectra for cis-FA. A micro- 
ozonolysis procedure was devised (21) which 
permitted quantitative determination of the 
fragments of each FA isomer, starting with 
1.5-3 mg of sample. The results of analyzing 
the nlono- and diunsaturated FA are shown in 
Table I I I ,  which gives the abundance of each 
isomer, classified according to its (o-family. 
Sinlilar data are shown for the H F A  from the 
same brains (23). 

The number of isomers found within each 
chain length was unexpectedly large; most of 
these had previously not been reported in 
nature. The existence of even- and odd- 
numbered diunsaturated FA in the sphingo- 
lipids is also of interest. 

The ~6 family occurs only in the dienes and 
is evidently due to chain elongation of linoleate. 
The (o7 family is found in all of the acids 
and presumably arises from pahnitoleate. 
Elongation of 16 : le7 should give rise to 18:1~7 
(cis-vaccenic acid) as well as the longer mem- 
bers of this family. Cis-vaceenic acid does in- 
deed exist in brain, as we found in a later 
study (24) of the ester-baked F A  of pig 
brain. While this acid had been known to 
occur in animals for some time, it was con- 
sidered a rare acid. However, we found this 
to be the second most common monounsaturated 
FA, second only to oleate and nmch more 
abundant than palmitoleate. As was shown 
very recently in vitro (15), cis-vaccenate is 
formed by elongation of palmitoleate, con- 
firming our suggestion that the latter is 
elongated to form a series of (o7 FA. 

The odd-numbered acids of the ~7 family 
may be presumed to originate from the even- 
numbered members by 1-carbon degradation 
according to the hydroxylation-oxidation sys- 
tem described in a later section of this paper. 

The occurrence of the cos family only in the 

odd-numbered FA must mean that these acids 
are formed by elongation of a p~mary  acid, 
17:1~8. This acid is presumably formed by 
desaturation of 17:0 at the 9,10 position. 

The oleate, or (o9 family of acids is like the 
(o7 family in that it is represented in all chain 
lengths and in the dienes. These acids are 
probably formed by elongation of oleate and 
the odd-numbered acids are formed by 1-carbon 
degradation of the longer acids. Thus all of the 
above unsaturated acids may be considered 
as arising initially from the desaturating 
enzyme which acts on the 9,10 position from 
the COOH end of 16:0, 17:0, and 18:0. 

The (ol0 family of Table I I I  can probably 
be explained as arising by elongation of 
16:1~10. The odd-numbered acids presumably 
are formed from the longer acids (26:1(o10 
and 24:1~10) by the 1-carbon degradation 
system. The postulated "primer" acid, 16:1~10, 
was found in the ester-linked acids (24) as 
was a long line of longer col0 FA. Perhaps 
another desaturating enzyme exists in brain 
which is specific for the 6,7 position of FA 
(counting from the COOH end). 

The above hypotheses are based on the 
assumption that the chain elongating enzymes 
can act on 16-,17-, and 18-carbon FA as their 
"primer." This is consistent with our previous 
proposal that 18:0 is made de novo in micro- 
somes and lengthened to form the cerebroside 
acids and with the results cited above with 
intracranial injection of labeled 16:0 and 18:0. 
FA desaturation of 18:0 takes place in 
microsomes (29). 

The role of palmitoleate in chain elongation 
was demonstrated by ozonolysis of the 24:1 
isolated in the previously described experiment 
(22) in which oleate-l-C ~ was injected into 
rats intracranially. The 24:1 yielded two di- 
carboxy acids, C~ and C,~, and two monocar- 

T A B L E  I I I  

O c c u r r e n c e  of t h e  U n s a t u r a t e d  F a t t y  A c i d s  of P i g  B r a i n  S p h i n g o i i p i d s  

F a t t y  
a c i d  

f a m i l y  a 

M o n o u n s a t u r a t e d  f a t t y  a c i d s  D i u n s a t u r a t e d  a c i d s  

2 2 : 1  2 3 : 1  2 4 : 1  2 5 : 1  2 6 : 1  2 4 : 2  2 5 : 2  2 6 : 2  

w6 N F A  . . . . .  1 .9  0 . 1 4  
w7 " 2 1  4 , 5  4 4  3 .7  13 0 .3  0 . 0 7  
w8 " - -  2 . 7  - -  1 .3 - -  - -  - -  
w9 " 3 .7  1 ,5  1 7 0  10  10  0 . 4  0 . 0 6  
0)10 " - -  0 ,1  4 . 4  1 .3  2 .9  - -  0 . 0 1  

w7 t t F A  3 .2  1 . 6  33  3 .8  J 8  
w8 " - -  0 . 7  - -  0 . 7  - -  n o t  i s o l a t e d  
w9 " 0 .5  0 . 4  4 4  2 . 8  7 .3  
wlO " 0 .1  0 . 0 3  3 .2  0 .2  1 .0  

0 . 1 4  
0 . 2 2  

0 . 1 3  
0 . 0 2  

a P o s i t i o n  of d o u b l e  b o n d  c o u n t i n g  f r o m  t h e  m e t h y l  e n d .  I n  t h e  ca se  of t i l e  d i u n s a t u r a t e d  F A ,  i t  
i n d i c a t e s  t h e  p o s i t i o n  of t h e  d o u b l e  b o n d  c lo se r  to  t h e  m e t h y l  end ,  

D a t a  a r e  i n  m g  F A / 1 0 0  g' f r e s h  b r a i n .  
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boxy acids, 7:0 and 9:0. The distribution of 
activity in the original 24:1 isomers was as 
follows : 
co9 isomer (nervo~aate) : 

~ - -  18 cpm \ f ~ 3450 e p m - - - x  
"CH~-- (CH~) ~--CH~--CHe--CH-----CH-- (Ctt~) ~a--COOH 

~ isomer  : 
s - - - O  c p m - - \  / IB3 cpm x 
Clala - (CI-I~) s-- 0 t I~--CIt - -Gt t=--CIt  z-- (OHm) la- -COOtt  

These data are consistent with the idea that the 
injected oleate was primarily oxidized to ace- 
tate, which was then used to elongate non- 
radioactive palmitoleate and oleate. 

FORMATION OF THE 2-I~YDROXY 
PATTY ACIDS 

Studies with Labeled Acetate 

Fulco and Mead, in the same experiment 
mentioned (9), carried out the first examina- 
tion of eerebronie acid (h24:0). They injected 
aeetate-l-C ~ intraperitoneally into 13-day-old 
rats and isolated brain h24:0 (as well as 24:0). 
Deearboxylation of the H F A  yielded ~t RCA 
of 19~3%, identical to that of the 24:0. Indeed 
the C ~ distribution in the first 3 carbon atoms 
of each acid showed very similar patterns. 
From these relations, and the finding that 24:0 
had 16 times the specific activity of h24:0, they 
concluded that the H F A  was probably made 
from the analogous NFA. 

The force of the conclusion was weakened 
by the mode choser~ for administering tLe 
isotopic acetate. The acetate was injected in 4 
daily doses and the animals were killed 3.5 
hr after the last dose. Reiner (38) has pointed 
out the difficulties that ensue from such a 
dosage plan, but the mat hemattcal treatment 
of the problem was a formidable one. A 
simpler approach can be made by considering 
what would happen if one were to give an 
animal acetate-~-C ~ for several months during 
its early life. I t  seems very likely that each 
FA molecule in the animal would become 
uniformly labeled (in the odd-numbered posi- 
tions) and would reveal a RCA corresponding 
to the theoretical de novo value~ even if the 
acid had been made by chain elongation. 
Lignocerate, for example, is made from 16:0 
or 18:0 and aceta[e, MI of which would ha'~e 
the same specific activity. 

In  the more typical 1-pulse type of isotope 
experiment, the molecules of 24:0 formed at first 
are made from highly labeled acetate and rela- 
tively unlabeled 16:0 or 18:0. A second pulse 
of labeled acetate would find itself adding on 
to 16:0 which is now more radioactive. Each 
successive pulse maintains the specific activity 
of the br~in acetate, which is now adding on 

to highly and similarly labeled 16:0. The 
Fuleo-Mead experiment was concluded shortly 
after the last injection, while the brain 16:0 
was still at a high level of activity. Under this 
condition one would expect to find a RCA for 
czech brain acid (or any other I~A made from 
a slowly metabolizing ~'A) close to its de 
novo value. Indeed, Fulco and Mead con- 
firmed this in a later analysis os the 18:0 
from these rat brains (31). Here the RCA 
was 12.7% for cerebroside 18:0 and 11.7% 
for ester-linked 18:0 (de novo = 11.1%). 
They concluded from this that all brain 18:0, 
like 24:0, is made from acetate without dilution 
with inactive 16:0. 

The liver 18:0 from the same rats showed a 
RCA of 30%, which indicates chain elongation 
must have taken place. Why the difference 
between brain and liver? FA metabolism is 
undoubtedly much faster in liver so that the 
16:0 fornmd after the first ~ isotopic injections 
had already turned over and lost much of its 
radioactivity by the time the last pulse of 
acetate was administered. Thus this experiment 
with respect to liver was much like a typical 
1-pulse experiment; during the 3.5 hr following 
the last injection the labeled acetate was adding 
on to relatively nonradioactive 16:0, producing 
18:0 with a high RCA. 

I t  should be evident from this discussion 
that the data resulting ~rom a multipulse ex- 
periment can be misleading when tile animals 
are sacrificed shortly after the last injection. 

As part  of our time study of the NFA of 
brain cerebrosides formed from labeled acetate 
(11), we also isolated the major saturated 
HFA.  The RCA's of 24:0 and h24:0 were 
quite similar throughout the period examined, 
4 hr to 56 days (see line 3 of Table I for the 
24:0 data). This relation is consistent with 
the idea that 24:0 is the precursor of h24:0 
(or vice versa). A probable sequence of 
events in this ease is: 

9 aeetates -----------> 1 8 : 0  
18 :0  + 3 acetates ~ 2 4 : 0  

2 4 : 0  ~- psychosine ~ 2 4 : 0  cerebroside 

~ h ~ 4  -4- psyeh~s~ne 
h 2 4 : 0  ~erebroside 

I f  the 2 cerebrosides, kerasin and cerebron, 
had somewhat different rates of synthesis and 
breakdown one would find the RCA's diverging 
with time. This follows from the fact that 
the RCA of a group of molecules is the 
average of the RCA's of the individual mole~ 
cules. As new molecules of 24:0 and h24:0 
are deposited in cerebroside form, they modify 
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the average RCA of the previously deposited 
molecules at similar rates. 

Evidence from Intracranial Injection 

As in the previously described experiments 
utilizing intracranial injection of labeled 16:0 
and 18:0, we also injected lignocerate-l-C ~* and 
cerebronate-l-C ~ (12). In  the case of the 
former compound, only the 24:0 and h24:0 of 
the cerebrosides were found to be highly 
labeled. (Unsaturated acids were not isolated). 
The RCA of the isolated h24:0 was 89%, 
which means that most of the eerebronate was 
made quite directly from the 24:0, although 
some must have been made from 24:0 foI'med 
endogenously from labeled acetate (itself de- 
rived by fl-oxidation of some of the injected 
24:0). 

The reverse reaction apparently does not go, 
at least under these conditions. Almost none of 
the cerebronate radioactivity found its way 
into the NFA although incorporation o2 the 
cerebronate into the sphingolipids was observed. 

Since the reaction probably is carried out 
by the microsomes, which are noted for their 
ability to hydroxylate substrates, it is likely 
that the reaction involves a direct hydroxyla- 
tion in the 2-position. However, there is the 
possibility that the NFA is first dehydrogenated 
in the 2,3-position, then hydrated in the 
"unnatural" direction. 

A preliminaz T note has appeared on an 
enzyme system in plants which converts 16:0 
to h16:0 and then to 15:0 (14). 

The Unsaturated Hydroxy Acids 

Of two possible synthetic routes: 

~- O2 
u n s a t u r a t e d  FA~ > n n s a t n r a t e d  H P A  

- - 2 H  
s a t u r a t e d  H:~'A > u n s a t u r a t e d  H ~ A ,  

it is likely that the first is the actual one. The 
evidence presented earlier in this paper showed 
that it is likely that the unsaturated NFA are 
made by chain elongation of the medium 
length unsaturated NFA. I t  is these acids 
which are probably hydroxylated. 

]~urther evidence comes from examination 
of the double bond positions in the t I F A  of 
brain (23). As described before, pig brains 
were processed to yield the individual un- 
saturated t I F A  (homogeneous with respect to 
chain length) and these were then examined 
by ozonolysis to determine the amounts of 
each unsaturated isomer. The even- and odd- 
numbered H F A  between h22:1 and h26:1 were 
studied (Table I I I ) .  Each acid contained a 

member of the ~7 family and the ~9 family, 
presumably derived by elongation of palmit- 
oleate and oleate followed by hydroxylation. 

Also present, but only in the odd-numbered 
HFA, were members of the ~8 family. As 
explained before, these are probably formed by 
elongation of 17:1o)8. 

Trace amounts of the col0 family were also 
found, as in the unsatmxted NFA. Again the 
evidence points to simple hydroxylation of the 
analogous unsaturated NFA. 

There is a marked difference between H F A  
and NFA in the relative abundances of the 
~o7 and r families. The total amounts of the 
two families in the H F A  are 00 and 55 mg/]00 
g brain, respectively; in the NFA they are 86 
and 195 rag/100 g brain. Perhaps this reflects 
a tendency of the hydroxylating enzyme to 
prefer FA having a longer saturated chain 
next to the C 0 0 I t  group. This preference is 
shown also in a comparison of the relative 
abundances of the NFA and H F A  of all the 
sphingolipid acids of the same pig brains 
(Table IV).  Here we see that the relative 
amount of H F A  rises with increasing length 
of the CH: chain next to the COOH group 
(26:0 is a minor exception). 

THE 1-CARBON DEGRADATION SYSTEM 

Evidence from Degradation Experiments 
In  one of the turnover experfinents described 

above (11), in which weanling rats were in- 
jected with acetate-l-C ~, the cerebroside h23:0 
acid was isolated and decarboxylated. As pre- 
dicted from the elongation theory, the RCA 
was high in the early time points and low 
in the late time points. Indeed, the RCA went 
to the lowest obse~ced value in this study, 
2.9%. From this it would appear that an odd- 
numbered FA, probably 17:0, is formed first 

T A B L E  IV 

Rela t ive  A b u n d a n c e s  of H y d r o x y  and  Nonhydroxy  Acids  
in  P i g  B r a i n  Sph ingo l ip ids  

Iqumber  of CH2 
g roups  a t t a ched  R a t i o  of  

Acid  type to C O O H  group  a H F A / N F A  

22 l~[onoenes 14 0 .15  
23 " 15  0.Z1 
24 14 0 .35  
25 17 0 .88  
26 " 18 0 .97  

22 S a t u r a t e d s  21  1.6 
23 22 2.1 
24  23 2.1 
25 " 24  2.3 
26 25 1.5 

a Ca l cu l a t ed  for  the  m a j o r  i somer  
monoenes  ( in  the  case of 2 5 : 1  the  
is w9 and  the m a j o r  t tFA.  i somer  
de r ived  f rom Table  I I I .  

i n  the  case of the  
m a j o r  N F A  i s o m e r  
is w7) .  D a t a  a r e  
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T A B L E  u 

D i s t r i b u t i o n  of R a d i o a c t i v i t y  i n  t h e  I n d i v i d u a l  C a r b o n  
A t o m s  of C e r e b r o s i d e  A c i d s  a f t e r  I n j e c t i o n  of 

A c e t a t e - l - C  14 

A g e  of r a t  a t  
t h e  t i m e  of  C a r b o n  a t o m  n u m b e r  a 

- -  F a t t y  a c i d  
I n j e c t i o n  S a c r i f i c e  d e g r a d e d  2 0  2 1  2 2  2 3  2 4  

23  d 51  d h 2 3 : 0  8 .5  4 .3  - -  

23  d 7 9  d h 2 2 : 0  - -  1 .4  9 .1  
h 2 3 : 0  8 .3  2 .9  - -  
h 2 4 : 0  0 .8  8 .4  

1 5  d 1 6 8  d h 2 3 : 0  - -  2 .8  5 .8  0 ,3  - -  
h 2 4 : 0  - -  1 .0  5 .3  0 . 6  9 .3  
2 3 : 0  6 . 4  1 .9  4 . 9  0 .8  - -  

a C o u n t i n g  f r o n l  t h e  m e t h y l  e n d  of t h e  FA. 
D a t a  a r e  i n  p e r c e n t  of  a c t i v i t y  i n  t h e  c a r b o n  a t o m  

c o m p a r e d  w i t h  t h e  e n t i r e  m o l e c u l e .  T h e  l o w e r  t h r e e  
l i n e s  a r e  f r o m  ~YIead a n d  L e v i s  ( 3 2 ) .  

and is then elongated with 3 acetate residues 
to form 23:0, which is then hydroxylated. The 
rapid drop-off in RCA suggests that this acid 
has a high turnover rate. However, the total 
radioactivity per brain in cerebroside h23:0 
showed the most prolonged rise with time of 
all the cerebroside acids, which suggests that 
this acid undergoes little or no breakdown. 
Moreover, the deposition in brain of h23:0 is 
the most prolonged and striking, which could 
mean that this acid does not undergo metabolic 
attack. 

The conflicting pieces of evidence were 
clarified by degrading the h23:0 further to 
learn the relative activity of carbon 2. The 
data are shown in Table V and include similar 
degradation data for h22:0 and h24:0. By 
looking at lines I and 3, we see that the second 

carbon atom of h23:0 (analyzed at 2 different 
time points) has an unexpectedly high amount 
of C 1~. I f  h23:0 were made only by elongation 
with acetate-l-C", the a-carbon atonl should 
contain virtually no radioactivity. Indeed, 
analysis of the even-numbered H F A  (lines 2 
and 4) does show there is little C 1~ in the 
a-atoms. (There should be even less, according 
to the elongation theory.) The most plausible 
explanation of the unexpected finding is that 
part of the h23:0 is made by a 1-carbon deg- 
radation of h24:0. The fi-carbon of h24:0, 
which should have a C 1~ content similar to 
that of the COOH carbon, becomes the a-carbon 
of h23:0 and the a-carbon of h24:0 becomes the 
COOH of h23:0. 

The relative activities in the individual 
atoms are shown in Table V in columns which 
align the data for identical atoms. 

The 1-carbon degradation scheme is shown 
in Figure 3. 

I t  is very likely that part  of the h23:0 is 
further degraded to h22:0. This explains the 
small but appreciable activity in the a-carbon 
of the latter acid. (An alternative explanation, 
which must account for part  of the activity in 
the a-atoms of all FA, is that part of the 
injected acetate is metabolized to labeled CO~, 
and part  of this finds its way to form acetate 
labeled in the methyl position. Such acetate, 
during chain elongation, would yield FA con- 
taining some C ~~ in the even-numbered carbon 
atoms.) 

Mead and Levis (32) carried out a similar 
experiment which is also summarized in Table 

8 C 2 

i 
C2 

c2 
CIs-C*OOH ) CIs-C*H2-CH2-C*OOR 

\ / 
17:0 

c 2 
c2 ) _ c2 ) C21-C*00H ) C21-C*H2-CH2-C*OOH -~ 

, , , , / \  ,. _ oo. + C21-C*H2 - H--C*OOR 

.:o T I x: 
C21- le*H-COOH C21-C*It2-~ - c * O O H  

OH 

\ /  
J I 

+ 7 ~C._CH2_C.OOH 2 ) 19:0 2 ) 21:0 1 I C21-CH2-C*00H ] ~ 25:0 

C C C 2 C21-C*H2-COOH C2 

C3 C2 i~ 

,oo \i ~ ,,~ 

\, 

C21-COOH + C*O 2 

FIG. 3. Formation of the odd-numbered fatty acids by two biosynthetic routes. 
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V (last 3 lines). Substantially the same re- 
suits were found. Incidentally, their RCA for 
h23:0 was even lower thai~ ours, evidently 
because the rats were kept for a much longer 
period before sacrificing. 

Evidence from in Vitro Work 

Following this decarboxylation study, Levis 
and Mead succeeded in demonstrating the 1- 
carbon degradation reaction in vitro (27). 
They showed that h18:0 and h23:0 are de- 
graded by rat brain mierosomes to form COs 
and the acid with one carbon atom less. ATP 
and NAD are necessary for the system as well 
as unknown material found in the cell superna- 
tant. They found that k18:0 (2-ketostearate) 
was also attacked by the enzyme system, some- 
what more rapidly than the h18:0. Presumably 
the hydroxy acid is deearboxylated via the 
keto acid as intermediate. 

At the kind invitation of Dr. Mead, the 
senior author and Dr. Amiya Haj ra  spent a 
month at his laboratory to become familiar 
with the problem. We have since been studying 
the enzymatic attack of the brain enzymes on 
k18:0. Drs. S. S. Parmar and W. E. Davies 
have also worked in this laboratory on the 
problem, using an acetone powder of pig brain 
as the enzyme source and following the re- 
action by measuring the C~O~ produced from 
the keto acid. 

I t  appears that the same cofactors are 
needed for k18:0 and h18:0 oxidation: ATP, 
NAD, and cell supernatant. Par t  of the 
activity in the cell supernatant is removed by 
Dowex 50-It*; this seems to be 1Kg § Another 
part is removed by Dowex 1-OAc-; this can 
be recovered from the resin by elution with 
dilute acid. The acidic cofactor is stable to 
heat in acid but not in alkali and shows the 
properties of ascorbie acid. Synthetic ascorbic 
acid does replace the acidic cofactor but is 
inhibitmT at higher concentrations. The opthnal 
concentration in our system is 5 • "10 ~ M, 
which is unusually low for ascorbic-catalyzed 
enzyme reactions. 

The complete enzyme system, containing 
ATP, NAD, aseorbate, and Mg §247 is seriously 
inhibited by an iron chelator (o-phenanthroline) 
or by the more general chelator, EDTA. The 
EDTA effect is not reversed by washing the 
particulate enzyme with water unless ferrous 
chloride is added, so it appears that bound 
Fe § is also needed for activity. 

Incubation under nitrogen drastically lowers 
activity. Further evidence that the reaction is 
oxidative was obtained by isolating the non- 

radioactive product, 17:0 acid, by means of 
TLC and GLC. The enzyme preparation itself 
contains some free FA (even-numbered), so 
no carrier was needed. We did add 16:0 alde- 
hyde before isolating tile lipoidal products, but 
reisolation of the aldehyde showed only one 
peal< (16:0) on GLC. 

TURNOVER OF THE GLYCOLIPID I~ATTY 
ACIDS 

Turnover data normally consist of measure- 
ments of the activity of compounds which are 
isolated from animals previously injected with 
a single dose of a radioactive precursor. The 
animals are sacrificed at various times after 
the injection mid the activities are plotted 
against time. In  order to minimize individual 
variation among animals and obtain smooth 
curves, one must sacrifice groups of animals 
at each time point. Thus such experiments 
tend to involve a great deal of effort and radio- 
active material. They are carried out because 
they yield information that cannot be obtained 
in other ways. 

3 / I  x . 
/ x 18:0 

/ ~ ~ 22:D 2 / 

I :0 

_ I I I I 
0.33 0.5 1 2 4 8 14 28 

DAYS 

3 ~ ~ 22:O 

I 

4 14 28 56  
DAYS 

Fro. 4. Tota l  act iv i ty  per b ra in  in  N F A  o f  
cerebrosides. Upper figure, rats injected with 
trltlum-labeled acetate. Lower figure, rats in- 
jected with COOH-labeled acetate. (From ref. 11, 
reprinted by permission of the publisher.) 
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The Cerebroside Fatty Acids 

Figure 4 shows the results of administering 
a single dose of aeetate-2-H* (upper curves) 
or acetate-l-C ~' (lower curves) to male weanling" 
rats, then isolating the eerebroside • (11). 
Let us examine the curves singly, from the 
top down. 

The curve for 24:0 shows a maximal value 
was reached soon after tile injection, at ap- 
proximately 4 hr. (The zero point is not 
shown because the data are plotted on semilog 
paper). The activity then declined rapidly, 
showing rapid metabolism of the cerebroside- 
bound 24:0. Whether the metabolism involved 
hydrolytic breakdown or, perhaps, sulfation 
to form sulfatide, we cannot tell from these 
data. A second rise in activity appears, much 
more gradual, reaching a peak at roughly 14 
days. Again the activity drops off, also much 
more gradually than the first time. The 
presence of two separate turnover patterns for 
one substance must mean that we are observing 
two pools of 24:0 eerebroside (kerasin). The 
first peak shows there is a pool of kerasin in 
brain which is formed and destroyed rapidly, 
with a half-life of roughly one third of a day. 
The second peak shows there is a pool with a 
much more leisurely breakdown rate. Since 
we did not prolong the experiment tong 
enough we must consider the possibility of a 
third pool which might not, perhaps, undergo 
any breakdown at all. 

The first pool of 24:0 is made from 16:0 
and/or  18:0 by elongation with highly radio- 
active acetate. Since the tritimn-labeled acetate 
is known to undergo very rapid oxidation to 
T._,O and CO~, the slowly metabolizing 24:0 
must be made from some other radioactive 
precursor. As our decarboxylation and other 
experiments showed, this radioactive precursor 
must be labeled 16:0 or 18:0, formed in the 
initial hours from labeled acetate. The labeled 
medium-length FA are in large part  incor- 
porated into the glycerophosphatides, which 
show a more rapid metabolism than the cere- 
brosides (11). As the phosphatides undergo 
breakdown, the liberated FA are in part  
utilized for chain elongation to form 24:0. 
Thus the precursor FA pool loses activity only 
quite slowly and continues to add tritium over 
many weeks to the even more slowly metaboliz- 
ing cerebroside pool. 

I t  is tempting to assign the slowly metab- 
olizing kerasin to myelin and the rapidly 
metabolizing kerasin to the other structural 
elements of the brain. Alternatively, the 
rapidly metabolizing kerasin could be in the 

gray matter and the other pool in the white. 
Several workers, including our own group, 
have shown that cerebroside is not localized 
only in myelin. 

Let us now examine the next emwe, for eere- 
broside 18:0. This FA also shows 2 com- 
ponents, hut the second one reaches its maxinmm 
fairly soon too. I t  then shows a gradual de- 
cline in activity for the next 27 days or more. 
The difference between kerasin and 18:0 cere- 
broside is quite striking with respect to the 
more slowly metabolizing cerebroside. Perhaps 
the difference lies in a different subcellular 
distribution of the two cerebrosides, or in 
readier attack by enzymes on the less lipoidal 
18:0 cerebroside (33). 

The next 2 curves, for 22:0 and 20:0, re- 
semble the 24:0 curve somewhat. The 23:0 
curve is atypical, showing a very prolonged 
rise. The slight dip at the 28-day point may 
be due to experimental variation. This long 
period of accmnulating isotope indicates that 
a radioactive precursor is slowly being made 
available for 23:0 formation. We now know 
from the experiments described earlier in this 
paper that two long-lived precursors are in- 
volved: labeled 17:0, formed early from 
propionate and labeled acetate, and labeled 
h24:0. Both FA are made available by con- 
stant release from glycerophosphatides and 
eereblvsides. 

The lower set of curves, obtained in the C ~" 
experiment, illustrates an important point of 
general validity. Note that the very early rise 
and fall in activity seen in the upper curves 
is not visible here, except for the cerebroside 
18:0. I f  we had not run the same experiment 
with tritium-labeled acetate, we would have 
missed finding the rapidly metabolizing cere- 
brosides. The explanation for the difference 
lies in the nature of FA degradation. When 
tritium-labeled 16:0 or 18:0 is degraded by 
fi-oxidation, most of the tritimn is lost as water 
(and greatly diluted by the body water). The 
acetate residues formed in fi-degradation are 
thus only slightly radioactive so that reutiliza- 
tion of these residues will give rise to rather 
slightly labeled FA. 011 the other hand, when 
C~-labeled 16:0 or 18:0 is oxidized, the re- 
sultant acetate residues still have all their 
radioactivity. Of course much of this endoge- 
nous acetate is metabolized via the Krebs cycle, 
but still part is reutilized for FA synthesis. 
The net effect is that the radioactivity in the 
acetate-C ** pool dies away somewhat more 
slowly than that in the acetate-H a pool. This 
acts to cover up rapid changes in FA pools 
in the first day after injection. I t  is very likely 
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that other studies of FA metabolism in similar 
experiments have missed similar disclosures of 
rapid turnover fractions because of the use 
of C ~. 

I t  should be noted also that many turnover 
studies in brain have neglected the early time 
points altogether and could not have picked 
up such fractions anyway. 

Returning to the lower part  os Figure 4 we 
see that the curves are similar to the upper 
part  with respect to the slow turaover fraction. 
This experiment covered a somewhat longer 
time period (and is plotted arithmetically), so 
the long period of decline in activity is better 
delineated. The slowness in decline of 24:0 
activity hints at the presence of a nonmetab- 
olizing fraction. Again we see that 18:0 
eerebroside oceupies a distinctly different posi- 
tion in the metabolic scheme, as does the 23:0 
eerebroside. 

Our analytical data from GLC also show 
the atypical nature of 23:0 and h23:0 cere- 
brosides, both of which accunmlate nmrkedly 
with age. Evidently the 1-carbon degradation 
system becomes a prominent system in older 
animals, in which the synthetic enzymes seem 
to slow down. 

The turnover curves for the H F A  of cere- 
brosides (not shown here) are qualitatively 
similar to those of Figure 4 except that their 
second activity peak (with aeetate-H ~) comes 
somewhat later. This is evidently due to their 
being formed from the corresponding NFA. 

In  a later study with tritium-labeled acetate 
we confirmed the existence of the rapidly meta- 
bolizing fraction and found the first activity 
maximum to be closer to 2 hr than 4. This 
fraction exists also in somewhat older rats. 
Incidentally, the sphingosine in eerebroside 
was also found to undergo tin-hover, so it is 
apparent, that cerebroside molecules undergo 
complete breakdown or are used in toto in the 
course of their metabolism. 

We also made a turnover study with aeetate- 
1-C ~ using rats os three different ages, as 
described in Figure 2. The rats were killed 
4 hr, 2 days, 10 days, and 30 days after in- 
jection and the activity incorporated into the 
eerebroside acids was measured (17). The 
highest activity was found in rats injected at 
13 days of age, when myelination is fastest. 
Some qualitative differences between the 3 
age groups were seen. A striking difference 
was noted in the 18:0 from the youngest rat 
group which did not show the rapid decline 
seen in the older rat groups. Moreover, the 
activity found in 18:0 of the youngest rats 
was higher than that found in 24:0 (in con- 

trast to the reverse situation in the older rats). 
Evidently very young rats make more 18:0 
eerebroside than 24:0 eerebroside. This find- 
ing is in agreement with that of O'Brien, who 
found 18:0 eerebroside to be somewhat more 
plentiful in early childhood (33). The same 
is true for the FA of human brain 
sphingomyelin (41). 

Another interesting observation was that the 
data from the rats injected at 7 days revealed 
the existence of the rapidly metabolizing cere- 
broside fraction even though the isotope used 
here was C% This observation is consistent 
with the suggestion that the slowly meta- 
bolizing fraction is myelin-bound. Myelin 
formation in rat  brain appears to be insignifi- 
cant until  about 9 days of age (16), so during 
the 2-day period following the C 1~ injection 
there nmst have been incorporation only into 
the labile eerebrosides and none into the myelin 
eerebrosides. 

The Sulfatide Fatty Acids 

The 18:0 and 24:0 of the sulfatide FA were 
isolated in the experiment described just above. 
As with the cerebrosides, the 24:0 activity 
curve showed a steady rise with time. Sur- 
prisingly, the 18:0 curve also showed a similar 
steady rise; indeed, in the 7-day and 13-day 
rat groups the 18:0 rose even more rapidly 
than the 24:0. In  the cerebrosides, the 18:0 
activity declined (except in the early period) 
so the difference is quite marked. The dif- 
ference may indicate e~ relatively rapid con- 
version of 18:0 cerebroside to 18:0 sulfatide. 
That such a conversion does occur was sug- 
gested by our early work with labeled galactose 
(37) and a recent report based on in vitro work 
(30). Presun~m.bly the conversion is by direct 
sulfation with phosphoadenosyl phosphosulfate. 

The Ganglioside Fatty Acids 

Virtually all the ganglioside FA are ac- 
counted for as 16:0, 18:0, and 20:0. These 
were examined as part  of the 3-age turnover 
study described above (17). The curves for 
the specific activity of 16:0 showed a very rapid 
rise followed by a fairly rapid fall. The rate 
of fall dropped off with time, particularly 
with increasing age of the rat group. Com- 
parison with the 16:0 of glycerophosphatides 
showed quite similar drop-off rates and specific 
aetivities, so this sphingo]ipid is evidently much 
more active metabolically than most of the 
other glyeolipids. A similar conclusion was 
drawn from our earlier study with galactose- 
C 1' (37). 
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The 18:0 of ganglioside yielded curves sim- 
ilar to the 18:0 of glycerophosphatides. In  
both groups of acids (with only one exception) 
the curves were surprisingly like the theoretical 
precursor-product curves predicted by Zilver- 
smit, Entenman, and Fishler (42). The 18:0 
curves rose more slowly than the 16:0 curves, 
then the latter intersected the ulaximum of the 
18:0 curves, and then the two emwes descended 
together (with the 18:0 now nlore radioactive). 
The curves are thus quite consistent with the 
elongation theory and evidence. The curves 
for 20:0 were similar to those for 18:0. 

Although ganglioside deposition slows down 
somewhat after the rat reaches 21 days of age, 
the turnover curves show that ganglioside FA 
is being metabolized even at 52 days. (How- 
ever, the 20:0 ganglioside appears to be inert 
after 32 days). 

Our turnover and decarboxylation studies 
indicate the presence of several different meta- 
bolic pools and future work must examine the 
various subeellular regions separately. 

FINAL COMMENTS 

This paper on glycolipid fatty acids was 
based primarily o n  the work of this laboratory 
and covers work by Drs. Amiya K. tIajra,  W. 
Ewart Davies, Krystyna C. Kopaczyk, and S. 
S. Parnlar. We are indebted to Dr. Benqard 
Agranoff, Coordinator of Biological Sciences 
in this Institute, for many valuable insights 
into our data. For reasons of space we ha~e 
neglected to mention relevant work from other 
laboratories. Our critical comments are of- 
fered only to clarify certain approaches to the 
study of brain metabolism and will, we hope, 
be taken good-naturedly. 

General Conclusions from Turnover Studies 

The common belief that the brain FA are 
inert arose from two observations: (1) Labeled 
precursors injected systemically into animals 
gave rise to low activities in the brain lipids; 
(2) Long-term turnover studies of brain lipids 
have shown remarkably long persistence of 
radioactivity. The first type of observation 
was made without consideration of the blood- 
brain barrier, which calls for the use of largo 
doses of radioactivity in order to get measur- 
able activities into the brain. The barrier, 
however, has little to do with the r a t e  of brain 
metabolism; it simply reduces the choice of 
precursors which the brain can draw upon. 
The researchers who made these experiments 
did not appreciate the need to consider time as 
a variable in discussing reaction rates. 

The second type of observation was made 
without examining the early time points so 
that the rapidly metabolizing fractions were 
missed. Unquestionably they point to the exis- 
tence of a fraction in brain which metabolizes 
very slowly and perhaps not at all. This 
might well be myelin or some lipid structure 
concerned with the preservation of memory 
(37). Our shorter term experinlents supple- 
ment the long term experiments and show that 
a portion of the brain lipid undergoes break- 
down even during the period of rapid deposi- 
tion. Indeed, the breakdown rates seem to be 
highest during the periods of most rapid 
synthesis or deposition. Lipid breakdown con- 
tinues well after the period of most rapid 
myelination. At the nlolnent there is no way 
to measure the relative amounts of the rapidly 
and slowly metabolizing fractions. 
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Gas-Liquid Chromatographic Analysis of Long Chain 
Glyceryl Monoethers 
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Isomeric 

ABSTRACT 

A quantitative method is described for 
the gas chromatographic analysis of glyc- 
eryl ethers using their trifluoroacetate 
(TFA)  and trimethylsilyl (TMS) ether 
derivatives. Both derivatives are prepared 
at room temperature by reactions that 
proceed virtually to completion in less than 
15 rain, eliminating time-consuming deriv- 
ative preparations and laborious clean-up 
steps of unreacted materials required by 
other methods. Gas-liquid chronmtography 
(GLC) resolves the 1- and 2-isomers of 
the glyeeryl ether T F A  derivatives, which 
ha.ve not been separated previously. Puri-  
fied synthetic 1- and 2-glyeeryl ethers, 
including saturated and mono- and di- 
unsaturated, were used to evaluate several 
polar  and nonpolar liquid phases for  the 
analysis of the T F A  and TMS derivatives. 
Analyses can be nmde on some liquid 
phases nonually used for  methyl esters, 
while others are unsatisfactm7. A mix- 
ture of isomeric C~ saturated and mono- 
and all-unsaturated T F A  derivatives was 
par t ia l ly  resolved; however, a cornplete 
analysis of this mixture can be made by 
preliminary separation of the unsaturates 
on silver-ion-impregnated thin-layer plates 
or by GLC analysis alone with three dif- 
ferent phases. 

INTRODUCTION 

G AS-LIQUm C~RO~A~O~RAP~Y (GLC) has 
been the nmst successful method for  the 

analysis of glyceryl ethers. I t  has developed 
slowly, however, because suitable derivatives 
for  separating" 1- and 2-glyeeryl ether isomers 
were not available. Several derivatives of the 
intact glyeeryl ether molecule have been used 
for GLC analysis. Hanahan et al. (1) reported 
the GLC analysis of glyce~T1 ethe~ as their 
isopropylidene derivatives, but the method does 
not yield derivatives of the 2-isomer and the 
reaction involving the 1-isomer is incomplete, 

1 Presen ted  at  the AOCS meeting, Cincinnat i ,  October, 
1965. 
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requiring a clean-up step to remove unreacted 
glyeeryl ethers. Hallgren and Larsson (2) 
prepared the dimethoxy derivatives of the 
glyeeryl ethers, which were then analyzed by 
GLC. Like the isopropylidene derivatives, the 
dimethoxy derivatives required a clean-up step 
to remove unreaeted and par t ia l ly  unreacted 
material before GLC analysis. Dimethoxy de- 
rivatives of the 2-isomers can be prepared by 
this method; however, their resolution from the 
dimethoxy derivatives of the 1-isomer by GLC 
has not been reported. Blomstrand and Gfirtler 
(3) analyzed glyceryl ethers by GLC as their 
aeetylated derivatives, ttowever, the acety]ated 
derivatives have long retention times, and 
Hanahan et al. (1) have reported that resolu- 
tion of the saturated derivatives from the 
corresponding unsaturated derivatives is not 
satisfactory. Indirect GLC analysis of the 
aldehydes resulting from periodic acid oxidation 
of the glyeeryl ethers have been reported by 
Malins (4). This method, like the others, does 
not analyze for the 2-isomer. Alkyl iodides and 
hydrocarbons derived from glyceryl ethers have 
been analyzed by GLC by Guyer et al. (5). 
Their method required long preparat ion time, 
and the hydrocarbons were prepared from the 
alkyl iodides. Unfortunately, the latter deriv- 
ative cannot be prepared quantitatively from 
unsaturated glyceryl ethers according to 
Hanahan (6). 

A nonspecific colorimetric method by 
Karnovsky et al. (7,8) is commonly used for 
the analysis of glyeeryl ethers. This involves 
measurement of the formaldehyde formed from 
the 1-isomer af ter  periodate oxidation; the 2- 
isomer does not react and the results earl be 
affected by other glycol type compounds. 

In  view of the limitations of existing 
analytical methods for analysis of the 1-isomer 
of glyceryl ethers and the lack of a method for 
analysis of the 2-isomer, we investigated the 
use of trifluoroacetate (TFA)  and trimethylsilyl 
ether (TMS) derivatives for  the analysis of 
1- and 2-glyee~\vl ethers by GLC. 

EXPERIMENTAL 

Nomenclature 

Only a few glyeelT1 ethers have been given 
common names: batyl, chimyl, and selaehyl 
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alcohols. Rather than assign names to the un- 
named ones or use the long International Union 
of Pure and Applied Chenfistry (IUPAC) 
nomenclature, a shorthand system is suggested 
similar to that introduced by Farquhar et al. 
(9) for fatty acids. The hydrocarbon chain of 
the glyeeryl ether is represented by a number 
equal to the number of carbon atoms it contains ; 
this integer is followed by a second, separated 
by a colon, that represents the nmuber of ~r 
bonds in the chain. The location and con- 
figuration of the double bond(s) can be rep- 
resented by a number and a small letter 
(e = cis and t = t rans) ,  respectively, in 
parentheses if they are known. The isolueric 
point of bonding the hydrocarbon chain to the 
glycerol is designated by a nmnber separated 
by a dash. The specific enantiomerie forms, 
or a raeemie mixture of the 1-isomers, can be 
represented by D or L and RM, respectively, 
in front of the abbreviated form. An example 
will serve to illustrate the system. One-selaehyl 
alcohol (classical name) of cis-9-1, 2- 
propanediol-3-oetadecenyl ether (IUPAC name) 
can be represented simply as 18:1 (9e)-1. This 
abbreviation is a convenient time and space- 
saving" system that can be applied to mono- 
glycerides as well as glyce~T1 ethers. 

The 1-isomers used in this study were 
racemic mixtures. The mono- and di- 
unsaturated glyceryl ethers were RM 18:1 
(9e)-1, 18:1 (9c)-2 and R~-V[ 18:2 (9c,12e)-1, 
18:2 (9e,12e)-2, respectively. The enantiomeric 
form, location and configuration of the double 
bond given here will apply in the remainder 
of this report unless otherwise stated and will, 
therefore, be omitted from the shorthand 
nomenclature system. 

Materials 

The 1- and 2-isomers of the saturated and 
nlono-unsaturated glyceryl ethers used in this 
study were more than 97% pure and the di- 
unsaturated ethers were more than 95% pure. 
The purity was determined by infrared and 
nuclear magnetic resonance spectroscopy, 
melting-point determinations, and TLC analy- 
sis; these purity figures were confirmed by 
GLC data obtained by the methods reported 
here. Synthesis, purification, and chemical and 
physical properties of the glyeeryl ethers used 
here will appear in a separate publication. 
Other materials were obtained as follows: 
hexamethyldisilazane from Peninsular Chemical 
Research, Gainesville, Fla;  trimethylchlorosilane 
from K and K Laboratories, Plainview, N. Y. ; 
trifluoracetie anhydride from Eastman Organic 
Chemicals, Rochester 3, N.Y. Solvents and 

other reagents were reagent grade and used 
without further purification. 

Preparation of Glyceryl ~l.ther Derivatives 
The TMS derivatives of the glyeeryl ethers 

were prepared according to tile procedure 
described by Wood et al. (10). The TFA de- 
rivatives were prepared by placing 1 mg or 
more of the glyceryl ether sample in a 5-ml 
glass-stoppered conical centrifuge tube, fol- 
lowed by the addition of 1 ml of trifluoroacetic 
anhydride. The glyceryl ethers were mixed with 
the trifluoroaeetic anhydride and allowed to 
stand at room temperature for 15 min, at 
which time the trifluoroacetie anhydride and the 
trifluoroaeetie acid formed during the reaction 
were evaporated under a stream of dry nitro- 
gen. Samples were then diluted to desired con- 
eentration with trifluoroacetic anhydride for 
GLC analysis. 

Gas Chromatography 
An Aerograph Model 600D Hy-Fi  Gas 

Chromatograph, (Wilkens Instruments and Re- 
search Inc., Walnut  Creek, Calif.) equipped 
with a hydrogen flame ionization detector, was 
used in this study. The oven temperature of 
the chromatograph was controlled (~0.1C) 
with a Wilken's Model 328 isothermal tempera- 
ture controller. The signal from the gas 
chromatograph was recorded by a 1.0 mv 
Brown recorder (Minneapolis-Honeywell Reg. 
Co., Philadelphia, Pa).  

The liquid phases and conditions used for 
the GLC analysis of the glyceryl ethers as 
their TFA and TMS derivatives are reported 
in Table I. 

The columns with the exit end plugged with 
glass wool were attached to a water aspirator 
vacuum line. The packing material was then 
poured into a funnel at tile inlet end of the 
column and tile colmnn was allowed to fill. 
Finally, the inlet end was plugged with glass 
wool and the column was coiled around an 
appropriate size reagent bottle. The columns 
were then connected to the chromatograph and 
the flow rate was measured at 20 psi; columns 
with a flow rate less than 100 ml/min at this 
pressure were rejected. The temperature of the 
columns was raised to approximately 200C 
and a test mixture of methyl esters was in- 
jected to test the resolving power of the 
columns. Polar colmnns that failed to give 
base-line separation between methyl stearate 
and methyl oleate were rejected. Acceptable 
columns were then conditioned (see Table I) 
for 24 hr under a flow rate of 80-100 nfl/min 
of He gas. 
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T A B L E  I 

Condi t ions  Used to Eva lua te  L i q u i d  Phases  for the Analys is  of 
TFA and TMS Glyceryl E ther  Der iva t ives  

% Thermal  Column Temp. Column Temp. 
L i q u i d  Column eond ~ (~ for (~ for  

L i q u i d  phase phase Suppor t  d imensions  a Temp. (~ TFA analysis  TMS analysis  

Methyl silicone Chromosorb W 
polymer SE-30 e 5 60 -80  mesh a 5 '  X ~/s" 

Cyanoethyhnethyl  Gas-Chrom Q 
silicone polymer XE-60~ 3 80 -100  mesh 5' X iN,, 

Apiezon Lr  Chromos.orb W 
5 60--80 meshg 5' X 1/s" 

Apiezon L f Chromosorb ~V 
5 60-80  meshg 6.75'  X ~ "  

Ethylene  glycol 
succinate eyanoethyl silicone Gas-Chrom P 
polymer ECNSS-S  ~ 10 100-120  mesh 5' X 1N,, 

Ethylene glycol sueeinate 
methyl silicone polymer Gas-Chrom P 
EGSS-X"  10,5 100 -120  mesh 5'  X 1/s" 

Ethylene glycol suceinate 
polyester Chromosorb W 
EGS~ 16 100-140  mesh 3' to 6' X i/s" 

Ethylene glycol 
adipate  polyester Chromosorb W 
E G A  e 11 100-140  mesh a 5 '  X 1~,, 

Diethylene glycol 
succinate polyester Chromosorb V~ r 
D E G S  ~ 15 60-80  mesh~ 5' X ~/s" 

300 210 230 

250 20O 200 

280 220 

280 250 

220 170 190 

220 170 170 

220 200 215 

220 200 210 

220 200 210 

a All columns were stainless  steel except the EGS  and  EGSS-X columns which were both a luminum 
and stainless  steel. 

b Detector end of columns disconnected d u r i n g  column condi t ioning.  
c Pre tes ted packed colmnns obtained f rom Wilkens  I n s t r u m e n t s  and Research, Inc. ,  W a l n u t  Creek, 

Cal i fornia .  
a Acid washed support .  

Obtained f rom Appl ied  Science Laborator ies ,  State  College, Pa., coated on support .  
S t a t iona ry  suppor t  was coated wi th  l iqu id  phase by the flash evapora t ion  technique.  

X Hexamethyldis i lazane  t rea ted  suppor t  obta ined from Applied Science Laborator ies .  

Since the flame ionization detector was located 
directly at the exit end of the column in the 
forced-air oven, its operational temperature 
was equal to that  of the column. Air and 
hydrogen at 300 and at 25 ml/min, respectively, 
were used to maintain the flame. An Oscar 
Model 55 aquarium pump (The Oscar Com- 
pany, Berkeley, Calif.) was used to supply 
the oxygen, while the hydrogen was supplied 
from a compression cylinder. The flash evapor- 
ator was always operated between 240 and 
250C. Colmnn pressures ranging' from 4-18 
psi were used; carrier gas flow rate was not 
measured due to the difficulty encountered in 
measuring flow rates from the flame detector 
at operating temperatures. 

Thin-Layer Chromatography 
Silver ion impregnated plates were prepared 

by mixing aqueous silver nitrate (12.5%) solu- 
tion with silica gel G (2:1 wt/wt). Uniform 
0.25-ram layers were spread on 2- X 20- and 
20- X 20-era glass plates with a Colab applica- 
tor modified by us (11) (Colab Laboratories, 

Inc., Chicago Heights, Ill.). After the chroma- 
toplates had air dried for 30 rain, they were 
activated in an oven for 30 rain at 110C. 
Development of the ehromatoplates was carried 
out in a chamber saturated with chloroform- 
ethanol, 90:10 (v/v).  The separations were 
visualized either by spraying" with 0.2% 2", 7'- 
dichlorofluoreseein in ethanol and viewing' under 
UV light, or by charring according to the 
procedure of Privett and Blank (12) or 
Barrett et al. (13). The charring procedure 
was used when the results were to be docu- 
mented by photography. After UV visulization 
the desired regions were scraped from the 
plate and the glyeeryl ethers eluted with diethyl 
ether. 

RESULTS AND DISCUSSION 
TI~A Derivatives 

A number of investigators have used tile N- 
trifluoroaeetyl derivatives for the GLC analysis 
of amino acids (14-19) and long-chain fatty 
amines (20). The more severe conditions used 
in previous studies for the preparation of the 
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~-trifluoroaeetyl derivatives were unnecessary 9- 
and are unadvisable for the preparation of 
the O-trifluoroacetyl (TFA) derivatives of long- 8- 
chain glyeeryl ethers. The O-trifluoroaeetyl 
derivatives are more easily prepared than the w 7- 
N-trifiuoroacetyl and as a result are more ~, 
labile, which will become apparent later. The ~) 6- 
TFA derivatives of the glyceryl ethers were 

5- prepared at room temperature. Formation of rr 
the TFA derivatives proceeded to completion 
within 5 rain, although 15 rain was always ~ 4- 
allowed to assure a complete reaction. The re- ~= 
action mixture can be used directly for GLC 3- 
analysis, but the trifluoroacetic acid formed in 
the reaction caused tailing of the solvent peak. 2- 
This undesirable tailinK of the solvent peak 
was partially eliminated by evaporation of the 
reaction mixture to dryness under a stream of 
dry nitrogen and rediluting with trifluoroaeetie 
anhydride. Samples that contained only 
saturated and mono-unsaturated glyceryl ethers 
were stored in a refrigerator at OC until 5- 
analyzed by GLC. Samples were stored several 
weeks under these conditions without detectable g 4 

0. changes. ,m, 
In  an attempt to eliminate the tailing of the ~: 3- 

solvent peak, the reaction mixture was evap- 
orated to dryness and the TFA derivatives 
were rediluted in such solvents at CCI~, CHCI,, ~ a- no 

CH.~,CI:, CS~, benzene, diethyl ether, and hexane. 
Surprisingly, the TFA derivatives could not 
be chromatographed in these solvents since 
hydrolysis was virtually complete within 20 to 
30 rain. The lability of the O-trifluoroacetyl 
derivatives had also been observed by Lamkin 
and Gehrke (17) for the hydroxy amino acids. 

The temperature of the reaction was not 
critical unless the sample being acetylated con- 
tained dienes. "When the TFA derivatives of 
18:2 glyceryl ethers were prepared, a yellow 
color developed, which turned brownish-black 
upon standing long periods. This color change 
can be accelerated to a few minutes by in- 
creasing the temperature of the reaction mix- 
tare. On GLC analysis the quantity of the 
18:2 TFA derivatives decreased as the color 
darkened. In  spite of this apparent degrada- 
tion of the 18:2 TFA derivatives, nearly 
quantitative results were obtained when GLC 
analysis was carried out immediately after the 
derivatives were prepared. The saturated and 
mono-unsaturated glyeeryl ether reaction mix- 
ture produced no such color change, nor could 
the GLC analysis reveal any decrease in the 
TFA derivatives even when the reaction mL,:- 
ture was heated to 70C. These results suggest 
that the attack of the trifluoroaeetic anhydride 
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FIG. ]. Chromatograms of glyceryl ether TMS 
(top) and TFA (bottom) derivatives obtained 
on a 5 ft • % in. stainless steel eolmnn packed 
with 5% SE-30 operating at 230C and 210C, 
respeetlve]y. Each peak consists of a mixture of 
the 1- and 2-isomers and the numbered peaks are: 
I) 12:0; 2) 14:0; 3) 16:0; 4) 18:1; and 5) 18:0. 

or acid occurs at the methylene carbon between 
the two double bonds of the 18:2 glyceryl ether. 

TMS Derivat ives  
Tile reaction involving the formation of the 

TMS derivatives of the glyeeryl ethers pro- 
ceeded with equal rapidity as that previously 
noted (10,21) for monoglycerides and hydroxy 
acids. 

Gas Chromatography 

Satisfactory analyses of TFA and TMS de- 
rivatives of glyeeryl ethers depend primarily 
on tile gas chromatographic column, the most 
important and unpredictable component of the 
system. Short columns that give high resolu- 
tion with short retention times at low column 



66 RANDALL WOOD AND FRED SNYDER 

pressure are ideally suited for such analyses. 
Such columns have previously been used for 
the analysis of TMS derivatives of monogly- 
eerides and hydroxy acids (10,21). 

Columns used for the analyses of the TFA 
derivatives were conditioned with trifluoroacetie 
anhydride after the 24-hr temperature- 
conditioning process by injecting several 1.0- 
/xl injections of trifluoroaeetie anhydride. The 
first injeetion usually had a broad solvent peak 
(trifluoroaeetie anhydride and trifluoroacetic 
acid) that tailed severely. With each successive 
injection, the solvent peaks became narrower 
and the tailing' was reduced to a point where 
additional injections had no effect. After this 
trifluoroacetie anhydride conditioning process, 
the first 4-6 sample runs were discarded before 
quantitative data were collected. The first two 
sample runs obtained after the column had 
been allowed to cool or sit idle for more than 
4 hr were discarded as extra precaution against 
any new active sites being formed during that 
time whieh might affect the results. The tri- 
fluoroacetie anhydride conditioning process 
presumably deactivates sites on the colunm, 
stationary support or liquid phase by reacting 
with certain compounds on the column. 
Evidence in support of this was obtained when 
a peak appeared after an injection of tri- 
fluoroacetie anhydride into a colunm in which 
a sample of free 18:0 had previously been in- 
jected. After three or four injections of tri- 
fluoroacetie anhydride the peak would dis- 
appear; however, its reappearance could be 
brought about simply by injecting the free 
18:0 glyceryl ether followed by the trifluoro- 
acetic anhydride. Trifluoroaeetie anhydride ap- 
pears to be a useful reagent for the cleaning 
of the chromatographic system, reduction of 
active sites on new columns and restoration of 
old columns by removal of adsorbed polar 
materials. 

Several liquid phases were evaluated for the 
GLC analysis of glyeetT1 ethers as their TFA 
and TMS derivatives. A homologous series of 
synthetic glyeel3,1 ethers ranging from 12:0 
to 18:0 was used to prepare the saturated 
standard mixtures of the racemie 1-isomers, 
2-isolners, and a mixture of the 1- an4 2- 
isomers. Each of the isomeric mono- and di- 
unsaturated glyeeryl ethers was analyzed in- 
dividually with the corresponding 14:0 isomer 
hi addition to mixtures. This facilitated the 
quantitative evaluation where resolution of the 
saturated from the unsaturated glyeeryl ethers 
was unsatisfactory in mixtures. 

Nonpolar Liquid Phases 

Two typical ehromatograms obtained for the 
standard mixture of the saturated 1- and 2- 
glyceryl ether TMS and TFA derivatives on 
SE-30 are shown in Figure 1, top and bottom, 
respectively. The partial resolution of 18:1 
(Peak 4~) and 18:0 (Peak 5) of the 1- and 2- 
isomers for each of tile derivatives is also 
shown. Resolution through 18:0 was achieved 
in less than 30 min with symmetrical peaks for 
each of the derivatives. The 1- and 2-isomers 
were not separated in either the TMS or TFA 
derivatives. The partial resolution of the 18:1 
and 18:0 glyceryl ether derivatives was sur- 
prising since saturated and mono- and di- 
unsaturated fatty acid methyl esters of the 
same chain length were not resolved at this 
temperature. At  lower temperatures dienes 
were resolved from the single peak containing 
monoenes and saturated methyl esters. The 
TFA and TMS ether derivatives of the glyceryl 
ethers gave the opposite effect. The 18:2 and 
18:1 were eluted as a single peak and only 
partially resolved from the 18:0, with the TFA 
derivatives giving the best resolution. 

Two different columns were used for the 
analyses because SE-30 columns previously 
used for the analysis of the TFA derivatives 
decomposed the TMS derivatives. This was 
presumably caused by trifluoroacetic acid being" 
bound or adsorbed to the column, causing 
acidic conditions. The TMS derivatives have 
previously been shown to decompose under 
acidic conditions (10). The acidic condition 
of the SE-30 column was not permanent; after 
2 or 3 days at operating temperatures, they 
could be used for the analysis of TMS deri- 
vatives. All of the colmnns used showed vary- 
ing degrees of decomposition of the TMS 
derivatives if used immediately after the 
columns had been used for the analysis of 
TFA derivatives. The rate at which the 
columns used for the analysis of TFA 
derivatives returned to a usable condition 
for the analysis of TMS derivatives ranged 
from a few hours with the polyester and or- 
ganosilicone polyesters to 1 to 2 days with the 
SE-30 Apiezon L columns. Polar columns used 
for the analysis of both derivafives were 
allowed to stand overnight at operating tem- 
perature (if they had previously been used 
for the analysis of TFA derivatives) before 
being used for the analysis of TMS derivatives. 

The resolution of a synthetic mixture of 
saturated 1- and 2-glyceryl ether TMS and 
TFA derivatives obtained on two Apiezon L 
columns is shown in Figure 2, top and bottom, 
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respectively. A tracing showing the separation 
of an isomeric mixture of the 18:1 and 18:0 
T F A  derivatives also appears at the bottom 
of Figure 2. The separation of the glyeeryl 
ethers through 18:0 was achieved with good 
peak symmetry for both derivatives in less 
than 20 min. The isomeric glyceryl ethers 
were not resolved in either case. Resolution of 
the 18:1 from the 18:0 was virtually complete 
with the TFA derivatives (Fig. 2), while that 
obtained with the TMS derivatives was very 
poor. The TFA of the 18:2 was shouldered on 
the 18:1 glyceryl ether peak and no separation 
was observed for the TMS derivatives. 

Semipolar Liquid Phase 

The GLC analysis of a synthetic mixture of 
saturated 1- and 2-glyceryl ether TMS and 
TFA derivatives obtained on an XE-60 column 
is shown in Figure 3, top and bottom, respec- 
tively. Resolution of the 1- and 2-isomers of 
the glyceryl ether TFA derivatives from 12:0 
to 18:0 was obtained in approximately 20 
rain with good pe~k symmetry. The 2-isomer 
eluted after the 1-isomer, which is the opposite 
of that obtained by Wood et al. (10) for the 
TMS derivatives of the isomeric monoglyeerides. 
This pattern of elution was expected and was 
actually predicted from their structural form- 
ulas based on the relationships between the 
ether and ester groups of the isomeric forms. 
I t  was also predicted that the TMS derivatives 
of the isomeric glyceryl ethers could not be 
separated, or only with difficulty because of the 
similarity of the two types of ether bonds 
involved. The lack of resolution of the ismneric 
glyeeryl ether TMS derivatives (Fig. 3, top) 
on the same column where the isomeric glyceryl 
ether TFA derivatives were easily resolved 
supported the hypothesis. I t  was further sub- 
stantiated by the fact that in all the liquid 
phases tested not one gave resolution of the 
isomeric glyceryl ether TMS derivatives. 
Neither the TFA nor TMS derivatives of the 
saturated and unsaturated glyee~T1 ethers were 
resolved on the XE-60. The acidic condition 
of the column caused by the TFA derivatives 
was very slight with the XE-60 eolunm and it 
usually disappeared within one or two hours; 
however, the usual overnight period was al- 
ways allowed before the TMS derivatives were 
chromatographed. 

Polar Liquid Phases 

Several polar polyester and organosilicone 
polyester liquid phases were tested before a 
satisfactory one was found. Resolution of the 
1- and 2-isomeI~ of a synthetic mixture of 
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FIG. 2. GLC analysis of an isomeric mixture of 
purified saturated glyceryl ether TMS derivatives 
(top) and TFA derivatives (bottom). The analy- 
ses were carried out on a 5 f t  and a 6.75 f t  X 1/~ 
in. stainless steel column packed with 5% Aplezon 
L on 60-80 mesh Chromosorb W operating at 
250C and 220C, respectively. The major peaks 
are: 1) 12:0; 2) 14:0; 3) 16:0; 4) 18:0 (top) 
18:1 (bottom); and 5) 18:0. Only slight resolu- 
tion of 18:1-1 and 18:1-2 from 18:0-1 and 18:0-2 
was obtained for the TMS derivatives. 

saturated glyceryl ether TFA derivatives simi- 
lar to that shown in Figure 3 (bottom) was 
obtained using EGSS-X as the liquid phase. 
The 1~ and 2-isomer of 14:0, 16:0, and 18:0 
were resolved within 20 rain practically to base 
line at an isothermal column temperature of 
only 170C. The isomers o f  12:0 were also 
completely resolved at lower temperatures. The 
solvent was separated into two peaks; the first 



68 RANDALL WOOD AND ~RED SNYDER 

was found to be trifluoroacetie anhydride and the 
second trifluoroacetie acid. The group of 
partially resolved peaks shown in Figure 4 
consisted of the 1- and 2-isomers of a mixture 
of 18:0, 18:1, and 18:2 glyeeryl ether TFA 
derivatives. These chromatograms were ob- 
tained in approximately 25 rain on EGSS-X 
at an isothermal temperature of 170C. The 
identity of the peaks are: 1) 14:0-1 and 
14:0-2 used as a -m~rker ;  2) an unknown 
artifact; 3) 18:0-1; 4) 18:1-1; 5) 18:0-2; 6) 
18:1-2; 7) 18:2-1; and 8) 18:2-2. At higher 
temperatures accompanied by lower flow rates 
the resolution of 18:0, 18:1, and 18:2 was 
improved so that a quantitative analysis eould 
be nmde front a mixture of either the 1- or 
2-isomers, but not from a mixture of both. 
When a nfixture of both isomers were ehroma- 
tographed under these conditions, peaks 4 and 
5 eluted as one peak (4 + 5) similar to that 
of peak 6 + 7. The higher temperatures and 
lower flow rates allow greater resolution be- 
tween peaks 3 and 4 + 5 and between 4 + 5 
and 6 + 7, which can be used to an advantage 
to calculate percentage composition (see see- 
tion on mixture analysis). The EGSS-X or- 
ganosilieone polyester is remarkable in that 
]8:0, 18:1, and 18:2 glyeeryl ether TFA de- 
rivatives with molecular weights of 536, 534, 
and 532, respectively, can be resolved at low 
temperatures (165-180C) in less than 20 rain. 
These EGSS-X columns can be used to analyze 
glyceryl ethers of much longer chain length 
since colmnn temperatures up to 220C have 
been used without serious bleed problems. 

The chromatogram tracing shown in Figure 
4 was obtained using a 5-ft Muminmn colmnn; 
however, similar separations were obtained 
using stainless steel eolunms, but the con- 
ditioning time required for the aluminum 
eolunms was considerably less than that re- 
quired for the stainless steel. Good results can 
be obtained for the glyceryl ether TFA deri- 
vatives on newly packed EGSS-X aluminum 
colmnns with only trifluoroacetie anhydride 
conditioning (2 or 3 1.0 t~l injections) at 
operating temperature. This was also observed 
with almninum colunms packed with EGS. 
Since the columns were packed from the same 
lot of packing material and used in the same 
instrmnent, apparently the composition of the 
metal tubing is responsible for the observed 
difference. Possibly the aluminum columns 
form a protective oxide layer more quickly or, 
equally possible, the stainless steel umy require 
longer tinm to form a deactivated surface. Peak 
number two, Figure 4, earlier referred to as an 
unknown artifact, appears in the region of 

16:0-1 of the chromatogram when aluminum 
columns are used for the analysis of TFA 
derivatives. The peak appears after approxi- 
mately 2 days of column use and increases 
slowly in size. The peak once present will 
appear again and again when trifluoroacetie 
anhydride is injected alone. This problem can 
quickly be eliminuted by simply replacing the 
glass wool plug and a small amount (0.5 era) 
of the packing material at the inlet end of the 
column with new material. 

The EGSS-X was found to be unsatisfac- 
tory for the analysis of glyceryl ether TMS 
derivatives. Retention times were similar to 
those obtained for TFA derivatives, but 18:0 
was not resolved from 18:1 and isomerie 
glyceryl ethers were not separated; component 
peaks were always skewed at the leading edge. 

Other polar liquid phases were tested and 
EGS was found to be second best to EGSS-X. 
The glyceryl ether TFA derivatives were eluted 
quickly from the column and separation of 
18:0 and 18:1 was comparable to that obtained 
on EGSS-X. In  spite of these good qualities, 
the liquid phase always produced asymmetrical 
peaks with tailing. 

The TMS derivatives of the glyeeryl ethers 
were separated only by chain length on EGS 
~nd, as with the TFA derivatives, peaks were 
nsymmetrieal with tailing. 

The separation of the glyceryl ether TFA 
and TMS derivatives on the EGA liquid phase 
were approximately the same as those obtained 
with the EGS, and the lack of peak symmetry 
persisted with all derivatives. 

Glyceryl ether TFA derivatives could not be 
ehromatographed on DEGS and ECNSS-,S 
liquid phases. After their injection, a large 
distorted peak was eluted over several minutes. 
Blau and Darbre (15) have also reported that 
TFA derivatives of hydroxy amino aeids could 
not be chromatographed on DEGS. 

The gqyceI\vl ether TMS derivatives were 
resolved according to chain length only with 
the ECNSS-S liquid phase, and the leading 
edge of the peaks was always skewed. The 
leading edge of peaks was skewed on the 
EGSS-X and ECNSS-S organosilicone poly- 
esters, whereas tailing of peaks was observed 
on the EGS and EGA polyesters. 

Analysis of the glyeeryl ether TMS deriva- 
tives on the DEGS liquid phase gave results 
similar to those obtained on EGS and EGA 
phases. 

Quantitation 
Table I I  shows a comparison of known per- 

centage composition of synthetic nfixtures of 
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1- and 2-glyceryl ethers with that obtained 
by GLC analysis of their TFA and TMS 
derivatives on several liquid phases. The de- 
termined values for each of the derivatives, 
in general, agreed well with the known values, 
with the exception of 18:2 TFA derivatives. 
However, with the EGSS-X liquid phase, 18:2 
values were in close agreement with the known 
values when the samples were analyzed im- 
mediately after derivative preparation. The 
small observed differences can be accounted for 
by the lack of absolute purity of each com- 
ponent in the standard mixture, errors in 
measuring peak area and errors in the weigh- 
ing of the standards. The determined values 
for 12:0 and 18:0 were approximately 3% 
higher and 3% lower, respectively, than the 
known weight percentage. In  general, experi- 
mental values obtained for the TFA deriva- 
tives agreed more closely to the known molar 
percent than with the known weight perce~t. 
Excellent agreement between determined values 
and known molar percent was obtained with 
the EGSS-X liquid phase. Differences between 
the response obtained for each of the two 
isomeric forms of either derivative were not 
observed. 

From the data shown in Table II,  it follows 
that glyceryl ethers can quickly aud quantita- 
tively be determined by GLC as their TFA 
and TMS derivatives. The authors are of the 
opinion that the design and type of con- 
struction of a gas chromatograph can affect 
the quantitative results obtained as well as 
type of liquid phase. With this in mind, the 
operator should check the performance of the 
column and instrument with a standard mixture 
of known composition before analyzing samples 
of unknown composition. 

Mixture Analysis 

The data presented to this point have dealt 
mainly with the evaluation of the TFA and 
T ~ S  derivatives for the GLC analysis of 
glyceryl ethers. Synthetic mixtures, unlike 
those that occur naturally, of a particular 
composition were used to illustrate specific 
points. A more difficult problem encountered 
in the GLC analysis of a mixture of naturally 
occurring glyceryl ethers is illustrated by the 
lack of sufficient resolution for quantitative 
analysis of the C-18 synthetic mixture shown in 
Figure 4. Although the concentration of the 
2-isomer occurring in natural sources may be 
much lower or even absent, the establishment 
of this fact is equally important and difficult. 
One approach to the problem that has been 
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Fie. 3. Chromatograms showing the reso]ution 
of purified synthetic 1- and 2-g]yeeryl ether TMS 
derivatives (top) and TFA derivatives (bottom). 
Resolutions were obtained with a 5 ft X ~ in. 
stainless steel column packed with 3% XE-60 on 
80-100 Gas-Chrom Q operating at an isothermal 
temperature o2 200C. The numbered peaks are: 
1) 12:0; 2) 14:0; 3) 16"0; and 4) 18:0. The 
2-isomers were eluted after the l-isomers for the 
TFA derivatives. 

used and two alternate ones will be discussed 
separately. 

Malins and co-workers (4,22,23) reported 
the separation of diaeylglyeeryl ethers and 
free glyceryl ethers from other lipid classes by 
TLC. The isolation of the glyceryl ether di- 
esters is useful only for the analysis of these 
units themselves while the isolation of the free 
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Fro. 4. GLC chromatograms of a mixture of 

saturated, mono- and di-unsaturated C~ isomeric 
glyeeryl ether TFA derivatives. Analyses were 
obtained with a 5 ft • 1N in. aluminum column 
packed with 10.5% EGSS-X on 100-120 mesh 
Gas-Chrom P at 170C. The numbered peaks are: 
1) 14:0-1 and 14:0-2 (used as a marker); 2) an 
artifact peak described in text; 3) 18:0-1; 4) 
18:1-1; 5) 18:0-2; 6) 18:1-2; 7) 18:2-1; and 
8) 18:2-2. 

glyceryl ethers from other unsaponifiable 
material has proved to be most useful. Further 
separations are possible by silver ion im- 
pregnated TLC, routinely used for the separa- 
tion of similar compounds according to degree 
of unsaturation. Separations become increas- 
ingly difficult as polarity of the compounds 
increases, and resolution of the glyceryl ethers 
by silver ion TLC has not previously been re- 
ported. A typical ehromatogram depicting 
the resolution of 18:0-1, 18:1-1, and 18:2-1 
glyceryl ethers after one or two solvent de- 
velopments on silver ion plates is shown in 
Figure 5. Resolution of 1-glyceryl ethers is 
shown here, but the 2-isomer or a mixture of 
the two are resolved equally "+'ell. Each com- 
ponent represents approximately 40 /zg, and 
usually sufficient material for quantitative GLC 
analysis of each band can be obtained from 
one 20- • 20-era plate. The preliminary use 
of silver ion TLC circumvents the problem of 
overlapping GLC peaks of isomeric glyceryl 
ethers having equal chain length. 

An alternate approach to the problem in- 
volves preliminary separation of the 1- and 2- 
isomers by preparative GLC followed by 
quantitative analysis of each isomer. The 1- 

~nIG. 5. Separation of a mixture of C~s free 
glyceryl ethers according to degree of unsatura- 
tion on silver ion impregnated silica gel G plates. 
The ehromatoplates were developed in a solvent 
system of chloroform-ethmml 90:10 (v/v) using 
either one or two developments. 

and 2-isomers of each chain length can be 
separated on a preparative XE-60 colmnn and 
collected by a fraction collector described by 
Wood and Reiser (24). Each fraction call 
then be quantitatively analyzed on an EGSS-X 
analytical column. Even though odd-numbered 
carbon chain lengths and branched chain glye- 
eryl ethers, when present, can still present a 
problem, this approach has tile advantage that 
a component can be collected and its identity 
established by other methods. 

A second alternate approach to the problem 
of peak overlapping makes use of the informa- 
tion obtained from three different liquid phases. 
The scheme that follows will show how a 
mixture of C-18 glyeeryl ether TFA derivatives, 
such as that shown in Figure 4, can be 
analyzed without preliminary fraetionation. 
First  the percentage of each isomer can be 
obtained from the XE-60 column (Fig'. 3, 
bottom, Peak 4). A second piece of needed 
information, the percentage saturation and un- 
saturation, can be obtained from the Apiezon 
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TABLE II 

Comparison of Percentage  Composit ion of Synthet ic  l~ ix tures  of Glyceryl  E thers  
by GLC as Thei r  TFA and  T]~IS Der iva t ives  on Var ious  L i q u i d  Phases  a 
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l-Isonlers 

Column Deriv .  12 :0  14 :O 16 :0  18 :0  18 :1  b 18 :2  b 

XE-60 T F A  20.5 22.9 28.0 28.6 63.9 51.5 
T1ViS 15.5 20.5 29.0 35.1 65.7 55.9 

SE-30 TFA 16.7 21.1 28.4 33.8 61.0 53.2 
TMS 16.3 24.1 28.4 31.3 65.7 60.0 

Apiezon L T F A  16.3 21.2 29.6 32.8 65.9 ...... 
TMS 18.6 22.2 27.8 31.4 66.2 55.1 

E G S S - X  T F A  16.3 23.2 28.8 31.6 62.9 61.9 c 

Known  wt. % 14.3 21.4 28.6 35.7 66.7 60.3 

Known  molar  % 17.0 23.0 27.9 32.1 62.8 59.7 

2-Isomers 

XE-60 TFA 18.2 23.5 27.8 30.4 62.9 53.5 
TI~S 13.8 22.7 29.9 33.6 66.7 60.1 

SE-30 T F A  16.4 23.2 27.2 33.2 64.0 48.6 
TMS 19.2 22.0 27.6 31.2 62.3 60.4 

Apiezon L T F A  17.8 21.9 27.6 32.7 65.6 
T1ViS 15.1 24.5 28.4 32.1 61.3 5619 

E G S S - X  TFA 17.4 23,4 27.8 31.5 63.6 63.9 c 

Known  wt. % 14.3 21.4 28.6 35.7 66.7 66.7 

Know11 molar  % 17.0 23.0 27.9 32.1 62.8 62.8 

a Each figure represents  the mean of three  determinat ions .  
b Determined i nd iv idua l l y  front a mix ture  w i th  the cor responding  14 :0  isomer. 
c De te rmina t ions  made f rom a newly p repared  sample, whereas  other 1 8 : 2  

made from s t anda rd  mixtures  several  hours  old. 
de te rmina t ions  wore 

L column (Fig. 2, bottom, Peaks 4 and 5). 
Using the foregoing information, together with 
that obtained from an EGSS-X column 
(Fig. 4) operating at conditions described 
earlier in which peaks 4 and 5 elute together, 
the percentage of each component tan be cal- 
culated. The percentage of 18:0-1 can be 
obtained directly from the area of peak 3 on 
the EGSS-X column. The difference between 
18:0-1 and the percentage saturation obtained 
on the Apiezon L colunm gives the percentage 
18:0-2 in peak 4 q- 5 of the EGSS-X ehroma- 
togram and the percentage 18:1-1 is calculated 
by difference. The sum of the percentage 18:0-1 
and 18:1-1 from the total percentage of the 
1-isomer obtained from the XE-60 column 
gives the percentage 18:2-1 in peak 6 q- 7 
and the percentage 18:1-2 is calculated by 
difference. The percentage 18:2-2 can be 
calculated directly from the area of peak 8 
(Fig. 4) of the EGSS-X chronlatogram. The 
simplicity of this approach dissipates when 
mixtures of naturally occurring glyeeryl ethers 
possessing branched and odd numbered carbon 
atoms in their hydrocarbon chain are analyzed. 

Each of the approaches described here has 
merits that can be used advantageously in 
certain applications to the solution of the 
problem of peak overlapping in the GLC 

analysis of isomeric mLxtures of glyeeisr ethers 
having equal chain length. The methods de- 
scribed here for the quantitative GLC analysis 
of TFA and TMS derivatives of isomeric 
glyeeryl ethers are now being applied to the 
analysis of glyeeryl ethers from many natural 
sources and will appear at a later date. 
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Isolation of Methyl cis, cis-5,13-Docosadienoate 
from Limnanthes douglasii Oil 
Sara P. Fore, F. G. Dollear and Gene Sumrell, Southern Regional Research Laboratory ~ 
New Orleans, Louisiana 

ABSTRACT 

~ethyl  cis, cis-5,13-docosadienoate has 
been isolated from the mixed methyl esters 
of the fatty acid moiety of Limnanthes 
douglasii oil by a combination of low tein- 
perature fractional c rys ta l l i za t ion  and 
fraetionation of mercuric acetate adducts. 
The methyl ester and its free acid have 
been characterized. 

INTRODUCTION 

T 
HE RECENT PUBLICATION (1) Of tile syn- 
thesis of cis,cis-5,1g-doeosadienoie acid 

prompts us to publish our work on the isolation 
in pure form of the methyl ester of this acid 
from the mixed methyl esters derived from 
Limnanthes douglasii oil, and characterization 
of the methyl ester and its free acid. Bagby 
et al. (2) reported isolation of the acid in im- 
pure form and proof of structure by degrada- 
tion of the tetrahydroxy compound derived from 
the acid by epoxidation followed by hydrolysis. 
No method for isolating moderate quantities of 
either cis, cis-5,13-doeosadienoie acid or its 
nlethyl ester from Limnanthes douglasii oil has 
been reported. Since linoleic acid has been sue- 
~;essfu~iy purified either by low temperature 
fractional crystallization (3) or by urea com- 
plex fraetionation (4,5), the possibility of 
using these techniques for purifying docosa- 
dienoic acid or its methyl ester was explored. 
Preliminary experiments indicated that while 
either technique was useful for concentrating 
the diene, neither appeared very promising as 
a means of purifying it in reasonable yield. 
The separation of methyl esters having differ- 
ent degrees of unsaturation by chromatography 
on a silver nitrate impregnated eolunm has been 
reported by De Vries (6). While we were able 
to prepare methyl docosadienoate of approxi- 
mately 99% purity, by gas-liquid ehroma- 
tographie (GLC) analysis, by this method, the 
large quantities of the highly inflammable sol- 
vents, diethyl ether and petroleum ether which 
would be required to prepare moderate quanti- 
ties of material by this method made it unat- 
tractive. Stearns et al. (7) prepared 95% 
methyl linoleate by partitioning the mercuric 
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acetate adducts of safflower methyl esters be- 
tween nlethanol and petroleum ether. Our pre- 
liminary experiments indicated that the methyl 
docosadienoate could be more effectively puri- 
fied by extraction of impurities from the meth- 
anol-free adduet with petroleum ether and that 
this technique could be combined with low tem- 
perature crystallization of the methyl esters to 
give a reasonably good yield of essentially pure 
methyl cis~cis-5,13-doeosadienoate. 

EXPERIMENTAL PROCEDURE 
AND DATA 

Materials 

Limnanthes douglasii oil was obtained by 
hexane extraction of the ground seed. The oil 
was converted to the methyl esters by alco- 
holysis with methanol employing sodium me- 
thoxide as catalyst. The composition of the 
methyl esters, as determined by GLC, was : C~G:0, 
0.4; C~:~, 0.2; C~:0, 0.2; C~:~, 1.9; C~:~, 0.8; 
C .... 0.6; C ..... 63; C~:~, 0.6; C ...... k ....... , 0.2; 
C~:~, 20; C~:,~, 11; C~_unk ...... , 0.4; C~2~u.k ..... , 
0.7%. 

Unsaturated methyl esters and cyclic olefins 
used to prepare aldehyde standards were ob- 
tained from Hormel Institute a~d K& K Lab- 
oratories, Inc., respectively. ECNSS-S organo- 
silicone polymer was obtained from Applied 
Science Laboratories, stabilized DEGS from 
Analabs and other GLC colunm packing ma- 
terials from Wilkins Instrument Co. 

Analytical Methods 

GLC analyses were made on an Aerograph 
A-700 gas chromatograph equipped with a 

thermal conductivity detector, and employing 
1~ in. O.D. aluminum columns. In  all eases 
helium was used as flow gas and 80-100 mesh 
regular ehronmsorb W as stationary phase. All 
quantitative GLC analyses os methyl esters 
were carried out on a 10 ft stabilized-DEGS 
(20%) eolunm operated at 245C and at a flow 
rate of 50 or 75 ml/min. Peak areas were de- 
termined by triangulation and corrected by 
multiplication by the square root of the mole- 
cular weight of the compound (8). Other 
colmnns and conditions were used for other 
special applications and these are described 
at the appropriate place in the paper. 
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Iodine values were determined by the AOCS 
Official Method (9) and hydrogen-iodine values 
by the method of Pack and Planek (10). 
Elemental analyses were made by Midwest 
Microlabs, Inc. 

Purification of Methyl cis, cis- 
5,13-Docosadienoate 

Mixed methyl esters derived from Limnanthes 
douglasii oil, 1000 g, was dissolved in 9 liters 
of acetone and crystallized in a step-wise 
manner, first at --56C and then at --75C. The 
--75C precipitate fraction, 107.5 g, contained 
70% C-22 diene by GLC. 

A mixture of 50.0 g of the 70% methyl 
docosadienoate, 97.0 g of mercuric acetate and 
300 ml of methanol was refiuxed fox' 15 min, 
then cooled to room temperature and mixed 
with 500 nil of water. Af ter  the layers sep- 
arated, the aqueous methanol was decanted, 
and then the residue was washed two additional 
times with water. The wet residue was trans- 
ferred to a liquid-liquid extractor and extracted 
with boiling petroleum ether (bp, 30-60C). 
The progTess of the extraction was followed 
by GLC analysis of esters regenerated by 
treatment with I-IC1 from aliquots taken from 
the residue at intervals. Extraction was stopped 
after  51/2 hr at which time the methyl esters 
regenerated from an aliquot of the residue 
contained 95% of methyl docosadienoate and 
no further purification appeared to be being 
effeeted. Adduct which oiled out of the petro- 
leum ether extract collected during the last 2 
hr of extraction had the same methyl doco- 
sadienoate content as the residue and was 
combined with it. Adduct recovered from the 
supernatant  liquid from the last 2 hr of extrac- 
tion was combined with adduct which oiled out 
of the remainder of the extract at  - 1 0 C  and 
reextracted with boiling petroleum ether. The 
two residues were combined, dissolved in ether, 
and first washed twice with concentrated HC1, 
then 3 times with water. The amber-colored 
residue, 18.5 g, remaining after  drying over 
sodium sulfate and removal of the ether was 
distilled rapidly (mostly at 153-156C/50 /~) 
through a 3 in. Vigreaux colnnm to yield 16.2 
g of colorless liquid having the same methyl 
docosadienoate content, 95%, as the undistilled 
material. 

Two recrystallizations from 10 ml of petro- 
leum ether (bp 30-60C)/1 g of ester at --75C 
yielded 12.43 g of ester, which had mp --23.5 
to --21.5C (uncorr) and n~ ~ 1.4617. Anal- 
ysis on both the stabilized DEGS column and 
a 20% Apiezon L column, 4 f t  fi~ length, 

operated at 295C and a flow rate of 100 ml/min, 
indicated that  the sample was pure methyl 
docosadienoate. 

Anal. Calc. for C~H~0.2: C, 78.79; I-I, 12.07; 
O, 9.12 ; I.V. and hydrogen - I.V., 144.8. Found : 
C, 78.58; H, 12.10; 0, 9.51; I.V., 145.8; 
hydrogen - I.V., 143.0. 

No evidence of the presence of trans bonds 
was discernible when the sample was examined 
as a liquid film between salt plates on an 
"Infracord" infrared spectrophotometer. 

Methyl docosanoate recovered from the hy- 
drogen-I.V, determinations had the following 
constants: mp 51.6-52.7C (corr) (lit. (11) 
53.3); n~ ~, 1.4357 (lit. (12) 1.4344). 

Anal. Cale. for C~H~,O~: C, 77.90; I-I, 13.08; 
O, 9.02. Found:  C, 77.90; H, 13.00; O, 9.02. 

Location of Ethylenic Bonds in 
Methyl Docosadienoate 

Methyl docosadienoate was converted to 
aldehyde fragments by reductive ozonolysis 
employing the method of Privett  and Nickell 
(13). The aldehydes were analyzed by GLC 
employing columns of three different polarit ies:  
10% EGNSS-S,  5 f t  in length, programmed 
at 100-200C, gas flow, 75 ml/min;  15% QF-1, 
4 ft  in length, programmed at 80-200C, gas 
flow, 25 ml/nfin; and 20% Apiezon L, 4 f t  in 
length, programmed at 100-225C, gas flow, 
50 ml/min. In  order to test the suitability of 
the GLC method for identification of aldehydes 
of the type expected from the methyl doeo- 
sadienoate, a standard mixture consisting of 
pentanal, hexanal, octanal, nonanal, decanal, 
dodecanal, heptanedial, octanedial, methyl 
formylbutanoate, methyl formylpentanoate, and 
methyl formyloetanoate was prepared by ad- 
dition of pentanal, oetanal, and decanal to the 
products of reductive ozonolysis of methyl 
arachidonate, methyl oleate, methyl petro- 
selinate, cyeloheptene and cyclooctene. All  com- 
ponents of the mixture were resolved except 
dodecanal and methyl formylbutanoate on the 
EGNSS-S column, nonanal and methyl alde- 
hydopentanoate, and heptanedial and methyl 
formylpentanoate on the QF-1 column, and 
nonanal and heptanedial on the Apiezon L 
column; and the order of elution for the 
various aldehydes was different on each column. 
The aldehydes derived from methyl doco- 
sadienoate were shown to be methyl formyl- 
butanoate, octanedial and nonanal by chroma- 
tographing on all three columns, both alone 
and mixed with known samples of these three 
aldehydes. Thus the ester is methyl 5,13- 
docosadienoate. 
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5,13-Docosadienoic Acid 

A mixture of 0.18 g sodium hydroxide, 0.25 
ml water, 6 ml ethanol and 1.00 g of methyl 
5,13-docosadienoate was refluxed for 1 hr, 
cooled, diluted with 100 ml of water and ex- 
tracted 3 times with 50-ml portions of diethyl 
ether. The soap solution was then acidified 
with 6 ml of 0.6 N HC1 and extracted 3 times 
with 50-ml portions of petroleum ether. The 
petroleum ether solution was washed with 
water and dried over sodium sulfate, af ter  
which solvent was removed by str ipping under 
vacuum with nitrogen gas. The acid, 0.76 g, 
had the following constants: mp --0.5 to 1.5C 
(uncorr) ;  n~  ~ 1.4684 (lit. (1) mp - -4C;  

1.4697). a n ,  

Anal. Calc. for C~I-I~00~: C, 78.51; H, 11.98; 
O, 9.51. Found:  C, 78.55; H, 12.17; O, 9.43. 

DISCUSSION 

Although attempts to pur i fy  methyl cis, cis- 
5,13-docosadienoate or its derived acid by 
several methods which have been used success- 
fully with another cis, cis-diene, linoleic acid, 
were unsuccessful, methyl cis,cis-5,13-doco- 
sadienoate was isolated from the mixed methyl 
esters derived from Limnanthes douglasii oil 
in a yield of 24% of that present in the 
original esters by a combination of low tem- 
perature crystallization and mercuric acetate 
adduet fractionation techniques. The various 
analyses performed on the methyl ester indicate 

that it is essentially pure cis,cis-5,13-doco- 
sadienoate. The compound possesses some 
unusual infrared and nuclear magnetic 
resonance (NMR) characteristics which are be- 
ing explored further and will be the subject of a 
future publication. 
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The Effect of Dietary Fat on Fatty Acid Synthesis in 
Cell-Free Preparations of Lactating Mammary Gland' 
John G. Coniglio and Raymond Bridges, Department of Biochemistry, 
Vanderbilt University, Nashville, Tennessee 

ABSTRACT 

Cell-free preparations of lactating' 
mammary gland of rats maintained during 
lactation on a fat-free diet incorporated 
C~-aeetate into fat ty  acids to a greater 
degree than preparations made from rats 
fed a similar diet containing 20% fat. 
The type of fa t  used did not affect the 
degree of inhibition of synthesis. C ~'- 
acetate was incorporated mainly into 
dodeeanoie and tetradeeanoie acids although 
labeling' was observed in fat ty  acids from 
8-18 carbons. The pattern of labeling was 
not significantly different in the various 
groups except for slightly decreased 
amounts of C ~' in the shorter chain fat ty  
acids of preparations made from glands 
of rats on the fat-free or coconut oil- 
containing diet. The fat ty  acids charac- 
teristic of the fed fat  became prominent 
eomponents of the mierosomes and mito- 
chondria as well as of the fat  floating on 
the centrifuged homogenates (presmuably 
milk fat) .  

INTRODUCTION 

T HE LACATATING MA2,IMARu GLAND i s  very ac- 
tive in the synthesis of fa t ty  acids and of- 

fers a unique s)stem for the study of the regu- 
lation of fat  synthesis. Responses of liver and 
adipose tissue to inclusion of fa t  in the diet have 
been well established. Thus, Masoro et al (1) 
found that liver slices prepared from rats fed 
a high-fat diet for as short a period as three 
days had little ability to synthesize C~'-fatty 
acids from C~-glueose. Similar findings were 
reported for adipose tissue by Hausberger 
and 5Iilstein (2). The effect of dietary fat  on 
fat  synthesis in mammary gland has been 
studied much less extensively, and most of 
the studies available are on cows (3). I t  was 
of interest, therefore, to deternfine the nature 
of the influence of dietatw fat on fat ty  acid 
synthesis in lactating mammm5" gland of rats. 
In  addition, a study was made of the effect 
of the dietary fat  on the fat ty  acid COUlposi- 
tion of ,nammary gland microsomes and mito- 
chondria and of the fat  floating on the cen- 
trifuged homogenates. 

1 Presented a t  the AOCS Meeting', Chieag'o, October 
I964.  

EXPERIMENTAL 
Animal Studies 

On tile day of parturi t ion Sprague-Dawley 
rats were placed on one of the following 
purified diets: basic, fat-free ( F F ) ;  basic, 
plus 20% by weight of' a eonuuereial corn oil 
(CNO);  basic, plus 20% by weight of a com- 
mereial coconut oil (CO);  basic, plus 20% 
by weight of a commercial vegetable shortening 
(VS) (Crisco containing added polyunsatu- 
rates. Procter & Gamble Co., Cincinnati, Ohio). 
The basic diet contained sucrose, casein, salts, 
and adequate vitamin supplements, and its 
exact composition has been described (4). The 
major fat ty  acid composition of each of these 
diets is shown in Table I. Only rats suckling 
six or nlore pups were used and the number 
of pups of experimental and control rats was 
kept identical. The animals were killed at 
20-25 days postpartmn. Mammary glands 
were chilled in ice immediately after  removal, 
and all subsequent operations were carried out 
at  4C. Af ter  washing onee with homogenizing 
medium and mincing finely with scissors, the 
glands were homogenized in 11/2 volumes of 
0.25 M sucrose containing 0.03 M nieotinamide. 
Homogenates were centrifuged for 10 minutes 
at 600 • g, at 10,500 • g for  20 rain, and 
finally at 105,000 • g for 60 rain. Fo r  most 
of the experiments the amounts of eofactors 
used were those found by Dils and Popj~k 
(5) to be optimal for fa t ty  acid synthesis 
from acetate. These were as follows: L ( + )  
eysteine (10 raM), ATP (20 raM), CoA 
(0.13 raM), DPNH (0.33 raM), TPN (0.66 
raM), glucose-6-phosphate (20 lnM), KHCO~ 
(50 raM), MnCI~ (3.3 raM), sodium malonate 
(50 raM), C~-aeetate (10 raM), potassium phos- 
phate buffer, p H  7.4 (130 taM), final volmue 
1.5 nil. Incubations were done at 37C under 
nitrogen for time periods up to 2 hr. 

Analyses 

Fa t ty  acids were isolated by extraction with 
petroleum ether (bp 40-60C) after  hydrolysis 
with potassium hydroxide. C~-aetivity was 
determined by liquid scintillation counting of 
an aliquot of the extracts at an efficiency of 
78%. C~'-activity of individual fa t ty  acids 
was determined by collecting the effluent from 
gas-liquid chromatographic colunms in anthra- 
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T A B L E  I 

M a j o r  F a t t y  Acid Composit ion of D ie t s  

% of T o t a l  fa t ty  acids  

F a t t y  ac id  Die t  F F  a Die t  CNO Die t  u  Die t  CO 

6 : 0  2.9 - -  t r a c e  b - -  
8 : 0  1.0 - -  t r a c e  9.3 

1 0 : 0  2.6 - -  t r a c e  7.1 
1 2 : 0  2.2 t r a c e  t r a c e  53 .7  
14 : 0 9 .5  t r a c e  t r a c e  19 .4  
1 6 : 0  28 .5  10.1 8.6 4.9 
1 6 : 1  2.2 t r ace  t r a c e  t r a c e  
1 8 : 0  16 .0  1.1 3.9 0.9 
1 8 : 1  29 .5  26 .0  54 .6  3.6 
1 8 : 2  2.7 61.9 c 30.1  1.3 
l S  :3 1.4 0.7 1.9 t r a c e  

a F F - - f a t - f r e e  ; C N O - - e o r n  oil ; V S - - v e g e t a b l e  
s h o r t e n i n g ;  C O - - c o c o n u t  oil. 

b T r a c e  ~ less t h a n  0 . 2 % .  
Un~sua.tIy high va'me for  l inoleic  ac id  was  ver i f ied 

by reana lys i s .  

T A B L E  I I  

Effect  of D i e t a r y  ]~at on I n c o r p o r a t i o n  of C~-Aeetate  
in to  F a t t y  Acids  by Cei l -Free P r e p a r a t i o n s  of M a m m a r y  

Gland  

C t~ I n c o r p o r a t e d  in  f a t ty  acids  
(~ moles pe r  mg p ro t e in )  

1 0 5 , 0 0 0  X g 10 ,500  X g 
Die t  fed Supernatant Supernatant 

Fa t - f r ee  0 .087  0 . 0 2 6  
Vegetable  s h o r t e n i n g  0 .033  0 .010  
Fa t - f r ee  0 .113  0 .058  
Corn oil 0 . 0 4 5  0 . 0 1 5  
Fa t - f r ee  0 . 1 0 6  0 .037  
Coconut  oil 0 . 0 4 5  0 .015  

Components  of the i ncuba t ion  med ium a rc  g iven  in  
the expe r imen ta l  section. I n c u b a t i o n  t ime  was  2 h r  ; 
5 #c subs t r a t e  ( C H a C 1 4 0 0 N a )  w e r e  used.  I n  each 
expe r imen t  p r e p a r a t i o n s  made  f rom a n i m a l s  fed the  
fa t - f ree  or f a t - c o n t a i n i n g  diet  were  incuba ted  wi th  the  
8anle lnediuln.  

cene cartridges and subsequent determination 
in the liquid scintillation spectrometer. An 8 
ft column (I. D., 4 ram) of diethylene glycol 
succinate polyester (12%) on 110/120 mesh 
Chromosorb P nlaintained at 195C was used 
for the separation. The effluent from the 
column was split, approximately 80% being 
collected and 20% furnished to the argon 
detector. In  preparing methyl esters for gas- 
liquid chromatography, fatty acids of short 
chain length were lost to varying degrees. Thus, 
about 25% of octanoic acid and about 20% 
of decanoic acids were lost as shown by use 
of C ~+ labeled standards. Recovery of dode- 
canoic and tetradecanoic acids was quantita- 
tive. Corrections have not been made for these 
losses in the tables. Known samples of methyl 
laurate-l-C ~, methyl myristate-l-C 1", and methyl 
stearate-l-C 1~ were used for determining the 
recovery of C~'-compounds in the anthracene 
cartridges. Values found were 60% for methyl 
lain'ate, 70% for methyl nlyristate, and 80% 
for methyl stearate. These values were used 
for correction of the data obtained by use of 
anthracene cartridges. Standards of methyl 
esters of fatty acids obtained from the National 
Heart Institute and Applied Science Corpora- 
tion were used for checking the quantitative 
response of the Barber Colman argon detector. 

RESULTS 

The data in Table I I  show that addition of 
any of the three types of fats to the basic 
diet decreased fatty acid synthesis in cell-free 
preparations made from mammary gland of 
lactating rats to about one-third the amount 
obtained in preparations made from animals 
on the fat-free diet. Results of tests using any 
one diet were similar; therefore, only a typical 
experiment for each diet is shown in the table. 

The number of experiments in each ease was: 
VS, 6; CNO, 4; CO, 4. In  each experiment 
a preparation from a lactating rat maintained 
on the fat-free diet was included. Varying the 
type of fat did not alter the amount of decrease 
in the incorporation of Cl~-acetate into fatty 
acids in a consistent manner. 

A preparation containing the 105,000 • g 
soluble supernatant plus the microsomes 
sedirnented at this centrifugation (this is 
equivalent to the supernatant obtained after 
centrifuging the homogenate at 10,500 X g 
for 20 rain) from each of these experiments 
was also incubated with C~'-aeetate. The re- 
sults were similar to those obtained with the 
soh, ble superuatants alone except for a smaller 
percentage incorporation. The preparations 
from rats oil the VS diet gave consistently the 
lowest C~Mneorporation. 

In  an attempt to stimulate synthesis of 
fatty acids by the fraction containing nfiero- 
somes, as reported by Howard and Lowenstein 
(6), a-glycerophosphate was added to the in- 
eubation flasks in some experiments. In  a 
few of these experiments a stimulato~w effect 
was noted but the increase in synthesis was 
small. The effect was observed only in about 
one half of the experiments. The dietal~y fat 
was not a factor in the response. 

The effect of the dietary fat on the com- 
position of the fat floating on the centrifuged 
homogenates (presumably milk fat;  see refer- 
ence 5) was studied. The major fatty acid 
composition of these samples is summarized in 
Table I I I .  The types of fatty acids fed deter- 
mined the major fatty acids found in the milk 
fat obtained from the gland. Dietary coconut 
oil resulted in large concentrations of dode- 
canoic and tetradeeanoie acids, dietary coal 
oil in octadeeadienoie acid, and dietary 
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T A B L E  I I I  

E f f e c t  o f  D i e t a r y  F a t  o n  F a t t y  A c i d  C o m p o s i t i o n  of  
t h e  F a t  F l o a t i n g  o n  t h e  C e n t r i f u g e d  H o m o g e n a t e s  

( " m i l k "  f a t )  

% of  T o t a l  f a t t y  a c i d  
F a t t y  

a c i d  F F  D i e t  V S  D i e t  C O  D i e t  C N O  D i e t  

8 : 0  7 . 7 _ + 2 . 6  a 3 . 9  ~ 1 .5  4 . 4 - + 1 . 6  6 . 2 _ + 2 . 0  
1 0 : 0  1 9 . 2  -+ 3 . 7  4 . 1  • 1 .2  9 . 5  ~ 2 . 7  7 .0  • 2 . 6  
1 2 : 0  1 1 . 9  ~ 1 .0  1 .1  ~-  0 . 4  2 8 . 9  --~ 2 . 8  2 . 7  -4- 1 .3  
1 4 : 0  8 .2  -+ 1 .1  1 .3  ~--_ 0 .3  1 4 . 2  -4- 1 .9  1 .1  -4- 0 . 4  
1 6 : 0  2 0 . 9 - + 1 . 6  1 8 . 2 + 2 . 4  1 9 . 2 - + 2 . 4  1 4 . 4 - + 1 . 0  
1 8 : 0  2 . 8  ~ 0 . 4  4 . 8 •  2 . 7  ~ 0 . 5  2 .2  -+- 0 . 4  
1 8 : 1  2 1 . 4  ~ 3 .1  4 4 . 0 - + 2 . 0  1 7 . 2 - + 4 . 6  2 2 . 9 - + 3 . 0  
] 8 : 2  3 .8  --~ 0 . 6  2 0 . 5 •  2 . 1 - + 0 . 5  4 0 . 4  -+ 2 ,1  

a A v e r a g e  ~ s t a n d a r d  e r r o r  of  t h e  m e a n .  

vegetable shortening in oetadecenoic acid. The 
fat-free diet resulted in relatively large amounts 
of fatty acids of chain lengths shorter than 
hexadecanoic. Very small concentrations of 
octadecadienoie acid were observed in fat ob- 
tained from preparations made from animals 
fed the fat-free or coconut oil diets. 

Incorporation of C" from acetate into fatty 
acids of chain lengths from 8-18 carbons was 
observed, but the amount of label found in 
18 carbon fatty acids and in the monoencs 
was veiny small. Predominant labeling was ob- 
served in dodeeanoic and in tetradecanoic with 
significant quantities also seen in decanoic and 
hexadecanoie acids. Less C ~' was found in the 
shorter chain fatty acids isolated from prep- 
arations of rats on the F F  diet than those on 
the VS diet (P = .005). Similar findings 
were obtained in the C0-fed animals when 
compared to the animals on the u  diet (P = 
.015). The la~'gest amount of C~-incorporation 
into dodecanoic acid occurred in animals on 
VS diet. Incorporation into tetradecanoic acid 
was high in all groups and highest in the F F  
and CO groups (P = ,05 between animals 
on F F  and VS diets; P = .15 between CO 

T A B L E  I V  

I n c o r p o r a t i o n  of  C 14 f r o m  ~ c e t a t e  i n t o  I n d i v i d u a l  
F a t t y  A c i d s  b y  S o l u b l e  S u p e r n a t a n t  F r a c t i o n s  of  

! V [ a m m a r y  G l a n d  

% of  T o t a l  C 14 
F a t t y  

a c i d  F F  D i e t  V S  D i e t  C O  D i e t  C N O  D i e t  

8 : 0  2 . 0  • 0 . 9  6 . 0  -+ 3 .2  n i l  3 . 7  -+ 0 . 1  
1 0 : 0  1 0 . 8  -+ 2 . 0  2 0 . 1  -+ 2 .8  7 .1  --~ 2 .0  1 2 . 3  -4- 5 . 8  
1 2 : 0  1 7 . 8  ~ 1 . 7  3 2 . 6  -4- 5 . 3  1 3 . 2  -+ 4 . 0  2 1 . 3  -4- 2 . 9  
1 4 : 0  4 1 . 2  ~-  1 .3  3 5 . 4 - + 3 . 5  4 3 . 7  --~- 3 . 8  3 3 . 2  "+" 4 . 1  
1 6 : 0  2 4 . 4  -~ 4 . 6  1 2 . 9  ----, 1 .9  3 0 . 2  --~ 8 .3  2 0 . 1  ----- 8 . 8  
1 8 : 0  1 .1  • 0 . 4  n i l  n i l  n i l  

F o r  F v a l u e s  s ee  t e x t .  

and VS).  C ~' in hexadeeanoie acid was greater 
in preparations made from rats on F F  and 
CO diets than from those on VS diet (P = 
.04 between F F  and VS diets; P ---- .05 between 
CO and VS diets). C ~ distribution in fatty 
acids synthesized by preparations of soluble 
supernatant plus microsomes was in general 
similar to that for soluble supernatant alone. 
Preparations nlade from rats on CO or CNO 
diets apparently synthesized fatty acids of 
shorter chain length to a greater extent than 
did soluble supernatant alone. However, these 
differences did not test statistically significant 
due to wide variation in the results. 

The effect of the various diets on the fatty 
acid composition of the mammary gland tissue 
was studied by determination of the fatty acid 
coniposition of washed microsomes and mito- 
chondria from these preparations. Results are 
summarized in Table V. Significant differences 
in fatty acids of microsonies of different groups 
were found. Dodecanoic acid was highest in 
the CO group (P ---- .02 between the F F  and 
CO groups);  tetradeeanoic acid concentration 
of CO groups was high (but not significantly 
higher than F F  group) ;  octadecadienoic acid 
content was high in the glands of VS and CNO 

T A B L E  V 

E f f e c t  of  D i e t a r y  F a t  o n  F a t t y  A c i d  C o m p o s i t i o n  of  M i c r o s o m e s  a n d  M i t o c h o n d r i a  of  i V I a m m a r y  G l a n d  

% of  T o t a l  f a t t y  a c i d s  

F F  D i e t  V S  D i e t  CO D i e t  C N O  D i e t  

F a t t y  a c i d  M i c r o s o m e s  M i t o c h o n d r i a  M i c r o s o m e s  M i t o c h o n d r i a  M i c r o s o m e s  M i t o c h o n d r i a  ] V l i c r o s o m e s  M i t o c h o n d r i a  

8 : 0 t r a c e  t r a c e  t r a c e  t r a c e  t r a c e  t r a c e  t r a c e  t r a c e  
1 0 : 0  4 , 4  --~ 1 .2  1 0 . 3  • 3 . 7  1 .0  • 0 . 1  3 . 0  -+- 0 . 9  2 . 8  --~ 1 .1  8 .0  --~ 2 .5  1 .5  --~ 1 .0  1 .5  --~ 0 .9  
1 2 : 0  4 . 8  --+ 0 . 7  a 7 .2  -+ 2 .2  0 .9  -~- 0 . 1  1 .9  -+ 0 .8  9 .8  --+ 2 . 7  2 8 . 7  ~ 1 .3  1 .0  • 0 . 3  1 .3  ~ 0 .6  
1 4 : 0  6 . 0 - + 0 . 9  6 . 1 •  1 .1  • 0 . 1  2 . 0  --~ 1 .2  8 . 7 - + 1 . 3  ] 1 . 5 - + 1 . 6  1 .2  "-~ 0 .2  1 . 9 - + 0 . 3  
1 6 : 0  2 3 . 7  --~ 1 .3  2 0 . 3  ~ 1 .8  1 8 . 6  -4- 1 .3  1 6 . 7  -+ 3 . 4  2 0 . 1  -4- 1 . 4  1 2 . 9  --~ 0 .9  1 4 . 5  --~ 1 .2  1 4 . 0  _+ 1 .1  
1 6 : 1  3 . 3 - + 0 . 1  2 .7  --~ 0 .3  2 . 0 - + 0 . 3  1 . 2 - + 0 . 2  2 . 0 - + 0 . 3  1 . 7 - + 0 . 4  0 . 8 - + 0 . 2  0 . 4 - + 0 . 2  
1 8 : 0  1 4 , 9 - + 1 . 7  1 1 . 8 - + 1 . 8  1 7 . 1 - + - 2 . 0  1 5 . 4 " + - 2 . 1  1 4 . 5 - + 2 . 5  7 . 2 _ + 1 . 4  2 0 . 0  ~ 0 . 6  2 0 . 3  ~ 1 .0  
: [ 8 : 1  2 1 , 8 •  1 6 . 9  --~- 2 . 4  2 5 . 9 - + 1 . 7  2 5 . 1 - + 3 . 3  1 8 . 9 - + 1 . 8  8 .0  --~- 1 .4  1 7 . 8 •  1 5 . 6 - + 0 . 9  
1 8 : 2  8 . 3 - + 1 . 8  6 . 2 - + 0 . 6  2 3 . 7  ~ 2 .2  2 3 . 2 - + 1 . 9  1 1 . 2  --~ 0 .9  1 0 . 0 - - + 0 . 8  3 8 . 9  ~ 0 .9  4 2 . 1 - + 1 . 1  
2 0 : 3  1 ,6  ~ 0 .1  - -  t r a c e  - -  0 . 8  -4- 0 .2  t r a c e  
2 0 : 4  9 . 4  ~-  1.31~ 1 3 , 2  ~ 2 .2  8 . 3 •  9 . 1 - + 1 . 3  9 .5  -+ 0 . 7  c 9 . 5  -~- 0 . 8  4 . 8 - - + 0 . 9  7 . 7 - + - 1 . 2  

a 1) v a l u e  f o r  d o d e c a n o i c  a c i d  b e t w e e n  F F  a n d  C O  ~ . 0 2 .  
b p v a l u e  f o r  e i c o s a t e t r a e n o i c  a c i d  b e t w e e n  F F  a n d  C N O  ---- . 03 .  
c p v a l u e  f o r  e i c o s a t e t r a e n o i c  a c i d  b e t w e e n  C O  a n d  C N O  ---- . 01 .  
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animals. Of great interest was the observation 
that the concentration of eieosatetraenoic acid 
was no less in F F  or CO animals than in the 
CNO or VS rats. Actually, the eicosatetraenoate 
concentration of the CNO group was lower than 
that of the CO animals (P ~ .01) and of the 
F F  group (P = .03). Traces of a fatty acid 
with a retention time corresponding to an 
eicosatrienoic acid was observed in microsomes 
of the animals on the F F  or CO diets. 

The changes seen in the fatty acids of the 
mitochondria were similar in nature to those 
of the microsomes. Shorter chain fatty acids 
were increased in concentration in samples 
from animals on F F  and CO diets more than 
in those from animals on VS or CNO diets. 
The concentration of dodeeanoic acid was 
highest in the CO preparations while the con- 
centration of oetadeeenoic acid was highest in 
the group fed the VS diet. In  glands of animals 
fed CNO or VS diets the concentration of 
octadeeadienoic acid was the highest. The 
greatest amount of eicosatetraenoic acid was in 
the animals fed the F F  diet, although dif- 
ferences in the various groups were not statis- 
tically significant. 

DISCUSSION 

These experiments demonstrated that the 
mammary gland responds to dietary fat in the 
same manner as liver and adipose tissue, i.e., 
fatty acid synthesis was decreased by addition 
of fat at a level of 20% by weight to an 
otherwise fat-free diet. Supernatants obtained 
after centrifugation at 105,000 • g and super- 
natants containing microsomes responded 
similarly. 

The type of fat in the diet had no significant 
effect on the extent of inhibition of synthesis. 
Because different fatty acids were furnished by 
the various dietary fats used, it had been hy- 
pothesized that inhibition of synthesis by these 
fats might be sufficiently different to change the 
C ~' distribution in the synthesized fatty acids. 
However, the only difference obtained was a 
greater C ~ incorporation in the shorter chain 
fatty acids of animals fed the VS diet com- 
pared to rats on the F F  diet. Thus, synthesis 
was apparently inhibited in the same manner 
in all preparations. I f  synthesis was inhibited 
by the aecunmlation of long chain fatty aeyl 
CoN compounds (7), the difference in chain 
lengths of fatty acids fed was not very im- 
portant. The C ~ incorporation into the fatty 
acids was no different when microsomes were 
left in the preparation than when they were 
omitted. These results obtained in mammary 

gland of the rat are different than those ob- 
tain in preparations of liver (8) or prepara- 
tions of rabbit mammary gland (9). In  those 
instances the preparations containhlg micro- 
somes resulted in more C l~ incorporation in 
fatty acids of longer chain lengths than in 
experiments with supernatants alone. 

The different diets did, however, affect the 
fatty acid composition of the milk. In  each 
case the fatty acids characteristic of the fed 
fat became prominent components of the fat 
skimmed off the top of the centrifuge tube 
after eentrifugation. Such fat obtained from 
preparations of rats fed the fat-free diet con- 
rained larger amounts of shorter chain acids 
than did fat obtained from preparations of 
rats fed diets containing fats. These results, 
in part, are similar to those reported by Insull 
et al (10) in their studies on human milk. These 
investigators reported that during energy 
equilibrium milk fat closely resembled dietary 
fat. When excess (1000 calories above main- 
tenance requirements) nonfat calories were 
fed, the milk showed an increase in tetrade- 
canoie and dodeeanoic acids, prcsmnably from 
mammary gland synthesis. Beare (11) found 
that rats given maize oil transferred linoleic 
acid to milk, while in a low fat diet the milk 
fat produced was characterized by an in- 
creased proportion of shortchain saturated 
fatty acids. 

The diet was also effective in changing the 
fatty acid composition of the subcellular 
particles of mammary gland. The fatty acid 
predominant in the dietary fat increased in 
concentration in the mierosomes and mito- 
ehondria. Omission of essential fatty acids in 
the diet ( F F  and CO diets) for a period of 
20-25 days led to traces of an acid of re- 
tention time indicative of eicosatrienoie acid 
(presmnably the 5, 8, 11 isomer which accumu- 
lates in fat deficiency) (12). An interesting 
finding was the lack of decrease of eicosate- 
traenoic (presumably araehidonic) acid in the 
nficrosomes and mitoehondria in spite of a low 
concentration of octadecadienoic acid. The sub- 
cellular structures containing' this metabolite 
nmst thus not be subject to very rapid turnover. 
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Synthesis of trans-3-Hexadecenoic Acid and of 
trans-3-Hexadecenoic-l-C" Acid 
Werner G. Knipprath and Robert A. Stein, Department of Biological Chemistry, 
School of Medicine, University of California at Los Angeles, California 

ABSTRACT 

:The trans-3-hexadeeenoic acid has been 
synthesized. Physical properties and chem- 
ical degradation prove its identity with 
the acid earlier isolated from several plant 
lipids. In  the sequence of the synthesis, 
the introduction of a terminal triple bond 
into commercially available 1-tetradecene 
was performed by bromination and de- 
bromination with KOH and NaNH~. Chain 
elongation by a Grignard reaction with 
CO~ gave a earboxylie acid with a triple 
bond in the 2-position. Reduction with 
LiA1H, yielded the corresponding alcohol, 
and reduction of the triple to the trans 
double bond was accomplished with Na in 
ethanol. Bronfination of the alcohol with 
PBr~ and eonversion of the bromide to the 
nitrile with KCN or KC"N elongated the 
earbon chain to the desired length. 
Methanolysis with HC1 in methanol and 
saponification with XOH formed the acid 
with aeceptable yields, and in the ease of 
the C~Mabeled carboxyl group, with high 
specific activity. 

INTRODUCTION 

T HE TRANS-3-HEXADECENOIC acid was first 

detected, isolated in pure form and identi- 
fied as such from the lipids of the fresh water 
algae, Scenedesmus obliqwt~s, by Klenk and 
Knipprath (1), and a possible significance as an 
intermediate product in the biogenesis of fat ty 
acids was suggested. Since then the acid has 
been shown to be present also in the lipids 
of higher plants by Debueh (2) and by Weenink 
and Shorland (3). The last-mentioned authors 
found it to be exclusively a part  of the phos- 
phatidyl glycerol fraction. This occurrence, 
coupled with its unique structure may indicate 
that it participates in the photosynthesis re- 
actions of the plant. The unusual position of 
the trans double bond close to the carboxyl 
group raises the question of the metabolic 
significance of the acid. In  the cases examined, 
however, the acid was always a minor con- 
stituent of the total fatty acid mixture. 
Davidoff and Korn (4) found that the CoA- 
derivatives of this acid and the C~4 and C~ 
homologues were synthesized from C~,, C~, 

and Cls fatty acyl-CoA by subcellular fractions 
from homogenates of the slime mold, Dictyo- 
stelium discoideum, together with tile CoA- 
compounds of trans-2-, and cis-3-unsaturated 
fatty acids and D(--)-f l-hydroxy acid. The 
authors demonstrated that direct isomerization 
of the unsaturated fatty acids occurs. In  a 
recent work tim same authors (5) used enzymes 
from guinea pig liver mitochondria and found 
the forraation of the CoA-derivatives of the 
same unsaturated fatty acids and of 1-fl-hy- 
droxy palmityl-CoA from palmityl-CoA and 
the interconversion of the substrates. Under 
anaerobic conditions with an electron donor 
the unsaturated components were reduced to 
pabnityl-CoA. 

The synthesis described here gives the final 
proof for the structure of the acid. In  the 
preparations, the common methods for the 
introduction of a C1Mabeled carboxyl group 
either could not be applied at all or gave un- 
satisfactory yields, mainly because of the posi- 
tion of the double bond. For example a reac- 
tion of the Grignard compound of the inter- 
mediary l-bromo-tra~ts-2-pentadecene with C02 
resulted only in a very small amount of the 
desired carbon chain elongation, even at lower 
temperatures, the main product possibly being 
a branched chain compound. Also the reactions 
with Cu(CN)~ at 165C and with KCN in 
alcohol failed. The only method found to give 
good yields of the desired product without 
significant side reactions, was that described 
by Sugimoto et ah (6), which is the basis of 
this communication. This method employs 
relatively mild conditions, and the progress of 
the reaetion can be followed by gas chroma- 
tographic analyses. 

EXPERIMENTAL 

The reaction sequence described here is shown 
in Figure 1. ~J[elting points were taken on a 
Fisher melting point block and are corrected. 
The gas chromatographic analyses were per- 
formed on a Barber-Colman Model 10 appara- 
tus with a 3 ft  X 0.25 in. colunm of ethylene 
glycol suceinate, 13% on siliconized fire brick, 
100 to 115 mesh. Gas chromatographic anal- 
ysis of the C1Mabeled acid was performed on 
a Loenco Model 70 Hi-Flex apparatus with a 
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Br2 
CHs(CH2)~ ~H ---- CH2 

KOH 
CH3(CH2)~I CHBr-- CH2Br 

NaNH2 
CHs(CH2)I I CH ---- CHBr ) 

EtMgBr 
CI-Is(CHe)~ C --~ CII ) 

C02 
CHs(CHe)11 C ~ CMgBr ) 

LiA1H~ 
CHa(CHe)~C------C C 0 0 H  ) 

Na 
CHa(CHe)11C ------ C CH20H ) 

PBrs 
CHs(CH_~)I~CH ~ CH CI-I20H 

KCN 
CHs(CH2)I I CH ~ CH CHeBr 

MeOH 
CIIs(CHe)11 CH ~ CH CH2CN 

H20 
CI-I3(CH2)~ CH : CH CH~ COOCH3 

CHa(CH2)n C H : C H  CH2 COOH 

Fro .  1. F l o w  d i a g r a m  of  the  r e a c t i o n  sequence .  

5 f t  • 1~ in. column of SE, 10% on 
Chromosorb W. 

1,2-Dibromotetradecane was obtained as 
described by Kra f t  (7) by bromination of 
commercially available 1-tetradecene. 1-Tetra- 
decene (95 g, 0.48 mole) in 500 ml CC1, was 
reacted by the dropwise addition of 79 g 
(0.49 mole) Br~. Removal of the solvent by 
distillation and fractionation of the residual 
oil gave 154.6 g (0.43 mole) (90% yield) 1,2- 
dibromotetradecane, bp 140-56C, 0.22 ram, as 
a slightly yellow clear liquid. 

1-Bromo-l-tetradecene was synthesized ac- 
cording to the method of K r a f t  and Reuter 
(8). Dehydrobromination of 154.6 g (0.43 
mole) 1,2-dibromotetradecane was accomplished 
by heating in a solution of 75 g KOH in 700 
ml ethanol at 40~5C for several hours. After  
completion of the reaction, as indicated by the 
disappearance of the rather insoluble dibromide, 
the solution was poured into water, extracted 
with ether, and dried over MgS04. Distillation 
gave 109 g (0.40 mole) (91% yield), bp 118- 
120C, 0.2 ram. 

1-Tetradecyne was prepared according to the 
method of Lespieau and Bourguel (9). Sodium 
amide prepared from 36 g (1.57 g at.) Na 
in 600 ml liquid NH~, was suspended in 300 
ml mineral oil (bp > 250C). 1-Bromotetra- 
decene (95 g, 0.35 mole) was added and the 
mixture heated for 2 hr at 165C. The excess 
NaNtt~ was decomposed by the addition of 
dilute HC1. The organic phase was extracted 
in ether, washed, and dried over MgSO~. Distil- 

]ation at 127C~ 15 mm gave 67 g product 
contaminated by mineral oil. In  order to pur i fy  
the acetylene compound, it  was dissolved in 
160 nil ethanol and reacted by the dropwise 
addition of a solution of silver nitrate in 
ethanol/water (9:1 v /v) .  When the precipitate 
had settled and further addition of the reagent 
left the liquid phase clear the white micro- 
crystalline powder was isolated by filtration on 
a Buchner funnel and washed with ethanol, 
then with ether. Decomposition of the pre- 
cipitate in order to recover the acetylene com- 
pound was carried out by shaking i t  with 
dilute HC1 at room temperature. The organic 
layer was separated, and after  washing and 
drying over MgSO~, the 1-tetradeeyne weighed 
60.5 g (0.31 mole) (90% yield).  

2-Pentadecynoic acid. To an ethyl Grignard 
reagent prepared in the usual manner from 
47.9 g (0.44 mole) bromoethane and 10.1 g 
(0.42 g at.) Mg in 60 ml ether, was added 
dropwise 60 ml (0.31 mole) 1-tetradecyne 
[Osbond ct al. (10)].  When the evolution of 
ethane ceased, CO~ was bubbled through the 
solution causing a slight increase in tempera- 
ture and viscosity. The product was poured on 
ice, acidified by aqueous HC1, extracted by 
ether, washed, and dried over MgSO~. The 
crude product was purified by chromatography 
on silieic acid/Cclite (10:1 w/w) in a 8 • 15 
cm column. The procedure was carried out 
with batches of 15 g each, and the elution from 
the column was performed with n-pentane 
(200 nil) and by n-pentane containing 10% 
ether, which eluted the acid and was run 
through the column until no more acid was 
elnted. The acid-containing fractions were 
combined and the solvent removed. Fur ther  
purification by crystallization from acetone at  
--20C gave 67 g (0.28 nmle) (91% yield) 2- 
pentadecynoic acid, mp 42.5-43C. 

2-Pentadecyn-l-ol was prepared from the 
corresponding acid by a modification of the 
LiA1H, reduction procedure described by Crom- 
hie (11). To 15 g (0.063 mole) 2-pentadecynoic 
acid in 80 ml ether was added dropwise with 
stirring 2.6 g (0.069 mole) LiA1H~ in 50 ml 
ether. Acidification with aqueous HC1, wash- 
ing, drying (MgS04), and solvent removal gave 
the crude alcohol. Crystallization from 40-60C 
petroleum ether gave 12.3 g (0.055 mole) 
(87% yield) 2-pentadecyn-l-ol, mp 35-36.5C. 

Trans-2-Pentadecen-l-ol. The reduction of a 
tr iple to a trans double bond requires a very 
large excess of Na in ethanol [Jenny and Grob 
(12)].  2-Pentadccyn-l-ol (6 g, 0.027 mole) in 
1.8 1 95% ethanol was reduced by the slow 
addition of 210 g Na. The viscous solution was 
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refluxed in an oil bath until the Na disappeared. 
The mixture was poured on ice, diluted with 
water and extracted with ether, the extract 
being washed until  neutral. After dryi~4~" 
(MgSO4) and solvent removal, the product 
was crystallized from petroleum ether to yield 
5.8 g (0.026 mole) (96% yield) trans-penta- 
deeen-l-ol, mp 47-8C. 

1-Bromo-trans-2-pentadeeene. Following the 
method of Newman and Wotiz (13) 5.8 g 
(0.026 mole) trans-2-pentadecen-l-ol in ether 
was reacted with 2.7 g (0.01 mole) PBr, in 
the presence of a catalytic portion of pyridine. 
The mixture was not refluxed as recommended 
by the authors. After adding ice, washing, and 
drying (Na,SO~), the crude bromide weighed 
5.3 g. 

l-Cyano-trans-2-pentadecene. The method of 
Sugimoto et al. (6) proved to be an efficient 
and easy way to replace the halogen of the 
previous compound by a nitrile group. The 
progress of the reaction was followed by gas 
chromatographic analysis. A solution con- 
taining 1 g (0.015 mole) KCN in 6 ml tI:O 
and 5 ml of 60% aqueous phenyl trimethyl 
amInoniuin chloride was stirred rapidly. 1- 
Bromo-trans-2-pentadecene (2.6 g, 0.009 mole) 
was added dropwise at room temperature fol- 
lowed by refluxing for 90 rain. The mixture 
was extracted with ether, washed and dried 
(Na2SO~). Removal of the solvent gave 1.8 g 
(0.0076 mole) (86% yield) crude product. 

trans-3-Hexadecenoic acid. The steps in- 
volved were the methanolysis of the nitrile to 
the methyl ester and the ester's saponification. 
The crude nitrile (1.8 g, 0.0076 mole) was 
dissolved in 22 ml of mcthanol/tI:O (10:1 
v/v) ,  and ~IC1 gas was passed through the 
solution. The solution began to boil and when 
the reaction temperature decreased again, the 
mixture was heated on the steam bath for 90 
rain with HC1 gas passing through at a low 

rate. The completeness of the reaction was 
checked by gas chromatographic analysis. 

The methanol solution was evaporated, and 
an ether solution of the residue, washed free 
of acid and dried over MgSO4, was evaporated 
to give 1.5 g (0.0056 mole) (71% yield) methyl 
ester. The ester was saponified by refiuxing in 
50 nil 0.5 N KOH in 95% methanol. After 0.3 
g of unsaponified material was removed by 
extraction with pentane the solution was acidi- 
fied by dilute HC1 and the crude product ex- 
tracted with ether. Purification was accom- 
plished by chromatography on a colunin of 
silicic acid/Celite (10:1 w/w) and elution with 
10% ether in n-pentane, followed by crystal- 
lization from 10 ml pentane at --20C. The 
crystallized trans-3-hexadecenoic acid, at least 
99.9% pure by gas chromatography (methyl 
ester) weighed 0.82 g (0.0032 mole) (55% 
yield) and melted at 54~5C. 

The acid obtained from algae (1) melted at 
53.5-54C. Further identification was obtained 
by hydrogenation to pahnitic acid, by ozoniza- 
tion and reductive cleavage to tridecanal from 
the methyl end of the fatty acid chain, and 
by the strong bond at 10.3 ~ of the infrared 
spectrum indicative of a trans olefin, see Figure 
2. The pentane mother liquor yielded 0.13 g 
which was about 50% pure. 

tra~s-3-Hexadecenoic-l-C ~ acid. The reaction 
of Sugimoto et al. (6) was repeated with 
KC~N. 1-Bromo-trans-2-pentadecene (2 g, 
0.007 mole) was reacted with 0.14 g (0.002) 
KCN as described above, and the start of the 
reaction was noted by the presence of nitrile in 
the gas chromatogram. KC~N (4.5 rag) (18.3 
mc/mM) was added, and then after 30 lnin 
0.200 g (0.003 mole) KCN. After another 90 
rain the reaction was complete, and the free 
acid was obtained as described above. There 
was obtained 0.42 g pure acid, mp 54C, 0.13 g 
iinpure acid, and 0.17 g acid isolated from the 
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FIq. 2. IR-spectrum of the trans-3-hexadeeenoie acid. 
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m o t h e r  l i quor ,  The  a n a l y s i s  by  g a s  l i q u i d  

c h r o m a t o g r a p h y  of  the  m e t h y l  e s t e r  i n d i c a t e d  a 

p u r i t y  of  the  0.42 g f r a c t i o n  of  a t  l e a s t  9 9 % .  

C h r o m a t o g r a p h y  w i t h  t he  Loenco  r a d i o - g a s  

c h r o m a t o g r a p h  s h o w e d  t h a t  t he  r a d i o a ( 4 i v i t y  

of  the  s a m p l e  (0.122 m e / r a M )  w a s  e x c l u s i v e l y  
in  the  m e t h y l  e s t e r  p e a k .  

The  K C ~ N  r u n  w a s  m a d e  w i t h  less  t h a n  a 

8 t o i c h i o m e t r i c  a m o u n t  of  c y a n i d e  to i n s u r e  an  

e x t e n s i v e  u p t a k e  o f  the  r a d i o a c t i v e  m a t e r i a l .  

I n  th i s  case,  the  y i e l d  of  p u r e  a c i d  f r o m  the  
b r o m i d e  p r e c u r s o r s  w a s  2 4 %  as c o m p a r e d  to  

the  3 6 %  o b t a i n e d  in  the  u n l a b e l e d  run .  
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COhlA4 UNICA :lIONS 
Quantitative Analysis of Phospholipids by Thin-Layer 
Chromatographyand Phosphorus Analysis of Spots 
p ROCEDURES FOR ANALYSIS of phospholipid 

composition by thin-layer chromatography 
(TLC) and phospho~nts analysis have been re- 
ported from a number of laboratories. These 
procedures usually depend upon one-dimensional 
TLC and elution of spots before analysis. The 
method reported here has the advantage of 
improved separations by two-dimensionM TLC, 
direct aspiration of spots by suction, and 
phosphorus analysis without pr ior  elution. 

Our procedure depends upon two-dimensional 
TLC with the solvent pairs 1) chloroform/ 
methanol/water 65/25/4 a~ld n-butanol/acetic 
acid/water  60/20/20; and 2) chloroform/ 
methanol/2S% aqueous ammonia 65/35/5 fol- 
lowed by chloroform/acetone/methanol/acetic 
acid/water  5/271/1/0.5. The adsorbent com- 
posed of silica gel plain/magnesium silicate 
9/1 (1) after spreading with a conventional 
Desaga spreader (0.25 nnn layer) is heat 
activated for 20 rain at 120C, cooled for 30 
rain, spotted, and ehromatograms developed in 
chambers lined with solvent-saturated paper  
(2). Spots are detected by spraying with a 
0.6% solution of potassium dichromate in 55% 
(by wt) sulfuric acid followed by heating for  
30 rain at 180C in a forced draf t  oven or by 
exposure to iodine vapors. Af ter  development, 
spots are circled and lettered for  identification 
and several blank areas corresponding in size 
to the sample spots are marked off. A typical 
ehromatogram of each series is photographed 
(Polaroid camera) and the spots recovered by 
aspiration. 

Aspirat ion of the spots directly into 30 ml 
Xjeldahl  digestion flasks is accomplished by 
fitting a rubber stopper with two plastic tubes 
removed from plastic wash bottles. One tube 
with a pointed end serves as the intake and the 
other tube for attachment to a water pump for 
suction. Adsorbent is prevented from passing 
out of the digestion flask during aspiration by 
adding 0.9 ml of 72% perehlorie acid (used 
subsequently for digestion) to the flask to act 
as a liquid t rap by moistening the lower bulb 
portion of the flask and by insertion of a 1 
cm square of "Kimwipe" or similar light 
weight paper  into the end of the suction tube 
to serve as a filter. After  aspiration, the 
plastic tubes are tapped to remove any dry 
powder and the paper  filter pushed with a 
wire plunger into the flask. 

Digestion of the flask contents is carried out 
on an electrically heated Kjeldahl  rack with 
water-pump suction to remove any escaping 

fumes. The heaters are adjusted to give gentle 
refluxing so that digestion is complete in 
about 20 rain. 

After  digestion, the sides of the flask are 
rinsed with 5 ml of distilled water, 1 ml of 
2.5% ammonium molybdate solution is added, 
the flask swirled for mixing, 1 ml of 10% 
ascorbic acid solution is added, and finally 2 
nfl of distilled water are added. The solution 
is transferred to a centrifuge tube~ heated in a 
boiling water bath for  5 rain, cooled, and 
suspended adsorbent removed by eentrifugation 
for 5-10 rain. Samples and blanks are trans- 
ferred to euvettes and the optical density 
determined at 820 m/x af ter  zero adjustment 
with water. Sensitivity can be increased by 
using a 10 nfl digestion flask and one half of 
the specified amounts of reagents. Glassware 
should be acid eleaned. 

Corrected optical densities are determined by 
subtraction of the reading obtained from a 
blank area corresponding in size to that of the 
sample. The values are then converted to tLg 
of phosphorus using a factor derived from a 
standard curve prepared using Na~HPO~. The 
factor in our laboratories is 11.0 for standard 
amounts and twice that for half amounts of 
reagents. Molar ratios of phospholipids are 
obtained by expression of results as percent 
of the total phosphorus in the sample. Deter- 
ruination of the total phosphorus is conveniently 
accomplished by spotting 50-100 t~g of total 
sample in a blank area (upper  right corner) 
after  development with both solvents. The 
total sample is then charred, etc., in the same 
manner as the samples. For  expression of 
results as percent of the total lipid, phosphorus 
values for brain lipids are multiplied by the 
following' factors:  phosphatidyl bmsitol, 31.4; 
phosphatidyl serine, 26.2; lecithin and phos- 
phatidyl  ethanolamine, 25.4 ; phosphatidic 
acid, 25.0; sphingomyelin, 24.8; and cardiolipin, 
24.4 

Aninml tissue lipid extracts are spotted at 
levels of 200-1000 ~g for determinations and at 
least four ehromatograms are developed with 
each of the two-dimensional systems. Average 
values for  the major  lipid classes (lecithin, 
sphingomyelin, phosphatidyl ethanolamine and 
phosphatidyl serine) are thus obtained from 
eight determinations. Usually spots from two 
eh roma tog ra ms  are pooled for minor 
components. 

The values obtained from a normal adult 
human brain by the present procedure and the 
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TABLE I 

H u m a n  Bra in  Phospholipid Composition 

% Total lipid by TLC 

System System DEAE- 
~.g P 1 2 TLC 

Phosphatidyl 
ethanolamine 

Lecithin 
Sphingomyelin 
Phosphatidyl 

serine 
:Phosphatidyl 

inositol 
Origin 

2.40 15.2 15.1 15.1 
2.05 12.9 13.6 12.0 
1.05 6.5 6.4 6.0 

1.00 6.5 7.1 6.1 

0.12 0.9 0.9 1.0 
0.07 

6.69 
Total sample = 6.91 fed P 
Recovery ---- 96.9% 

DEAE-TLC procedure (1) are shown in Table 
I Good agreement between the two methods is 
seen. Recovery of phosphorus is frequently 
low because minor components are not deter- 
mined. Low recoveries may be obtained when 
lipid extracts are not handled with great care 
and artifacts and fragments are produced that 
are not visualized on ehromatograms. 

The present procedure was eonlpared to a 
similar procedure using hydrolysis of aspirated 
spots with 1 N methanolic HC1 and filtration 
to renmve adsorbent (3). For  beef heart 
nfitochondrial lipids the percent of the total 
phosphorus was: diphosphatidyl glycerol, 18.6; 
phosphatidyl ethanolamine, 37.2; and phos- 
phatidyl cholb~e, 40.1 with methanolie HC1. 
The corresponding values (19.1, 37.3, 39.3) 
obtained by the more rapid charring proce- 
dure were in close agreement. 

The phosphorus analysis procedure nmst be 
used cautiously with lipid extracts from organs 
that have not been investigated by other pro- 

eedures since sonic spots may represent nmre 
than one lipid elass and new lipids may be 
encountered. When values in the two chroma- 
tographic systems are not in close agreement, 
spot overlap in one system is indicated and 
may be related to an unknown component. 
Large errors may be introduced if lipid sam- 
ples are not handled (prior to spotting) with 
care to prevent oxidation and/or  hydrolysis 
producing artifacts that may migrate with 
native lipids. 
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Occurrence of Short Chain 

T HE tIUI~IAN LENS contains approximately 
175 ~g of triglycerides. We recently 

isolated 4-5 mg of this lipid in crude form 
in the course of our studies of the lentieular 
glyeolipids (1,2). These crude triglycerides 
were purified by preparative thin-layer chroma- 
tography followed by passage through a 
2.5 X 20 em eolmnn of DEAE (diethylamino- 
ethyl cellulose). The resulting preparation was 
homogeneous by thin-layer chromatography on 
silica gel G with a solvent system of chloroform/ 
benzene 1:1, v/v. 

The purified triglycerides were subsequently 
analyzed by gas-liquid chromatography (3). 
The results obtained are shown in Figure 1. 
Note the peaks eluting shortly after the solvent 
front indicating triglyeerides of short chain 

Triglycerides in Human Lens 

52 

50 54 

2•0 I I I J I '1 L 
O 2 2 0  2 4 0  2 6 0  2 8 0  ~ 0 0  320  ~ 4 0  

T E M  P E R A T U R E - ~  

]PIG. 1. Chronmtogram of human lenticular tri- 
glycerides. Operating conditions: 3% JXR on 
100/120 Gas Chrom Q in 2 ft • 1~ in. stainless 
steel columns; temperature programmed from 
200-330C at a rate of 4C/nfin, helium carrier gas 
at 100 ml/min, hydrogen flame ionization detector. 
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TABLE I 

H u m a n  Bra in  Phospholipid Composition 

% Total lipid by TLC 

System System DEAE- 
~.g P 1 2 TLC 

Phosphatidyl 
ethanolamine 

Lecithin 
Sphingomyelin 
Phosphatidyl 

serine 
:Phosphatidyl 

inositol 
Origin 

2.40 15.2 15.1 15.1 
2.05 12.9 13.6 12.0 
1.05 6.5 6.4 6.0 

1.00 6.5 7.1 6.1 

0.12 0.9 0.9 1.0 
0.07 

6.69 
Total sample = 6.91 fed P 
Recovery ---- 96.9% 

DEAE-TLC procedure (1) are shown in Table 
I Good agreement between the two methods is 
seen. Recovery of phosphorus is frequently 
low because minor components are not deter- 
mined. Low recoveries may be obtained when 
lipid extracts are not handled with great care 
and artifacts and fragments are produced that 
are not visualized on ehromatograms. 

The present procedure was eonlpared to a 
similar procedure using hydrolysis of aspirated 
spots with 1 N methanolic HC1 and filtration 
to renmve adsorbent (3). For  beef heart 
nfitochondrial lipids the percent of the total 
phosphorus was: diphosphatidyl glycerol, 18.6; 
phosphatidyl ethanolamine, 37.2; and phos- 
phatidyl cholb~e, 40.1 with methanolie HC1. 
The corresponding values (19.1, 37.3, 39.3) 
obtained by the more rapid charring proce- 
dure were in close agreement. 

The phosphorus analysis procedure nmst be 
used cautiously with lipid extracts from organs 
that have not been investigated by other pro- 

eedures since sonic spots may represent nmre 
than one lipid elass and new lipids may be 
encountered. When values in the two chroma- 
tographic systems are not in close agreement, 
spot overlap in one system is indicated and 
may be related to an unknown component. 
Large errors may be introduced if lipid sam- 
ples are not handled (prior to spotting) with 
care to prevent oxidation and/or  hydrolysis 
producing artifacts that may migrate with 
native lipids. 
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Occurrence of Short Chain 

T HE tIUI~IAN LENS contains approximately 
175 ~g of triglycerides. We recently 

isolated 4-5 mg of this lipid in crude form 
in the course of our studies of the lentieular 
glyeolipids (1,2). These crude triglycerides 
were purified by preparative thin-layer chroma- 
tography followed by passage through a 
2.5 X 20 em eolmnn of DEAE (diethylamino- 
ethyl cellulose). The resulting preparation was 
homogeneous by thin-layer chromatography on 
silica gel G with a solvent system of chloroform/ 
benzene 1:1, v/v. 

The purified triglycerides were subsequently 
analyzed by gas-liquid chromatography (3). 
The results obtained are shown in Figure 1. 
Note the peaks eluting shortly after the solvent 
front indicating triglyeerides of short chain 
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length. Such an interpretation is consistent 
with our previously reported obse,wation of 
appreciable quantities of fatty acids with 
chain lengths of less than 12 carbon atonls 
(4). Similar results are: obtained with the 
triglyeerides of cattle lenses. A detailed study 
of the lenticular triglycerides will be reported 
later. 
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The Incorporation in toto of Octadecanoic Acid (Formed from In- 
gested Octadecane-l-ClO into the Lipids of the Sebaceous Glands 

of the Rat 

W FiEN RATS WERE FED traces of octadecane- 
1-C ~, radioactive lipid was excreted onto 

the skin surface of the back through the 
sebaceous glands (1). Since the activity was 
found in fractions other than the hydrocarbons, 
the octadeeane nmst have been oxidized, then 
incorporated in some fashion into the lipids. 
Three alternate modes of incorporation are 
suggested: 1) complete breakdown of the hy- 
drocarbon chain into 2 carbon fragments from 
which the fatty chains of sebunl components are 
synthesized, 2) partial breakdown of the hy- 
drocarbon chain (very likely by splitting off 
one or more 2 carbon fragments) then incor- 
poration of the larger and possibly the smaller 
fragments into the fatty chains of sebum cont- 

ponents, or 3) no breakdown of the hydrocarbon 
chain but oxidation of one of its terminal 
carbon atoms to an alcohol or an acid, then 
incorporation of either alcohol and/or acid 
directly of after chain elongation into the esters 
of sebum. Of course, all three or any com- 
bination of these alternatives could operate 
simultaneously. The formation of the oxidation 
products could occur anywhere in the rat body 
and be transported to the skin via the blood, 
but final synthesis of sebum components un- 
doubtedly occurs in the sebaceous gland. 

To decide between these alternatives, a por- 
tion of the radioactive surface lipid, obtained 
as already described (1), was saponified with 
10% K 0 H  in 90% ethanol, the fatty acids 

TABLE I 

Specific Act iv i t ies  of Sa tu ra t ed  F a t t y  Acids of Ra t  Surface L i p i d  Obtained 
After  Inges t ion  of Octadecane-l-C ~ 

Counts  Dis in tegra-  
per  rain Effic- t i o n s / m i n  Specific 

Fa t ty  acid as Counts  above iency above bkgrd.  Weigh t  ac t iv i ty  
methyl  ester~ per  rain b backgrd  r % ( D P M )  mg D P M / m g  

iso-Cl~ 22 0 . . . . . . .  0.15 .... 
n-Cl~ 23 0 . . . . . . . .  0.11 .... 

anteiso-C15 21 0 . . . . . . . .  0.22 .... 
n-C15 19 0 0.06 

iso-C16 34 14 70 20 0.90 22 
n~C16 38 18 70 26 1.36 19 

anteiso-C17 27 7 71 10 0.38 27 
n-C17 22 0 . . . . . . . .  0.09 .... 

iso*Cls 22 0 0.21 
n-els  51 31 71 43 0.23 186 

anteiso-C19 23 0 . . . . . . . .  0.13 .... 
n-C19 trace 

iso-C~o 30 10 ~0 ~; 0.25 56 
n'Cf0 29 9 74 12 0.13 90 

anteiso-C~l 25 0 . . . . . . .  0.20 .... 

a Assignments.  of s t ruc tu re  of the fa t ty  acid methyl  esters is by re tent ion data  as 
b ~r error  est imated at  ----_2 coun t s /m in .  
c B a c k g r o u n d  = 20 counts / ra in .  

in  ref  2. 
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recovered in the usual manner, then methylated 
with BF,, and methanol. The methyl esters 
were separated on a column of silver nitrate 
impregnated silieic acid into saturated and un- 
saturated methyl esters by the method of 
DeVries according to details described in (2). 
The saturated esters were separated into their 
molecular species by preparative gas chroma- 
tography on silicone rubber SE-30 (2). The 
amounts of methyl ester recovered was estimated 
from the areas of the gas chromatographic 
peaks and checked by direct weighing on a 
Cahn microbalanee. Each ester was then 
counted on a Nuclear Chicago scintillation 
counter by the channels ratio technique. 

Although alternate explanations of the data 
(Table I) are possible (e.g., assumptions that 
fatty acids are not only produced by sebaceous 
glands but are also degraded by them, and that 
these processes can proceed at different rates), 
the simplest explanation is that A, a significant 
amount of octadeeane is oxidized to n-C~ fatty 
acid which is then incorporated in toto into 
the sebaceous gland lipids, i.e., mode 3 above 
since maximum activity appears in the n-C~ 
fatty acid; B~ fatty chains are being extended, 
since appreciable activity appears in n-C~o 

fatty acid; and C, mode 1 and possibly mode 2 
are also operating to some degree, since activity 
is found in fat ty acids with chain lengths below 
ll-Cls. 

I f  fatty acids can be inco~oorated in toto 
into the lipids of sebum, one might then expect 
the fatty acids being transported by the blood 
stream (i.e., the mobilizable fatty acids of 
adipose tissue or of dietary origin) to influence 
directly the composition of the fatty acids 
of' sebum. 
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ABSTRACT 
Phospholipids extracted from normal 

human serum were fractionated into 
lecithin, lysoleeithin, sphingomyelin, phos- 
phatidyl  ethanolamine, lysophosphatidyl 
ethanolamine, phosphatidyl serine, and 
phosphatidyl inositol. Identification of 
each was established by thin-layer ehroma- 
tography and infrared spectrophotometry. 
The content of plasmalogen was determined 
in both lecithin and phosphatidyl ethanola- 
mine fractions. The composition of fatty 
acids and fa t ty  aldehydes in isolated phos- 
pholipids is presented. The degree of un- 
saturation as reflected in the average con- 
tent of double bonds per  molecule of the 
fatty acids in phospholipids was: lecithin 
1.2, choline plasmalogen 2.1, lysolecithin 
0.6, sphingomyelin 0.2, phosphatidyl 
ethanolamine 2.8, lysophosphatidyl ethanol- 
amine 1.0, phosphatidyl serine 1.0, and 
phosphatidyl inositol 1.8. Both choline and 
ethanolaniine plasmalogen aldehydes were 
predominantly saturated. Molecular weight 
of each phospholipid was calculated from 
determined fa t ty  acid and fat ty  aldehyde 
compositions; the phosphorus factor for 
each phospholipid was computed. On a 
weight percent basis, lecithin, sphingo- 
myelin, and lysolecithin accounted for 95% 
of the total phospholipids. The ethanol- 
amine-containing phospholipids accounted 
for 2.5%, and the remainder was divided 
among phosphatidyl inositol, choline plas- 
malogen and phosphatidyl serine. 

INTRODUCTION 

T 
I-[E COMPOSITION of the phospholipids of 
human sermn has been studied in recent 

years by several investigators using the tech- 
niques of column (16,24,26,28,30,37), thin-layer 
(6,14,32), and paper  chromatography (2,6,26), 
or successive hydrolysis (3). Only a few re- 
ports have appeared on the fa t ty  acid eoni- 
position of the individual phospholipid classes 
of this tissue (16,24,37). In  some of these 
studies, the phospholipid classes analyzed, 
part icularly those occurring in small amounts, 
were not completely resolved (6,14,24,28,32). 

i Presented in part  at the AOCS Meeting, ttou.ston, 
April, 1965. 

Dept. of Health, Education and Welfare, USPHS.  

This has led not only to discrepancies in the 
reports on the fa t ty  acid composition of the 
various phospholipids (24,37), but also to 
disagreement as to the levels of minor com- 
ponents such as phosphatidyl ethanolamine or 
phosphoinositide present in serum. Also, as 
far  as we are aware, the fa t ty  aldehydes 
present in the serunl plasmalogens have not 
been dete1~nined. Therefore, it appeared wo~th - 
while to carry out further studies of the levels 
of phospholipid present in human serum and 
of the fa t ty  acid and fat ty  aldehyde com- 
position of each of the individual classes of 
phosphatides. 

The chromatographic separation of the var- 
ious types of phospholipid of human serum is 
complicated by the fact that the three choline- 
containing lipids, lecithin, lysoleeithi n, and 
sphingoluyelin, constitute at least 90% of the 
phospholipids. Therefore in the present study, 
extracts were prepared from large amounts of 
serum in an at tempt to obtain sufficient l ipid 
for adequate characterization of the phospho- 
lipids occurring in small amounts. Further-  
more, the extract was chronmtographed on 
silieic acid columns and the various fractions 
thus obtained were refractionated until prep-  
arations were isolated which were homogeneous 
enough on the basis of thin-layer chroma- 
tography (TLC) and infrared speetrophoto- 
metry so that the fat ty  acids and fa t ty  aldehyde 
composition could be determined by gas-liquid 
chromatography (GLC). 

EXPERIMENTAL 
Materials 

Four  liters of blood were collected by veni- 
puncture into dry sterile collection bottles from 
8 fasting male medical students ranging in 
age from 22 to 24 years. Af ter  the blood had 
clotted for  approximately 6 hr  most of the 
clear serum was removed by siphon. A small 
additional portion was obtained by centrifuga- 
tion. The combined yield was 1760 ml of clear, 
straw-colored serum with no evidence of 
liemolysis. 

Silieic acid, 100 mesh, analytical reagent 
from Mallinekrodt Chemical works, was sus- 
pended several times in distilled water to re- 
move fine particles by decanting, washed with 
methanol and reactivated at 120C. Aluminum 
oxide, suitable for chromatographic adsorption, 
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was obtained from Merck and Company, and 
spectrograde solvents from Fisher Scientific 
Company. All other solvents used were freshly 
redistilled. 

Crotalus adamanteus  venom~ used as a source 
of phospholipase A, was obtained from the 
Ross Allen Reptile Institute, Silver Springs, 
Florida. 

Source of Reference Compounds 

Phosphatidyl inositol was obtained from the 
Sigma Chemical Company. All other reference 
compounds were isolated from serum or egg 
yolk in this laboratory. Serum and egg lecithin 
were isolated and purified by silieic acid chro- 
matography. Serum lysoiecithin was prepared 
by enzymatic hydrolysis from lecithin (38). 
Phosphatidyl ethanolamine and phosphatidyl 
serine from agg were separated on a hydrated 
silicic acid silicate column (34). Lysophos- 
phatidyl ethanolamine was prepared by enzy- 
matic hydrolysis of phosphatidyl ethanolamine 
(21). Serum sphingomyelin, after elution from 
a silieic acid colunm, was purified by selective 
alkaline hydrolysis to remove contaminating 
phosphoglycerides followed by acid treatment 
to destroy plasnmlogens (35). 

All prepared reference compounds were 
homogeneous on TLC and exhibited the 
characteristic bands in the infrared of the given 
reference compound but not those of other 
phospholipids (8,20,24,33,36). 

The following methyl esters used as reference 
compounds in GLC were obtained from Applied 
Science Laboratories: Methyl caprate, un- 
deeanoate, laurate, tridecanoate, myristate, 
myristoleate, pentadecanoate, pahuitate, pal- 
mitoleate, heptadecanoate, stearate, oleate, lino- 
leate, nonadecanoate, linolenate, arachidate, 
heneicosanate, araehidonate, behenate, erucate, 
tricosanoate, lignoeerate, and methyl nervonate. 
The dimethyl acetals of n-undecylaldehyde, 
myristaldehyde, palmitaldehyde, and stearylal- 
dehyde were kindly donated by Dr. Kazbo ArM 
of the Medical School of the University of 
Texas. 

Lipid Extraction 

In  order to mininlize the possibility of 
oxidation, lipids were left at all times in an 
atmosphere of nitrogen. 

Each 220 ml portion of serum was added 
gradually to 264 ml of methanol and thoroughly 
mixed in a glass stoppered Erlemeyer flask. 
After the addition of 264 nfl of chloroform, 
the flask was placed in a 55C water bath for 

~LIPIDS, VO~L. 1, NO. 

15 rain and occasionally swirled. The extract 
was filtered on a Buchner funnel, and the 
residue was extracted twice with 132 ml por- 
tions of chloroform in a Waring blendor at 
low speed for 2 rain. The extract was left 
overnight in order for the phases to separate 
(7). The lower layer contained the lipid ex- 
traet. Negligible amounts if any of phospho- 
lipid were present in the discarded aqueous 
layer since phospholipids were not detected 
after TLC of aliquots of this phase which 
had been concentrated 500-fold. 

Chromatographic Separations 

Silicie acid columns were prepared in chloro- 
form with a minimum of 50 mg of silicic acid 
to 0.04 Ing of phospholipid phosphorus. The 
lipid extract from 1760 nfl of serum was added 
in chloroform to a 4 • 32 cm column con- 
taining 200 g of silicie acid. Neutral lipids 
were eluted with 2 liters of chloroform and 
pigments with 365 ml of acetone. Only minute 
traces of phosphorus were detected in pig- 
mented effluent indicating that little if any 
oxidation of phospholipids had occurred up to 
this point (25). The scheme for the elution 
of the phospholipids is presented in Figure 
1. All phospholipids shown in this figure were 
identified by appropriate spot tests after TLC 
and by cochromatography with reference com- 
pounds. The elution pattern from the silicic 
acid column was that which might be expected 
on the basis of previous work with the excep- 
tion that phosphatidyl ethanolamine was eluted 
as two separate peaks. 

Fractions 20 to 22 eontained a small propor- 
tion of the phosphatidyl inositol and the middle 
fractions No. 36 to 54 contained most of the 
lecithin; aa amount which represented 55% 
of the totM lipid phosphorus. The other frac- 
tions contained two or more phospholipids and 
were combined into 4 major fractions designated 
A, B, C, and D in Figure 1. Each major frac- 
tion was subjected to further column 
chromatography. 

Hanahan's  (15) aluminum oxide column with 
some modification of the solvent systems was 
used to separate the mixtures in major frac- 
tions A and B. The components present in the 
major fractions are illustrated in Figure 1. 
For fraction A phosphatidyl ethanolamine was 
eluted with ethanol-ehlorofom~-water 5/2/0.75 
(v/v/v)  followed with ethanol-chloroform- 
water 5/2/2 (v/v/v)  to elute phosphatidyl 
inositol. These components did not overlap in 
any of the fractions and no lysophosphatidyl 
ethanolamine was detected on the thin-layer 
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FIG. l.  Silicic acid column chromatography. The base of each eluted peak corresponds to the Rf 
values found on thin-layer chromatoplates. Eluted peaks were drawn on the basis of relative intensity 
of spots developed with the molybdenum blue spray (5). The regions indicated A, B, C, and D, 
where more tha~L one component was eluted, were separated on additional columns. For details see 
text. 

plates. Major fraction B was put on a~other 
aluminum oxide column. Lecithin was eluted 
with methanol-chloroform 1/1 (v/v) phos- 
pbatidyl ethanolamine plus lysophosphatidyl 
e~hanolaminc and a separate fraction contain- 
ing phosphatidyl serine with ethanol-chloro- 
form-water 5/2/0.75 (v/v/v)  and phos- 
phatidyl inositol with ethanol-chloroform-water 
5/2/3 (v/v/v) .  No other phospholipids were 
detected on TLC of the eluate. The mixture 
of phosphatidyl ethanolamine and its lyso com- 
pound were clearly separated on a silicic acid 
column with 18% methanol in chloroform 
(v/v) to remove the phosphatidyl ethanolamine 
followed by methanol to bring down lysopho- 
phatidyl ethanolamine. 

The separation of' the components in major 
fraction C (fractions 55-78) Figure 1 and 
major fraction D (fractions 79-104) was 
achieved on a silieic acid column with the sol- 
vent systems described by Phillips (27). Each 
major fraction was addcd to a separate column. 
Twcnty per cent methanol in chloroform con- 
taining 1.35% water (v/v/v)  eluted lecithin 
as a sharp peak followed by sphingomyelin as 
a flat peak. Lysolecithin was eIuted with 
methanol containing 4% water (v/v).  Some 
overlapping occurred between sphingomyelh~ 
and lecithin but con~Lplete separation was 

achieved by chromatography once more on 
silicic acid with Phillips solvents (27). 

Thin-Layer Chromatogra, Dhy 

An aliquot of each fraction eluted from the 
columns was concentrated in vacuo at least 
tenfold and spotted on thin-layer chromato- 
plates coated with silica gel G. TLC was con- 
ducted according to Stahl, with solvent system 
according to Wagner (40). Spots were visu- 
alized with the molybdenum blue test for phos- 
phorus containing compounds (5), the ninhy- 
drin reaction for aminophosphatides (22), the 
Dragendorf reagent for choline containing phos- 
pholipids (22), and the 2,4-dinitrophenylhy- 
drazine test for plasmalogens (22). The sam- 
ples were coehromatographed with the reference 
compounds to provide further proof of their 
identity. The relative order of movement of 
phospholipids in this system is given in 
Figure 1. 

Infrared Spectrophotometry 

Infrared spectrophotometry of isolated 
phospholipids was conducted in chloroform 
solutions with a Beckman IR8 double-beam 
recording spectrophotometer, equipped with 
filter-grating system, thermocouple detector 
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with potassium bromide optics, and a set of 
matched sodium chloride cells. 

Phosphorus Determination 

Phosphorus was determined on appropr ia te  
aliquots of the combined fractions by the method 
of Beveridge and Johnson (1). 

Hydrolysis of Plasmalogens 

Aliquots of the lecithin and phosphatidyl 
ethanolamine isolated by means of the colunm 
chromatographic procedures previously de- 
scribed were each incubated at 38C in 90% 
acetic acid in order to liberate plasmalogen 
aldehydes. This procedure was adapted front 
Gray (11). Af ter  neutralization of the hy- 
drolysis mixture and extraction with chloroform- 
methanol 2/1 (v/v)  in order to separate the 
glycerophosphatides and aldehydes from the 
water soluble products, the glycerophosphatides 
and aldehydes were separated on silicie acid 
colmnns. In  the case of lecithin, aldehydes were 
eluted with 5% methanol and lecithin and 
lysoleeithin were brought down in sequence with 
20% methanol in chloroform containing 1.35% 
water and methanol containing 5% water, 
respectively. 

The aldehydes of ethanolalnine plasmalogens 
also were eluted with 5% methanol in chloro- 
form (v/v) followed with 18% methanol in 
chlorofornl (v/v)  to elute phosphatidyl etha- 
nolamine and methanol to elute lysophospha- 
tidyl ethanolamine. 

Phosphorus was determined on both pairs  
of incubation products; that is, leeithin- 
lysoleeithin and phosphatidyl ethanolamine- 
lysophosphatidyl ethanolamine. The ratios of 
the phosphorus contents in each pair  served 
for calculation of the plasmalogen content in 
the lecithin and phosphatidyl ethanolamine 
fractions. 

Enzymatic Hydrolysis of Lecithin 

Enzymatic hydrolysis of lecithin with snake 
venom (Phospholipase A) in diethyl ether 
solution was achieved by the procedure of 
Tattrie (38). Enzymatic hydrolysis products 
were separated on silieic acid column. Fa t ty  
acids were eluted with chloroform and lyso- 
lecithin with 4% water in methyl alcohol. No 
unreacted lecithin was detected. 

Preparation of Methyl Esters 

The methyl esters of phosphoglyceride fat ty  
acids were prepared by I{ornstein procedure 
(18,19); saponification of phosphoglycerides 
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with methanolic potassium hydroxide and 
liberation of fa t ty  acids with hydrochloric acid, 
followed by synthesis of the methyl esters on 
ibasie ion exchange resins with anhydrous 
methanolic hydrochloric acid. 

Since sphingomyelin is known to be resistant 
to alkaline hydrolysis (35), this phospholipid 
was hydrolyzed and esterified in one step with 
5% anhydrous methanolic hydrochloric acid as 
previously described. 

Preparation of Dimethylacetals 

The aldehydes were converted to their di- 
methylacetal derivatives by the Gray method 
(12). 

Gas-Liquid Chromatography 

Gas-liquid part i t ion chromatography was 
carried out on F & M Scientific Corporation 
Model 400, equipped with hydrogen flame 
ionization detector and dise chart integrator. 
The chromatographic column was packed with 
chromasorb W, impregnated with 17% ethylene 
glycol adipate. The identities of most fa t ty  
acids were established by direct comparison of 
retention times of methyl esters with those of 
reference compounds (see "Materials") .  Where 
reference methyl esters were not available, the 
unknowns were identified from relative reten- 
tion data. A sinfilar approach was used for 
identification of dimethylaeetals. The data were 
calculated as mole percent from the relationship 
between the peak areas and the corresponding 
molecular weights of the fat ty  acid, since it 
has been verified in many laboratories that 
peak areas obtained with the hydrogen flame 
ionization detector give a direct weight per- 
cent measurement for the component fat ty  
acids (17). 

RESULTS AND DISCUSSION 

All phospholipids isolated, other than sphing- 
omyelin and inositol phospholipid, gave only 
one spot on TLC. In some fractions the 
sphingomyelin spot showed a tendency to 
separate into two spots, each of which gave 
the tests characteristic of this phospholipid. 
Wood and Holton (41) have also reported this 
phenomenon and attribute it to the separation 
of sphingolipids differing in fa t ty  acid corn- 
position. Phosphatidyl inositol showed some 
tailing which in some fractions appeared as 
one or two additional faint  spots. None of 
these components of the phosphatidyl inositol 
gave ninhydrin or choline tests. The presence 
of more than one phosphoinositide in this 
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fraction thus cannot be eliminated. In  this 
connection, Renkonen (30) has observed the 
presence of lysophosphatidyl inositol in hmnan 
serum. All isolated phospholipids, other than 
additional faint spots of phosphatidyl inositol, 
cochromatographed with pure reference 
compounds. 

The infrared spectra of the isolated phos- 
pholipid8 were taken as additional criteria of 
their purity. The following bands were used 
for evaluation of puri ty:  5.8 ~, the ester 
carbonyl band of the glycerophosphatides; 6.1 
t~, the amide I band of sphingolipids; and 10.3 
t~, the characteristic band of choline containing 
phospholipids. The 9.8 t~ band, believed to be 
characteristic for cephalins (36), is poorly if 
at all developed in naturally occurring cephalins 
as compared with that of the synthetic product 
and appears rather as an inflection. 

Both lecithin and lysoleeithin isolated from 
serum showed the 5.8 t~ and the 10.3 ~ bands, 
and the absence of the 6.1 ~ amide I band of 
sphingomyelin. In  the sphingomyelin purified 
in this study, the 5.S tL band was absent and 

the 6.1 t~ and 10.3 ~ bands were developed. 
In  all of the eephalins there was no 10.3 ~ band 
characteristic of choline phospholipids. The 
ester carbonyl band was developed, and there 
was some absorption in the 6.1 ~ region. The 
absorption in the latter region was stronger in 
phosphatidyl serine than in phosphatidyl etha- 
nolamine, a phenomenon usually exhibited by 
cephalins (33). In  phosphatidyl inositol, both 
the 6.1 /x and 10.3 Ix bands were absent but the 
ester carbonyl band at 5.S t~ was strongly 
developed. 

The fatty acid composition of the serum 
phospholipids of fasting no~nal young men 
is given in Table I. The serum cholesterol 
levels of the eight donors varied from 177 to 
231 and triglyceride contents from 60 to 186 
rag%. These levels of triglyceride and choles- 
terol are within the range of normal in men 
of this age. 

As can be seen in Table I, in lecithin free 
of plasmalogen about 85% of the fatty acids 
were composed of palnlitic, stearic, oleic, 
linoleic, and araehidonie acids. The eontribu- 

TABLE I 
F a t t y  Acid Composi t ion of IZluman S e r u m  Phospho l ip ids  

(1Vfole % ) 

L 
F a t t y  
acid  Tota l  a ~ fla C P L  LL SPI~  P E  L P E  P S  P I  

1 0 : 0  0.6 0.3 0.3 1.1 1.5 0.8 0.5 4.2 4.9 0.3 
11 :O . . . . . . . .  0.2 0 ,6  1 .4  1.6 0.2 
12:0 01~ 0:~ 0.1 s  o.s 0.2 0.8 6.1 3.2 2.5 
1 3 : 0  . . . . . . . . . . . .  0 .4  0.9 .... 0 .7  1.0 0 .4  

Iso 14:o o.1 o12 o.1 o.1 
14:0 0:3 0:~ die i : ;  1.0 i : ;  0.5 2.3 21  08 
14:1 0.I 0.i 
15:0 oX 0:~ oi i  0:7 0:7 0.3 0:~ 1.6 i : s  d:; 

ISO 16:0 O.l 0.I .... 0.i 0.i 0.2 0.8 0.7 0.i 
1 6 : 0  27 .8  25 .8  2.0 13.6  44 .0  42 .5  7.6 18.3  21.3  5.3 
16 : 1 1.7 1.0 0 .7  1.9 2.4 0.2 0.5 2.0 0.7 1.1 
17:0  0.3 0.2 0.1 0,3 0 .4  1.0 0.3 0.8 0.6 0.7 

I S O  1 8 : 0  0.1 0.1 .... 0 .1  0 .1  - . . .  1.2 1.2 0.3 0.3 
18 :O 12.5  11.9  0.6 5.7 14.2  10.9  10.3  18 .6  18.9  31 .5  
1 8 : 1  13.0  3.2 9.8 18 .4  10 .3  1.9 7.6 14 .6  10.2  11.6  
1 8 : 2  24 .5  0.4 24 .1  20 .0  12 .3  0.8 11 .6  12.8  7.4 6.3 
1 8 : 3  0.4 0.3 0.5 0.6 
20:0 s  0:7 1:0 .... 0:2 i :6  0.9 1.0 3.7 0.1 
20:2 .... d::~ 0.2 0.6 0.3 0.1 0.8 0.4 
20:3 ~:~ :2 2.1 4.3 1.1 0.5 2.3 1.2 3.7 2.6 
2 0 : 4  6.9 .... 6.9 23 .8  1.4 .... 29 .3  9 .4  9.5 24 .2  
2 2 : 0  11.2  0.1 
22:1 3.8 3.6 0.2 s  216 0.4 i:~ 0:6 4.9 1 0  
2 3 : 0  . . . . . . . . . . . . . . . .  5.2 . . . . . . . . . . . .  
2 2 : 4  . . . . . . . . . . . .  3 .7  0 .8  1.0 
2 4 : 0  2 .6  0:1 7.1 i : 0  0:2 0:2 0.4 
24:1 i:7 dis 0:; 0.5 3.1 8.3 0.4 
2 2 : 5  1.2 0.I I.I 0.5 2.3 0.5 4.1 0.3 1:9 4.3 
2 2 : 6  1.O 0.1 0.9 5.5 0,4 16.0  1.4 0.6 3.7 

S a t u r a t e d  44 .1  39 .8  4.3 26 .9  6 4 . 3  85 .5  25 .0  57.2  59 .8  43.2  
U n s a t u r a t e d  55.9  9.2 46 .7  73 .1  35 .7  14 .5  75.0  42 .8  40 .2  56.8  

Double  bonds 
per  molecule 1.2 . . . . . . . .  2 .1  0 .6  0.2 2 .8  1.0 1.0 1.8 

L, l ec i th in  f ree  of p l a sma logen ;  CPL,  choline p ] a s m a l o g e n ;  LL,  lyso lec i th in ;  S P H ,  sph ingomye : in ;  P E ,  phos- 
pha t i dy l  e thano lumine  toge ther  w i t h  e t h a n o l a m i n e  p l a s m a l o g e n  f a t ty  ac ids ;  L P E ,  iysophosphat idyl  e t hano l amine ;  
PS:  phospha t idy l  s e r i ne ;  P I ,  phospha t idy l  inosi tol .  

a L e c i t h i n  was  hydrolyzed w i t h  phosphol ipase  A as desc r ibed  in  text.  The  contents  of f a t ty  ac ids  in  the to ta l  
unhydro lyzed  lec i th in  were  d i s t r i b u t e d  be tween  a a n d  ~ pos i t ions  f rom the ra t ios  of f a t ty  ac ids  found  upon  
hydrolysis .  
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tion of fatty acids with shorter chain length 
than 16 carbons was negligible. The chief 
saturated acid, palmitic acid, and the chief 
unsaturated acid, linoleic acid, were not far 
from a 1:1 ratio and contributed over one-half 
the mnount of total fatty acid present. About 
56 mole % of the lecithin fatty acids were un- 
saturated with an average of 1.2 double bonds 
per nmleeule. 

The chief saturated acids in lecithin, stearic 
and palmitic acids, were present ahnost ex- 
clusively in the a-position and di- and poly- 
unsaturated fatty acids in the fl-position of 
lecithin. Seventy-five percent of the oleic acid 
which was the major monounsaturated acid 
was present in the fl-position. 

The fatty acids of the choline plasmalogen 
were ahnost twice as unsaturated as the ester 
form of lecithin. The chief unsaturated acids 
were arachidonie and linoleic acids. Half  of 
the total double bonds present were contributed 
by the 24 mole % of arachidonic acid in this 
plasmalogen. The two main saturated fatty 
acids, pahnitic and stearic acids, were found 
in about one-half the amount found in the 
ester form of lecithin. 

Lysoleeithin fatty acids were two times as 
saturated as lecithin fatty acids. Pahnitic acid 
made up 44 mole % of the saturated acids. 
The content in this phospholipid of polyenoic 
acids was negligible. 

Sphingomyelin was the most saturated phos- 
pholipid obtained since 85 mole % of the fatty 
acids were saturated acids. Pahnitie acid 
represented half of these saturated acids. The 
only unsaturated fatty acid present in more 
than trace amounts was nervonic with 8 mole 
%. Behenic, lignoceric and nervonic acids oc- 
curred as major fatty acids only in 
sphingomyelin. 

The fatty acids of phosphatidyl ethanolamine 
are presented together with those os the etha- 
nolamine plasmalogen. This fraction showed 
the highest degree of unsaturation as reflected 
in the average amount of 2.8 double bonds per 
molecule and tile 75 mole % of total fatty 
acids as unsaturated fatty acids. Only 15% 
of the unsaturated acids were monoenoie acids. 
Araehidonic and docosahexaenoic each contri- 
buted 42 and 34%, respectively, of the total 
double bonds present. Two saturated acids, 
stearic and palmitie acid, made up 72% of the 
saturated acid fraction, and 12% of this frac- 
tion was scattered among six fatty acids with 
carbon chains shorter than 16 carbon atoms. 

Lysophosphatidyl ethanolamine and phos- 
phatidyl serine, in general, had similar fatty 
acid composition. Both of them contained a 
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greater proportion of fatty acids shorter than 
16 carbons than did other phospholipids. 
The degree of nnsaturation as measured by the 
number of double bonds per molecule was 
similar to that noted in lecithin but about 
one third that found in phosphatidyl etha- 
nolamine. The main saturated fatty acids were 
palmitic and stearic acids. I t  is evident that 
a marked decrease in unsaturation occurs 
in each of the pairs, lecithin-lysolecithin, 
and phosphatidyl ethanolamine-lysophospha- 
tidyl ethanolamine. 

Phosphatidyl inositoI had a high degree of 
unsaturation with an average of 1.8 double 
bonds per molecule. Over half of the double 
bonds were contributed by arachidonic acid. 
Seventy-three percent of the total saturated 
fatty acids were present in 31 mole % of 
stearic acid, the highest mole % content for 
this acid among the listed phospholipids. 
Metabolic studies have shown phosphatidyl 
inositol to have high specificity for this 
saturated fatty acid (4). 

I t  is of interest to compare the fatty acid 
cmnposition of the phospholipid classes isolated 
in this study with those published by other 
workers. As far as we are aware, such data 
have been reported for serum lecithin 
(16 ,24 ,31) ,  phosphatidyl ethanolamine (24), 
sphingomyelin (16,24,37), and lysolecithin 
(24). 

The fatty acid composition of lecithin in the 
present study is, in general, similar to that 
which has been reported by other workers 
(16,24). Also, the distribution of main fatty 
acids between the a and /!/ positions is in 
agreement with previous work of t Ianahan 
et al. (16) and Renkonen (31). 

On the other hand, the fatty acids found in 
serum phosphatidyl ethanolamine, which are 
listed in Table I, differ in composition from 
those previously reported (24) since this frac- 
tion as previously isolated must have contained 
phosphoinositides, phosphatidyl serine, and 
lysophosphatidyl ethanolamine. For example, 
in the present report fatty acids with chain 
length less than 16 carbon atoms contributed 
only 2.9 mole % to the total fatty acids and 
75 mole % of the latter were unsaturated. 
Nelson (24) found that 10% of the acids were 
of less than 16 carbon atoms and only 63% 
were unsaturated in the phosphatidyl etha- 
nolamine fraction. Examination of the content 
of fatty acids of less than 16 carbons, and 
of the level of total unsaturated fatty acids of 
lysophosphatidyl ethanolamine, phosphatidyl 
serine, and phosphatidyl inositol, listed in 
Table I, reveals that mixtures of phosphatidyl 
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ethanolanline with the three other phospholipids 
just  described would have a higher content of 
acids with less than 16 eai'bons and a lower 
content of unsaturated fatty acids than the 
phosphatidyl ethanolamine analyzed in the 
present study. This hypothesis might explain 
the discrepmlcy between Nelson's results (24) 
and those of the present study. 

The content of the major fatty acids of 
sphingomyelin is in agreement with the results 
of other workers (16,24,37); however, there is 
some disagreement concerning the ratio of 
saturated to unsaturated acids. The 14 mole % 
of unsaturated acid is in contrast to the 9 mole 
95 described by Hanahan (16) or the 36 mole 
95 reported by Nelson (24), but agrees with 
the value reported by Sweeley (37) using 
plasma sphingomyelin that had been purified 
by alkali treatment rather than by column 
chromatography as in the present study. The 
fatty acid composition of the serum sphingo- 
nlyelin isolated in the present study confirms 
the results obtained by Sweeley (37). Both 
Hanahan (16) and Nelson (24) found con- 
siderable anmunts of linoleic and arachidonic 
acids in sphingomyelin, whereas Sweeley (37) 
reported none of these acids. The latter's re- 
sults were confirmed in this study. Sweeley 
( 3 7 )  attributed these discrepancies to the 
presence of lecithin in tbe sphingomyelin des- 
cribed by Nelson (24) or Hanahan (16). 

Lysolecithin isolated in the present study 
contained more than twice the unsaturation 
found by Nelson (24). The conlposition of 
lysolecithin listed in Table I was confirmed by 
analysis of another source of human serum in 
this laboratory. Lysolecithin prepared enzy- 
matically fronl serum lecithin by means of 
leeithinase A, has about one half the amount 
of unsaturated fatty acids of the ]ysolecithin 
isolated from serum. 

The fatty aldehyde composition of the choline 
and ethanolamine pIasmalogens is presented 
in Table I[. The four major fatty aldehydes, 
myrist-, palnfit-, stear-, and olealdehydes con- 
stitu[ed about 80 mole % of total aldehydes 
in both the choline and the ethanolamine plas- 
malogen. The remainder was scattered among 
eleven other identified and two unknown alde- 
hydes. 5{ost of the aldehydes present in both 
choline and ethanolamine plasinalogens were 
saturated. Over half the total aldehydes in 
the choline plasmalogens could be accounted 
for by pahnitaldehyde, whereas, a more even 
distribution of aldehydes was observed in the 
ethanolanline plasmalogen. The latter had a 
surprisingly high content of myristaIdehyde. 

TABLE II 
Fatty Aldehyde Composition of 2Iuman Serum 

Phosphotipids 
(l~oIe % ) 

Plasmalogens 
Aldehyde Choline Ethanolamine 

12:0 0.9 
IS0 13:0 019 1.0 

13:0 1.0 
I s o  14:0 1.0 i :0  

14:0 6.2 22.5 
14 : 1 1.2 1.2 

Unknown 1.3 
t 5 : o  024 2.5 

][SO 16:0 4.5 3.2 
1 6 : 0  51 .2  16 .9  
1 6 : 1  2.2 1.8 

Unknown 2.7 3.1 
17:0 2.4 3.3 

1SO lS:0 0.5 0,3 
18:0 14.3 26.2 
18:1 11.5 14.4 
2 0 . 0  .... 0.4 

Saturated 82.4 78.2 
Unsaturated 14.9 17.4 
Unknown 2.7 4.4 

The proportion of each individual phospho- 
lipid class in the serum total phospholipid is 
presented in Table I I I .  The content of lecithin 
and sphingmnyelin phosphorus is within the 
range of most recent reports for fasting in- 
dividuals (6,14,24,26,28,30,32). 

The proportion of lysolecithin phosphorus 
reported has varied widely, ranging from 3% 
(24) to 12% (26). The proportion of lyso- 
lecithin of 8.2% of the total lipid phosphorus 
found in the present studies is within the range 
of these observations. Likewise, the proportion 
of 4.2% for noncholine phospholipid phos- 
phorus is in accord with the observations of 
most other werkers (24,26,28,30,32). However, 
with the exception of the studies of Renkonen 
(30), the eonlponents of the noneholine fraction 
were not separated by other workers to a 
degree which pernfits comparison with the re- 
suits of the present communication. Renkonen 
(30) reported somewhat higher levels of choline 
plasmalogen and phosphatidyl inositol than 
given in Table I I I .  The same author isolated 
phosphatidyl ethanolamine and lysophospha- 
tidyl ethanolanfine in a ratio of 1:1 which is 
markedly different than the ratio of 3:1 found 
for this pair in the present study. Also, 
Renkonen (30) found that ethanolamine plas- 
n~alogen phosphorus was only 7% of all 
the phospholipids containing ethanolamine ; 
whereas in the present study, the ethanolamine 
plasmalogen represented over 50% of the 
phosphorus of the phospholipids containing 
ethanolamine. The content of phosphatidyl 
inositol phosphorus is within the range of 
other reports (26,30). 
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TABLE I I I  

H u m a n  Serum Fhospholipids 

Phosphorus Phospholipid 

Name Percent " Factor (wt % )  

Lecithin 69.6 26.2 73.0 
Choline 

plasmalog'en 0.8 24.9 0.8 
Lysolecithin 8.2 17.5 5.8 
Sphingomyelin 17.2 23.4 16.2 
Phosphatidyl 

ethanolamine 1.0 25.0 1.0 
Ethanalamine 

plasmalogen 1.4 23.3 1.3 
Lysophosphatidyl 

eth~nolamine 0.3 t 6.0 0.2 
Phosphatidyl 

serine 0.3 25.7 0.3 
Phosphatidyl 

inositol 1.2 29.2 1.4 

a Percent of total lipid phosphorus. 
The fat ty  acid composition of these phospholipids is 

given in Table I, and the fat ty  aldehyde content of the 
plasmalogens in Table I I .  

The relative proportions of the individual 
phospholipids in the sermn total phospholipids 
also are expressed in Table I I I  on a weight % 
basis, using a factor for each individual phos- 
pholipid class which was calculated from the 
actual fa t ty  acid and fa t ty  aldehyde composi- 
tion of that class. This factor ranged from 
16.0 with lysophosphatidyl ethanolamine to 
29.2 for phosphatidyl inositol. The average 
factor, weighed for percent phosphorus for  the 
three major  phospholipids: lecithin, sphingo- 
myelin, and lysolecithin, is 24.9. The average 
factor, calculated in the same way for  the 
sermn total phospholipids, is 25.0 which is 
identical with the factor usually employed to 
convert sermn lipid phosphorus to a weight 
basis. 

On a weight basis, as seen in Table I I I ,  
lecithbb sphing'omyelin, and lysolecitbin ac- 
count for  95% of the total phospholipid. The 
ethanolamine containing phospholipids add up 
to 2.5% and the remainder is divided among 
phosphoinositol, choline plasmalogen, and phos- 
phatidyl  serine. As far  as we are aware, this 
is the first time that sermn phosphatidyl serine 
has been isolated as a separate phospholipid 
component and its fa t ty  acid composition 
studied. 

The large disproportionali ty of the content 
of the individual sermn phospholipid classes 
causes difficulty in detecting on thin-layer 
plates phospholipids such as phosphatidyl 
serine and lysophosphatidyl ethanolamine. 
Both of these phospholipids have R~ values in 
the vicinity of lecithin, the level of which is 
several hundredfold that of either of these two 
cephalins. Fraetionation of lipids on the 
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columns involves the contact of phospholipids 
with adsorbents which might cause the break- 
down of the original phospholipids and, 
thereby, produce artifacts. The decomposition 
of eephalin plasmalogen on silieie acid column 
to form lysocephalin has been reported (13) 
and breakdown of lecithin to lysolecithin on 
almninmn oxide column has been observed (29). 

The question arises as to whether the lyso- 
phosphatidyl ethanolamine isolated in the 
present study was such an artifact. This phos- 
pholipid was detected initially in the effluent 
from the first silicic acid column used with the 
lipid extract (Fig'. 1, Region B). The forma- 
tion of lysophosphatidyl ethanolamine was not 
observed during' the separation of the major  
par t  of the phosphatidyl ethanolamine from 
phosphatidyl inositol (Fig'. 1, Region A) on an 
atmninum oxide column. Furthermore, this 
study and those of others (10) have shown 
that plasmalogen fat ty  acids are primari ly un- 
saturated, and isolated lysophosphatidyl etha- 
nolamine showed only 43 mole % unsaturated 
acid. In  addition, a plasma phospholipase 
which catalyzes the conversion of phosphatidyl 
ethanolamine to the lyso compound has been 
described (39). Lysophosphatidyl ethanolamine 
has been detected in plasma and serum by 
paper  chromatography (23,26) and determined 
by column chromatography (30). All  these 
facts support  the conclusion that lysophos- 
phatidyl  ethanolamine is a native constituent 
of human semlm. 

Other workers have presented evidence that 
lysolecithin is a naturally occurring lipid in 
human sermu (6,14,24,26,28,30,32). The pres- 
ence in such serum of an enzyme which trans- 
fers a fa t ty  acid moiety from lecithin to 
cholesterol with formation of cholesterol esters 
and lysolecithin has been noted (9). A small 
par t  of lecithin (Fig. 1, major fraction B) was 
recovered by additional fraefionation on an 
almninmn oxide eoluum, but there was no lyso- 
lecithin detected in the eluted fraction. Since 
the fornmtion of lysolecithin from lecithin de- 
pends primari ly upon time of contact of 
lecithin with aluminum oxide (29), and lecithin 
was eluted quickly from the column as an 
initial sharp peak, decomposition of this par t  
of the lecithin undoubtedly was prevented. 

Finally', the observations made in this study 
are in agreement with the conclusion of 
Renkonen (30) that claims of the instability 
of phospholipids during column chroma- 
tography seem somewhat exaggerated, al- 
though the labilit~ of these lipids under these 
conditions cannot be neglected. 
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Determination of the Specific Positions of cis and 
trans Double Bonds in Polyenes 1 
O. S. Privett and E. C. Nickell, The Hormel Institute, University of Minnesota, Austin, Minnesota 

ABSTRACT 

A method is described for the deter- 
ruination of the positions and geometric 
configurations of double bonds in poly- 
unsaturated fat ty  acids. The procedure 
consists of three steps: 

1) Part ia l  reduction of the double bonds 
with hydrazine under conditions 
which give high yields of monoenes. 

2) Isolation of the cis- and the trans- 
monoene fractions by thin-layer 
chromatography (TLC) directly or 
in the form of their ozonide deriva- 
tives. In  the former technique, selec- 
tive argentation is employed, in the 
latter, silieie acid adsorption. 

3) Determination of the structure of 
the nmnoenes via reduetive ozonolysis. 

The position of the double bonds is 
determined from the structures of the 
nmnoenes. Since the cis-monoenes are 
separated from the t rans-monoenes the 
geometric configuration of each double 
bond is determined. 

The method also provides a direct deter- 
ruination of the spacings of the internal 
double bonds and it may he employed for 
the determination of the structures of mix- 
tures of fa t ty  acids in conjunction with 
direct ozonolysis procedures. The various 
ramifications of the method are demon- 
strated on pure fa t ty  acids and model 
mixtures thereof. 

INTRODUCTION 

TttOU-GH FATTY ACIDS containing t rans  

double bonds may be detected and deter- 
mined quantitatively by infrared spectroscopy 
(1) or by gas-liquid chromatography (GLC) 
with capillary columns (2), these methods do not 
pernfit the deternfination of the specific posi- 
tional isomers of cis-trans-polyenes.  Neither do 
degradative methods for the determination of 
the structure of polyenes give the location of 
the specific positions of trans and cis double 
bonds. 

l~eeent ly  the course and meehanism of 

1 Presented  at  the AOCS Meeting', I Iouston,  Apr i l  
1965. 
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the homogeneous reduction of double bonds 
with hydrazine (3-10), cobalt carbonyl (11) 
and iron pentaearbonyl (12), and catalytic 
hydrogenation of several monoenoic fa t ty  
acids (13) were studied via determination 
of the positional and geometric isomer com- 
position of the fa t ty  acids at  various stages 
in the reduction. In  these studies the com- 
position of the products of the reaction was 
determined by a combination of fractionation 
techniques and localization of the double bonds 
by the periodate-permanganate method (14,15). 
Scholfield et al. (15A) determined the geometric 
isomer composition of linolenate isomerized 
with selenium or nitrous acid, and Hopkins and 
Chisholm (16) elucidated the structure of trans- 
3, cis-9, cis-12, cis-15-octadecatetraenoic acid by 
a similar combination of proeedm'es. Stearns 
and Quackenbush (17) described a novel tech- 
nique for the determination of the positions 
of radioactive carbon atoms in unsaturated 
fa t ty  acid chains based on a part ial  catalytic 
hydrogenation which effects the widest possible 
shift in double bonds, isolation of the part ial ly 
reduced esters and determination of the radio- 
activity in the fragments given by reductive 
ozonolysis. 

Our method for the determination of specific 
positions of cis and trans double bonds in- 
volves part ial  reduction with hydrazine without 
isomerism of double bonds, separation of cis 
and trans mouoenoates, and location of double 
bonds by reductive ozonolysis. The reduction is 
carried out as near as possible to the maximum 
yield of monoenoie fa t ty  acids. The principle 
of the method is to produce a monoenoic fa t ty  
acid for each double bond in the molecule. 
Isolation and determination of the structure of 
each monoenoic fa t ty  acid enables one to 
elucidate the structure of the original molecule. 
The sequence of the steps in the procedure 
may be enumerated as:  1) par t ia l  hydrazine 
reduction, 2) esterification, 3) isolation of cis- 
and t rans-monoenoate  esters by TLC via selec- 
tive argentation, and 4) determination of the 
position of the double bond in the isolated 
cis- and t rans-monoenoate  esters by reductive 
ozonolysis. The positions of the cis double 
bonds in the original esters are deduced from 
the structures of the isolated cis monoenoates 
and the positions of the trans double bonds are 



(]IS AND TRANS I)OUBLE BONDS IN POLYENES 99 

deduced fronl the structures of the isolated 
trans monoenoates. 

EXPERIMENTAL 
Materials 

Highly purified methyl oleate, elaidate, 
petroselinate, vaecenate, nervonate, linoleate, 
linoelaidate, cis-ll,eis-14-eicosadienoate, eru- 
cate, linolenate and araehidonate were obtained 
from The tIormel Institute. GLC analysis of 
these compounds indicated that they contained 
tess than 1% iinpurities. Thin-layer chroma- 
tography (TLC) with Silica Gel G impregnated 
with silver nitrate, prepared as described by 
Barrett et al. (18), also showed that they were 
pure. Chromatoplates of the TLC analysis 
of a number of these compounds arc shown in 
connection with various experiments in the 
results. 

Procedure 

Partial Reduction with Hydrazine. A sample 
of 5 to 100 mg of fatty acid is dissolved in 100 
volumes of a 10% (V/V) methanol solution of 
hydrazine hydrate (Eastman Organic Chem- 
icals) and stirred vigorously by means of a 
magnetic stirrer in the appropriate size test 
tube or Erlenmeyer flask. The reduction is 
continued until as near as possible to the 
maximum amount of monoene is produced. 
The degree of agitation and temperature are 
important factors that influence the rate of re- 
duction of double bonds with hydrazine. Con- 
centrations of monoenes of the order of about 
50% can be obtained regardless of the degree 
of unsaturation of the parent fatty acid. We 
usually carry out the reaction at 36C and 
allow about 1.5 to 2 hr for cliches. Correspond- 
ing longer periods are required for more un- 
saturated fatty acids. The reaction may, of 
course, be speeded up by carrying it out at 
higher temperatures. A few pilot experiments 
should be made under a standardized set of 
conditions to establish the optimmn reaction 
time for the production of about 50% monoene. 

The reaction is stopped at the predetermined 
time and the fatty acids are converted to methyl 
esters by heating them with dry methanolic I-IC1 
(6% tIC1 w/w). For small samples, that is, 
of the order of 5 mg, the solution of partially 
reduced acids is added to about 3 ml of the 
dry methanolic HC1 (6% w/w) in a 16 • 150 
mm test tube with a constricted neck for seal- 
ing. After the tube is fushed with nitrogen, 
it is sealed with a torch and esterifieation of 
the acids is effected by heating the ampule in 
a boiling water bath for about 1 hr. 

Larger samples are usually neutralized with 
acid, extracted into petroleum ether, dried with 
anhydrous sodimn sulfate, recovered by eva- 
poration of the solvent and then esterified with 
methanol. 

Isolation of cis- and trans-monoenes. The 
solution of methyl esters is usually evaporated 
to near dryness, and dissolved in about 0.5 ml 
of low boiling petroleum ether for fractionation 
by TLC. As much as 10 mg of sample may be 
fraetionated on a 20 • 20 em ehromatoplate 
coated with Silica Gel G (Merck, A. G., Darm- 
stadt, Germany) or porous glass containing 
10% calcium sulfate (Corning Glass Works, 
Corning, N.Y.) impregnated with silver nitrate 
and obtain a complete separation of the cis- 
and trans-monoene fractions. The separated 
bands are made visible under ultraviolet light 
by spraying the plate with 2,7-dichlorofluores- 
cein, marked with a pencil or similar sharp 
object and scraped into a small (125 ml) 
separatory funnel containing about 60 ml of 
a mixture of ethyl ether and petrolemn etl~er 
(1:1, v/v) .  The solution of esters and the 
adsorbent are shaken with about 40 ml of 1% 
aqueous tIC1 and then washed with distilled 
water several times. Finally, the solvent layer 
is separated, dried with anhydrous sodimn sul- 
fate and filtered. The solvent is evaporated and 
the residue of esters is reextraeted with dIT~ 
pentane. Traces of indicator which may still 
contaminate the sample do not dissolve in t'~e 
dry pentane. 

Figure 1 shows the TLC analyses of the 
products of the partial reduction of a number 
of model fatty acids (in the form of methyl 
esters) by the above technique. These results 
show that in addition to separation of the 
cis- and trans-monoenoate esters some separa- 
tion of positional isomers contained in these 
fractions also occurs. 

Preparation and Purification of Ozonides. 
The pentane solution of each group of esters 
is reduced in volume to about 1 ml, cooled to 
a temperature just above that where crystalli- 
zation occurs and poured into 10 ml of pentane 
saturated with ozone at about --65C. The 
pentane solution of ozone is prepared as 
previously described (19). Ozonization is 
virtually instantaneous under these conditions 
and after a reaction time of about i min the 
excess ozone and dissolved oxygen are removed 
as the solution is evaporated to about 0.5 nil 
under reduced pressure by means of a water 
aspirator. The solution of ozonides is then 
applied to the base of a 20 • 20 em ehro- 
matoplate coated with Silica Gel G, and de- 
veloped with low boiling petroleum ether con- 

LIPIDS, VOL. 1, NO. 2 



100 O . S .  PRIVETT AND E. C. NICKELL 

Fro. 1. Chromatoplate of the silver nitrate-TLC 
of reference methyl esters and products of the 
partial hydrazine reduction of model fatty acids 
via a solvent system of 0.75% methanol in 
chloroform: 1, methyl stearate; 2, methyl elM- 
date; 3, methyl oleate; g, methyl ]inoleate; 5, 
partially reduced methyl linoleate; 6, partially 
reduced mixture of methyl linoleate and methyl 
cis-9,tra*~s-12-oetadeeadienoate; 7, partially re- 
duced mixture of methyl linoleate and methyl 
linoelaidate; 3, partially reduced methyl linoelai- 
date; 9, partially reduced methyl linolenate; i0, 
partially reduced methyl araehidonate. 

taining 10% diethyl ether. The bands of 

separated ozonides are made visible by spraying 
the plate with 2,7-dichlorofluorescein and view- 
ing it under ultraviolet light. Figure 2 shows 
a chromatoplate of the TLC of the ozonides 
of ruonoenoate, dienoate and trienoate esters 
under these conditions. The spots in Figure 
2 were made visible by charring. Chromatog- 
raphy of the ozonides not only effects their 
purification for the subsequent reduction but 
also provides a means of separation of trans~ 
Irans-dienes which sometimes cannot be sep- 
arated completely from cis-monoenes via silver 
nitrate-TLC. 

Catalytic Red~ction of Ozonides. Ozonides 
may be reduced in a variety of solvents. We 
usually use methylene chloride but ethyl chloride 
that has a boiling point of 12C may be em- 
ployed for the analysis of very short chain 
fragments. For  the reduction, the ozonides 
may be scraped front the chromatoplate 
directly into a 15 ml conical centrifuge tube 
containing a Teflon coated bar (10 X 3 ram, 
Cole Parrner Instrmnent Equipment Company) 
for magnetic stirring. Approximately 1 ml of 
solvent and 10-25 mg of Lindlar catalyst (20) 
are added to the tube that is then alternately 
evacuated and filled, first with nitrogen and 
then with hydrogen. During this operation the 
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tube is immersed in a beaker with Dry Ice and 
acetone to cool it to about --70C to prevent 
evaporation of the solvent and premature re- 
duction of the sample. Finally, the solution 
is maintained under about 2 lb of hydrogen 
pressure and stirred vigorously to give a very 
fine suspension of the catalyst throughout it. 
The temperature of the solution is raised to 
about 10C by placing the tube in a water bath. 
About 1~ hr at 10C is allowed for the comple- 
tion of the reduction, then the hydrogen at- 
n,osphere is replaeed with nitrogen by means 
of a two-way stopcock and the products of 
the reaction are analyzed. Completion of the 
reaction may be determined by TLC using 
plates coated with Silica Gel G and a solvent 
system of 10% diethyl ether in low boiling 
petrolemn ether. 

The products of the reaction, the aldehydes 
and aldesters, are analyzed by GLC by the 
following procedure. A portion of the solution 
(or all of it, if the sample is small) contain- 
ing the catalyst dispersed in it is withdrawn 
into the needle of a syringe (50 t~l or 100 
t~l, depending on the size of the sample) and 
emptied into a small glass tube of about 25 • 
2 mm (I.D.) loosely packed with glass wool to 
provide a large surface area for evaporation 
of the solvent. Most of the solvent evaporates 
in a minute or two at room temperature, 
especially when ethyl chloride is used. Then 
the tube is placed directly in the top of the 
column of a GLC instrument. The gas is turned 
off and the pressure released prior to intro- 
duction of the sample on the eolmun to prevent 
blow out of part of the sample and loosening 
of the column paeking. The tube is removed 
at the finish of the analysis by means of a small 
pair of tweezers. 3~Iost analyses may be car- 
ried out with a column packed with Chromasorb 
W as the inert support coated with 30% 
weight of silicone (14,21) and with the tem- 
perature programmed from 60 to 190C. When 
overlapping of aldehydes with aldesters is 
suspected (by the size and shape of the peak) 
an analysis may also be made on a colmnn 
packed with 15% ethylene glycol suecinate 
polyester. The temperature of the eolmnn in 
this analysis is also generally programmed from 
60 to 190C in order to detect both the long 
and the short chain compounds. 

The analysis of the products of the reductive 
ozonolysis was carried out with a Packard 
gas chromatograph. This instrmnent was 
equipped with dual eolmnns and fi-ionization 
detectors (150 me tritium). Identification of 
the simple aldehydes was made by comparison 
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with a standard mixture of these compounds, 
with chain lengths from 3 to 12 carbon atoms, 
obtained from commercial sources. The aid- 
esters were identified from a mixture of these 
compounds obtained by the reductive ozonolysis 
of a nfixture of pure methyl petrolselinate 
oleate, vaccenate, erucate and nervonate. These 
esters yielded methyl aldehydates with chain 
lengths of 6, 9, 11, 13 and 15 carbon atoms, 
respectively. 

The retention time of aldesters relative to 
aldehydes is much greater on a polyester 
colunm than on a silicone column. Thus any 
overlapping of these compounds with the sili- 
cone column can be readily distinguished by a 
second analysis on a polyester column. Gen- 
erally, aldehydes have the same retention tb~e 
as aldesters with three less carbon atoms in 
the chain on a silicone column. For example, 
nonanal generally has the same retention time 
as methyl adipaldehydate. The spread of the 
overlapping on ethylene glycol succinate poly- 
ester column generally is about seven carbon 
atoms in the chain. That is, overlapping might 
be expected between tridecanal and methyl 
adipaldehydate. 

RESULTS AND DISCUSSION 

In  order to test the methods, it was applied 
to a number of fatty acids of known structures 
and certain mixtures of fatty acids. One such 
mixture, which demonstrated the method well, 
consisted of cis-ll,cis-14-eicosadienoic acid and 
linoelaidic acid. This mixture of acids should 
yield trans-9-octadecenoic and trans-12-octade- 
cenoic acids from linoelaidic acid, and cis-ll- 
eicosenoic and cis-14-eicosenoic acid from cis-11, 
cis-14-eicosadienoic acid. Since the cis-monoenes 
are derived from the 20 carbon chain diene 
and the trans-monoenes are derived from the 
18 carbon chain diene, the separation of the 
cis-monoenes from the trans-monoenes by TLC 
could be readily demonstrated by GLC as shown 
in Figure 3. 

Should trans~trans-dienes not be completely 
separated from the cis-nmnoenes by argenta- 
tion techniques, they may be separated in the 
form of their ozonides because diozonides can 
be readily separated from monoozonides via 
silicie acid adsorption as illustrated in Figure 2. 

The analysis of the fragments obtained on 
the reductive ozonolysis of the trans- and cis- 
monoenoate fractions isolated by TLC is shown 
in Figure 4 (curve B and C, respectively). 
These analyses correspond to the GLC analysis 
of the parent monoenes (Fig. 3). The hexanal 
(6A, curve B, Fig. 4) and methyl dodecano- 
aldehydate (12AE, curve B, Fig. 4) arise from 

:FIG. 2. Chromatoplate of the TLC of the prod- 
ucts of the ozonization of methyl oleate (O), 
methyl elaidate (E), methyl trans-9,cis-]2-octade- 
cadienoate (TC), methyl trans-9,trans-a2-octade- 
eadienoate (TT), methyl linoleate (CC), methyl 
tinolenate (T), I. mixture of O, TT, T. II. mix- 
ture of O, TC, T. Development with 10% ethyl 
ether in petroleum ether on preextracted Silica 
Gel G. 

methyl trans-12-octadecenoate, the nonanal 
(9A, curve B, Fig. 4) and methyl azelalde- 
hydate (gAE, curve B, Fig. 4) arise from 
methyl trans-9-octadecenoate constituting the 
two monoenes of the tra~s-monoene fractions. 
The hexanal (6A, curve C, Fig. 4) and the 
methyl tetradecanoaldehydate (14AE, curve C, 
Fig. 4) arises from methyl cis-14-eicosenoate, 
the nonanal (9AE, curve C, Fig. 4) and the 
undecanoaldehydate ( l lAE ,  curve C, Fig. 4) 
arise from methyl cis-ll-eicosenoate constituting 
the two monoenes of the cis-monoene fraction. 

As a demonstration of the method for the 
determination of internal double bond struc- 
ture, it was applied to arachidonic acid. This 
acid should give four positional cis-isomers of 
eieosenoic acid on partial reduction with hy- 
drazine, namely those with double bonds in 
the 5, 8, 11 and 14 positions. These, in turn, 
should give, on reductive ozonolysis of the 
corresponding methyl ester, one aldehyde and 
one aldester each corresponding to the position 
of the double bond. 

The GLC analysis of the fragments of the 
reductive ozonolysis of the mixture of monoenes 
isolated via silver nitrate-TLC is also shown 
in Figure 4 (Curve A). In  this analysis the 
following aldehyde and aldesters pair up to 
give the parent 20 carbon monoenes, 5AE and 
15A, 8~E and 12A, l l A E  and 9A, and 14AE 

LII, I])s, VoL 1, NO. 2 
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Fro. 3. Chromatograms of the GLC analysis of 
methyl ester of: (A) the products of the partial 
reduction of a 1:1 mixture of linoelaidic and 
cis-ll,cis-14-eicosadienoic acids, (B) the saturated 
esters separated from (A), (C) the trans-monoene 
fraction separated from (A), (D) the cis-monoene 
fraction separated from (A), (E) the unreacted 
diene fraction separated fronl (A). Conditions: 
15r7( ethylene glycol suecinate polyester phase 
~lt 185C. 

and 6A. These arise f rom the 5, 8, 11 and 14 
eicosenoate isomers corresponding to the posi- 
tions of the 4 double bonds in methyl  
araehidonate. 

I n  order to demonstrate the method on a 
fa t ty  acid containing both cis and trr~ns double 
bonds in the same molecule, the method was 
appl ied to cis-9,trans-12-octadecadienoic acid. 
This acid was prepared  f rom dehydrated methyl  
ricinoleate as described by Jackson et al. (22). 
F ina l  purification was made by TLC employing 
plates coated with Silica Gel G impregnated 
with silver ni t ra te  as described by Bar re t  et 
al. (18). No geometric isomer impuri t ies  could 
be detected in the final preparat ion.  However ,  
a direct s t ructural  analysis of this sample as 
described by the authors (19) showed that  i t  
contained traces of an isomer with double 
bonds in the 8 and 11 positions. The results 
of the analysis of tile cis- and the trans-monoene 
fract ions obtained f rom this prepara t ion  are 
shown in F igure  5. These results showed that  
in addition to f ragments  expected f rom 
monoenes which originate f rom the ma jo r  
isonler, cis-9,trans-12-octadecenoate (methyl 
cis-9-, and methyl trans-12-octadecenoate), this 
sample contained a small amount  of cis-8-, 
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FIG. 4. Chromatograms of the GLC of the 
products of the reductive ozono]ysis of A, the 
monoene fraction obtained from the partial re- 
duction of methyl arachidonate. B and C are, 
respectivel$, the products of the reductive ozono- 
lysis of the trans-monoene and cis-monoene frac- 
tions isolated from the partial reductiou of a 
mixture of methyl ]inoc]aidate and methyl 11,14- 
eicosadienoate. Conditions: 30% silicone phase 
temperature programmed 60-190C. 

trrms-11 and trans-8, c is- l l  isomers as indicated 
by the near  equal distr ibution of  f ragments  
f rom monoenes expected of this isomer (8, 
11-18:2)  in both the cis- and trans-monoene 
fractions.  Since the original  p repara t ion  was 
purified of trans, trans- and cls, cis-diene, i t  
obviously could not contain any trans, trans 
or cis, cis ~somers of either of the posit ional 
isomers. That  minor  amounts of  positional 
isomers other than the expected 9, 12 isomer 
may be formed is indicated by recent studies 
on the dehydrat ion of ricinoleic acid by Body 
and Shorland (23). 

A I r A~ 
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FIG. 5. Chromatograms of the GLC of the 
products of the reduetlve ozonolysis of the 
monoeues isolated from the partial reductlon of 
methyl cis-9,trans-12-octadecadienoate prepara- 
tion. A = cis-monoene fraction. B ~ trans-monoene 
fraction. Conditions: 30% silicone phase, tem- 
perature programmed from 60-190C. 
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Theoretically the method should be applicable 
to fatty acids with any type or conlbination of 
types of polyunsaturation, methylene inter- 
rupted, isolated or conjugated. The only factor 
militating against its unqualified use is the 
possibility that the reduction nlay be selective 
for certain double bonds. There apparently 
are some differences in the rate of reduction 
of double bonds in different types of structures 
with hydrazine, as for example, conjugated 
versus nonconjugated systems (4,9). However, 
only large differences in the rate of reduction 
of double bonds would have a significant effect 
on the method for identification purposes. In  
fact, selectivity of the reduction could work 
to advantage in some cases, but it could be 
a complicating factor in application of the 
method for quantitative analysis if it is not 
recognized. Quantitative analysis may be made 
by the usual reductive ozonolysis procedures 
described by us (19,21) employing the tech- 
nique of quantification of the peak area by 
GLC reported by Ackman et al. (24). Since 
a reductive ozonolysis by the usual procedure 
can be carried out on an ultranlicro scale (21)2 
a number of advantages in addition to quanti- 
fication accrue from the use of simple reductive 
ozonolysis and the procedure described here 
especially for the analysis of complex mix- 
tures. For example, since double bonds nearest 
the earboxyl group always give an aldester 
fragment the nmnber of fatty acids in a mix- 
ture can be determined from the number of 
aldesters by the usual method of reductive 
ozonolysis. The application of the two tech- 
niques provides the basis upon which com- 
plex nfixtures of fatty acid esters can be 
determined because they provide information 
on the chain length of the parent acid, the 
positions of the two outer double bonds as 
well as the configuration of all of the double 
bonds. 
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An Electrostatic Precipitator for Preparative Gas-Liquid 
Chromatography 
L. Borka and O. S. Privett, University of Minnesota, The Hormel Institute, Austin, Minnesota 

ABSTRACT 

The effect of the operating' variables of 
electrostatic precipitators on the recovery 
and structure of methyl esters and related 
aerosol fomfing compounds collected in 
preparative gas-liquid chromatography was 
studied. 

Aerosol fornmtion was prevented by AC 
or DC voltages of 5000 to 12000 volts. 
AC was more effective than DC but caused 
changes in structure which were detectable 
by both thin-layer and gas-liquid chroma- 
tographic methods of analysis. 

An apparatus of simple construction and 
operation was designed for the collection 
of methyl esters and its use demonstrated 
with several model compounds. 

INTRODUCTION 

E 
LECTROSTATIC PRECIPITATION (J_) w a s  first 
applied to preparative gas-liquid chroma- 

tography (GLC) for the collection of samples 
by Atkinson and Tuey (2). In  the course of 
the developnlent of this technique, modifications 
in the apparatus have been described by Kratz 
et al. (3), Thompson (4), Snelson (5) and 
Ross et ah (6). These workers have shown 
that aerosol fornmtion which is the main factor 
resulting in low recoveries in preparative GLC 
can be broken by voltages of greater than 3400 
volts. 

Both AC and DC voltages have been employed 
in electrostatic precipitators and no specific 
recommendation regarding their use has been 
made except that AC has been reported to be 
more effective than DC in the prevention of 
aerosol formation. 

Since high voltages are known to cause 
changes in the structures of organic compounds 
(7), we made a study of the operating variables 
of electrostatic precipitators for preparative 
GLC and designed a simple apparatus for the 
collection of methyl esters and related 
eorapounds. 

EXPERIMENTAL 
Materials 

Hexadecane >99% purity was obtained from 
Matheson, Coleman and Bell. t t ighly purified 
(>99%)  stearie acid, methyl oleate, methyl 
linoleate, methyl linolenate, methyl palmitate, 

pahnityl alcohol, methyl lauratc, cap~71 alcohol 
and eaprylic acid were obtained from The 
Hormel Institute, Austin, Minnesota. 

Apparatus 

The gas chromatograph used throughout this 
work was an F & M Model 500 equipped with 
a thermal conductivity detector and 7 ft • 1~ 
in. column packed with 10% (w/w) ethylene 
glycol succinate polymer on 100-120 mesh 
Chromosorb P. Helium was used as the carrier 
gas at 75 ml/min. The column and block were 
operated at temperatures of 185 and 250C, 
respectively. 

The electrostatic precipitator designed for 
this study is shown in Figure 1. 

A schematic diagram of the apparatus is 
shown in Figure 2. I t  has two main features: 
1) I t  is of very simple construction. 2) I t  is 
simple to operate as it can be quickly and 
easily disassembled. Some of the construction 
features of the apparatus are as follows: The 
inner electrode consists of a 35 e m •  1.5 mm 
o.d. steel wire inside a glass tube. The outer 
electrode consists of a 1/16 in. sheet of alumi- 
num foil (28 • 13 crn) and it is wrapped 
around a glass tube (44 X 0.9 era) and fastened 
by plastic tape. The distance between the two 

Flo. 1. A, assembled electrostatic precipitator; 
B, the component parts of A; if, silicone rubber 
disk; 2, nut; 3, outer glass tube; 4, inner glass 
tube; 5, inner electrode; 6, aluminum sheet; 7, 
clamp; g, insulated wires; 9, plastic tape. 
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glass tubes is narrow (0.5 ram) to make the 
passageway for the aerosol narrow and at the 
same time provide a large surface area of 
electrode per volume of the passageway. The 
steel wire can be readily withdrawn from the 
tube within which it is placed and the wire 
from the transformed to the outer electrode 
can also be readily removed to permit the 
quick (few seconds) replacement of another 
collection unit A (Fig. 1). 

For  the collection of samples the outer tube 
of the unit is inserted through the septum of 
the outlet of the gas chromatograph until it 
comes into contact with the end of the colunm. 

Experiments were carried out with both 
alternating and direct current. For  the al- 
ternating current experiments the precipitator 
was connected to an AC transformer with an 
input of 115 v and an output of 15 kv (30 ma). 
The input voltage for the high voltage trans- 
former was regulated by means of a variable 
transformer which made it possible to produce 
voltages from zero to 15,000. 

DC voltages were obtained by means of a 
DC power supply with an input os 118 AC 
and an output of 15 kv at 1.5 ma DC (Model 
No. HV150-152M, Plastic Capacitors Inc., 
Chicago, Ill.). I t  was also connected to a 
variable transformer to provide a range of 
voltages. 

R E S U L T S  

In the first experiments the voltage required 
to prevent aerosol formation was determined 
by observation of the smoke or fog which 
emerged from the outlet of the precipitator 
when it was alternately turned on and off. 
The results for a variety of compounds of 
different structures are shown in Table I. In 
accordance with the observation of Kratz et al. 
(3) AC voltage was more effective in the pre- 
vention of aerosol formation than DC voltage. 

R e c o v e r y  E x p e r i m e n t s  

In order to eliminate spurious results from 
colunm bleed the amount of recovery was 

measured by analytical GLC using an internal 
standard. In this procedure the amount of 
sample collected was determined by dissolving 
it in a known volume of a standard solution 
of the compound used as an internal standard, 
and comparing the peak areas of the standard 
with that of the collected substance. The re- 
sults of the recovery of several methyl esters 
via the electrostatic precipitation is compared 
to gradient cooling conder~sation which is 
superior to cold trap precipitation in Table II .  
The results (Table I I )  show that the re- 
coveries of  aerosol-tokening compounds average 
about 96%. These experiments illustrated the 
applicatioa of the apparatus to analytical 
separations obtained with the conventional 
1s in. column. Essentially 100% recoveries 
may be obtained with large diameter prepara- 
tive colmnns because the actual loss of material 
appears to be about the same, regardless of the 
amount of sample applied to the column. 

~'IG. 3. Thin-Iayer ehromatoplate, showing 
methyl oleate, treated with high voltage. A, the 
effect of AC high voltage; B, the effect of DC 
high voltage. Coating: Silica gel G, developed 
iI, a mixture of petrolemn ether (30-60C), eNG1 
ether (90:10). Charred at 180C after spraying 
with 70% sulfuric acid (v/v), saturated with 
potassium dichromate. 
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TABLE I 

Precipitat ion of Aerosol-Forming Compounds 

Compound AC voltage DC voltage 

Stearic acid 5500 12000 
Methyl oleate 5500 8200 
Methyl linoleate 5500 9500 
Methyl lino~enate 6800 II000 
t-Iexadeeane 6500 10200 
]~{ethyl palmitate 6100 12300 
Palmityl alcohol 5700 7500 
Methyl ]aurate 6100 10200 
Capryl alcohol 5500 8200 
CaprFlie acid 5500 10600 

Structural Alteration of Compounds 

When direct current was employed, aerosol 
fornmtion could be prevented without any 
evidence of structural alteration to the 
compounds. 

Alternating current caused changes with all 
compounds. Changes could be detected with 
some compounds at voltages below that re- 
quired to break aerosol fornlation. The altera- 
tion in structure was determined mainly by 
thin-layer chromatography (TLC). The ehro- 
matoplate in Figure 3 shows the analysis of 
methyl oleate collected via AC and DC voltages. 
In  no ease could alternating current be em- 
ployed without evidence of some structural 
alteration of the collected eonlpounds. In addi- 
tion to nonvolatile products, gases such as 
methane, ethane are generally formed. The 
mechanism and products of discharge reactions 
of the type encountered in electrostatic pre- 
cipitators using AC current will be described in 
more detail in a separate report by the 
authors (8). 

DISCUSSION 

Low recoveries of compounds encountered in 
preparative GLC because of aerosol formation 
may be greatly improved by the use of elec- 
trostatic precipitation techniques. With long- 
chain methyl esters no other devices are re- 

TABLE II 

Recovery of Methyl Esters via 
E:ectrostatic Precipitation Technique 

Compound Remark  

% Recovery by 
condensation 

% Recovery and e]ectro- 
by only con- static prccipi- 

densation tation 

1 /xl Methyl No visible 
capry:ate aerosol 87.0 90.1 

1 ~I Methyl 
oleate Aerosol 88.6 96.1 

1 #l Methyl 
araehidonate Aerosol 79.1 96.3 

quired to attain recoveries of the order of 
95%, and when DC voltages are employed no 
alteration in the structure of the collected 
samples occurs. AC voltage caused changes in 
structure of methyl oleate via discharge re- 
actions. The structural changes in this and 
related compounds may be readily detected by 
TLC. Polar compounds are formed as well as 
short-chain hydrocarbons which may be de- 
tected by GLC as demonstrated in further 
work from this laboratory (8). 

In addition to the use of DC voltage there 
are certain other features which should be 
considered in the design of a precipitator for 
preparative GLC. These may be enumerated as 
follows : 

1. Since high voltages are employed, the 
apparatus should be consh'ucted to mi~fi- 
mize the hazard of electrical shock. 

2. The unit should permit the collection of 
multiples of samples in a short period of 
time. 

3. The design should attain a gradient cool- 
ing of the emerging vapors before they 
enter the electrical field to decrease the 
amount and stability of the aerosol. 

4. The apparatus should be simple to permit 
fast assembly and cleaning. 

5. Finally, it should be pointed out that 
since discharge reactions generally give 
rise to polymers and highly volatile pro- 
ducts (among others), GLC is not a good 
method for the detection of structural 
changes unless conditions are used to de- 
tect these types of compounds. 
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Laboratory Contaminants in Lipid Chemistry: Detection by Thin- 
Layer Chromatography and Infrared Spectrophotometry and Some 
Procedures Minimizing Their Occurrence 
George Rouser and Gene Kritchevsky, Department of Biochemistry, City of Hope Medical Center, 
Duarte, California; Mary Whatleu and Claude F. Baxter, Neurochemistry Laboratories, Veterans Ad- 
ministration Hospital, Sepulveda, California, and Department of Physiology, University of California, 
Los Angeles, California 

ABSTRACT 

Many sources of contamination for lipid 
preparations exist in the laboratory. These 
contaminants can be detected using thin- 
layer chromatography (TLC) and infrared 
spectroscopy. Numerous components that 
are potential contaminants and can lead 
to false analyses were demonstrated by 
TLC in laboratory soaps, cleaners, hand 
creams and lotions, hair tonics, laboratory 
greases, floor waxes, oil vapors, tobacco 
smoke, hydrocarbon phases for gas-liquid 
chromatography, etc. Procedures prevent- 
ing introduction of contaminants are pre- 
sented including descriptions of equipment 
and precautions to eliminate or minimize 
contamination. These are useful in isola- 
tion of pure polar and nonpolar lipids. 

INTRODUCTION 

A ~  ACCURATE ANALYSIS of ]ipids from bio- 
logical samples depends upon the rigorous 

elimination of artifacts and contaminants. 
Som'ces of contaminants are numerous and the 
ease with which they can be introduced into 
preparations is often overlooked. In  our ex- 
perience, this is particularly true when new 
personnel are being trained in the laboratory. 

Lipids and other solvent soluble contaminants 
may come front silicone greases and other 
lubricants, wax pencils, hand lotions, hair prep- 
arations, rubber and cork stoppers, tobacco 
smoke, pump oils, detergents, floor waxes, 
chromatographic adsorbents, and from solvents 
themselves. Since it is impractical to remove 
completely all contaminant sources from the 
laboratory, the lipid chemist needs rapid 
methods to detect such contaminants and pro- 
cedures which will minimize or prevent their 
introduction into preparations. This paper 
describes such methods and procedures. 

MATERIALS AND METHODS 

Methods of solvent evaporation and tech- 
niques for working under nitrogen have been 
described previously (1,2). 

Collection of Laboratory Contaminants 

Several preparations of some common classes 
of potential contaminant were obtained. Selec- 
tion was based upon ready availability and com- 
mon use. Thus five hair preparations, five 
hand creams and lotions, four laboratory greases, 
six hand (toilet) soaps, three floor waxes, two 
brands of wax marking pencils, four laboratory 
detergents, and several hydrocarbon phases for 
gas-liquid chromatography (GLC) were exam- 
ined. The solutions for TLC (2-10 mg/ml) 
were prepared by weighing the solid or waxy 
preparations (without drying) and dissolving 
in chloroform/methanol 2/1. Complete solution 
of some samples required the addition of more 
methanol and/or the addition of a small amount 
of water. The liquid floor waxes were diluted 
directly with solvent to prepare spotting 
solutions. 

Fresh rubber and cork stoppers were cut 
into small pieces and extracted at room tem- 
perature with chloroform/methanol 2/1 over- 
night. The clear filtrates were evaporated to 
dryness, weighed and dissolved in chloroform/ 
methanol 2/1 for TLC. 

Tobacco smoke from cigars and cigarettes 
was collected in chloroform/methanol 2/1. Sol- 
vent (250 ml) was placed in a 500 ml side-arm 
flask fitted with a solvent washed rubber stopper 
through which passed a glass tube with one end 
immersed in the solvent. The portion of the 
glass tube above the stopper was made ap- 
proximately i0 in. long with three bends in it 
to facilitate trapping of droplets and bits of 
solid tobacco. Cigars and cigarettes were 
smoked in the usual manner without inhaling 
and the smoke was blown through the solvent 
layer. Clear yellowish-brown solutions were 
obtained, evaporated to dryness in a rotary 
evaporator, the residue weighed and dissolved 
in chloroform/methanol 2/1. Many other po- 
tential sources of contamination were examined 
but are not presented. An attempt is made 
only to present illustrations os common sources 
of problems and methods for study of others. 
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Qualitative TLC for Contaminant 
Identification 

TLC was carried out with adsorbent com- 
posed of 9 parts of silieie acid (Silica Gel 
plain) nfixed with one part  of finely powdered 
magnesium silicate and the adsorbent was 
spread, heat-activated, and samples applied as 
described previously (3). 

Developing solvents of graded polarity were 
used for TLC as shown in Table I. Many 
solvent ratios other than those shown are use- 
ful, but the seven systems used are satisfactory 
for comparisons of ninny products and general 
detection of potential contaminants. The 
presence of an acidic substance on TLC is 
frequently disclosed by comparing chroma- 
tographic runs using' first a solvent containing 
acid then the same or similar solvent without 
acid. The presence of acid in a solvent de- 
presses dissociation of acidic substances on 
TLC causing' them to migrate as less polar com- 
pounds and places them in different positions 
on chromatograms relative to nonacidic 
substances. 

TLC Spray Reagents 

Substances separated by TLC were visualized 
using nonspecifie spray reagents. Most chro- 
matograms were sprayed with 55% sulfuric 
acid (by weight) containing 0.6% potassimu 
dichromate (by weight) followed by heating at 
180C to produce charred spots (3). Spraying 
with a 0.001% aqueous solution of rhodamine 
6G and examination under short-wave ultra- 
violet light was found to be useful for 
visualizing substances that did not char or 
were volatilized by heat before charring. Ele- 
mentary sulfur is soluble in lipid solvents and 
migration of sulfur on TLC is similar to that 
of hydrocarbons. Sulfur is detectable as a deep 
purple spot with rhodamine 6G spray (4). A 
5% solution of phosphomolybdic acid in ethanol 
is useful as a spray reagent for many relatively 
volatile substances. After a chromatogram was 

TABLE I 

Solvents for TLC 

Polarity of 
components Example 

n-Hexane Low Fig. 1 
n-Hexane/diethyl ether 70/30 Med. 
wHexane/die thyl  ether/glacial 

acetic acid 70 /30 /1  " Fig. 2 
Chloroform 
Chloroform/methanol 98/2 :Fig. 3 
Chloroform/methanol/I-I20 

65 /25 / 4  High :Fig. 4 
Chloroform/acetone/methanol/-  

glacial acetic acid/H~O 
5 / 2 / 1 / 1 / 0 . 5  " :Fig. 5 
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sprayed, it was placed in an oven at room 
temperature and the oven temperature then 
allowed to rise gradually to about 120C. This 
results in the production of strong colors from 
volatile hydrocarbons (e.g., bitolyl) that are 
not visualized at all with the char spray and 
give only faint colors with rhodamine. Elemen- 
tary sulfur gives a light blue color with the 
phosphomolybdate spray. 

The three wide-range detection reagents did 
not disclose the presence of all substances on 
ehromatogranls. This could be demonstrated by 
using additional spray reagents such as saturated 
methanolie silver nitrate. Other spray reagents 
would undoubtedly disclose the presence of 
additional components in some samples. 

Infrared Examination 

The potassimn bromide micro pellet tech- 
nique was used as previously described (2) with 
samples of 100-300 ~g weighed on a Cahn 
microbalance. Spectra were recorded on a 
Beckman IR-4 double beam instrument equipped 
with sodium chloride optics. 

RESULTS AiVD DISCUSSIOI~ 

Both TLC and infrared spectrophotometry 
are useful tools for detection of contaminants 
and impurities. TLC is used for the demon- 
stration of solvent soluble organic compounds, 
while infrared examination has proved to be 
most useful for the detection of insoluble sub- 
stances (adsorbents such as DEAE cellulose, 
etc.) and inorganic contaminants (silieic acid 
and silicates, other inorganic salts, silicone 
greases, etc.). 

Results of TLC Studies of Potential 
Contaminants 

Various substances which might contaminate 
biological lipid preparations were examined at 
different concentrations with different solvent 
systems and detection reagents. A series of 
TLC runs were made of some samples to il- 
lustrate and compare some of the major con- 
taminants of different laboratory aids and 
cosmetics. Differences between competing com- 
mercial preparations were noted. 

Fig. I shows the least polar components in 
some potential contanfinants. The great simi- 
larity in composition of a common laboratory 
sealing wax, a GLC phase, and a waxy hair 
cream is shown by applications 1-3. The very 
large differences in some hair preparations is 
shown by samples 3 and 4 of Fig. 1 where it 
is demonstrated that one preparation is prin- 
cipally a relatively saturated type of hydro- 
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carbon, while another (sample 4) does not con- 
tain hydrocarbon at all. One hand cream prep-  
aration (application 6) was found to contain 
a large amount of hydrocarbon. Several rela- 
tively nonpolar components are also present in 
extracts  of rubber  stoppers (applicat ion 5) 
and cigar smoke (application 7). 

Fig. 2 illustrates results with the hexane/ 
diethyl ether/acetic acid system for TLC. Ex- 
tracts of cork stoppers (application 1) contained 
many substances migrating in this system, 
extracts of rubber stoppers (application 2) 
migrated to the solvent front  indicating the 
presence pr imari ly  of less polar  substances. 
Numerous components from rubber tubing, 
cigarette and cigar snmke, and a floor wax 
(applications 3, 4, 5, and 6, respectively) were 
detected on ehromatograms developed with this 
solvent. A popular  skin cream (application 7) 
was found to eontain triglyeeride and free fa t ty  
acid. 

Fig. 3 illustrates the resolution of moderately 
polar substances with chloroform/methanol 
98/2 as the developing solvent mixture. Again, 
many components are separated as very discrete 
spots from an extract of cork stoppers (appli-  
cation 1). Similarly, many components of 
rubber stoppers and rubber tubing extracts, a 
floor wax, a laboratory grease for stopcocks 
and desiccators, a skin cream, and a hand lotion 
(applications 2 to 7) were separated by this 
solvent system. 

Fig. 4 illustrates results with a chloroform/ 
methanol/water mixture commonly used for 
TLC of polar  lipids (eerebrosides, sulfatides, 
and phospholipids).  Components from hand 
creams, soaps, detergents, and extracts of 
cork and rubber stoppers and rubber tubing 
are separated quite well with this solvent sys- 
tem. This behavior of tobacco smoke com- 
ponents (application 4) in this system as well 
as those illustrated in Fig. 1, 2 and 3 leaves 
little doubt that this potential contaminant gives 
rise to many components of widely varying 
polarity. I t  is readily apparent  why exposure 
to tobacco smoke can give rise to a background 
color on TLC and why isolation of pure lipids 
from ehromatograms is incompatible with ex- 
posare of TLC plates or samples to tobacco 
smoke at any time. 

Chloroform/methanol/water is also very use- 
ful for the detection of ionic detergents in 
hand (toilet) soaps (applieation 3). F a t t y  
acids migrate ahead of the more polar detergent. 

Fig. 5 illustrates the chromatographic re- 
sults with a polar, acidic solvent mixture. F a t t y  
acids migrated to the solvent front and acidic 
substances in general tended to have higher 

Re values in this system as compared to the 
neutral chloroform/methanol/water solvent. 
The anionic detergent component of soaps and 
laboratory glassware cleaning preparat ions 
shown in Figure 5 migrated in a way ahnost 
indistinguishable from the naturally occurring 
sulfatides of brain. 

The results shown in Figs. 1 through 5 demon- 
strate that  there are many potential sources in 
the laboratory from which lipid contaminants 
of all grades of polar i ty  can be introduced 
into biologieal preparations.  

Infrared Detection of Extraneous Substances 

The use of infrared spectroscopic examination 
as a means for  detecting small amounts of 
inorganic and organic adsorbents ("fines") in 
column chronmtographie fractions has been re- 
ported earlier (1). Similar problems are en- 
countered when TLC is used for isolation of 
lipids. This is most pronounced with polar  
lipids where chloroform/methanol/water mix- 
tares are required for complete elution from 
adsorbent. These polar solvents, in contrast to 
chloroform, diethyl ether, petroleum ether, etc., 
for elution of less polar  lipids, solubilize sili- 
cates and other salts. Fig. 6 illustrates typieal  
findings when a developing solvent contMning 
acetic acid is used. The spectrmn is largely 
that of magnesium acetate produced by inter- 
action of acid and magnesium silicate. The pres- 
ence of l ipid (sphingomyelin) in the eluate is 
largely obscured. Use of caleimn sulfate as 
binder introduces calcium acetate and sulfate. 
Small amounts of silicates are also carried into 
the eluate. These substances can be removed 
by Sephadex eolunm chromatography (5) and 
the spectrum of a pure lipid is then obtained 
as shown in Fig. 7. 

PRECAUTIONS AND CONTROL MEA- 
SURES IN LIPID PREPARATION AND 

ANALYSES 

The results presented above demonstrate the 
character of many potential contaminants. Ex- 
perience has shown that most contmninants can 
be eliminated by following some simple pre- 
cautions and control measares. 

Solvents, Acids, and Bases 

Even reagent grade solvents contain un- 
desirable nonvolatile impurities (usually about 
0.2 to 0.6 rag/100 ml).  This nonvolatile residue 
can be removed by distillation from glass into 
glass containers. Nonvolatile impurities in- 
eluding hydrocarbons are present in the reagent 
grade chloroform and methanol available to 
us. Use of these solvents for column ehroma- 
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Fro. 1. TLC developed with n-hexane as solvent (char spray) to il lustrate the least polar 
components in potential  laboratory contaminants. The ubiquitous occurrence of hydrocarbons 
is i l lustrated in these comparisons. Applications were 1) 100 #g of a laboratory grease for  
stopcocks etc., composed primarily of hydrocarbon (compare with application 5 of Figure 
3) ;  2) 100 ~g of gas-liquid chromatographic stationary phase (Apiezon M), also largely 
hydrocarbon; 3) 100 ~g of a waxy (semisolid) hair  preparation composed ahnost exclusively 
of hydrocarbon; 4) 100 ~xg of a liquid hair preparat ion entirely devoid of hydrocarbon; 
5) 100 /xg of extract of rubber stopper showing more saturated hydrocarbon near the solvent 
f ront  and many hydrocarbons of intermediate polarity within the body of the chronlatogram; 
6) 100 ~g of a hand cream preparat ion composed largely of hydrocarbon (compare with 
application 1 of Figure 4 where the same preparat ion is shown) ; 7) 100 ~g of solids collected 
from tobacco (cigar) smoke; 8) 20 ~g of squalene as a reference compound. 

Fro. 2. TLC developed with n-hexane/dlethyl ether/glacla] acetic acid 70/30/1 (char spray) 
to i l lustrate substances of intermediate polarity present in potential  laboratory contaminants. 
Applications were: 1) 100 #g of cork stopper extract;  2) 100 ~g of rubber stopper extract ;  
3) 100 #g of rubber tubing extract;  4) 100 ~g of tobacco (cigarette) smoke components 
(compare with 5 ) ;  5) 100 ~g of cigar smoke components (note similarity to 4 ) ;  6) about 
200 ~g of floor wax largely of hydrocarbon nature;  7) 600 ~g of a popular hand cretan 
preparat ion containing triglycerlde (upper spot) and fa t ty  acid (lower spot ) ;  20 tLg 
each of authentic triglyeeride (upper spot) and cholesterol (lower spot).  

Fro. 3. TLC developed with ehloroform/methanoI 98/2 (char spray) to i l lustrate moderately 
polar components in potential  laboratory contaminants. Applications were 1) i00 b~g of 
cork stopper extract;  2) 100 t*g of rubber stopper extract;  3) 100 t~g of rubber tubing 
extract;  4) about 200 t~g of a floor wax preparat ion;  5) 100 /~g of a laboratory grease not 
cmnposed of hydrocarbon (compare with application 1 of Fig. 1 ) ;  6) 600 tLg of a popular 
skin cream; 7) 600 t~g of a popular hand lotion; and 8) 20 t~g of cholesterol as a sta~,dard. 

t o g r a p h y  wi thou t  dis t i l la t ion is usual ly  not  
sa t i s fac tory  since large  elut ion volumes are not  
uncommon  and  minor  components  of samples  
may  conta in  a s ignif icant  weight  of solvent  
residue t ha t  influences i n f r a r e d  spec t rophoto-  
metr ic  and  o ther  results.  A l though  glacial  
acetic acid contains  only a very  small  amoun t  
of  residue t ha t  is not  volat i le  unde r  the mi ld  
condi t ions used in our  work,  it may  yield a 
h ighly  colored residue. The residue cont r ibutes  
an  undes i rab le  yellow or b rown  color to l ip id  
f rac t ions  and  may  cause l ipids to decompose 
rapid ly .  

Aqueous  ammonia  and  ammonium aceta te  are  
used in our  l abora to ry  in D E A E  cellulose 
column c h r o m a t o g r a p h y  as components  of 
e lut ing solvents.  These compounds  were selected 
because of the i r  vola t i l i ty  u n d e r  the condi t ions  
used for  evapora t ion  of solvents.  Unfo r tuna t e ly ,  
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the best  avai lable  grades  of  both have a non-  
volati le residue. Commercial  ammonia  s tored in 
glass vessels conta ins  silicates and  o ther  sub- 
stances. These difficulties are overcome by pre-  
p a r i n g  these reagents  as needed. Concen t ra ted  
(28% by weight)  aqueous ammonia  is p r e p a r e d  
by bubb l ing  gaseous ammonia  into f resh ly  
disti l led watex (cooled in an  ice ba th )  un t i l  the  
p r o p e r  weight  is obta ined  (an  excess can be 
ad jus ted  by di lu t ion wi th  wa te r ) .  The am- 
monia  is s tored in plas t ic  (polye thylene  or 
Teflon) bott les and  discarded a f t e r  a few weeks 
i f  not  used since nonvola t i le  mater ia ls  may 
aga in  a p p e a r  on s tanding .  

Residue f ree  ammon ium aceta te  is p r e p a r e d  
by mix ing  residue f ree  ammonia  and  redist i l led 
acetic acid ( res idue f r ee ) .  This  is convenient ly  
done by mixing  the requi red  amounts  into  the 
ch roma tog raph ic  solvents.  
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FIG. 4. TLC developed with chloroform/methanol/water 65/25/4 to illustrate the most polar 
components of potential laboratory contaminants. Applications were: 1) 100 ttg of a popular 
cold (hand) cream (compare with application 6 of Figure 1 where the same preparation is 
shown) ; 2) 10O tLg of another hand cream entirely devoid of hydrocarbon but containing fat ty 
acid (compare with application 1) ;  3) 100 #g of a hand soap showing fat ty acid (above) 
and detergent spot (below); 4) 200 t~g of tobacco (cigarette) smoke components; 5) 100 
tLg of cork stopper extract; 6) 100 ~g of rubber stopper extract; 7) 100 /xg of rubber tubing 
extract; 8) 100 tLg of normal human bra~n ]ipids showing cholesterol near the solvent front, 
2 spots of cerebrosides then phosphatidyl ethanolamine, lecithin (mixed with other lipids) 
and sphingomyelin (mixed with other components). 

Fro. 5. TLC developed with chloroform/acetone/methanol/acetic acid/water 5/2/1/1/0.5 
(char spray) to illustrate detection of detergent in cleaning preparations. Free fat ty acid 
migrates to the solvent front with this solvent mixture. Applications were: 1) 100 /zg of a 
popular hand soap; 2) 100 ~g of a second hand soap; 3) 100 t~g of a third hand soap; 
4), 5), 6) 600 gg each of three different laboratory glassware clearners, and 7) 100 t~g of 
normal human brain lipid extract with the first spot being cerebroside with normal fat ty 
acids, the second cerebroside with hydroxy fat ty acids, and other spots from phosphatidyl 
ethanolamine, lecithin, and sphingomyelin (from above down). 

Elimination of Laboratory Greases 

We have used silicone greases as lubricants 
in the past, but these have now been eliminated 
for  the most pa r t  by using Teflon stopcocks 
for  many operations, desiccator rings of neo- 
prene rubber  or other  iner t  material  (Des-O- 
Rings, LaPine  Scientific Company,  Chicago, 
Ill .) and smoothly  ground glass surfaces  for  
lids of chromatography chambers. Even  the 
occasional use of silicone gTease for  stopcocks 
of vacuum evaporat ion assemblies can be 
avoided by using' plastic tubing and metal  
needle values. This eliminates the flow of grease 
into fract ions and prevents  freezing of stop- 
cocks. Rota ry  evapora tor  flask joints are used 
dry without difficulty and, i f  necessary, are 
ground to fit tightly. All  glassware is glass- 
s toppered and ground to fit, i f  necessary. Glass 
s toppers of 10 and 12 ml graduated centr ifuge 
tubes used for  storage of samples f rom T LC 
and column chromatography may be ground with 
800 gr i t  to fit very  well without  loss of inter- 
changeability. A f t e r  this grinding,  only 1 to 
2 ml of n-hexane will evaporate  f rom a 10 inl 
tube at room temperature  over a period of one 
year. The t ight  fit also prevents  entrance of 

air  and thus aids in prevent ing autoxidat ion and 
entrance of contaminants f rom air. 

Dishwashing 

All glassware in this laboratory is washed 
with detergent  (Lakeseal, Peck's Products  Co., 
St. Louis, Mo.) and rinsed with copious quanti-  
ties of distilled water.  Use of hand creams by 
dishwashers should be discouraged. I t  should 
be noted that  even if  most organic greases are 
elinfinated f rom a laboratory,  sinlilar materials 
are usually still present  in the fo rm of marking 
pencils, etc. Glassware used in phosphorus 
analyses is washed in addit ion with a sulfuric 
acid-potassium dichromate cleaning solution. 
Glassware is oven-dried and stored with alum- 
inum foil  over the opening and over glass 
stoppers to prevent  entrance of dust and other 
extraneous materials. Large vessels in part icu- 
lar are rinsed with chloroform a n d / o r  chloro- 
fo rm/methano l  2 /1  just  before use (and dried 
under a stream of nitrogen, if  necessary).  This 
removes a small coating that  may accmnulate 
on the vessels. The solid material  r insed f rom 
the vessels can be seen easily if  the solvent is 
evaporated in a ro ta ry  evaporator ,  the small 

LIPIDS, YOL. 1, NO. 2 



112 GEORGE ROUSER, GENE t(R1TCHEVSKI', ~'[AI~Y WHATLEY AND C. F .  BAXTER 

FIO. 6. Infrared spectrum of sphingomyelin 
elnted from a thin-layer ehromatogram prepared 
with an adsorbent containing" magnesium silicate 
and a solvent eontalning acetic acid. The spectrmn 
from about 1.~% sample in I~Br indicates the 
lipid preparation to have been heavily con- 
taminated with magnesium acetate. Compare with 
Fig. 7 after removal of salt. 

Fro. 7. Infrared spectrum of sphingomyelin 
isolated by TLC and freed of salt by passage 
through a small Sephadex column (5). This 
spectrum is almost identical to those prepared 
from the original sphingomyelin sample before 
TLC. Compare with Fig. 6 before cleanup by 
column chromatography. 

solid residue becoming apparent as a ring 
around the evaporation flask. 

Cork and Rubber Stoppers, Rubber Tubing 
The use of cork and rubber stoppers is 

avoided as nmch as possible in this laboratory. 
t~ubber stoppers are used only on vacumn rack 
assemblies used for removal of solvent prior to 
weighing (2). These rubber stoppers are first 
washed with detergent and solvent (chloroform 
and methanol) and may be coated with Teflon 
applied as a fine spray frona a pressurized 
container. Cork stoppers may be coated in a 
similar fashion. 

Rubber tubing is confined in most eases to 
uses where introduction into samples would 
not be a danger. Rubber tubing is replaced by 
plastic (polyethylene) tubing whenever prac- 
tical to avoid introduction of rubber fraglnents 
and plastic to glass connections made with the 
appropriate Swagelok fitting. 

Labels 

Labelling of containers presents a number of 
problems. We have eliminated all conventional 
labels and substituted an appropriate strip of 
masking tape. Most varieties of this tape may 
be stripped off even after prolonged periods 
(unless heated) without leaving a weighable 
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residue. This is convenient since a label can 
be transferred from one container to another 
as a sample is transferred. All common mark- 
ing pencils and inks (other than lead pencils) 
have some lipid components that can appear 
as spots on chromatograms, and since they are 
soluble in solvents there is a tendency for them 
to run and the label to be spoiled. Lead pencil 
is very useful for marking on masking tape 
labels. These labels may be immersed in water, 
stored in a freezer, or even heated in an oven 
at a moderate temperature and still be legible. 
Vfhen covered with a clear tape (e.g., Scotch 
tape) pencil labels may be handled ninny times 
without becoming illegible from smearing. 

Elimination of Airborne Contaminants 

Contaminants introduced into the air outside 
of the laboratory can be controlled with filters, 
particularly charcoal filters. The most common 
fmnes in the laboratory are from tobacco smoke, 
oil droplets from vacuum pump exhausts and 
gas-liquid chromatography effluents. Smoking 
should be prohibited in areas where adsorbents 
are being processed and TLC plates are exposed. 
Vacuum pump vapors can be removed by place- 
ment of pumps in or next to fume hoods. With- 
out such precautions, a great deal of hydro- 
carbon can be distributed throughout a la- 
boratory and hydrocarbon fihns deposited upon 
glassware. These deposits are frequently dif- 
ficult to remove quickly by solvent washing. 

Elimination of Impurities from 
Chromatographic Adsorbents 

Elimination of impurities in TLC is ac- 
complished by solvent wash just prior to chro- 
matography. Adsorbents (silieic acid, mag- 
nesium silicate, D E A E  cellulose) for column 
chromatography are washed carefully before 
use (1,2,6). 
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Influence of Temperature on the Fatty Acid Pattern of 
Mosquitofish (Gambusia affinis) and 
Guppies (Lebistes Reticulatus) 
Werner G. Knipprath and James F. Mead, Laboratory of Nuclear Medicine and Radiation Biology, De- 
partment of Biophysics and Nuclear Medicine, School of Medicine, University of California at Los 
Angeles, Los Angeles, California 

ABSTRACT 

Adult male mosquitofish were adapted 
to 14-15C and 26-27C water temperature 
over a 14-day period and the fa t ty  acids 
from their total lipids analyzed by gas- 
liquid chromatography. 

Newly born guppies were raised at the 
same temperature for eight weeks and ana- 
lyzed in the same way. Some fish in the 
warm water group were subjected to a 
s u d d e n  drop in temperature and the 
changes of the fat ty acids studied after 
two and eight days, and after  two and 
four weeks. 

In  all fish the tendency is toward higher 
unsaturat ion at lower temperature, but the 
acids involved in the change differ with 
the species of fish. A distinct difference is 
also obvious when guppies are raised at, 
or when they are adapted to the low tem- 
perature. The diet, too, influences the kind 
and amount of fat ty acid synthesis and 
deposition. 

INTRODUCTION 

A CORRELATION BET~VEE:~ environmental tem- 
perature and the fatty acid pattern has 

been reported by several authors for many dif- 
ferent organisms. 

Henriques and Hansen (1) reported that fat 
from subcutaneous tissue of swine kept at 10C 
was more highly unsaturated than that from 
animals kept at 30-35C. 

Similar fndings were reported by Fisher et 
al. (2) for hens and by Fraenkel and Hopf (3) 
for the phosphatides of blow-fly larvae. 

For some microorganisms, the temperature 
effect varies quite widely and may even be re- 
versed (4-6) but in most eases decreasing tem- 
perature is associated with a greater formation 
of unsaturated fatty acids (7,8). 

For  the mechanism of the temperature in- 
fluence on the fatty acids of E. coli, Mart and 
Jngraham (9) proposed a direct effect on the 
relative rates of two or more enzymes involved 
in the synthesis of saturated or unsaturated 
fatty acids, and two indirect effects from a 

change either in growth rate or in the con- 
centration of intermediates. 

Kates and Baxter (10) found that lower 
temperature decreased the oleie acid but strongly 
increased the linoleic acid of mesophilie and 
psychrophilic yeasts of the Candida species, pos- 
sibly because of a retarded oxidation rate of 
the linoleic acid at the lower temperature. 

]'he effect of the environmental temperature 
on higher plants has been reported by Beleh- 
radek (11) and recently by tIolton et al. (12) 
on the blue-green algae Anacystis nidulans. For 
this organism, the major change was a relative 
decrease of hexadeeenoic acid. 

According to Lewis (13), certain species of 
marine poikilothermic animals from arctic re- 
gions have lower proportions of the saturated 
fatty acids and higher palmitoleic acid than 
similar species from temperate water, possibly 
as a means of preservation of protoplasmic 
viscosity. 

Farkas and Herodek (14) found the melting 
point of the lipid from planktonic eopepods 
from Lake Balaton, Hungary to be somewhat 
lower than the environmental temperature dur- 
ing the entire year, due to an increase in the 
long-chain unsaturated fatty acids. 

In  an aquatic food-chain experiment I~ayama 
et al. (15) fed brine shrimp, Artemia salina 
to guppies, Lebistes reticulatus, kept at differ- 
ent temperatures. The fish kept in warmer 
water showed an increased percentage of pal- 
mitic and stearie acid and a relative decrease 
of palmitoleic, oleie, and doeosahexaenoie acid. 
From this experiment, in connection with the 
above-mentioned investigations by ttolton et al. 
(12) on blue-green algae and by Farkas and 
Herodek (14) on crustaeean plankton, it seems 
evident that there is an influence of the tem- 
perature on the composition of the lipids, pos- 
sibly through the entire food chain. 

Research on the effect of temperature dif- 
ferences particularly on the fatty acids of brain 
lipids of goldfish, Carassius auratus L., by 
Johnston and Roots (16) also indicated the 
tendency to higher unsaturation with declining 
temperatures, especially with respect to the 18- 
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carbon acids and the long-chain polyunsaturated 
acids. 

Prelhninary to a study of the possible mech- 
anism of the temperature effect on the lipid 
composition of fish, several species were inves- 
tigated as possible experimental subjects. 

In  the experiments described in this paper 
two supposedly hardy species, mosquitofish, 
Gambusia a.~h~nis, and guppies, Lebistes retieu- 
latus, were chosen, since it was planned to use 
rather wide temperature differences in order 
to elucidate the effect on the fatty acid com- 
position. Moreover, in addition to adaptation 
of adult fish to different temperatures the ob- 
jective was also to raise newly born fish under 
these same enviromnental conditions, in order 
to study differences between patterns of pre- 
formed fatty acids and those formed at certain 
temperatures de ,novo, where the progress of 
the changes in the various lipids as a function 
of time was also investigated. 

EXPERIMENTAL AND RESULTS 

For all analytical evaluations, the fatty acids 
of the total lipids from the whole fish were 
used. Analysis of the fatty acids by gas-liquid 
chromatography was performed with a Barber- 
Cohaan Model 10 apparatus with a 40 X 0.25 
in. colunm of ethylene glycol succinate, 16.9% 
on gas chrom P, 80 to 100 mesh. All calcula- 
tions of the mass peaks in the chromatograms 
were done by multiplication of the peak height 
by the peak width at half-height and do not 
consider possible trace amounts of hydroxy- 
and branched-chain fatty acids or any fatty 
acids with chain lengths greater than 22 car- 
bon atoms. The other acids were calculated as 
percentages of the total. 

Investigations on Mosquitofish, Gambusia 
affinis 

Adult male mosquitofish, about 1 in. long, 
age unknown, were adapted to water of 14- 
15C and 26-27C, three fish for each experiment. 
The acclimatization was achieved by immersing 
the aquariums gradually over a three-day pe- 
riod into preset water baths. The fish were fed 
ad libit~m with frozen brine shrimp once a day. 
In the food uptake of the fish in warm water 
no change could be observed during the adap- 
tation period, while the fish in cold water ate 
ver b - little for three days, and seemed to have 
a much lower, but steady uptake of food after- 
wards. All fish appeared to be in good health. 

After 14 days, the acclimatization was as- 
sumed to be completed. The fish of each group 
were killed and weighed (543 mg for cold wa- 
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ter fish, 744 mg for warm water fish) and the 
lipids extracted from the wet tissue in a blendor 
with chloroform:methanol 2:1 (v :v) .  After 
filtration of the extracts and drying of the solu- 
tions (MgSO4), the solvents were removed on 
a rotary evaporator at 30C under reduced pres- 
sure. The remaining lipid extracts from the 
three fish of each group were saponified over- 
night at room temperature with 1 ml of 10% 
methanolic KOH, containing 5% water. The 
methanol was partially removed on a rotary 
evaporator at 30C under reduced pressure. Af- 
ter diluting the methanol with an equal volume 
of water, the unsaponifiable material was ex- 
tracted three times with n-pentane. The com- 
bined solutions were reextracted once with wa- 
ter:methanol 1:1, and the aqueous layers 
combined with the proper soap solutions. After 
acidification with HC1, the free fatty acids were 
extracted four times with ether and the com- 
bined ether solutions washed with water until 
neutral and dried over MgSO,. Evaporation 
of the ether yielded the free fatty acids, Table 
I, Column 1. 

Investigations on ~uppies, Lebistes retieulatus 

Guppies seemed to adapt quickly to  relatively 
low and high water temperatures, and an at- 
tempt was made to raise 1 or 2-day-old guppies 
at different temperatures. The time for the wa- 
ter of the aquariums to reach the preset tem- 
perature of the water bath (14-15C and 26- 
27C) was lfiuited to one day. Two groups of 
fish were kept at each temperature setting, one 
of which at a given temperature was fed with 
trout chow diet (group A),  the other, at the 
same temperature, with ether-extracted trout 
chow diet (group B). The latter diet contained 
little, if any, ether-extractable lipids. The un- 
extracted diet contained 5.3% fatty acids, the 
analysis of which is shown in Table II.  The 
guppies kept in warm water on a complete diet 
grew fastest of all the groups, while the ones 
at low temperature on an extracted diet grew 
very little and many died. The fish in the other 
two groups were intermediate in size. 

After eight weeks, the fish were killed by 
placing them on dry ice and their total fatty 
acids isolated and analyzed as described above. 
The results are given in Table I, Columns 2 
and 3. 

Another group of guppies, raised on a com- 
plete trout chow diet for eight weeks in warm 
water, was forced to adapt rapidly (over a 
1-day period) to water of 14-15C and left 
there for another four weeks. Samples of groups 
of three fish were taken after 2 and 8 days 
and again after 2 and 4 weeks. The changes 
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T A B L E  I 

Gas Chromatographic  Analysis  of l~ethyl Es te rs  f rom Total L i p i d s  of 1Viosquitofish (Column 1) and  of 
Guppies  Ra i sed  on Complete Trou t  Chow Diet, Group  A, (Colmnn 2) and  on Ether -Ext rac ted  Trou t  

Chow Diet, Group B, (Column 3) (percent  of total)  

Colmnn 1 Column 2 Column 3 

Fa t ty  acid 14-15(J 2 6 - 2 7 C  14-15C 2 6 - 2 7 C  14-15C 26-27(]  

14 :0  1.3 1.6 3.9 3.7 6.1 4.4 
14 :1  + + 1.5 3.1 1.7 1.1 
15:0 § + + + + § 
16 :0  14.7 16.0 19.2 22.5 23.7 24.0 
16 : 1 20.0 19.8 10.1 14.1 19.0 19.0 
16 :2  + + + -~- + + 
1 6 : 4  -]- w- -r  --  -}- -~- 

1 6 : 3  a n d / o r  18 :0  5.4 6.5 10.4 7.7 12.1 8.6 
18 :1  31.8 30.8 26.6 25.7 21.1 24.6 
18 :2  7.3 7.9 15.0 8.0 2.4 8.0 
18 :3  -~- + 0.1 1.7 1.0 1.1 

1 8 : 4  a n d / o r  2 0 : 2  0.4 1.0 0.8 1.3 0.6 0.9 
20:o + + o.1 + -- + 
2 0 : 1  5.0 5.1 2.5 3.6 1.2 1.2 
2 0 : 3  -r  -~- 0.6 0.6 i.I 0.6 
2 0 : 4  4.0 4.5 1.5 2.7 2.0 1.4 

2 0 : 5  a n d / o r  2 2 : 2  1.2 1.2 0.5 0.7 + 0.5 
22 :3  0.5 0.6 0.3 + 0.5 0.3 
2 2 : 4  0.4 + 0.3 + 1.0 0.9 
2 2 : 5  2.1 1.4 1.5 0.6 + 0.4 
2 2 : 6  5.9 3.6 5.1 4.0 6 5  3.0 

in the fatty acids were examined and are listed 
in Table I I I .  

D I S C U S S I O N  
lYZosquitofish 

In  the experiment with mosquitofish a dis- 
tinct trend to higher unsaturation of the fatty 
acids at lower temperature is obvious, with the 
major chaages in the decrease of pahuitic and 
stearic acid, and in the increase os docosa- 
hexaenoic acid, less pronounced in oleic and 
docosapentaenoic acid. The decrease of ]inoleic 
and arachiodonic acids at lower temperature 
represents an unexpected and, at the present 
time, inexplicable phenomenon. 

TABLE II 

Gas Chromatographic Analysis of Methyl Esters from 
Trout Chow Diet (per cent of total) 

]2atty acid 

14 :0  1.8 
14 :1  + 
15 :0  
1 6 : 0  18.5 
16 :1  5.4 
16 :2  
1 6 : 4  

16 :3  a n d / o r  18 :0  10.4 
18 :1  27.5 
18 :2  25.6 
1 8 : 3  5.3 

1 8 : 4  a n d / o r  2 0 : 2  1.8 
2 0 : 0  + 
2 0 : 1  + 
2 0 : 3  
2 0 : 4  1.7 

2 0 : 5  a n d / o r  2 2 : 2  + 
2 2 : 3  
2 2 : 4  
2 2 : 5  + 
2 2 : 6  2.6 

Linolenie acid is present only in trace amounts 
at both temperatures, which gives rise to the 
questions of how mosquitofish increase the doe- 
osahexaenoic acid in cold water. The key to 
the answer is probably the food intake. In  the 
experiments of Kayama et al. (15), brine 
shrimp, the diet of the fish during their four 
months' captivity, did not contain any acids 
with 22 carbon atoms. The increased amount 
of docosahexaenoic acid, therefore, was prob- 
ably IJot deposited from the food, but must have 
been synthesized from a parent acid. Eicosa- 
pentaenoic acid, comprising 12% of the fatty 
acids of brine shrimp, and present to a rather 
small extent in mosquitofish could serve this 
function. This acid may also be the precursor 
for docosapentaenoic acid in the fish. 

G u p p i e s  

For evaluation of the experiment with gup- 
pies, the consideration of the diet is equally 
important. These fish were raised on trout chow 
diet alone, one group on the complete diet (group 
A), the other on ether-extracted diet (group 
B). The two groups of fish reacted in quite 
different ways to the environmental ternpera- 
tures as shown in Table I, Columns 2 and 3. 

In  comparing the fatty acids isolated from 
fish of all groups to the fatty acids of the diet, 
the considerable increase of acids with 14 and 
16 carbon atoms, especially hexadeeenoic acid, 
is of interest. The 18-carbon acids are generally 
lower, especially the unsaturated fatty acids, 
linoleic and linolenic. Par t  of this drop can 

L I P i D s ,  ~ ( 0 L . . i ,  N 0 .  9. 
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T A B L E  I I I  

Gas  Chromatograph ic  Analys is  of Methyl :Esters f rom Total  L ip ids  of Guppies. !~aised on Complete Trou t  
Chow Die t  i n  W a r m  W a t e r  and  Adapted to Cold Wate r  (per  cent of to ta l )  

2 6 - 2 7 C  14-15C 

8 Weeks 2 Days 8 Days 2 Weeks 4 Weeks 

14 :0  3.7 3.0 3.7 3.9 4,6 
14 :1  3.1 4.1 3.0 2.1 1,3 
15:0 + + + 2- + 
1 6 : 0  22.5 19.8 19.8 19.9 20.0 
16 : I 14.1 16,3 14.S 16.8 18,6 
16 :2  + 2- 0.5 + + 
1 6 : 4  _ 2_ 2_ 2_ 2_ 

16 :3  a n d / o r  18 :0  7.7 8.5 7.6 6.1 8.5 
1 8 : 1  25.7 28.6 26.9 25.4 24,5 
18 :2  8.0 8.4 8.7 9.1 9,5 
1 8 : 3  1,7 0.7 0.8 1.7 1,6 

1 8 : 4  a n d / o r  20 :2  1.3 0.5 0.4 + + 
2 0 : 2  + - -  2_ 2_ -- 

2 0 : 1  8.6 1.4 2.0 2.8 2.8 
2 0 : 3  0.6 0.3 0.4 0.9 0.4 
2 0 : 4  2.7 1.7 2.2 2.1 1.9 

2 0 : 5  a n d / o r  2 2 : 2  0.7 0.7 0.4 1.0 0.7 
2 2 : 3  Jr- 0.4 0.4 0.6 0.3 
2 2 : 4  + 0.6 0.6 0.8 0.5 
2 2 : 5  0.6 0.6 0.6 0.8 0.3 
2 2 : 6  4.0 4.4 7.2 6.0 4.5 

be explained by their conversion to the long- 
chain polyunsaturated acids, but the polyun- 
saturated acids in the food may also have been 
extensively oxidized. 

In  both the warm water groups, A and B, 
the levels of the long-chain polyunsaturated 
fatty acids and their 18-carbon precursors are 
very similar, suggesting that these unsaturated 
acids nlay be present in concentrations required 
for metabolic processes. In  group B these acids 
could only be accunmlated from the traces pres- 
ent in the diet. Xevertheless, the increase to 
approximately the same percentage as in group 
A, where they are offered in abundance with 
the food. 

The picture for the low temperature groups 
appears to be quite different. In group A, the 
cold environment leads to an increase of lino- 
leie and a decline of araehidonic acid, while in 
group B the opposite effect can be observed. 
The interchange between these two acids in 
both groups supports the findings of Reiser 
et al. (17), that fish, although they are able 
to convert 18-carbon acids to long-chain poly- 
unsaturated acids, do not do so to any great 
degree if the precursors are offered in the diet 
at a level of 5% or higher, but do so readily 
at a level of 1%. This explanation may serve 
for the fact that in group A, with adequate 
dietary linoleie acid (25% of the fatty aeid 
mixture), the response to colder water is mainly 
a deposition of a large amount of linoleic acid 
and a lower level of arachidonie acid. In  group 
B, with only trace amount of dietary fat, the 
low temperature is accompanied by a relatively 
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low level of linoleic and an increase of araehi- 
donie acid. 

For  increasing the doeosahexaenoic acid in 
cold water fish, the organism seems to use dif- 
ferent parent acids in groups A and B. The 
intake with the diet must be considered as well, 
but the low level of linolenic acid in group A, 
considered in the light of an accumulation of 
tioeosapentaenoie and docosahexaenoic acid, 
leads to the assumption that linoleie acid is 
elongated and desaturated, as demonstrated 
by Kayama et al. (18). 

In  group B, the lower temperature does not 
affect the linolenie acid, but eicosapentaenoic 
and docosapentaenoic acids disappear almost 
completely in favor of docosahexaenoie acid. 

The response of the organism to colder en- 
vironment is expressed in group A particularly 
in the high percentage of linoleic acid, less pro- 
nounced but still obvious in the long-chain 
polyunsaturated acids, while in group B the 
emphasis is on docosahexaenoic acid and per- 
haps araehidonic acid. An explanation for ~hese 
different responses to temperature variation 
cannot be offered at present, nor can the changes 
in the acids with 16 and 18 carbons be inter- 
preted. The generally strong increase of the 
16-carbon acids in comparison to the diet has 
already been mentioned. Stearic acid is mark- 
edly increased at lower temperature, as well in 
group A as in B. In  the complete diet group 
A, lower temperature increases the oleie acid 
content and reduces pahnitoleic acid; in the 
fat-free diet group B, oleic acid is decreased 
while palmitoIeic acid remains constant. 
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The picture is different in many ways when 
guppies, raised for eight weeks in warm water 
on complete trout chow diet, are forced to ac- 
climatize to cold water rather rapidly (over one 
day, temperature difference 12C). The findings 
may be interpreted in terms of an emergency 
adaptation in the fatty acid pattern, which en- 
ables the organism to maintain its functions, 
obviously involving some fatty acids more than 
others (Table I I I ) .  Myristic and palmitic acids 
drop off, as one would expect, but the stearic 
acid content rises, just as in the above-described 
experiments. Marked increases occur in myrist- 
oleie, pahuitoleic and oleic acid, smaller in lin- 
oleic acid. Arachidonic acid drops, as does 
linolenic acid, while doeosahexaenoic acid in- 
creases slightly. The effects on the long-chain 
polyunsaturated fatty acids and the EFA re- 
semble to a large degree the pattern in the fish 
group A raised in cold water, although on a 
much smaller scale. 

After the rapid changes during the first two 
days, the adaptation of the system becomes 
gradually completed during the ensuing period. 
Thus, some major acids like linolenic, and 
doeosahexaenoic acid return slowly but steadily 
almost to their original warm water levels. Pal- 
mitie acid remains constant after the quick drop 
in the first two days, while myristic, pahnitoleic 
and linoleie acids increase steadily and the 
percentages of myristoleic, oleic, eicosadienoic 
and arachidonic acids decrease. The pentaenoic 
acids did not change very much during the en- 
tire experiment. After four weeks in cold water 
the organism had, more or less, eliminated the 
quick changes of all unsaturated acids except 
the continuously increasing palmitoleic and ]in- 
oleic acids and the decreasing oleic acid. I t  
seems, then, that differences depend on whether 
the fish have lived all their lifetime in cold 
water, or whether they were raised in warm 
water and adapted to a cold environment. 

Furthermore, there are obviously profound 
differences in the species of fish exanfined. This 
might be due partly to the nature of the fish, 
but to a larger extent also to the diet which 
will influence the rate of synthesis and deposition 
of fatty acids. Deposition of fatty acids offered 
in the diet has been confirmed by several experi- 

ments (19,20), as has the synthesis of more 
highly unsaturated longer chain fatty acids 
from certain types of precursors (18,21). Syn- 
thesis and deposition are overlapping processes, 
the ratios of which seem to depend largely on 
the levels at which certain acids are offered. I f  
the food effect could be neglected, the lipid 
pattern of a particular species of fish should, 
at a given temperature, always result in a 
unique fatty acid composition, which is certainly 
not the case. 
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Fatty Acids of Lindera umbellata and Other Lauraceae Seed Oils 
C. Y. Hopkins, /vJ, a~/ J. Chisholm and Linda Prince, Division of Pure Chemistry, 
National Research Council, Ottawa, Ontario, Canada 

A B S T R A C T  

Seed kernel oils of seven species of 
Lauraeeae were examined and the fatty 
acid composition of six of these was deter- 
mined. The oil of Lindera umbellata had 
4% of cis-4-decenoic, 47% of cis-4- 
dodeeenoic, and 5% of cis-4-tetradecenoie 
acid in the total fatty acids. Positive identi- 
fication of these acids was made and new 
derivatives were prepared. Possible routes 
of biosynthesis are discussed. 

Oils from the other species did not con- 
tain more than a trace of unsaturated 
C10-C14 acids. Their major acids were eaprie 
and laurie with varying amounts of un- 
saturated C~s acids. 

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

S 
E E D  O I L S  O F  T H E  Lauraceae (laurel) family 
are noted for their generally high content 

of laurie acid, although there is considerable 
variation in the anmunt among the various 
species. Oils of the genus Lindera of this 
family are of particular interest because of 
the occurrence of C~o, C~, and C~ monoun- 
saturated acids in some species (1-3). These 
acids, which have the double bond at the 4- 
position, are not known to occur in the seed 
oils of any other plant  family and may be of 
special significance in the study of biosynthesis 
of unsaturated fatty acids. 

In the present work, the oils of three species 
of Lindera and four species of other genera 
were examined, with special regard to the 
possible occurrence of C~0-C~ unsaturated acids. 
The oil of L. umbellata, not studied previously, 
was found to have 4-dodeeenoic acid as its 
major acid. 

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

Preliminary data are given in Table I. The 
classification into tribes is that of Engler (4). 
The oils of Lindera benzoin~ Cinnamomum, 
Sassafras, and Umbellulc~ria have the low re- 
fractive indices and low iodine values typical 
of Lauraceae oils. Laurus nobilis has a large 
proportion of unsaturated C~ acids, which 
accounts for the higher iodine value and re- 

I s s , u e d  a s  N R C  N o .  8 9 2 8 .  
P r e s e n t e d  at the AOCS Meeting, Cincinnati, October 

1 9 6 5 .  

fractive index. The oils were converted to 
methyl esters and analyzed by gas-liquid chro- 
matography (GLC). In  addition, the esters 
of Lindera umbellata and L. benzoi~ were ex- 
amined by fractional distillation to confirm 
the identity and proportions of the various 
acids. 

Lind e r a  umbel la ta  

L. umbellata oil had a relatively high iodine 
value (71.4) for oils of this family but the 
infrared (IR) and ultraviolet (UV) spectra 
had no unusual features (no conjugated, tra~s- 
or afi-unsaturation). GLC of the methyl esters 
(before and after hydrogenation) showed the 
presence of monoenoic C10, C12, and C~ acids. 
The esters were separated according to chain 
length by distillation and the individual mono- 
enoie acids were isolated or concentrated by 
low-temperature crystallization of the fractions. 

4-Decenoic Acid. The unsaturated C~o acid 
was examined by nuclear magnetic resonance 
(NMR). The spectrum had a strong peak at 
7.6 r, characteristic of the protons at positions 
2 and 3 of a 5 ~ unsaturated acid (5,6). In  
conjunction with the multiplet for the double 
bond protons at 4.65 r, this established the 
position of the double bond at AL Absence of 
any trans abso~otion in tile IR showed that 
the double bond is cis. Hydroxylation of the 
acid by alkaline pernlanganate (7) gave a 
laetone, judged to be 5-hydroxydecano-~,-lactone 
because of the known ease of formation of 
~/-laetones. I t  had IR Inaxima at 3480(s) 
cm -* (OH stretching) and 1790 (vs) cm -* 
(C = 0 stretching in T-laetone). These results 
identify the Go acid as cis-4-decenoic acid. 

4-Dodecenoic Acid. The monoenoic C~: acid 
was treated with alkaline permanganate, giving 
crythro-4,5-dihydroxylauric acid. Oxidative 
splitting of the dihydroxy acid by yon Rudloff's 
method (8) gave octanoic acid, identified by 
GLC (as its methyl ester), showing that the 
original double bond was at A'. The monoenoic 
acid is thus cis-4-dodecenoic acid. Two new 
derivatives were prepared, viz., threo-4,5- 
dihydroxylauric acid and 4,5-dioxolauric acid. 

4-Tetradecenoic Acid. The monoenoic C~ 
acid had the typical NMR spectrum of a A ~- 
unsaturated acid, as described above for 4- 
decenoic acid (Fig. 1). Hydroxylation by 
alkaline permanganate gave erythro-4,5-dihy- 
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T A B L E  I 

Seed  Oi ls  of L a u r a c e a e  

119 

Oil i n  seed a A c i d  I o d i n e  
T r i b e  a n d  spec ies  wt .  % n ~  v a l u e  v a l u e  b 

L a ~ r e a e  
Lindera umbellata T h u n b .  52 .1  e 1 . 4 6 2 0  0 .6  71 .4  
syn .  B enzoi~ umb ellatum P~ehd. 
Lindera praeeox B l u m e  27 .4  a 1 . 4 5 9 4  .... 2 4 . 7  
~yn. Parabenzoin praecox 
Lindera benzoin B l u m e  51.3  c 1 . 4 5 5 3  8 .4  13 .9  
Laurus nob~lis L. 19 .1  a 1 . 4 7 3 5  15.3 78 .3  

Cinrl  amon leae  
Cinnrtmomura camphora 39 .0  c 1 . 4 5 2 5  2.2 3 .4  

Nees a n d  E b e r m .  
Sassafras albidum Nees  55 .8  d 1 . 4 5 3 3  .... 6.7 

U n c l a s s i f i e d  
Umbellularia californica 56.8  '1 1 . 4 5 3 3  1.0 5.1 

N u t t .  

a A i r - d r y  b a s i s  
b Wijs 
c W h o l e  seed  
a K e r n e l  

droxymyristic acid. The original acid was 
therefore cis-4-tetradecenoie acid. 

There was no indication of palmitic or stearic 
acid in the ehromatogram of the total esters 
but there were small peaks corresponding to 
oetadecenoie and octadecadienoic acids. The 
octadecenoic acid was identified as oleie acid by 
conversion to 9,10-dihydroxystearic acid. 

The total fatty acid composition, calculated 
from the GSC curve, was as shown in Table II .  

L i n d e r a  b e n z o i n  

A portion of the methyl esters (70 g) was 
distilled through a spinning band column. The 
distilled fractions were ahnost completely 
saturated. The iodine value of the first C~: 
fraction was 3.2, suggesting the presence of a 
little dodeeenoie acid. Itowever, the amount 
would not exceed 0.1% of the total acids. The 
results of the distillation were in accord with 
the GLC data. 

L. benzoin is native to Canada and the 
United States and is fairly common in the 
southern part of Ontario, Canada. I t  is a 

shrub, growing to 10 ft  in height. The fruit  
is a drupe, about 3~ in. in diameter, borne in 
clusters. I t  is a potential source of oil of the 
coconut oil type. 

Other Species 

The total composition of the fatty acids of 
the oils, determined by GLC, is given in 
Table I I I .  No more than a trace of unsaturated 
Clo-C1~ acids was detected in any of the oils 
exccpt that of Lindera  umbellata.  

F.XPBRIMBNTAL 

Seeds were obtained from established com- 
mercial sources. UV spectra were determined 
in cyclohexane, IR spectra in carbon disulfide, 
and NMR spectra in deuterochloroform with 
tetramethylsi]ane as internal standard. Iodine 
values were obtained by the Wijs  method (30 
minutes). GLC was carried out with a diethyl- 
eneglycol suceinic acid polyester as liquid 
phase, at temperatures from 125-200C using a 
thermal conductivity detector. Petroleum ether 
refers to the fraction of bp 30-60C. 

CHs(CH2 )7 CHs CH = OH CH a CH a cosH B 

A B C D DE E I I  

E II 

t I I [ I I l 
4 5 6 7 8 9 10r 

]~'m. 1. NMII spectrum of eis-4-tetradecenoic acid. 

L I P I D S ,  VOL. 1, No. 2 
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T A B L E  I I  

F a t t y  Acids of L inde ra  Umbel la ta  

Weigh t  percent  

Acid Sa tu ra t ed  U n s a t u r a t e d  

Capr ic  3 
L a u r i e  29 
/VIyristic 3 
Pa lmi t i c  0 
c i s - 4 - D e c e n o i c  4 
c i s - 4 - D o d e c e n o i c  47 
c i s -4-  T e t r  a d  ece  n oi c 5 
O]eic 6 
Octadecadienoic 3 

3 5  65 

The classification of species in Lauraceae is 
said to be "much in need of revision" (9). 
The species names given here are believed to 
be those currently in use. Specimens of the 
Lindera seeds have been deposited in the 
Herbarium, Plant  Research Institute, Depart- 
ment of Agriculture, Ottawa, Canada. 

Large seeds and those with adhering fruit 
flesh were hulled and the hulls or shells were 
discarded. Small seeds with a clean, hard coat 
were ground as received. The finely ground 
kernels or seeds were extracted in a Soxhlet 
with petroleum ether. The oil yield and prop- 
erties of the oils are given in Table I. Methyl 
esters were prepared by transesterification 
with hydrogen chloride catalyst, except where 
noted. 

Lindera umbellata 

The methyl esters were submitted to GLC at 
column temperatures 185C, 162C, and 138C. 
The hydrogenated esters were examined in the 
same way. 

The chromatogram obtained at 162C showed 
a series of doublet peaks corresponding to 
C1o, C~, and C~ acids. One peak of each 
doublet was identified as the straight-chain 

saturated acid ester by comparison of the 
retention times with those obtained from methyl 
decanoate, laurate, and myristate, respectively. 
The other peak of each doublet had the ap- 
propriate retention time for esters of mono- 
enoic C1o, C1~, and C~ acids. After hydrogena- 
tion of the mixture, the chromatogram showed 
only three peaks in this region representing 
esters of the saturated C~o, C1~, and C1~ acids. 

Palmitic and stearic acids were absent. There 
were small peaks indicating octadeeenoic and 
octadecadienoic acids. 

A portion of the oil (70 g) was saponified, 
the unsaponifiable matter (1%) was removed, 
and the acids were cooled to --45C in acetone. 
Crystals were removed and the acids from 
the filtrate (30.4 g, iodine value 107.4) were 
converted to methyl esters and distilled under 
reduced pressure through a spinning band 
column at 0.6 mm pressure. 

Fractions were collected at 57-59C (esters 
of C~o acids), 80-81C and 81-82C (esters of 
C~ acids), and 100-105C (esters of C~ acids). 
The C~ fraction was examined by ~MR and 
by hydroxylation as described above. 

The first C~: fraction was largely monoun- 
s~turated (10.1 g, iodine value 113.5); the 
iodine value of methyl dodecenoate is 119.5. A 
portion was saponified and treated with alka- 
line pernmnganate for 45 sec at 0C. The 
precipitate was washed with petroleum ether 
and crystallized from ethyl acetate, giving 
erythro-4,5-dihydroxylauric acid, mp 105.5- 
106.0C. Komori and Ueno reported rap, 102C 
(3). 

Anal. Calcd. for C~:H~O,: C, 62.03; H, 10.41; 
equiv, wt. 232.3. Found:  C, 62.15; H, 10.19, 
equiv, wt. 231.8. 

Another portion of cis-4-dodecenoie acid 
(15 g) was hydroxylated by performic acid by 
the method of Swern and co-workers (10). 

T A B L E  I I I  

Composit ion of the ~ a t t y  Acids 

Fa t ty  acid, wt. % of to ta l  acids 

Species 8 :0  a 10 :0  10 :1  1 2 : 0  12 :1  14 :0  14 :1  16 :0  1 8 : 0  18 :1  18 :2  

L inde ra  
umbellata  0 3 4 29 47 3 5 0 0 6 3 

L inde ra  
pruecox t r  b 46 0 31 t r  5 0 2 0 12 4 

L inde ra  
benzoin 0 42 0 47 t r  3 0 1 0 4 3 

L a u r n s  
Ixobilis 0 t r  0 42 0 2 0 9 0 36 11 

Cinnalnomuln 
camphora  t r  47 t r  47 t r  1 0 t r  0 3 2 

Umbel lu la r i a  
cal i fornica 0 21 t r  70 t r  2 0 t r  0 5 2 

a The figures represent  chain  length and  number  of double bonds. 
b t r  ~ trace. 
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The crude product was a laetone (IR max at 
1760 em ~). I t  was dissolved in a slight excess 
of 3 IV sodium hydroxide and the solution was 
acidified dropwise by 1 N hydrochloric acid. 
The solution was extracted several times with 
ether during and after the acidification. After  
removal of the ether, the product (5.2 g) was 
washed with petroleum ether and crystallized 
from ether-petroleum ether to give threo-4,5- 
dihydroxylauric acid, mp 61-63C. Its IR 
spectrum showed no evidence of lactone. 

Anal. Calcd. for C~Hf, O~: C, 62.03; It ,  
10.41. Found:  C, 62.13; H, 10.26. 

Erythro-4,5-dihydroxylauric acid was treated 
with N-bromosuceinimide by the method of 
Cramp and co-workers (11). The product was 
crystallized from methanol, giving 4,5-dioxo- 
laurie acid, pale yellow crystals, mp 97.5- 
98.0C, X~,, 274 m~. 

Anal. Calcd. for CI~H~00,: C, 63.13; I t ,  
8.83. Found: C, 63.14; H, 8.85. 

A C~ fraction was saponified and treated 
with alkaline permanganate for 45 sees at 
OC., as described above, giving erythro-4,5- 
dihydroxymyristic acid, m.p. 110.0-110.5C. 

Anal. Calcd. for C~,H~0~: C, 64.57; H, 10.84. 
Found:  C, 64.36; H, 10.98. 

The residue from the distillation of the total 
esters was saponified and the acids (6.9 g) were 
crystallized from acetone at --25C. The filtrate 
was cooled to --40C when it deposited crystals 
of nlonoenoie acid (1.6 g). This acid was 
treated with alkaline permanganate, giving 
erythro-9,10-dihydroxystearic acid, mp and 
mixed mp 129-130C. 

Other Species 

The fatty acid composition of each of the 
oils was calculated from the GLC curves by 
measurement of peak areas. The results, cor- 
rected according to the method of Horrocks, 
Cornwell and Brown (12), are given in Table 
I I I .  Each figure is the mean of Ineasurements 
from three ehromatograms. 

There were very small unidentified peaks in 
some of the ehromatograms which may have 
arisen from branched or odd-numbered carbon 
acids. These were seen in the analysis of the 
esters of Laurus nobilis (possible C~ acid) and 
Lindera benzoin (possible C~ acid). 

The results for Laurus nobilis were sinfilar 
to those of Collin (13), who examine4 the 
kernel oil by ester distillation. The analysis 
of Umbellularia agrees with that of Noller 
and co-workers (14) for the saturated acids. 
Noller did not examine the unsaturated acids. 
The results for Cinnamomum were qualitatively 

the same as those of Narang and Puntambekar 
(15) but the ratio of capric to lam'ic acid was 
much higher in our sample. Sassafras albidum 
oil was analyzed recently by Earle and co- 
workers (16) and the present work confirms 
his results. There was no unsaturated C1o, C~, 
or C1, acid. 

The three Lindera species had not been ex- 
amined quantitatively. However, an excellent 
study of L. benzoin oil was made by Caspari 
in 1902 (17), in which he identified eapric, 
laurie and oleie acids as the major components. 

DISCUSSION 

The seed oil of Lindera umbellata is unusual 
in having cis-4-dodecenoic acid as the major 
fatty acid, as well as small amounts of c/s-4- 
decenoic and cis-4-tetradecenoic acids. Thus it 
resenlbles the oils of L. obtusiloba (2,3) and 
L. hypoglauca (1). The oils of' L. benzoin and 
L. praecox are strikingly different since they 
contain no more than a trace of C~o-C~ un- 
saturated acids (Table I I I ) .  Similarly, the 
examples of other genera of Lauraceae in- 
cluded in this work have only a trace of these 
unusual acids. 

A~-Unsaturated acids were discovered in seed 
oils and characterized by Tsujimoto, Toyama, 
Komori and Ueno (1-3). So far, the acids 
are known to occur only in two genera of 
Lauraceae, viz. Lindera and Litsea, and not at 
all in the seed oils of any other family. Acids 
with double bonds at A ~ are not common in 
nature, although they occur (mostly with 
multiple double bonds) in fish oils, in certain 
lower plant forms, and in the leaves and 
flowers of some plants, e.g. 4-decenoic acid in 
the volatile oil of hops (Humulus) (5). 

Fatty Acids and Taxonomy 

The differences in .fatty acid composition 
may be of value in classifying Lauraceae 
species. On the basis of the few species studied 
so far, three types of seed kernel oils axe 
evident: (a) those whose acids are mainly 
C~o and C~ saturated, e.g. Lindera benzoin~ L. 
praeeox, C. eamphora~ and U. ealifornica; (b) 
those whose acids are mainly saturated medium- 
chain (C~) and unsaturated long-chain (C~), 
e.g. Laurus nobilis; (e) those whose acids are 
mainly medium-chain saturated and unsaturated 
(Cao-C~), e.g. Lindera umbellata. 

Biosynthesis 

Occurrence of the homologous series of three 
monoenoie acids, each with the double bond at 
A ~, indicates that the mechanism of biosynthesis 
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must be distinctly different f rom the ordinary 
process of  synthesis in seeds. A series of  three 
or  more monoenoic acids in a seed oil is usually 
considered to be formed by chain-lengthening 
at  the carboxyl end so that  the double bond 
moves away f rom the carboxyl group as the 
chain length increases. 

There are several possible routes for  fornla- 
tion of  the three A ~ acids in L. umbellata. 
Shortening or  lengthening of  the chain at the 
nlethyl end could conceivably occur, although 
this seems unlikely. I t  is more probable that 
the mechanism involves condensation of  a 4- 
carbon acid with a uni t  of 6, 8 or 10 carbon 
atoms to form the A ~ acids. 
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Glycolipids of Briza spicata Seed 
C. R. Smith, Jr., and I. A. Wolff, Northern Regional Research Laboratory, ~ Peoria, Illinois 

A B S T R A C T  

The seeds of Briza spicata contain 20% 
of lipid that is semisolid and quite unusual 
in character. This lipid contains 49% 
digalactosylglycerides, 29% monogalaeto- 
sylglycerides, and consequently little, if 
any, conventional t~iglycerides. The pre- 
dominant fat ty  acids present are palmitie, 
oleic, and linoleie. Par t ia l  resolution of the 
galactosylglycerides on the basis of fat ty 
acid composition was achieved by counter- 
current distribution. 

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

T HIS PAPER WILL discuss the isolation and 
characterization of galaetose-containing 

glyeolipids of the seed of Briza spicata Sibth. 
et Sin., a member of the Gramineae or grass 
family. Grasses of the genus Briza are known 
by the conmmn name quaking grass. 

Galactosylglycerides have been found in a 
wide variety of plant  sources--including wheat 
and other cereal grains (3,4,8), red clover (20), 
a lfalfa  (12), runner bean leaves (16), spinach 
and lettuce leaves (1,11)--and in certain micro- 
organisms--including Anameba variabilis (7) 
and Chlorella pyrenoidosa (12). Carter and co- 
workers (3) conducted the first intensive study 
of these galactosylglycerides on material they 
isolated from the benzene-soluble portion of 
wheat flour. They isolated two different types 
of galactosylglycerides--one that yielded fi-D- 
gMaetopyranosyl-l-glycerol on alkaline hydroly- 
sis, and another that afforded a-D-galaetopy- 
ranosyl-1, 6- f l -D-galae topyranosyl - l -g lyeerol .  
Throughout the present paper,  these two gal- 
actosides will be referred to simply as mono- 
galactosylglycerol and digalactosylglycerol. 

E X P E R I M E N T A L  
General Methods 

Gas-liquid chromatographic (GLC) analyses 
were carried out as described by Miwa et al. 
(10). Methyl esters were prepared with 1% 
methanolic sulfuric acid; reflux periods of 2-3 
hr were employed. 

Paper  chronmtographic analyses were carried 
out on Whatman No. 4 paper  with the descend- 
ing technique. Two solvent systems were used, 

P r e s e n t e d  at the  AOCS meeting" in  Hous ton ,  Apr i l  
1965. 

2 No. Uti!iz.  Res .  Dev .  Div. ,  ARS,  U S D A .  

pyridine-l-butanol-water (3:2:1.5) (3) and 
ethyl acetate-pyridine-water (12:5:4) (17). 
Spots were visualized with 5% ammoniacal sil- 
ver nitrate or with ninhydrin (0.1% w/v in 
acetone). Papers  were heated in an oven at 
110C for 5-10 rain after  they had been sprayed 
with the appropr ia te  reagent. 

Thin-layer chromatography (TLC) was car- 
ried out on plates coated with Silica Gel G 
(according to Stahl).  Three solvent systems 
were used: 1-butanol-acetone-water (4:5:1) 
(14), chloroform-methanol-water (65:25:4) 
(20), and isobutyl ketone-acetic acid-water 
(8:5:1) (9). Spots were visualized either by 
charring with 50% sulfuric acid or by viewing 
plates under UV light after  spraying with 
dichlorofiuorescein solution (0.2% w/v in 
ethanol). 

IR spectra were determined with an Infra-  
cord Model 137 spectrophotometer on 1% 
chloroform solutions. 

Amino acid analyses were carried out by the 
automatic procedure of Spackman, Stein, and 
Moore (18) with a Model MS Beckman Spinco 
instrument. 

Isolat ion of  Lipid  

Coarsely ground seeds (26.• g) of Briza 
spicata Sibth. et Sin. were extracted 64 hr in 
a Soxhlet apparatus  with petroleum ether (bp 
30-60C). The solvent was evaporated in vacuo, 
and 5.1 g of semisolid residue was obtained. 
Elementary analyses of the crude lipid showed 
0.94% N, 0.51% S, and 0.47% P. 

Countercurrent Dis tr ibut ion 

Petroleum ether extract of Briza seed (3.80 
g) was subjected to a 200-tube CCD (counter- 
current distribution) in a Craig-Post apparatus  
with hexane/90% methanol as the solvent sys- 
tern. The weight distribution obtained is shown 
in ~igure 1. Considerable difficulty with emul- 
sions was encountered. The apparent  peaks ob- 
tained in CCD, and the weight percent they 
represented of the total, were as follows: A- l ,  
6.6%; A-2, 41.8%; B-l ,  12.3%; B-2, 16.7%, 
and C, 22.6%. These were examined by TLC 
and IR. Elementary analyses of material from 
selected fractions under the major  peaks gave 
the following results:  A-1 (tubes 1-9),  2.80% 
N; A-2 (tubes 21-24), 1.46% N; A-2 (tubes 
26-29), 0.71% N, 1.02% S, 0.47% P, 61.9% 
C, 9.42% It .  
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FIG. 1. CCD of Briza spicata seed lipid. 
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Characterization of  l~raction A-1 

A-1 (0.023 g) was refluxed 1 hr with 10% 
hydrochloric acid. The resulting hydrolysis mix- 
tare was extracted with petroleum ether. Evap- 
oration of petroleum ether extracts afforded 
0.011 g of free acids; these were converted to 
methyl esters in the usual way. Evaporation 
of the acidic solution in vacuo afforded 0.017 g 
of water-soluble hydrolyzate. This was ex- 
amined by paper chromatography using 
pyridine-butanol-water solvent. This same acid 
hydrolyzate was also subjected to a complete 
amino acid analysis. 

A portion of A-1 was dispersed in chloroform 
and extracted three times with 1 N hydrochloric 
acid. Most of the lipid was recovered from 
the chloroform layer, which was dried over 
sodium sulfate. The IR spectrum of this re- 
covered material showed substantial reduction 
of the concentration of amide groups, but re- 
moval was incomplete. Amino acid analysis on 
the lipid fraction showed the presence of most 
of the common amino acids. 

Characterization of Fraction A-2 

Fraction A-2 was hydrolyzed with barium hy- 
droxide essentially as described by Weenink 
(21); 0.123 g of the lipid was refluxed 3 hr 
in 25 nfl of saturated barium hydroxide. In- 
soluble barium soaps were removed by centri- 
~'ugation and filtration. The filtrate was neu- 
tralized with 0.1 N sulfuric acid; precipitated 
BaSO~ was renmved by centrifugation and/or 
filtration. The clear filtrate afforded 0.055 g 
of syrup upon evaporation in vaeuo ; this was ex- 
amined by TLC and by paper chromatography. 

The syrupy product was refluxed 2 hr in 
10% aqueous hydrochloric acid. The hydrolysis 
nfixture was evaporated to dryness in vacuo, 
and the resulting hydrolyzate was chroma- 
tographed both by TLC and on paper. 

The saponification-acetylation procedure of 
Holla, Itorrocks, and Cornwell (6) was ap- 
plied to confirm the presence of a glycerol 
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moiety. A-2 (0.032 g) was dissolved in 30 ml 
of methanol. To this solution was added 10 
nfl of methanol in which 25 mg of sodium had 
been dissolved, and the resulting mixture was 
refluxed 2 hr. Methanol was removed in vacuo, 
and the residue was refluxed i hr with 10 ml 
of water. Then were added 70 ml of acetic 
anhydride and 70 ml of xylene. The mixture 
was refluxed 6 hr, then evaporated to dryness 
in vacuo. The semisolid residue was triturated 
with chloroform. Combined chloroform wash- 
ings were evaporated; the residue (0.006 g) 
was shown by GLC analysis to have an equiva- 
lent chain length (ECL) (10) on an Apiezon 
L column of 15.6, identical with that of 
triacetin. 

Characterization of  Fractions B-1 and B-2 

Fraction B-1 (0.136 g) was hydrolyzed with 
saturated barium hydroxide as described in the 
preceding section. Upon evaporating the neu- 
tralized aqueous phase in vacuo, 0.054 g of 
syrup was obtained. The insoluble barium soaps 
were converted to methyl esters. 

Fraction B-2 was hydrolyzed with barium 
hydroxide in the same manner as A-2. Hy- 
drolysis of 0.142 g of B-2 afforded 0.048 g of 
syrup or foam. For acid hydrolysis, 0.022 g 
of this syrup was refluxed 2 hr in 10% by- 
drochloric acid. The hydrolysis mixture was 
evaporated to dryness in vaeuo, and the resi- 
due was chromatographed both by TLC and 
by paper. 

The diethyl dithioacetal derivative of the 
sugar in the acid hydrolyzate was prepared, 
essentially by the method of Zinner (23). The 
crude derivative had mp 134-138C. Recrystal- 
lization from water afforded a specimen having 
mp 138-140C, undepressed on admixture with 
authentic D-galactose diethyl dithioacetal, mp 
I40-142C [lit. rap, 140-142C (22)]. 

A portion of the presumed monogalactosyl- 
glycerol from alkaline hydrolysis of B-1 was 
triturated repeatedly with warm water. The 
combined portions of aqueous solution were 
evaporated to dryness in vacuo. This residue 
was crystallized from methanol-ether (3) after 
seeding with authentic monogalaetosylglycerol. 
A small yield of solid, mp 132-]38C, was ob- 
tained; this mp was undepressed on adnfixture 
with authentic monogalaetosylglyeerol having 
approximately the same rap. 

RESULTS 

Examination of the total Briza lipids by TLC 
revealed two major components along with some 
minor ones, mostly of higher R~. In  isobutyl 
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ketone-acetic acid-water, the major spots had 
R~ values of 0.33 and 0.52 (Fig. 2) ;  in chlo- 
roform-methanol-water, they had values of 0.62 
and 0.92. The IR spectrum of this lipid showed 
maxima at 2.95 t~ (OH), 5.75 /x (ester), 6.05 
g (amide), and 9.03 g (ether). 

Separation of the lipid into several fractions 
was achieved by CCD (Fig. 1). Fractions A-1 
(see Fig. 2) and A-2 were shown by TLC to 
correspond to the major component having the 
lower R~. Fractions B-1 and B-2 had Rf values 
that corresponded to the faster-moving major 
component in TLC. The IR spectra of these 
various fractions (Fig. 3) showed some dif- 
ferences. There was a prominent amide peak 
(6.05 t~) in the spectrum of A-1 which was 
greatly diminished or absent in the other frac- 
tions. The hydroxyl absorption of B-] was 
strong, but less so than that of A-I and A-2. 
The IR spectrum of B-2, not shown, was sim- 
ilar to that of B-1. 

The acid hydrolyzate from Fraction A-1 was 
found to contain practically all the amino acids 
commonly found as protein constituents. Thus 
it appeared that A-1 contained the same polar 
lipid found in A-2 mixed with a protein or 
polypeptide that is difficult to separate from 
it. Since the amide-containing material was riot 
completely removed by acid extraction (see Ex- 
perimental), some lipopeptide, such as was 
found in wheat flour (3,4), may be present. 

Hydrolysis of fractions A-2, B-1 and B-2 
with aqueous barium hydroxide afforded their 
fatty acid constituents as barium soaps together 
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:FIG. 2. TLC comparison of crude Briza spicata 

seed lipid mixture with derived CCD fractions. 
The solvent system, used was isobutyl ketone-acetic 
acid-water (8: 5: 1). Distinct spots are indicated 
by solid lines, and faint spots by broken lines. 
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:FIG. 3. IR spectra of selected fractions from 
CCD of Briza spicata seed lipid, run as 1% chlo- 
roform solutions. 

with highly polar, water-soluble hydrolysis 
products. 

When the polar hydrolysis product from A-2 
was examined by TLC and by paper chroma- 
tography, spots were visualized having the 
same R, as authentic digalactosylglycerol. This 
material was not obtained in crystalline con- 
dition. Paper chromatography and TLC of the 
products of acid hydrolysis of this water-soluble 
fraction revealed the presence of galaetose and 
glycerol. The presence of glycerol in the water- 
soluble moiety from A-2 was confirmed by the 
saponification-acetylation procedure of ttolla, 
Horroeks, and Cornwell (6). Thus it seems 
highly probable that Fraction A-2 consists of 
acyl derivatives of the same digalactosylglycerol 
originally characterized by Carter and co-work- 
ers (3,4). 

The water-soluble hydrolysis product obtained 
by barium hydroxide treatment of B-1 or B-2 
had the same R~ values as monogalactosylglyc- 
erol when examined by paper chromatography 
and TLC. This hydrolysis product was obtained 
in crystalline form; its melting point was nn- 
depressed upon admixture with authentic mono- 
galaetosylglycerol. Further hydrolysis with 
aqueous acid yielded components with chromat- 
ographic mobility values corresponding to ga- 
lactose and glycerol. The properties (rap and 
mixed rap) of the diethyl dithioaeetal deriva- 
tive of the sugar proved that it was D-galactose. 
Thus it was shown with reasonable certainty 
that B-1 and B-2 are aeyl derivatives of 
monogalactosylglycerol. 
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TABLE I 

GLC Analyses  of 1Yiethyl E s t e r s  f r o m  Brizc~ spieata, Seed and  Selected CCD F r a c t i o n s  
( a r ea  pe rcen t  of methyl  es ters )  

Acid  a 

A-1 A-2 B~I B-1 B-2 
Or ig ina l  ( tubes  ( tubes  ( tubes  ( tubes  ( tubes  
ex t rac t  b 11--19) 26--29) 46--49) 51--54) 66--69) 

Cls S 14.8 19.9 18.4 17.0 12.7 5.6 
Cls I 1.0 1.5 1.7 2.0 1.9 0.1 
Cls S 0.6 0.4 1.0 1.6 0.3 .... 
Cls I 49.5 35.5 39.5 47.2 47.6 86.1 
C~s I I  27.7 38.5 34.4 29.9 29.1 8.2 
Cls I I I  B.4 3.4 2.9 2.5 6.7 .... 

a I n  th is  column, R o m a n  n u m e r a l s  ind ica te  the n u m b e r  of double bonds  in  u n s a t u r a t e d  ac ids ;  S 
ind ica tes  a s a t u r a t e d  acid. 

b D a t a  of ]J~. R. Ea r l e  and  co-workers .  

TLC results suggested that the least polar 
portion of material obtained by CCD ("C" in 
Fig. 1) contained some ordinary triglyeerides 
nfixed with more polar materials. Fraction C 
was not investigated further. 

Fatty acids from the various fractions were 
shown by GLC analyses to be nminly pahnitic, 
oleic, and linoleic acids (see Table I) .  

DISCUSSION 

The lipid portion of Briza spicata seed ob- 
tainable by petroleum ether extraction has been 
shown to contain galaetosylglyeerides as its pre- 
dominant constituents. Some ordina~T triglye- 
erides may be present, but not more than 22% 
of the total. Together, the digalactosylglyeeride 
fractions A-1 and A-2 account for a maximum 
of 49% of the total seed lipid of B. sps 
while the monogalactosylglyeeride fractions B-1 
and B-2 comprise a maximum of 29%. 

Partial fractionation of the mono- and di- 
galactosylglyeerides on the basis of their fatty 
acid composition was achieved by the CCD 
procedure. The general pattern of differences 
in fatty acid composition (Table I) was in 
accord with that observed in separations of con- 
ventional triglycerides. Other factors being 
equal, increasing unsaturation or shortening 
chain lengths of a triglyeeride would be ex- 
pected to lower its mobility in a hexane-meth- 
anol systenl (5). Although it separated the 
mono- and digalactosides fairly effectively, the 
CCD treatnlent had certain disadvantages in 
that it produced a large number of fractions 
that were sinfilar, but had silightly different 
properties. 

The fatty acid compositions of the various 
CCD fractions are generally similar. An ex- 
ception is Fraction B-2, which differs markedly 
from the others in having a great predominance 
(86.1%) of oleic acid. Each of the others con- 
tains substantial amounts of palmitic, oleic, and 
linoleic acids, and is qualitatively similar to 
the mono- and digalactosylglycerides of wheat 
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flour (4). In  contrast, galactosylglycerides from 
certain leaf lipids have been found to contain 
linolenie acid ahnost to the exclusion of other 
fatty acids (16,21). 

The ratio of di- to monogalactosylglycerides 
found in Briza spicata seed was about 1.7:].  
In  other cases where such a proportion has been 
determined, the di- to monogalactosylglyceride 
ratio was 2:1 in Chlorella pyrenoidosa (12), 
1 :4  in t)haseolus multiflorus leaf lipids (16), 
and 1:2.1 in Trifolium p~'atense leaf lipids (21). 

To our knowledge, Briza spicata is the first 
example of a plant whose seed lipids contain 
more galactosylglycerides or other glyeolipids 
than ordinary triglycerides. 

A C K N O W L E D G M E N T S  

Spec imens  of mono- and  digalactosylglycerol  f u r n i s h e d  
by ~ .  Kates ,  Na t iona l  l%esearch Council,  O t t a w a ;  G L C  
ana lyses  by J .  W.  H a g e m a n n ;  a m i n o  acid  ana lyses  by 
J .  E. P e t e r s ;  e l ementa ry  ana lyses  by B.  t t e a ton  and  
A. D i r k s ;  Briza spicata seeds ident i f ied and  suppl ied  
by  Q. Jones ,  Crops Resea rch  Divis ion ,  ARS,  U S D A .  
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Absorption of Di- and Triglycerides by Intestinal Slices in vitro 
Elaine Bossak Feldman ~ and Bengt Borgstrc;m, Department of Physiological Chemistry, 
University of Lund, Lund, Sweden 

ABSTRACT 

The uptake by hamster intestinal rings 
of labeled 1,3-diolein and triolein in bile 
salt emulsions was studied. 

About 6% of triolein was taken up 
from emulsions containing glycerides and 
fatty acid in 6 mM sodium taurodeoxy- 
eholate. Lesser uptake was noted when 
triolein was emulsified with lecithin, cho- 
lesterol and bile salt; lowest uptake (3%) 
was obsel-ced f rom t r io le in - lec i th in -  
cholesterol emulsions prepared without 
bile salt. 

Absorption of 1,3-diolein from bile salt 
emulsion was greater and acylation to tri- 
glyceride was observed. 

Diglycerides and triglycerides in small 
quantity may be absorbed intact from a 
micellar phase. 

R CENT INVESTIGATIONS have suggested that 
lipid micellar solutions may be the form 

in which fat penetrates the intestinal nmcosa 
(1). The absorption of labeled fatty acids 
and/or  monoglycerides was faster from mi- 
cellar solutions of conjugated bile salts than 
from albumin solutions; the uptake of triolein 
from triglyceride emulsions was slow (2). 
Mixed bile salt emulsions may be prepared 
which simulate the oil-micellar phase system 
of the fat content of the small intestine during 
digestion (3). Gel filtration of such mixtures 
of glycerides, fatty acid and bile salt yielded 
data concerning their relative partition into 
micellar and oil phases (4). Appreciable 
amounts of diolein were distributed into the 
micellar phase, as were small but quantifiable 
amounts of triolein. The possibility that di- 
glyceride and triglyceride in micellar dispersion 
might be able to penetrate the small intestinal 
mucosa was therefore investigated. The uptake 
by haraster intestinal rings of diolein and tri- 
olein in bile salt emulsions was studied. 

MATERIALS AND METHODS 

Sodium taurodeoxycholate was synthesized 
(5): Triolein, 1,3-diolein, 1-monoolein, and 
oleic acid were obtained from commercial 

i P r e s e n t  a d d r e s s :  D e p a r t m e n t  of Medicine, State  
U n i v e r s i t y  of N e w  York  D o w n s t a t e  Medica l  Center, 
Brooklyn ,  N.  Y.  

sources described in detail elsewhere (4). Cho- 
lesterol was obtained from Distillation Prod- 
ucts Industries. Lecithin prepared from egg 
phosphatides according to Hanahan, was ob- 
tained from Vitrum, Stockholm, Sweden. 

(9,10-3tt) Oleic acid and (1-1~C) oleic acid 
were obtained from The Radiochemical Centre, 
Amersham, England. (~H3) Triolein and (1~C2) 
1,3-diolein were synthesized using labeled oleoyl 
chlorides. (aa,14C~,/~H) Triolein was synthesized 
from the oleoyl chlorides (6). 

Emulsions were prepared by sonication. The 
deternfined amount of lipid, labeled or un- 
labeled, in organic solvent was added to a test 
tube. The solvent was evaporated and Krebs- 
Ringer buffer (pH 6.3) with 6 mM sodium 
taurodeoxycholate was added. One-minute ex- 
posure to ultrasonic waves was employed, using 
volumes of 5 to 10 ml. One emulsion was pre- 
pared without bile salt using lecithin as stabi- 
lizer. A similar emulsion was prepared in 6 
mM sodium taurodeoxycholate. 

Rings were prepared from everted hamster 
small intestines as described previously (2,7). 
Incubations were carried out in 1 ml of emul- 
sion containing 127-190 mg wet weight of tis- 
sue and 10 tLmoles glucose. Incubations were 
in duplicate at 37C in a shaking water bath in 
an atmosphere of 100% O~. Incubation times 
in various experiments were 5, 15, 30 and 60 
rain. All emulsions were pregassed with O~ for 
1 hr before adding the tissue to preweighed ves- 
sels. Emulsions were stable throughout the 
experimental period. 

After incubation, the medium was poured 
off and the tissue washed with 2 ml buffer with 
or without bile salt, according to the composi- 
tion of the incubation medium. The tissue was 
homogenized and extracted in 10 ml chloroform- 
methanol (2:1, v/v) to which 4 ml 0.15 M 
KH:PO~ was added. A portion of the emulsion 
originally added to the incubation flasks, and 
the medium after incubation combined with the 
wash-solution from each flask, were extracte~l 
with 18 nfl chloroform-methanol (2:1, v/v) .  
After standing overnight in the cold, the lower 
phase was dried with Na~S04, was filtered and 
was evaporated to dryness. The lipids were 
then separated by thin-layer silicic acid chro- 
matography and their radioactivity assayed in 
a scintillation spectrometer. The details of these 
procedures have been described (2,7,8). M~an 

128 



ABSORPTION Oh ~ I)I- AND TRIGLYCERIDES 129 

recovery of activity from medimn and tissue 
was 92% of that added. 

There was no microscopic evidence of cell 
destruction, and the mucosal membrane poten- 
tial was nmintained in intestinal slices exposed 
to 6 mM taurodesoxycholate over periods of 
several hours (9). These results are in ac- 
cordance with those of Dawson and Isse]bacher 
(10) who found no evidence of mueosal damage 
at the end of one hour's incubation of rat small 
intestine when taurodesoxycholate was in the 
medium (5 X 1O-~M). 

RESULTS AND DISCUSSION 

Incorporation of glyeerides and fatty acid 
into a bile salt emulsion yields a system con- 
taining oil and micellar phases. In  the absence 
of bile salt no micellar phase exists in h~olein 
emulsions stabilized with lecithin at pH 6.3. 
The partition of various lipids between the mi- 
cellar and oil phases differs. Colmun e!ution 
experiments with 60 ml gel bed, Sephadex 
G-100, of lipids enmlsified in and eluted with 
6 mM sodium taurodeoxycholate, indicated that 
mouoglyceride and fatty acid were recovered 
completely in the nficellar phase, about 30% 
of diolein was in micellar dispersion, with about 
3% of triolein distributed into the micellar 
phase (4). 

The first step in the process of fat absorp- 
tion takes into account distribution between the 
lipids of the cell wall and the medium (2,10-13). 
Uptake from the intestinal lumen into the mu- 
cosal cells may mean adsorption or on permea- 
tion into the membrane or penetration into the 
cell. Factors such as the physical form of the 
substance, dependent on rapid phase transi- 
tions in the medium, e.g., miee]lar solubility, 
the nature of the cell membrane, lipid solubility 
in the membrane, avidity of cell binding sites 

may be determinants. Uptake has been demon- 
strated to be reversible with exchange occurring 
between the tissue and the medium (13). These 
processes are not dependent upon metabolic 
energy but involve physical phenomena. The 
complexities of this step in absorption may be 
elucidated by investigations in vitro. 

The next step includes active phenomena of 
chemical modifications within the cell. These 
biosynthetic processes require energy,  are 
slower and may be rate-limiting in systems 
ill vitro. The final step requiring passage out 
of the nmcosal cell into the central lacteal via 
the formation of chylomicrons is dependent on 
protein synthesis (14). This may be the limit- 
ing step in the overall absorption process in 
the intact organism. 

The uptake of triolein by small intestinal 
slices was compared at various concentrations 
in enmlsions prepared without and with sodium 
taurodeoxycholate and with lecithin or fatty 
aeid-glycerides included. In  all instances a 
small uptake of triglyceride was demonstrated 
(Tables I , I I ) .  Uptake on a molar basis per 
100 mg tissue at 1 hr was lowest from an emul- 
sion prepared without bile salt and stabilized 
by lecithin and a small amount of cholesterol. 
Uptake was 50% greater when 6 mM sodium 
taurodeoxycholate was included in the prepara- 
tion of the emulsion. The highest triolein up- 
take was observed from an emulsion containing 
6 mM sodium taurodeoxyeholate and 5.4 mM 
diolein, 5.4 mM monoolein and 10.8 mM oleic 
acid. Variable results were obtained when the 
time-course of triglyeeride absm-ption was fol- 
lowed. Even excluding very high results ob- 
rained at 30 rain with one set of incubations 
(Experiments 2,3) compared to those at 30 
rain in Experiment 4, there was a rapid uptake 
of triglyeeride in the first 5 rain which de- 

T A B L E  I 

Up take  of Tr iole in  from Var ious  Suspensions  

Tr iole in  Other Uptake  
conch t~ l ip ids  e mte~c][oles/100 mg slices 

Expt."  nflV[ /z~Ioles 60 rain 5 rain 15 rain 30 rain 

1 25.0 L 1.25 686 . . . . . . . . . . . . . . . . . . . .  
C 0.62 

2 12.5 L 0.62 521 538 533 1301 
C 0.31 

3 11.2 DO 5.4 630 847 704 1562 
MO 5.4 

OA 10.8 

4 13.0 DO 5.4 754 . . . . . . . . . . . .  732 
MO 5.4 

OA 10.8 

a I n  Expts.  2-4 ,  6 ]tmoles sodium taurodeoxycholate  were inc luded  in  the emulsion, while the emu:sion 
in Expt.  1 was prepared  wi thou t  bile salt. 

b i n  Expts .  1-3  ( s i t )  t r io le in  was  used. I n  expt. 4 (aa,-14C2,~-stt) t r io le in  was  used. 
e C, cholesterol;  L, l ec i th in ;  DO, diole in;  ]gO, monoolein;  OA, oleic acid. 
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T A B L E  l I  

U p t a k e  by t t a m s t e r  I n t e s t i n a l  SIiees of L ip ids  in  Micel lar  Solut ions  or  E m u l s i o n s  

Solutes a 

U p t a k e / 1 0 0  n~tg 

Phys i ca l  f o r m  % m/zmoles 

Oleic Acid-monoolein (2) 
Triolein-monoolein-oleic acid  
Triolein-lecithin-cholesterol 
Triolein lecithin-cholesterol  
Trlolein (2)  

Diolein tri-, monoolein,  oleic acid  

~[icellar  solution 36.0 342 
Bi le  salt  emuls ion  5.7 630 
Bi le  sal t  emuls ion  4.2 521 

E m u l s i o n  2.7 686 
Emul s ion  1.7 16 
Bi le  salt emuls ion  6.9 461 

a Labeled  compound is i talicized. 

creased for the next 25 rain of incubation and 
remained unchanged at 1 hr. 

Uptake of triolein was low in comparison to 
the uptake of oleic acid and monoolein from 
micellar solutions. Slices of hamster small in- 
testine took up about six times more lipid on 
a molar basis per 100 mg when incubated with 
0.6 InM oleic acid and 0.3 mM monoolein in 
2.4 mM[ sodium taurodeoxycholate. The differ- 
ences in the degree of uptake of monoglycerides 
vs. di- and triglycerides may be correlated to 
the marked difference in degree of micellar 
dispersion of the lipids (4). Absorption ap- 
parently parallels partition into the micellar 
phase. This is further supported by the in- 
creased absorption of triolein from the nfixed 
bile salt emulsion compared to that from an 
enmlsion without bile salt. The uptake of mi- 
cellar solution of fatty acid and monoglyceride 
was similarly doubled in comparison to a sus- 
pension of these lipids in albunfin (2). 

I t  is concluded that triolein penetrated the 
intestinal nmcosa and that the uptake occurred 
largely intact. Evidence for this was provided 
in the experiment using double-labeled tri- 
glyceride by the similar ratios ~H :~'C ill that 
triglyceride which penetrated (14.7) compared 
to the ratios in triglycerides in the original 
medium (14.6) and in the medium poured off 
at the end of incubation (14.8). That portion 
of total activity recovered as triglyceride also 
remained constant in original and final incu- 
bation media and tissue. No appreciable amount 
of radioactivtiy (less than 5%) was recovered 
in lower glycerides or fatty acid at any time 
of incubation. In  short, with the absence of evi- 
dence of hydrolysis of triolein in the incuba- 
tion medium and the recovery of the activity 
in tissue triglycerides with unchanged ~H:~*C 
ratio it was assumed that triolein was taken up 
intact. 

Uptake of 1,3-diolein from a bile salt-fatty 
acid-glyceride emulsion was of sinfilar magni- 
tude on a molar basis per 100 mg tissue as 
that of triolein (Table I I ) .  There was an in- 
crease of 52 mtmmles diolein taken up at 60 
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nfin compared to 30 min. At both 30 and 60 
min there was evidence of acylation of diglyc- 
eride to triglyceride. Triglyceride activity was 
53 m~moles at 60 rain compared to 20 m~moles 
at 30 min. At both time intervals SS to 95% 
of the tissue activity was in diglyceride. The 
portion of activity recovered as diglyceride was 
constant in the original and final incubation 
media, with no recovery of appreciable activity 
in other lipid classes. Without evidence that 
hydrolysis occurred in the nledium it was as- 
sumed that diglyceride was taken up intact and 
then acylated. This acylation provided evidence 
for entry of 1,3-diolein into the cell. The rela- 
tively low degree of acylation in these experi- 
ments nlay be related to the lesser activity of 
diglyceride transacylase in the presence of 1,3- 
diglycerides compared with 1,2-diglycerides 
(15). The latter are the natural products of 
pancreatic lipolysis which favors hydrolysis of 
primary ester bonds (16). 

From these experiments we can conclude that 
the quantitative contribution to fat absorption 
of intact diglyceride or triglyceride absorption 
is small. A larger difference in uptakes nlight 
have been anticipated from comparison of the 
micellar distribution os diolein (31%) with 
that of triolein (2%) when mixed bile salt 
emulsions were partitioned into nficellar and 
oil phases by gel filtration (4). 

In  summary, monoglyceride and fatty acid 
absorption is determined by rapid and exten- 
sive micellar dispersion in bile salt mixed nfi- 
celles which permits uptake by the brush border 
membrane in a process enzynfically and ener- 
getically independent and reversible. Specifi- 
cally how this penetration occurs is unknown. 
The manner in which lipids leave the membrane 
is also unknown and may require energy. Once 
ent~ T into the cell has occurred a continual 
biosynthetic process of acylation to triglyceride 
occurs which requires energy and has a lesser 
capacity than the system of membranous up- 
take (2). Lesser uptake of diglycerides and 
triglycerides may be determined by their lesser 
ability to enter the micellar phase. The experi- 



ABSORPTIOI~! OF DI-  AND TRIGLYCERIDES 131 

mental results do provide further evidence for 
the entrance of di- and triglyeerides into the in- 
testinal nlucosa in the form of small aggregates. 
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Determination of the Structure of Lecithins I 
M. L. Blank, ~ L. J. Nut ter  and O. S. Privett, The Hormel Institute, University of Minnesota, Austin, 
Minnesota 

ABSTRACT 

A method is described for the deter- 
mination of the classes of lecithins in terms 
of unsaturated and saturated fatty acids 
based on a total fatty acid composition, 
the composition of the fatty acids in the 
fl-position, and the amount of disaturated 
class determined via mercuric acetate 
adduct formation. The accuracy of the 
method was determined on leeithins of 
known composition and the method was 
applied to leeithins isolated from milk 
serum and egg lipids, safflower and soy- 
bean oils. 

INTRODUCTION 

T HE POSITIONAL arrangement of fatty acids in 
lecithin may be determined by the methods 

described by Privett and Blank (1), Moore 
and Williams (2), or in the form of trigly- 
cerides to which they may be converted by 
dephosphorylation and re-esterification of the 
1,2-diglyceride analogues (3,4). The method 
of Privett and Blank employs a combination 
of reductive ozonolysis and quantitative thin- 
layer chromatography (TLC). The method 
developed by Moore and Williams (2) is 
based on a difference in the rate of hydrolysis 
of the different lecithin classes by phospho- 
lipasc A, and that no disaturated leeithins are 
hydrolyzed during the time the measurements 
are made. 

Procedures involving the conversion of 
lecithins to triglycerides require that no aeyl 
migration of fatty acids nor fractionation 
occur during the preparation of the trigly- 
cerides. These methods are long and, as yet, 
have not been fully developed and tested, but 
since they permit the application of the com- 
plete array of techniques of triglyceridc 
analysis, especially fractionation by selective 
argentation, they should provide a highly 
detailed analysis. Kaufmann et al. (5) have 
reported the direct fractionation of leeithins 
by selective argentation by means of TLC 
which should eliminate the need to convert 
the sample to triglycerides but apparently 
the fraetionation by this method has not been 
sufficiently refined to be made the basis of an 
analytical method. 

a l~resented at the AOCS l~eeting, Houston, April 1965. 
2Presen t  address:  National Dai ry  Corporation, Glen- 

view, Illinois. 

Described here is a simple method for the 
determination of the positional arrangement 
of fatty acids in lecithins in terms of classes 
of unsaturated and saturated fatty acids; 
that is, 1,2-disaturated; 1-saturated - -  2- 
unsaturated - -  1-unsaturated; 2-saturated and 
1,2-diunsaturated. 

EXPERIMENTAL 
Materials 

Highly purified lecithins were obtained from 
safflower seed oil, soybeans, milk serum and 
chicken eggs. The safflower lecithin was ob- 
tained from the product prepared by the de- 
gumnfing of crude safflower seed oil and was 
supplied to us through the courtesy of John 
Kneeland of the Pacific Vegetable Oil Com- 
pany, Richmond, California. The soybean and 
egg lecithin were prepared from commercial 
samples of these compounds obtained from 
Nutritional Biochemical Corporation, Cleve- 
land, Ohio. Milk serum lecithin was isolated 
from milk serum supplied to us through the 
courtesy of the Rice Lake Creamery, Rice 
Lake, Wisconsin. The same general procedure 
was used for the isolation and purification of 
lecithins from each of these sources. The total 
lipid or lecithin concentrate, as the case may 
be, was fraetionated hy DEAE cellulose 
column chromatography as described by Rouser 
et al. (6). In  this procedure the neutral 
lipids are separated first by elution with 
chloroform. Then a fraction containing the 
lecithin is elated with 9:1 chloroform :methanol. 
The lecithin is isolated from this fraction by 
means of the silicie acid-silicate water column 
chromatographic technique described by Rouser 
et al. (6). In  this procedure the column is 
prepared by slurrying the silicic acid in chloro- 
form:methanol, 1:1, and ammonium hydroxide 
(10 ml of lqH~OH per 50 g of sihcic acid). 
The methanol, water and excess NH~ are 
washed out of the column with chloroform. 
One fraction containing such compounds as 
the eeramidcs and sterols is elated first with 
4:1 chlorofo*~n :methanol containing 0.5% 
water. Then the lecithin is eluted with a 4:1 
ratio of chloroform :methanol containing 1.5% 
water and recovered. The leeithins prepared in 
this way were pure by TLC and infrared 
spectral analysis, but except for milk serum 
these samples are not necessarily representative 
of the source because some fractionation may 
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be expected in the course of the preparation 
of the commercial concentrates. 

Lecithin of the disaturated class was pre- 
pared from the sample isolated from com- 
mercial soybean lecithin by catalytic hydro- 
genation in a mixture of 3:7 ethyl ether :alcohol 
with a platinum catalyst at 50 lb pressure and 
room temperature. The final product was 
purified by the silicic acid-silicate water chro- 
matographic technique as described above (6). 
Gas-liquid chromatography (GLC) of the 
constituent acids of this preparation as methyl 
esters showed only saturated fatty acids. 

Methyl pentadecanoate and other methyl 
esters used as reference standards for GLC 
and TLC were obtained from The IIormel 
Institute. 

Methods 

Gas-liquid chromatography (GLC) was car- 
ried out with an F & M Model 609 flame 
ionization instrument equipped with a 1~ in. 
• 7 ft column packed with 10% ethylene 
glycol sueeinate polyester on 100-120 mesh 
Gas-Chrom P (Applied Science Laboratories, 
State College, Pa.), and a carrier gas flow 
of 60 ml/min at 185C. 

General Procedure 

Three separate analyses are carried out on 
the purified samples of lecithin: 1) a total 
fatty acid composition; 2) the cmnposition of 
the fatty acids distributed in the fl-position; 
and 3) the amount of disaturated class in the 
sample. 

Determination of the total fatty acid com- 
position is carried out by GLC on the methyl 
esters which are prepared by heating about 
2 mg of the sample sealed in a glass ampule 
in a nitrogen atmosphere with 3 ml of 6% 
dry tIC1 in methanol for 2 hr in a boiling 
water bath. 

The composition of the fat~.y acids distri~ 
buted in the fi-position is determined by first 
carrying out an enzymatic hydrolysis of the 
sample with phospholipase A as described by 
Robertson and Lands (7). The fatty acids 
which are liberated from the fl-position by this 
enzyme are isolated by preparative TLC with 
ehromatoplates coated with chloroform- 
extracted Silica Gel G, esterified and analyzed 
by GLC as described above. 

The saturated class of lecithins is determined 
as follows. About 5 mg of sample is treated 
with 1 ml of a saturated methanol solution of 
mercuric acetate as described by Mangold (8) 
in a 10 X 75 mm test tube. After the sample 

has reacted for 24 hr, a small piece of fine 
glass wool is pushed down into the test tube. 
A clear supernatant layer of liquid rises above 
the glass wool plug and is withdrawn by 
means of a syringe. This solution is then a W 
plied to a chromatoplate, coated with chloro- 
form-extracted Silica Gel G and chromatog- 
raphed in 70:30:4, chloroform :methanol :water. 
The unreacted (disaturated) lecithins are 
readily separated from the other lecithin classes 
which form adduets with mercuric acetate, as 
illustrated in Figure 1. 

Quantitative analysis of the relative amount 
of disaturated class is made by means of an 
internal standard as follows. The bands (on 
a preparative plate) of the disaturated class 
and the other classes unseparated at the origin 
on the plate are scraped into individual glass 
test tubes restricted for sealing. A small but 
known amount (0.1 rag) of methyl pentade- 
canoate dissolved in 3 ml methanol containing 
6% (w/w) of dry HC1 is added to each tube. 
The tubes are then flushed with nitrogen, 
sealed with a torch and heated for 2 hr in 
a boiling water bath to convert the constituent 
fatty acids of the lecithins to methyl esters. 
The methyl esters are recovered in the usual 
way and analyzed by GLC. By comparison of 
the peak areas of the fatty acids of the two 
samples in relation to those given by the 
internal standard in the two samples, the 
percentage of the disaturated class is 
determined. 

R~SULTS AND DISCUSS10N 

The data on fatty acid composition of the 
four lecithins are presented in Table I. As 

FIG. 1. Silica Gel G coated chromatoplate show- 
ing the separation of disaturated lecithins from 
unsaturated leclthins in the form of mercury 
acetate adducts: A, disaturated spots; B, mercury 
adducts; I, milk sermn; II, hydrogenated soybean ; 
I l l ,  egg; 1V, soybean; V, hydrogenated soybean 
and VI, safflower. Solvent: 70:30:4 chloroform: 
methanol:water, spots visualized by charring. 
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T A B L E  I 

Fa t ty  Acid Analysis  of Total  Leci th ins  and Composit ion 
of Fa t ty  Acids Dis t r ibu ted  in  the B-Position ( %  wt)  

Fa t ty  Acid ~ 

Egg  

Total  B-Position 

Soybean Safflower Milk 

Total  B-Position Total  B-Position Total  B-Position 

1 4 : 0  
1 5 : 0  
16 :0  
17 :0  
18 :0  
15 :1  
16 :1  
17 :1  
18 :1  
18 :2  
18 :3  
20 :3  

33.0 

15.4 

2.1 

31.7 
17.8 

3.0 3.9 
1.1 1.2 

1.4 14.7 4.8 15.1 2.5 27.8 19.5 
1.1 0.8 

5.2 1.2 4.8 0.3 11.0 3.0 
0.3 0.5 

1.0 2.6 3.4 
t r  0.8 

59.8 13.5 12.7 10.0 11.0 41.4 50.1 
37.8 61.2 75.1 70.1 86.2 9.6 13.1 

5.4 6.2 2.1 2.9 
t r  0.8 

a Ident i f ied by carbon number ;  shor thand  designat ion.  

shown in Figure 1 the amount of the disaturated 
class of lecithin in the samples of soybean, 
safflower and egg was too small to be measured. 
The amount of disaturated lecithin in the nfilk 
sermn sample was 12.7%. 

For  calculation of the class composition the 
percent of saturated fatty acids of the total 
fatty acids and the percent of saturated fatty 
acids in the B-position of the total fatty acids 
(Table I) are totalled. These values for egg 
are 48.4 and 0.7, respectively; for soybean, 
19.9 and 3.0, respectively; for safflower seed, 
19.9 and 1.4, respectively; and for the nfilk 
serum sample 44.0 and 14.2, respectively. I t  
should be noted that percentages reported in 
Table I for the fatty acids distributed in the 
B-position should be divided in two in order 
to convert them to percentages of the total 
fatty acids in the molecule. The calculation of 
the class composition of milk serum lecithin 
from these data and the amount of disaturated 
class which is 12.7% in this case as illustrated 
in Table II.  The amount of the disaturated 
class, 12.7%, was obtained from a direct 
analysis as described above. Since 12.7% of 
the total fatty acids are present in this class, 

T A B L E  I I  

Analys is  of Milk Leci th ins  

Total  B-Posit ion 

% Sat, 44.0 14.2 

, - - U  - - S  I - S  I 

- - P C  

Class I I I  I I I  

I 
I I  ---- (14.2 - 6.35) X 2 
iI  + 
I I I  = (44.0 -- 12.7) X 2 = 62.6 
l I I  ---- 62.6 - 15.7 
I V  = 1 O 0 -  (12.7 + 62.6) = 

- - U  

U 

__PC 

IV 

12.7% 
15.7% 

4 6 . 9 %  
2 4 . 7 %  

LIPIDS, Voz. 1, :No. 2 

it is evident that it contributes one half of 
this value or 6.35% to the percentage of the 
saturated fatty acids distributed in the B- 
position in the total sample. The remainder of 
the saturated fatty acids distributed in the 
B-position, i.e., (14.2-6.35) 7.85%, must 
originate from class I I  because this is the only 
other class having saturated fatty acids in 
the B-position. Since the amounts of saturated 
and unsaturated fatty acid in class I I  are 
equal, the total amount of this class is twice 
the value of the saturated fatty acids or 
(2 • 7.85) 15.7%. 

The amount of class I I I  is obtained by 
first calculating the combined amount of I I  
and I I I  and then subtracting the amount of 
II.  Since classes I I  and I I I  contain all of 
the saturated fatty acids except those found 
in the disaturated saturated class, the saturated 
fatty acids in these classes consist of 44.0 -- 
]2.7 = 31.3% of the total fatty acids. The 
percent of the total of these classes is twice 
31.3% because the amount of saturated and 
unsaturated fatty acids in these classes are 
equal. Thus, as shown in Table IV, the 
amount of class I I  and I I I  = 62.6%, and the 
amount of class I I I =  46.9%. Class IV is 
deternfined by subtracting the amounts of all 
three classes from 100% and is 24.7% in 
this case. 

Since lecithins of known structure were not 
available for an analysis, the validity of the 
method was deternfined by the analysis of 
three mixtures of known composition as shown 
in Table I I I .  These mixtures were prepared by 
adding a known amount of fully hydrogenated 
soybean lecithin to safflower lecithin. Since the 
safflower lecithin contained no measurable 
amount of the saturated class, the composition 
could be changed in a very specific and known 
manner. Moreover, the analysis of these mix- 
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TABLE III  

Analysis of Safflower Lecithin Containing 
Added Hydrogenated Soybean Lecithin 
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Class Original 
a,fl sample 

Mix No. 1 Mix. No. 2 Mix No. 3 

Calc. Found Cale. Found Calc. Found 

SS 
SU 37.0 

US 2.8 
UU 60.2 

13.2 14.0 21.8 22.5 40.0 40.0 
32.4 29.8 29.6 27.2 

22.8 22.8 
1.4 2.4 1.2 2.2 

53.0 53.8 47.4 48.1 37.2 37.2 

t u r e s  g a v e  a d i r ec t  m e t h o d  f o r  c h e c k i n g  t h e  
v a l i d i t y  o f  t he  m e t h o d  f o r  t he  d e t e r m i n a t i o n  
o f  t he  d i s a t u r a t e d  c lass .  T ab l e  I I I  s h o w s  t h a t  
t h e r e  w a s  v e r y  close a g r e e m e n t  b e t w e e n  t h e  
k n o w n  a n d  t he  f o u n d  v a l u e s .  I n  g e n e r a l ,  t h e  
e r r o r  in  t h e  v a l u e s  t h a t  m a y  be  e x p e c t e d  
s h o u l d  be a b o u t  t he  san te  as  t h a t  f o r  a de t e r -  
m i n a t i o n  o f  f a t t y  ac id  e s t e r s  by  G L C  b e c a u s e  
the  a n a l y t i c a l  v a l u e s  a r e  b a s e d  e s s e n t i a l l y  on  
th i s  m e t h o d  a n a l y s i s .  

T h e  a p p l i c a t i o n  o f  t he  m e t h o d  to t h e  d a t a  
on  t he  f o u r  s a m p l e s  o f  n a t u r a l  l e c i t h i n s  is 
s u n u n a r i z e d  in  Tab le  I V .  I n  a c c o r d a n c e  w i t h  
t he  g e n e r a l  f i n d i n g s  o f  o t h e r s  (9 ) ,  t h e  u n -  
s a t u r a t e d  f a t t y  ac ids  a r e  f o u n d  p r e f e r e n t i a l l y  
es ter i f ied  in  t he  f l -pos i t i on .  T h e  r e s u l t s  do 
n o t  d e t e r m i n e  i f  t h e r e  is a n y  p r e f e r e n t i a l  as -  
s o c i a t i o n  o f  speci f ic  f a t t y  ac ids .  I n f o r m a t i o n  
o f  t h i s  t y p e  wil l  h a v e  to a w a i t  f u r t h e r  deve l op -  
m e n t s  in  t h e  a n a l y t i c a l  m e t h o d s ,  spec i f i ca l ly  
m e t h o d s  w h i c h  p e r m i t  t he  b r e a k d o w n  o f  t h e  
c o m p o n e n t s  in  each  c lass .  

0 n l y  m i l k  s e r u m  c o n t a i n e d  a m e a s u r a b l e  
a m o u n t  o f  t h e  d i s a t u r a t e d  c lass  o f  t h e  l e c i t h i n s  
e x a m i n e d  a l t h o u g h  t r a c e s  o f  t h i s  c l a s s  we re  
de t ec t ed  in  t he  s a m p l e s  o f  egg  a n d  s o y b e a n  

TABLE I u  

Analysis of Natural Lecithins 

Class Milk 
a,8 Egg Soybean Safflower serum 

SS tr - -  tr 12.7 
SU 95.4 33.8 37.0 46.9 
US 1.4 6.0 2.8 15.7 
UU 3.2 60.2 60.2 24.7 

l ee i th ins .  S ince  p l a n t  l e c i t h in s  a r e  g e n e r a l l y  
h i g h l y  u n s a t u r a t e d ,  t he  a m o u n t  o f  t h e  di- 
s a t u r a t e d  c lass  is g e n e r a l l y  smal l .  T h e  m a x i -  
m u m  p o s s i b l e  a n m u n t  o f  d i s a t u r a t e d  l ec i th in  
c a n  be  c a l c u l a t e d  f r o m  the  a m o u n t  o f  s a t u r a t e d  
f a t t y  a c id s  i n  t he  f l -pos i t i on .  F o r  e x a m p l e ,  
in  t h e  case  o f  egg  lec i th in ,  s ince  o n l y  1 . 4 %  
o f  t h e  f a t t y  ac ids  d i s t r i b u t e d  in  t h e  f l -pos i t i on  
we re  s a t u r a t e d ,  t he  a m o u n t  o f  t he  d i s a t u r a t e d  
c lass  cou ld  be  no  m o r e  t h a n  1 .4%.  S ince  t he  
d i s a t u r a t e d  c lass  c a n  be n e g l e c t e d  in  m a n y  
eases ,  t he  m e t h o d  can  be  a p p l i e d  to m u c h  d a t a  
on  l e c i t h in s  a l r e a d y  in  t h e  l i t e r a t u r e  b e c a u s e  
i t  r e q u i r e s  i n f o r m a t i o n  on  o n l y  t he  t o t a l  f a t t y  
ac id  c o m p o s i t i o n  a n d  t h e  c o m p o s i t i o n  o f  t he  
f a t t y  a c id s  d i s t r i b u t e d  in  t h e  f l -pos i t i on .  
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Characterization of Fatty Acids from Root and Shoot Lipids of 
Capsicum Species 
James M. Lyons and L. F. Lippert, Department of Vegetable Crops, 
University of California, Riverside, California 

ABSTRACT 

Lipids were extracted from the roots 
and shoots of four species of the Capsicum 
(pepper) genus and separated into three 
fractions: triglycerides; free fatty acids, 
mono- and diglycerides; and phospholipids. 
The component fatty acids were determined 
by subjecting the methyl esters to gas- 
liquid chromatography. The predominate 
fatty acids obtained were palmitic (16:0) 
and linoleie (18:2), with lesser anmunts of 
linolenic (18:3), stearic (18:1), and oleie 
(18:0). Differences existed in the neutral 
lipid fractions which nfight be of value from 
taxonomic interests; however, the phospho- 
lipids from each of the species and plant 
parts did not differ so greatly. A com- 
parison of the amount of unsaturated fatty 
acids in the phospholipid fractions indicates 
that differences exist which might be of 
value in determining the relative sensitivity 
of the several species to chilling 
temperatures. 

INTRODUCTION 

C I I A R A C T E R I Z A T I O N  OF F A T T Y  ACIDS f r o m  d i f -  

f e r e n t  Capsicum species, a small but ex- 
tremely interesting genus, has not been re- 
ported before. Wheaton (14) in a study of 
the relationship between fatty acid composition 
and sensitivity to chilling temperatures of 
plants from several genera included the genus 
Capsicum; however, no species designations 
were defined. These findings indicated that the 
major fatty acids present in the root phospho- 
lipids were of a similar nature to those present 
in nlost plant species. Palmitic and linoleic 
were the nmjor fatty acids, and palmitoleic, 
stearic, oleic, and linolenie were present in 

T A B L E  I 

Recove ry  of Capsicum Lipids from Column Fractionation 

Mg/g f r e sh  weight'~ 

Mono- P e r  
and cent  

Total Trigly-  Digly-  Phospho-  Re- 
l ipid cerides cerides lipids covered 

Roots 4.48 3.08 0.57 0.65 96.0 
HypocotyI 3.75 1.97 0.74 0.67 90.0 

a Average of the four species s tudied.  

lesser amounts. Marion and Dempsey (11) re- 
ported that differences existed in the fatty 
acid content of C. annuum depending on 
whether the lipid was derived from the seed, 
fruit wall, or placenta. 

The fatty acid composition of different plant 
species is of interest from two standpoints: as 
an aid in taxonomic classification of species 
or botanical varieties on the basis of similarities 
or dissimilarities; and as a possible criterion 
for evaluating sensitivity of species toward 
in jury at chilling temperatures (temperature 
below about 10C but above freezing). McNair 
(9) in his comprehensive review, indicated a 
relationship between the area of origin of a 
species and its fatty acid composition. In  
general, species having an origin in mild, warm 
climates favored the formation of saturated 
fatty acids and unsaturated fatty acids with one 
double bond, while species from colder climates 
formed unsaturated fatty acids with two or 
three double bonds. Since the Capsicum species 
had their origin in the more tropical areas, one 
would predict on this basis their lipid com- 
position would contain the more saturated fatty 
acids in comparison with those genera having 
their origin in the colder climates. A relation- 
ship between the amount of unsaturation found 
in the fatty acid composition of membrane 
fractions from various species and the sensitivity 
of those species to chilling temperatures has 
been reported recently by Lyons et al. (7). 
As a rule, those species which were resistant to 
chilling temperatures contained more unsat- 
urated fatty acids, while those sensitive to 
chilling temperatures contained the more 
saturated fatty acids. ~rom a taxonomic stand- 
point, different coniferous species have been 
distinguished on the basis of the fatty acid 
composition of their pollen (2), and Eglinton 
et al. (3) have used a characterization of the 
hydrocarbon content of leaves to classify plant 
species. 

The main purpose of the results reported 
herein is to fully characterize the fatty acids 
from different Capsicum species and to ascer- 
tain if differences exist which might be useful 
in either a taxonomic classification or in the 
determination of the relative sensitivity of 
these species to chilling temperatures. 
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~ A T T Y  ACIDS F R O ~  ~OOT AND SHOOT L I P I D S  

T A B L E  I I  

Cmnpar i son  of T r i g l y c e r i d e  F a t t y  Acids  f rom Root  a n d  Shoot of Capsicum Species  

137 

P e r  cent  by we igh t  of to ta l  fa t ty  ac id  conten t  a 

C. f ru t e scens  C. a n n u u m  C. p e n d u l u m  C. s inense  
F a t t y  Re l a t i ve  
acid  h re ten t ionr  Root  Shoot Root  Shoot Root  Shoot. Rout  Shoot 

.51 2 .18  . . . . . . . . .  63 ........ 1 .32 . . . . . . . . . . . . . . . . . . . . . . .  
1 4 : 0  .55 .97 .46 .69 ........ 1 .80 2 .04  2 .70  . . . . . . .  

.60 1 .09 .73 .11 .25 .69 .36 .68 4 .09  

.66 .37 . . . . . . . . .  45  .53 .97 ........ .42 ,95 

.74 .42 ........ 1 .03 . . . . . . . . .  65 1 .76  2 .78  . ,  ...... 

.81 .29 . . . . . . . . .  33 .97 1 .01 1 .76  

.87 .25 1 .14  .42 ........ .38 .53 .41 2 .04  

.97 1 ,99 13 .49  18 .69  
1 6 : 0  1 .00  15 .49  2 1 . 7 7  2 5 . 5 9  11 .21  16 .39  43 .23  36 .33  4 4 . 8 5  
1 6 : 1  1 .16  2 . 2 4  .79 1 .73 .50 2 ,78  3 .10  3 .71 
1 7 : 0  1 ,24  . . . . . . . . . . . . . . . . .  85  . . . . . . . . . . . . . . . . . . . . . . . .  1,55  4 . 7 0  

1 .34  ,72 .86 .99 .26 .78 2 ,57  2 . 6 6  1 .83  
1 .57  1.53 1 .48 .43 ........ .91 4 ,13  2 .28  1 .58 

1 8 : 0  1 .80 6 .73 11 .31  6 .47  3 .43 6 .54  10 .98  10 .99  3 .93 
1 8 : 1  2 .04  10 .12  7 .48  6 .96  6 .72 7 .71 8 .07  10 .81  15 .65  
1 8 : 2  2 .52  4 9 . 2 7  4 8 . 5 1  4 7 . 5 1  58 .06  3 5 . 2 5  17 .96  2 0 . 7 0  16~05 

2 .84  1 .25 .94 1 .02  2 .58  
1 8 : 3  3 .22 4 . 0 6  5 .47  5 .29  5 . 5 5  3 .55  3 .34  1 .94  ........ 

3 .53  2 .56  . . . . . . . . .  56 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

To ta l  we igh t  pe r  cent  
of C~ a n d  C~s 
u n s a t u r a t e d  ac ids  65 .69  6 2 . 2 5  5 9 . 7 6  70 .83  4 9 . 2 9  3 2 . 4 7  3 7 . 1 6  3 1 . 7 0  

To ta l  we igh t  per  cent  
of Ci4, Ci6, a n d  Cis 
s a t u r a t e d  acids  2 3 . 1 9  3 3 . 5 4  3 2 . 7 5  1 4 . 6 4  2 4 . 7 3  56 .25  50 .02  4 8 . 7 8  

Ra t io  ( u n s a t u r a t e d /  
s a t u r a t e d )  2 .83  1 .85  1 .82  4 . 8 4  1 .99 0 .58  0 .74  0 .65  

Double  bond index  d 1 .23 1 .21  1 .10  1 .40 0 .92  0 .57  0 .62  0 .48  

~ Averages  of 2 or 3 p r e p a r a t i o n s  f rom each t i ssue .  
b The  r a t i o  shown is the n u m b e r  of ca rbon  a toms to the  n u m b e r  of double bonds  in  the molecule.  
e R e t e n t i o n  t ime  r e l a t ive  to pa lmi t i c  ( 1 6 : 0 )  as 1 .00 .  
a Double  bond  index  ( D B I )  : the  summat ion  of we igh t  pe r  cent  of each ac id  mul t ip l i ed  by the n u m b e r  of double 

bonds  i t  con ta ins  p e r  molecule and  d iv ided  by 100 .  

MATERIALS AND METHODS 

Plant Material 

Seeds of Capsicum frutescens ,  C. annuum,  
C. pendulum~ and C. sine nse 1 were soaked in 
running tap water for six hours, spread on 
moist paper  toweling, germinated, and grown 
in the dark at  30C. At  the end of 10 days, 
roots and hypocotyls were harvested and stored 
frozen until preparat ion of the l ipid extracts. 

Lipid Extract ion 

Lipids were extracted by the method of Bligh 
and Dyer (1), modified for  extraction on a 
smaller scale. Six grams of tissue were homog- 
enized for  2 min in a Waring blendor with 
]0 ml of chloroform, 20 ml of metha, nol, and 
2.6 ml of water (assuming 90% water in 
tissue). The homogenate was added to a sep- 
ara tory  funnel containing 10 ml of water, 
the blendor cup washed with 10 ml of 
chloroform, thus giving a chlorofo~-:n :methanol: 
water ratio 2:2:1.8. The lower chloroform 

The species des igna t ions  C, pendu lum and C. sinense 
hove been cons idered  in  a r ecen t  thes is  by E s h b a u g b  
(4 )  to be C. baccatum v a t .  pendu lum and  C. chinense, 
respect ively .  

phase containing the lipids was withdrawn and 
evaporated under nitrogen to give a final 
volume of 200 to 400 ~l. 

Column Fract ionat ion 

Af ter  extraction, the lipids were fractionated 
by silicic acid chromatography using the 
micronlethod described by Lis et al. (6). 
Columns (125 • 8 ram) were packed with one 
gram of silicic acid, washed with 2 ml portions 
each of absolute methanol, redistilled dry ace- 
tone, redistilled dry ethyl ether, and redistilled 
petroleum ether. The silicic acid was con- 
ditioned pr ior  to use by heating for 12 hr 
at  110C. 

The lipid extract was placed on the columns 
and eluted with 15 ml portions of each of the 
following solvents: 1) 4% ethyl ether in 
petroleum ether--yielding the triglyeerides ; 2) 
50% ethyl ether in petroleum ether--yielding 
the free fa t ty  acids, mono- and diglyeerides; 
and 3) absolute methanol--yielding the phos- 
pholipids. The fractions were evaporated to 
dryness under nitrogen for saponification and 
subsequent preparat ion of methyl esters by the 
methods of Marco et sl. (10). Between 88% 
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T A B L E  I I I  

Comparison of Mono- and Diglyceride  Fat ty  Acids  from Root and Shoot  of Capsicum Species  

Fat ty  
acid h 

P e r  cent by we ight  of total fatty  acid content ~ 

C. f ru t e scens  C, a n n u u m  C. pendulum 
R, etativo 

retention r Root Shoot Root  Shoot  Root  Shoot  

C. s inense 

Root  Shoot 

.51 4 .41  1 .25  
1 4 , 0  .55 1 .04  2 .09  2 .27  .45 1 .76 2 .76  

.60 1.71 .38 .45 .68 2 .20  .78 

.66 .51 1.70 .40 ........ 1 .59 .33 

.74 .92 .88 1.20 .29 ........ 2.41 

.81 .48 .81 .08 1.03 

.87 .45 .51 .28 .28 2 .77  

.97 5 .87 10 .16  12 .10  .39 
1 6 : 0  1 .00 1 6 . 6 4  21 .71  2 0 . 0 8  1 3 . 3 4  10 .97  3 2 . 1 7  
1 6 : 1  1 ,16  2 .22  1 .86 1 .85  .77 4 .03  2 .73 
1 7 : 0  1 .24  ........ 1 .45  ,34 . . . . . . . . . . . . . . . .  1 ,32  

1 .34 1 .04 .58 .30 1.43 
1 .57 1 .07 1 .27 .33 .34 5 .42 1 .02 

1 8 : 0  1 .80 7 .05  6 .89 3 .80  4 .13  5 .55 8 .48  
1 8 : 1  2 .04  7 .57  6 .19 6 .62 5 .55  12 .85  6 .02  
1 8 : 2  2 .52  4 5 . 8 7  4 5 . 0 8  5 0 . 2 4  6 0 . 2 6  24 .30  3 2 . 9 8  

2 .84  1 .95  .76 1.39 
1 8 : 3  3 .22 3 .56  3 .63 9 .99 3 .37  15 .20  4 .75  

3 .53 3 .99  . . . . . . . . . . . . . . . . . . . . . . .  

2 .69  
2 .04  

.99 
2 .08  
1 .31 

22 .92  
4 .20  

1.20 
1.52 
4 .78  
8 .98  

33 .51  
2 .38  
6 .02 
1 .43 

.23 
2 .07  

.39 

.19 
1 .11 

.51 

.49 

2 8 . 2 9  
2 .16  

.70 

.68 
1 .19 
5 .26 
5 .57 

4 3 . 7 5  
.62 

6 .76  

Total  weight  per  cent 
of C16 and Cjs 
unsa turated  acids  59 .22  56 .76  68 .70  69 .95  56 .38  4 6 . 4 8  52 .71  58 .24  

Total  we ight  per cent  
of C~4, C16, and  C~s 
saturated acids  24 ,73  30 .69  26.1_5 17 .92  18 .28  4 3 . 4 1  30 .39  35 .62  

Ratio ( u n s a t u r a t e d /  
saturated)  2.39  1 .85 2 .63  3 .90 3 .08  1 .07 1.73 1 .64 

Double  bond index d 1.13 1.09 1,39 1.38 1.12 0 .89  0 .98  1 .15 

a,b,e,a See  legend under  Table I I  for information per ta in ing  to these superscripts .  

and 96% of the lipids extracted were recovered 
from the column fractionation. Minor dif- 
ferences in the amount of lipids from the several 
species were observed and the average recovery 
for each fraction is shown in Table I. 

Gas Chromatography of Fatty Acids 

Gas chromatographic analyses of the methyl 
esters were made on a Loenco chromatograph 
with a 4-filament thermal conductivity detector 
connected to a Honeywell Electronik 1 mv 
strip chart recorder. The analytical column was 
8.5 ft of 0.25 in. 0.D. copper tubing, packed 
with 20% diethylene glycol succinate (DEGS) 
on 60/80 mesh firebrick. The operating con- 
ditions were: temperature 205C; helium flow 
rate, 80 ml/min;  and filament current 110 ma. 
These conditions gave good separation of 
8tearie, oleic, linoleic, and linolenic acids, which 
were of particular interest. Peaks were identi- 
fied by comparing 1) their retention times with 
those of a known mixture of 7 esters of puri- 
fied fatty acids, 2) a semilogarithmic plot of 
relative retention time against chain length or 
degree of unsaturation for the various com- 
ponents, and 3) relative retention times with 
published data obtained under comparable con- 
ditions (5).  Calculations were made in a 
manner similar to that of Smith (13). 

LIPn)s, u 1, No. 2 

RESULTS 
The fatty acid composition of the triglyceride 

fraction for the four Capsicum species studied 
is shown in Table II. The predominant fatty 
acids present were palmitic and linoleic with 
lesser amounts of linolenic, stearic, and oleic. 
Considerable variation existed in the relative 
amounts of the major fatty acids in the tri- 
glyceride fraction from these species as well 
as between the root and shoot within a species. 
The major trends in this fraction occur in the 
higher unsaturated acids where the linoleic and 
linolenic content of C. frutescens and C. annuum 
is considerably greater than that found in the 
other two species. Using either the double 
bond index (DBI) or the ratio of unsaturated/ 
saturated fatty acids, this difference in the 
amount of unsaturation between C. frutescen~ 
and C. annuum and the others becomes readily 
apparent. In each case the ratio, or the DBI, 
reflects a greater amount of unsaturation in 
the root than irL the shoot, except in C. annuum 
where the reverse is true. In fact, the ratio of 
unsaturated to saturated in this instance is 
twice that of any other sample. It is interesting 
to note the occurrence of a relatively large 
amount of an unidentified fatty acid with a 
relative retention of 0.97 in the shoot of 
C. annuum and the root of C. pendulum. This 
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Compar i son  of Phospho l ip id  F a t t y  Acids  f rom Root  a n d  Shoot of Capsicum Species  
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F a t t y  
ac id  b 

P e r  cent  by we igh t  of to ta l  f a t t y  ac id  conten t  a 

C. f ru t e scens  C. a n n u u m  C. p e n d u l u m  
Re l a t i ve  

r e t en t i on  c Root  Shoot Root  Shoot Root  Shoot 

C. s inense  

Root  Shoot 

.51 .06 .26 .59 ........ 
1 4 : 0  .55 .51 .82 .85 .47 .27  1 .23 ........ 

.60 .31 .28 .21 .20 "".07" - .32 .45 

.66 .27 .12 .33 .10 ........ .09 .94 .27 

.74 .85 .67 .55 .30 .49 .71 .94 .82 

.81 .17 .19 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
8 7  . 3 4  . 4 5  .23  . 18  . 68  . 49  9 1  . 79  
.97 

1 6 : 0  1 .00 18 .96  18 .47  22 .83  19 .07  2 0 . 4 1  25 .43  21 .13  2 5 . 3 3  
16 : 1 1 .16  .88 1 .17  1.32 .38 1 .18 .76 1.73 .62 
1 7 : 0  1 .24  .31 .50 .63 .95 

1 .34  .84 .84 1.23 .46 1.32 1 .39 .92 1.12 
1 .57 .55 1 .26  .47 1 .01 1 .19 1 .75  1 .06  1 .99 

1 8 : 0  1 .80 5 .83 6 .61 4 .98  6 .55  5 .47  7 .68  3 .43 6 .33  
1 8 : 1  2 .04  2 .51  3 .50  3 .17  2 .03  2 .53  2 .27  7 .43 2 .42  
1 8 : 2  2 .52  6 2 . 0 0  54 .95  59 .91  6 0 . 4 0  58 .77  52 .26  5 1 . 5 9  52 .78  

2 .84  .69 . . . . . . . . . . . . . . . . . . . . . . . . .  44  
1 8 : 3  3 .22 5 .48 10 :38  3 .68  8 .34  7 .83 4 . 5 4  "5:68 3246 

3.53 . . . . . . . . . . . . . . . . . . . . . . . . .  73 1 .97  2 .49  

To ta l  we igh t  pe r  cent  
of C16 a n d  C18 
u n s a t u r a t e d  ac ids  7 0 . 8 7  70 .00  6 8 . 0 8  71 .15  70 .31  59 .83  66 .43  59 .28  

To ta l  we igh t  per  cent  
of C14, C16, a n d  Cls 
s a t u r a t e d  acids  2 5 . 3 0  2 5 . 9 0  2 8 . 6 6  2 6 . 0 9  2 5 . 5 8  33 .38  2 5 . 7 9  3 2 . 3 0  

Ra t io  ( u n s a t u r a t e d /  
s a t u r a t e d )  2 .80  2 .70  2 .37  2 .73 2 .72  1 .79  2 .57  1 .84  

Double  bond index a 1 .44  1 .45  1 .35 1 .48 1 .45  1 .22 1 .29 1 .19 

a,b,,~,d See legend u n d e r  Table  I I  for  i n f o r m a t i o n  p e r t a i n i n g  to these supersc r ip t s .  

occurred in these two samples in an amount 
equal to that of pahnitic while it occurred only 
to a very small per cent or not at all in any 
other sample. 

The mono- and diglyceride fatty acids and 
the free fatty acids obtained in fraction 2 
again denlonstrate a high degree of variation 
between species and between plant part (Table 
I I I ) .  While the amounts vary between this 
fraction and that of the triglycerides, the rela- 
tive distribution of the unsaturated and satu- 
rated is the same in these two fractions. The 
unidentified fatty acid in this fraction (fraction 
2) at relative retention of 0.97 occurs in either 
the root or shoot in each of the species, in 
contrast to the results indicated for the trigly- 
ceride fraction (fraction 1). 

Table IV presents the results of the fatty 
acid analysis of the phospholipids (fraction 3) 
and is of particular interest since the phos- 
pholipids are primarily associated with the 
subcellular membranes. In  general, there is 
considerably less variation between the root 
and shoot of each species in this fraction than 
existed in the other two fractions. The root 
and shoot of both C. f ru tescens  and C. annuum 
exhibit fatty acid content of a similar nature. 
C. p e n d u l u m  on the other hand, has nearly 

10% less unsaturated fatty acids in the shoot 
than in the root and C. sinense has 6% less 
in the shoot than root. This large difference in 
the amount of unsaturated fatty acids is re- 
flected in the ratio of unsaturated to saturated 
acids, and in the DBI. 

DISCUSSION 

The fatty acid composition of Capsicum 
species indicates there are considerable dif- 
ferences between species, plant part, and lipid 
fraction front which they were extracted. The 
phospholipid fraction yielded results for root  
tissue similar to that reported by Wheaton 
(14). Composition of C. annuum seeds, fruit 
wall, and placenta reported by Marion and 
Dempsey (11) indicated differences in linoleic 
and linolenic between various plant parts, and 
in general, the results from the root and shoot 
reported here are more closely related to com- 
position of the seed than either the fruit  wall 
or placenta. Newman (12) has recently demon- 
strated the difference in fatty acid composition 
of chloroplast fractions which resulted from 
having grown plants in various nutrient solu- 
tions. However, since the tissues used in these 
studies were grown in the dark and were thus 
etiolated, the analyses were not confounded by 
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the presence of the complex chloroplast lipid8. 
Lyons et al. (7) have demonstrated the re- 

lationship between the amount of unsaturation 
present in the fat ty  acids of mitochondrial 
membranes and the sensitivity of the species to 
chilling temperatures. The species with the 
higher amount of unsaturated fa t ty  acids were 
more resistant to chilling temperatures than 
those with the more saturated fa t ty  acids. The 
Capsicum species have been shown to be sensi- 
tive to chilling temperatures and the ratio of 
unsaturated/saturated fa t ty  acids found here 
corresponds to those observed for  the sensitive 
species reported previously (14). While the 
differences in phospholipid fa t ty  acids between 
plant  parts  and between species appear  slight 
in some instances, it has been shown with 
mixtures of fa t ty  acids that a difference of 
less than 5% in the amomlt of unsaturated 
fa t ty  acid in the mixture can result in a 20C 
difference in the temperature which causes 
solidification of that mixture (8). 

Differences existed in the neutral l ipid frac- 
tion (fraction 1 and 2) which might be useful 
in identifying these species; however, the phos- 
pholipids (fraction 3) from each of these 

species and plant  parts  did not differ so 
greatly as to make these analyses useful as a 
general taxonomic tool in characterization of 
species difference in the Capsicum genus. 
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Long-Chain Fatty Acids Containing Ether Linkage. I. The Antibac- 
terial and Fungicidal Activities of Some New j -Alkyloxypropionic 
Acids and Their Methyl Esters 
Yoshiro Abe, Department of Applied Chemistry, Keio University, Koganei-shi, Tokyo, Japan 

ABSTRACT 
fl-Alkoxypropionie acids and their 

methyl esters were made with alkoxy 
groups ranging from C,H~O to C~H~O: 
R-0-CH2CH.~COOH(CH3). Methyl esters 
and acids were also made with one and 
with two oxyethylene groups between the 
alkoxy group and the propionic acid group : 
RO(CH~ CH~ O)n-CH= CH~ COOH(CH~). 
The compounds were tested against 
Staphylococcus aureus and against Peni- 
cillium for growth inhibition. The optinmm 
size of the alkoxy group appears to be 
R = C~H.~. Oxyethylene groups enhanced 
the activity against S. aureus~ but had rela- 
tively little effect against Penicillium. 

INTRODUCTION 

O N T H E  A N T I B A C T E R I A L  and fungicidal activ- 
ities of the straight-chain aliphatie fa t ty  

acids, many publications are available. I t  was 
confirmed that the C~ to C~ acids in these series 
were more effective against the common test 
organisms than the higher members. In  partic- 
ular undecylenic acid appears to be active 
against some fungi. Sodium propionate is also 
a well-established commercial fungicide, being 
used in bread, pickles, some fruits and 
vegetables. 

The combination involving germicides and 
surfactants has generally been used in addition 
to the germicidal surfactants. There have been 
many interesting studies on the influence of the 
surfactants upon the bactericidal and fungicidal 
action of the active compound. In  their study 
of deodorant soaps, Linfield et al. (1) found 
that only nonionic detergents, part icularly 
nonionic detergents of the polyoxyethylene ester 
series, exhibit a peculiar potentiating effect 
upon certain germicidal agents in relatively low 
level. Fur ther  it  would be expected that the 
combination in one molecule of surface activity 
plus specific germicidal radicals should produce 
a large inhibiting effee~ against microorganisms, 
as in anaeordic acid (2), alkyl benzoylacrylic 
acid (3), S-alkyl thiomalic acid (4), and poly- 
oxyethylated pentaehlorophenol (5). 

This report  is concerned with the antibacterial 
and fungicidal activities of fl-alkyloxypropionic 
acids containing several oxyethylene radicals in 

an alkyl chain and their methyl esters. In  the 
French patent  (6) it  has been shown that the 
long chain earboxylie acids containing ether 
linkages was excellent as an improver of mer- 
cerization lyes. Also fl-octadeeyloxypropionic 
acids as an emulsifying agent has been obtained 
by Fieser et al. (7), from oetadecyl alcohol 
and methyl acrylate. Terentev et al. (8) have 
syn thes ized  fl-butoxypropionie acid, 3- 
(2-butoxy)-ethoxypropionie acid by the cyano- 
ethylation of the corresponding alcohols and 
hydrolysis of those products. Recently some 
new patents concerning the continuous process 
of the preparat ion of alkyl fl-alkyloxy- 
propionate from aldehyde or aeetal and ketene 
have been published independently (9). 

EXPERIMENTAL PROCEDURES AND 
DATA 

Materials 

The starting alcohols were purified carefully 
by fractional distillation of commercially avail- 
able alcohols in vaeuo and their purities were 
checked with gas-liquid chromatography. Their 
boiling points, molecular weights and eleamntal 
analysis data were summarized in Table I with 
those of 2-oxyethyl-, and 2- (2-oxyethyl)- 
oxyethyl derivatives of individual alcohols. The 
latter were obtained by fractionally distilling 
the adducts, prepared in the conventional base- 
catalyzed procedure from the corresponding 
alcohols and ethylene oxides, through a 60 cm 
electrically heated column packed with glass 
helices fitted to a 1 liter flask and the vacuum 
equipment. 

The Preparation of fl-Alkyloxypropionie 
Acids 

fl-Alkyloxypropionie acids were prepared ac- 
cording to Terentev et al. (8) by the following 
scheme : 

R(OCH~CH~)nOH § CH2 = CHCN 
-~ R (OCH~CH~) nOCH~CH~CN 
-~ 1~ (0  CHiCHi) nOCtt~CH~C OOtt  

n:  0, 1 and 2 

Fo r  members of the compounds listed in the 
Tables I I - V ,  the following general synthetic 
method was applied. 
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T A B L E  I 

The  Cons tan ts  of S t a r t i n g  Alcohols :  R - - ( O C H e C H e ) n - - O H  

Mot wt  C % 
( 0  CH~OHe) n B P 

t t  O}I  C / r a m  }Ig  F o u n d  a Calcd.  F o u n d  Ca/cd.  

H %  

F o u n d  Calcd.  

n ~ O 1 1 5 - 7 . 2  
C41{s 1 6 2 - - 7 / 1  116.5 118 .2  61 .12  60 .99  

2 8 5 - - 9 0 / 1  164 .1  162.2  59 .40  5 9 . 2 4  

n ~ 0 154.1--4 .8  1 0 3 . 5  102 .2  
C6H13 1 7 5 - 8 / 0 . 5  151 .3  146 .2  65 .85  65 .72  

2 1 0 1 - 7 / 0 . 5  1.91.4 191 .3  63 .32  6 3 . 1 4  

n ~ ~ 1 9 3 . 2 - 4 . 5  1 3 0 . 4  130 .2  
CsH17 1 9 4 - 6 / 1  174 .8  174 .3  6 9 . ] 2  68 .92  

2 1 2 2 - - 6 / 1  2 2 2 . 3  218 .3  66 .15  66 .03  

n ~ 0 6 0 - 4 / 3  132 .9  130 .2  . . . . . . . . . . . . . . . .  
Cst{17 b 1 9 9 - - 1 0 4 / 3  176 .9  174 .3  69 .40  68 .92  

2 1 2 5 - - 3 0 / 3  2 2 1 . 4  218 .3  66 .23  66 .03  

ClO ~}{ n ~ 0 2 3 1 . 8 / 2 . 6  1 5 9 . 5  158 .3  . . . . . . . . . . . . . . . .  
1 1 1 5 - - 2 2 / 1 . 5  2 0 4 . 3  202 ,3  7 1 . 8 4  71 .24  
2 1 4 3 - - 5 / 1 . 5  2 5 1 . 7  2 4 6 , 4  6 8 . 9 6  6 8 . 2 6  

n ~ 0 1 2 6 - - 3 1 / 7  186 .7  186 .3  . . . . . . . . . . . . . . . .  
CuH~ 1 1 3 8 - - 4 8 / 4  2 3 1 . 8  230 .3  73 .12  72 .99  

2 1 6 3 - - 7 0 / 4  2 8 0 . 1  274 .3  70 .16  70 .29  

C14H29 n ~--~ 0 1 3 3 - 5 / 3  2 1 5 . 4  214 .3  . . . . . . . . . . . . . . . .  
C16H3a 0 1 5 8 - - 9 / 5  2 4 5 . 4  2 4 2 . 4  . . . . . . . . . . . . . . . .  
C~sHa~ ~' O 1 7 7 - 8 2 / 3  2 6 3 . 5  2 6 8 . 5  . . . . . . . . . . . . . . . .  

11 .76  1 L 9 4  
11 .03  11 .19  

12 .28  12 .41  
11 .58  11.66 

12 .60  12 .73  
11 .86  12 .01  

1 2 . 6 1  12 .73  
11 .95  12 .01  

12 .68  12 .95  
1 2 . 1 2  12 .27  

1 3 . 0 5  13 .13  
12 .78  12 .54  

a Ca lcu la ted  from hydroxyl  va lue .  
2-Ethylhexy/ .  

c Oleyl, I V :  F o u n d  90.4 ,  Ca]cd. for  ClsHa~OIt, 

Cyanoethylation. A mixture  of 1.0 mole of 
alcohol and 0 . 5 %  of potassium hydroxide was 
placed in a four-necked flask provided with a 

mechanical stirrer,  a d ropping  funnel,  a 
thermometer  and a reflux condenser. The con- 

T A B L E  I I  

The  Phys i ca l  P r o p e r t i e s  of B-Alkyloxypropioni t r i les  as 
F o r m u l a t e d  in  Gene ra l  R(OCH,, ,Ct t2)nOCH2CI-I2CN 

( 0 C t t 2 -  bp N% 
R CH2) n C / r a m  H g  F o u n d  Cale. 

n ~ 0 7 9 . 2 - - 9 . 8 / 8  
C4H9 1 1 3 0 - 2  / 15 

2 127 -9 /1  

n ---- 0 8 2 - 4 / 0 . 5  
C6HI.~ 1 1 1 7 - 2 2 / 1 . 5  

2 1 3 9 - 4 2 / 0 . 5  

n ---- 0 103--4/1 
CsH~7 1 1 2 8 - - 3 1 / 1  

2 1 6 5 - - 7 2 / 1  

n ---- 0 1 0 8 - - 1 3 / 5  
CsHI~ a 1 :132- -5 /3  

2 1 6 5 - - 8 / 4  

n ~ 0 122--6/1 
CloVIs1 1 1 4 8 - 5 3 / i  

2 1 7 0 - - 5 / 1  

n ~-- 0 154--8/4 
C12H25 1 1 6 0 - - 7 5 / 1 . 5  

2 1 6 5 - - 7 5 / 0 . 5  

C I ~ I ~  n ---- 0 1 6 3 . 5 - 4 . 5 / 1  
C16Haa 0 185--90/1 
ClsI-I a~ b 0 1 8 5 - 9 0  / 1 

11 .14  11 ,01  
8 .26 8 .18 
6 .63 6 .51 

9 .13 9 .02  
7.62 7 .03  
5 .59 5 .76  

7 .73 7 ,64  
6 .77  6 .16  
5 .38 5 .16  

7 .79 7 .64  
6~.19 6 .16  
5 .30 5 .16  

6 .61 6 .63 
5 .87  5 .49  
4 ,72  4 .68  

5 .92 5,~5 
5 .12 4 .94  
4 .39  4 .28  

5 .40 5 .24  
5 .07 4 .94  
4 .55  4 .28  

a 2 -Ethylhex~l.  
b Oleyl. 

L I P I D S ,  YOL.  1 ,  l~ '0.  2 

94 .5 .  

tents were mixed thoroughly,  then 4.0 moles 
of aerylonitr i le were added f rom a dropping 
funnel  at a rate such that  tempera ture  did not 
exceed 40C. The mixture  was st irred for  an 
hour at S0C af ter  all the acrylonitr i le  }~ad been 

T A B L E  III 

The  Phys i ca l  P r o p e r t i e s  of Methyl  f~-Alkyloxypropionates 
as F o r m u l a t e d  in  Gene ra l  I~(OCI-I~CH2)n0CH2CH.~- 

C00CH3 

( O C H ~  bp 2o D :o 
R CH~) n C / m m  H g  n D 4 

n ---- 0 5 7 - 6 1 / 4  1 .4152  0 . 9 4 5 1  
C~H 9 1 1 0 2 - 7 / 1 . 5  1 . 4 3 2 0  0 . 9 6 1 7  

2 1 3 1 - 5 / 1  1 .4368  0 . 9 8 2 0  

n ---- 0 9 8 - 1 0 3 / 3  1 .4219  0 . 9 3 8 9  
C~H13 1 1 1 4 - 8 / 1  1 . 4 3 2 6  0 . 9 6 0 0  

2 1 4 5 - 9 / 1 . 5  1 .4381  0 . 9 8 0 5  

n ~- 0 1 3 9 - - 4 4 / 3  1 .4293  0 . 9 1 3 4  
CsHI~ 1 1 3 0 - 7 / 1 . 5  1 .4365  " 0 . 9 4 3 6  

2 1 6 1 - 8 / 2  1 . 4 4 1 5  0 . 9 6 5 4  

n --~ 0 8 4 . 5 - 9 / 2  1.427725 0 . 9 1 5 1  
CsH17 a 1 1 2 5 - 3 0 / 2  1 .4348  ~ 0 . 9 4 4 0  

2 178--81/5 1.4392 ~ 0.9677 

n ~ 0 1 2 5 - - 8 / 1  1 . 4 3 4 5  0 . 9 0 5 8  
CloH ~ 1 1 4 7 - 5 2 / 1  1 .4398  0 . 9 2 7 5  

2 1 7 8 - - 8 3 / 2  1 . 4 4 3 4  0 .9483  

n ~ 0 1 3 5 - 8 / 1  1 . 4 3 6 8  ~ .......... 
C1,.,tI~ 1 1 6 7 - 7 2 / 2  1 . 4 3 9 6  '~ .......... 

2 2 0 4 - 1 0 / 2  1 . 4 4 4 5  ~ .......... 

C1~I-I29 n ~- 0 1 5 0 - - 3 / 1  1.432345 .......... 
C~6Itaa 0 1 6 7 - 7 2 / 1  1 .4372  ~ .......... 
ClsHa~ b 0 1 8 3 - 5 / 1  1.447045 .......... 

a 2-Ethylhexyl .  
~J 01eyl. 
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(OCH~- Sap.  V C %  H %  

R CH2) n F o u n d  Calcd. F o u n d  Calcd. F o u n d  Calcd. 

n ~ 0 3 6 0 . 7  350 .2  5 9 . 9 9  59 .98  1 0 . 1 2  10 .07  
C~H~ 1 2 8 0 . 1  2 7 4 . 7  5 8 . 8 5  58 .80  9 .93  9 .87  

2 2 3 4 . 9  2 2 6 . 0  5 8 . 1 0  58 .05  9 . 8 4  9 .74  

n ---- 0 300 .2  2 9 8 . 1  63 .86  63 .80  10 .65  10 .71  
C6H1~ 1 2 4 2 . 0  2 4 1 . 6  62 .30  6 2 . 0 5  10 .20  10 ,41  

2 197 .0  2 0 3 . 1  60 .92  60 .86  10 .12  10 .21  

n : 0 2 5 7 . 3  2 5 9 . 4  66 .77  66 .64  11 .22  11 ,18  
CsH~7 1 2 1 3 . 8  2 1 5 . 5  64 .68  64 .60  10 .88  10 .84  

2 176 .8  1 8 4 . 4  63 .61  63 .14  10 .50  10 .60  

n ~ 0 257 .3  2 5 9 . 4  66 .70  6 6 . 6 4  1 1 . 2 4  11 .18  
CsH17a 1 2 1 6 . 0  2 1 5 . 5  64 .90  64 .60  10.70 1 0 . 8 4  

2 183 .6  1 8 4 . 4  63 .61  63 . ] 4  9 .96  10 .60  

n ---- 0 2 2 9 . 6  2 2 9 . 7  68 .91  68 .83  11 .53  11 .51  
C1oH21 1 1 9 6 . 0  1 9 4 . 6  65 .98  66 .65  11 .13  11 .19  

2 173 .1  168 .8  65 .02  64 .99  10 .85  10 .92  

n --~ 0 2 0 4 . 6  2 0 6 . 0  70 .60  7 0 . 5 6  11 .60  11 .84  
C12I{~os 1 175 .8  177.3  68 .35  68 .28  11 .33  1 1 . 4 7  

2 153 .2  155 .7  66 .40  66 .59  11 .09  11 .19  

(~14H~ n : 0 185 .8  1 8 6 . 7  71 .83 71 .95  1 2 . 0 0  12 .08  
C1~Haa 0 167 .2  170 .8  73 .02  73 .12  12 .23  12 .27  
C~sHa~ b 0 158 .8  158 .2  74 .01  74 .52  11 .88  11 .94  

a 2-Ethylhexyl .  
b01eyl ,  I V :  F o u n d  71 .0 ,  Calcd.  for  C e 2 ~ 0 u ,  71 .3 .  

added, then made acidic with acetic acid, and 
the products were distilled in vacuo through 
an efficient packed column as mentioned above. 
Table I I  gave the boiling points of the pre- 

pared nitriles with the elemental analysis data 
of them. 

Hydrolysis and Methylation. Each fl-alkyl- 
oxypropionitrile was hydrolysed with concen- 

T A B L E  V 

The  Phys i ca l  P r o p e r t i e s  of f l -Alkyloxypropionic  Ac id s :  
1~ (OCH~Ct t2)  n O C H ~ C H ~ G O 0 t t  

(0CH:- 
CH~ ) n 

Neutr. V. C% 
bp 

C / r a m  F o u n d  Calcd.  F o u n d  Calcd.  

H% 

F o u n d  Calcd.  

n = 0  
C~H9 1 

2 

n = O  
C~H13 1 

2 

n = 0  
GsH~ 1 

2 

n = 0  
CsI-I1T �9 1 

2 

n z 0  
C~oHel 1 

2 

n = 0  
C12H25 1 

2 

C1~H ~ n = 0 
C16H33 0 
C l sH~  b 0 

1 1 7 - 8 / 6  3 7 8 . 6  383 .9  58 .02  57.52 9 .87  9 .65  
1 4 1 - 5 / 1  2 9 7 . 5  2 9 5 . 0  56 .95  56 .83  9 .60  9 .54  
1 6 9 - 7 1 / 1  2 4 3 . 6  2 3 9 . 5  56 .48  56 .40  9 .49  9 .47  

1 4 3 - 5 / 2  328 .3  322 .1  62 .25  62 .05  10 .44  10 .41  
1 7 1 - 3 / 1  253 .2  2 5 7 . 1  60 .88  6 0 . 5 4  10 .20  1 0 . 1 6  
1 9 9 - 2 0 4 / 1  2 0 9 . 0  2 1 3 . 4  59 .72  5 9 . 4 0  10 .01  9 .97  

2 6 . 3 - 6 . 8  c 2 8 2 . 6  2 7 7 . 4  66 .77  65 .32  11 .22  10 ,96  
I 6 5 - 7 0 / 1 . 5  230 .1  2 2 7 . 8  6 4 . 0 0  6 3 . 4 3  10.71 1 0 . 6 4  
1 9 0 - 2 / 1  195 .8  193 .3  62 .18  62 .05  10 .53  10 .42  

1 3 9 - 9 . 5 / 2  275 .2  2 7 7 . 4  66 .88  65 .32  11 .00  1 0 . 9 6  
1 6 8 - 9 / 2  2 3 6 . 4  2 2 7 . 8  63 .90  63 .43  10 .72  1 0 . 6 4  
1 9 9 - 2 0 1 / 1  2 0 0 . 1  193 .3  62 .24  6 2 . 0 5  10 .50  10 .42  

4 0 . 5 - 1 . 0  c 2 4 1 . 5  2 4 3 . 6  67 .75  67 .79  11 .25  11 .38  
1 8 . 8 - 9 . 0  c 2 0 0 . 8  2 0 4 , 5  64 .92  65 .67  11 .00  11 .02  
2 7 . 8 - 8 . 0  c 1 7 5 . 8  176 .2  64 .01  64 .13  10 .70  10 .80  

5 2 . 0 - 2 . 5  c 2 0 9 . 3  217 .2  69 .08  69 .73  11 .75  11 .70  
2 9 . 5 - 3 1 . 0  c 183 .3  185 .5  67 .02  6 7 . 7 4  11.28 11 .37  
3 5 . 5 - 6 . 5  c 1 5 9 . 6  1 5 2 . 0  6 5 , 1 1  6 5 . 8 7  1 1 . 1 5  1 1 . 0 6  

6 1 . 0 - 1 . 5  c 189 .8  195 .9  70 .95  71 .28  11 .90  1 1 . 9 6  
6 6 . 7 - 7 . 7  c 175 .0  1 7 8 . 4  72 .32  7 2 . 5 6  12 .15  12 .18  

................ 160.1  164 .8  73 .88  7 4 . 0 7  11 .66  1 1 . 8 4  

a 2-Ethylhexyl .  
b Oleyl (pur i f i ed  by 
c ]VIelting point .  

mo lecu la r  d i s t i l l a t i on ) ,  I V :  F o u n d  72.5,  Calcd. fo r  CmH.~oO~, 74 .5 .  
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trated hydrochloric acid to the corresponding 
fl-alkyloxypropionic acid in the usual way, and 
the latter was purified as methyl ester. The 
general synthetic methods was: A part  of 
fl-alkyloxypropionitrile was placed in a flask 
provided with a reflux condenser and a dropping 
funnel, then four parts of concentrated hy- 
drochloric acid (sp gr 1.18) was added drop- 
wise from a funnel. The mixture was heated for 
one hour at 100C. After cooling, ammonium 
chloride separated was removed. The filtrate 
was concentrated in the vacuum fihn evaporator 
to obtain a viscous syrup. Excess of methyl 
alcohol was added to the syrup and the mixture 
was refluxed for one hour. The excess of 
methyl alcohol was removed and the methyl 
fl-alkyloxypropionate was distilled carefully in 
vacuo. Their physical properties were deter- 
mined and shown in Table I I I .  

Also the sapo,~ification values and elemental 
analysis data of those methyl esters are given 
in Table IV. 

Hydrolysis of Methyl Esters. The fl-alkyl- 
oxypropionic acids were obtained by the hy- 
drolysis of the corresponding methyl esters 
with potassium hydroxide in water, then were 
purified by distillation in vacuo and/or re- 
crystallization from ethyl alcohol. They are 
new compounds except 3-butoxy-, 3-hexyloxy-, 
3-octyloxy-, 3-decyloxy-, 3-dodecyloxy-, 3- 
((2-ethylhexyl) oxy)-, and 3-((2-butoxy) 
ethoxy)-propionic acids. Their physical prop- 
erties were determined and given in Table V. 

Infrared Spectrum 

The infrared spectra of the fl-alkyloxy- 
propionitriles, fl-alkyloxypropionic acids, and 
methyl fl-alkyloxypropionates were determined 
in order to confirm their structures and those 
of 3-(2-(2-(oetyloxy) ethyloxy) ethyloxy)- 
propionic series are pictured for example 
(Fig. 1). The characteristic absorption are as 
follows: ca. 720, ca. 1470, and ca. 2900 cm -~, 
the absorption of --CH~-; at 1390 cm -~, the 
absorption of CH~; at ca. 1120 and 1350 cm -~, 
the absorption of --CH~-O-CH~-; and in the 
nitriles, at 2250 cm ~, the absorption of C----N; 
in the acids, the absorption of COOH ap- 
peared at 1200 and 1725 cm-~; further in the 
methyl esters, at ca. 1165, ca. 1430, and 1750 
cm -~, the characteristic -CO0- absorptions of 
methyl esters were observed. 

Antibacterial and Fungicidal Study 

The antibacterial and fungicidal evaluations 
were carried out by a dilution method. Aliquots 
of a definite concentration of the sample solu- 

L I P I D S ,  V O L .  ] ,  NO.. 2 

o o  ,~t-- 

o o  

" ~  

~.* 

ii 
A A 

~ ~ m m 
o O  O 0  

A A  AA 

AA A/~ 

~ O  
m ~  

O O  

o O  

o O  
O O  

o O  

$ $  

�9 

CD 

�9 

$ II 

7,~i, 

A A  ~ 

A ~ 



LONG-CHAIN ]7~.dTTY ACIDS CONTAINING ETHER LINKAGE. i 145 

~. 8C 

.~ 6( 
2 

,~ 2c 

I 

80I  (a) 3-(2-(2-(oc[y loxy)  ethyLoxy)ethytoxy) propionitr i le 

6o) 

o ~ _ ~  i i i i i , 

(b) 3- f2-(2-(ociy loxy)ethyto•  acid 

o .~ i i . . . .  L ~ L----.L - - :  I 0 

80 (C) Methyl 3-(2 (2-(octytoxy)ethylaxy)ethyioxy)propionate 80 

6oF ~o 

40~ ~ 40 

20 i 20 

0 L- , r ' _ 
35003000 25002000 1800 16Q0 1400 1200 I000 BOO 

Wove number (cm -I ) 

FIO. ] .  Infrared spectra of the 3-(2-(2-(oe.ty]oxy) 
ethy]oxy) ethyloxy) propionitrile, propionic acid, 
and its methyl ester. 

tions were added to measured amounts of liquid 
agar media, which contained 1.0% of bouillon, 
1.0% of peptone, and 0.25% of sodium chloride 
(for Staphylococcus) or 1.0% of peptone and 
2.0% of glucose (for Penicillium). The surface 
of the agar medium was streaked with a stan- 
dard loop containing a culture of the S. aureus 
strain No. 209 P or Penicillium strain No. 408- 
701. After an incubation period of 24 hr (S.) 
or one week (P.) at 37C the tubes were ex- 
amined visually, and the conditions of growth 
were recorded. The results of these experiments 
are summarized in Table VI with that of 
evaluation on propionic acid and methyl 
laurate. 

DISCUSSION 

Table u  showed that the fl-dodecyloxy- 
propionic acid series were the most active 
against the Staphylococcus baccilli, and the 
fl-decyloxypropionic and fl-octoxypropionic 
acids were more active than the other alkyl- 
oxypropionic acid groups. In  these acids, the 
increase of the ether radicals increased their 
antibacterial activities except octyloxypropionic 

acid. In  the free acids, dodecyloxypropionic 
acids, especially those which had two or three 
oxyethylene linkages, were the most active 
against the Staphylococcus. Following the 
dodccyloxy-series, the decyloxypropionic, octyl- 
oxypropionic, and tetradecyloxypropionic acid 
groups were active. Further, in the methyl 
esters of these acids, the introduction of oxy- 
ethylene linkages in the molecule seems also to 
increase their bactericidal activities. And it 
was recognized that free fatty acids were more 
active than their methyl esters. In  the study 
on the Penicillium inhibition, fl-decyloxy- 
propionic acid and dodecyloxypropionic acid 
groups were active, whereas the activities of 
methyl fl-octoxypropionates were rather weak 
in the ester series. In  these results, it was 
shown that there was no relation between the 
contents of the oxyethylene groups and the 
fungicidal activities up to three ether linkages. 
I t  seems that the Penicillium may be too much 
resistant against those acids to show the effect 
of the ether bonds in the molecule. 

Generally the antibacterial or fungicidal 
activities of fl-alkyloxypropionic acid and 
methyl B-alkyloxypropionate are dependent on 
the existence of the octyl, decyl and dodecyl 
radicals. 
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Lipid Peroxidation in Rat Tissue Homogenates: Interaction of 
Iron and Ascorbic Acid as the Normal Catalytic Mechanism 
Albert A. Barber, Department of Zoology, University of California, Los Angeles, California, 
and Biology Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 

ABSTRACT 

Iron and ascorbic acid appear  to be the 
normal catalytic components responsible 
for the l ipid peroxidation reaction in 
aerobically incubated ra t  tissue homo- 
genates. The amounts of each present in 
the catalytically-active fractions of ra t  
liver, brain, testis, and kidney are ap- 
propriate  to explain the lipid peroxidation 
reaction measured. Utilization of aseorbic 
acid as par t  of the normal catalytic mech- 
anism is indicated by the following: The 
catalytic activity of the tissue soluble 
phase occurs only in the small molecule 
fraction eluted frmn Sephadex, and ascor- 
bic acid occurs only in this fraction; the 
extent of catalysis by the small molecule 
fractions of the soluble phases from several 
tissues is proport ional  to their ascorbic 
acid content; and p H  effect on lipid 
peroxidation is the same for both soluble- 
phase and ascorbic acid catalysis. Utiliza- 
tion of iron as par t  of the normal catalytic 
mechanism is indicated by EDTA inhibition 
studies and by measurements of p H  effects. 
Previous studies have demonstrated the 
lack of catalytic activity by cations other 
than iron for  the l ipid peroxidation reac- 
tion in homogenates. Lipid peroxidation is 
inhibited at  high tissue concentration and 
the inhibition is due to components occur- 
r ing in the large molecule fraction of the 
soluble phase. 

INTRODUCTION 

T 
HE LIPID PEROXIDATION reaction in vitro has 
been correlated with several important  

biological problems including radiation dam- 
age (1,2), niitochondrial swelling and lysis 
(3,4), vitamin E deficiency (5,6), and tumor 
formation (7,8). In  spite of the possible wide- 
spread significance of this peroxidation reac- 
tion, no changes in the concentrations of the 
tissue components responsible for l ipid perox- 
idation have been reported for any of these 
experimental conditions. This is due, pre- 
sunmbly, to the lack of quantitative measure- 
merits of these components in normal tissue 
homogenates. These measurements are also 
necessary to understand the differences noted 

in the extent of lipid peroxidation in various 
tissue homogenates such as brain, liver, kidney, 
and testis (1). Testis was examined in the 
present study as an example of tissue whose 
homogenates undergo little or no lipid perox- 
idation during aerobic incubation, whereas 
brain, liver, and kidney were selected as ex- 
amples of those whose homogenates undergo 
considerable peroxidation. 

The amount of l ipid peroxidation in aero- 
bically incubated tissue homogenates depends 
on the tissue type and concentration (1,9), the 
buffer concentration, and the p H  (9). Certain 
aspects of this reaction have been extensively 
studied using honlogenates (10), mitochondria 
(3,11-13), microsomes (9,14,15), and pure un- 
saturated lipids (16-18). Studies using a wide 
variety of exogenous materials have demon- 
strated both an enzymic (14) and a nonenzymic 
(3,11) lipid peroxidation in mierosomes and 
mitochondria. I ron acts as the catalyst in both 
the enzymic (19,20) and n0nenzymic (11) 
reactions. Extensive in vitro studies have led 
to the establishment of an iron-ascorbie acid 
catalytic mechanisnl for nonenzymic lipid 
peroxidation (11,12). However, the quantita- 
tive measureme~ts of tissue iron and ascorbic 
acid, needed to establish their role as the 
normal catalytic mechanism present in homo- 
genates, have not been carried out. This mech- 
anism has been inferred from the many ex- 
periments using exogenous materials. The 
amounts of iron and ascorbic acid present in 
the catalytically active homogenate fractions 
of liver, brain, testis, and kidney, as well as 
the amounts of each required for the observed 
lipid peroxidation, are reported in this study. 

MATERIALS AND METHODS 
Tissue Preparation 

Liver, brain, kidney, and testis were obtained 
from bled Sprague-Dawley rats (6-month-old 
males) and homogenized either in buffer (0.01 
M phosphate, p H  7.0, containing 0.15 M NaC1) 
or in sucrose (0.25 M) solutions. Homogenates 
were centrifuged at 1,000 X g for 10 rain and 
the pellets discarded. The 1,000 X g superna- 
taut fraction was centrifuged at 10,000 X g 
for 10 rain. The pellet was washed twice and 
saved as the mitochondrial fraction. The 10,000 
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X g supernatant fraction was centrifuged at 
105,000 X g for 60 rain. The pellet was washed 
once and saved as the microsomal fraction. The 
105,000 X g supernatant fraction was saved 
as the soluble phase. The soluble phase was 
further separated into large (S-l)  and small 
(S-2) molecular fractions by passage through 
Sephadex G-50 (21). Elution was at 90 ml/hr 
through a 25 X 2.5 cm column using a Milton 
Roy Minipump. 

Chemical Procedures 

Protein concentrations were determined color- 
inietrically using Folin-phenol reagent accord- 
ing to the uiethod of Lowry et ah (22) using 
bovine seruni albumin as the standard. Ascor- 
bic acid was measured colorimetrically using 
2,6-dichlorophenolindophenol solution accord- 
ing to the method of Roe (23). Sulfhydryl 
groups were measured colorimetrically using 
5,5"-dithiobis-(2-nitrobenzoic acid) solution ac- 
cording to the method of Ellman (24) using 
glutathione as the standard. Total iron in 
microsomal fractions was determined color- 
imetrically by the Galbraith Laboratories, 
Knoxville, Tennessee. Lipid peroxidation was 
measured colorimetrically by the thiobarbituric 
acid (TBA) test (1). Following incubation at 
37C for 90 min the contents of each vessel 
were poured into test tubes containing 1 ml of 
30% trichloroacetic acid. One milliliter, of 
0.75% TBA was added. Following 15 min of 
boiling, and subsequent cooling, the samples 
were centrifuged 10 rain at 2,000 rev/min and 
the optical density of the supernatant fraction 
was read at 530 m~. All spectrophotometric 
measurements were carried out using' a Beck- 
man DU spectrophotometer. The ethelenedia- 
inine-tetraacetate (EDTA) used was Fisher 
reagent grade. 

RESULTS 

The normal tissue components responsible 
for lipid peroxidation in aerobically incubated 
rat tissue homogenates are distributed in both 
the soluble and the particulate fractions. Each 
fraction was analyzed separately following its 
isolation by centrifugation. 

Analysis of the Soluble Fraction 

Small amounts of soluble phase from liver, 
brain, and testis catalyzed lipid peroxidation 
in aerobically incubated suspensions of brain 
microsomes, whereas larger amounts inhibited 
the reaction (Fig. 1). The same activities F-1 
were noted when suspensions of liver, testis, 
or kidney microsomes were substituted for 
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FIG. 1. L ip id peroxidatlon in rat  brain micro- 
somes following addition of soluble phase from 
liver, brain, and testis. Soluble phase containing 
the amount of protein indicated was added to 20 
ml flasks containing 0.36 mg mierosomal protein. 
Final volume was brought to 4.0 nfl with 0.01 
M phosphate buffer, pH 7.0, containing 0.15 IV[ 
1WaC1. TBA absorbance was measured following 
90 min of incubation at 37C. 

those of brain in the incubation mixture, al- 
though the extent of peroxidation was different. 
Testis supernatant inhibited at lower protein 
concentrations than did liver, and both in- 
hibited at lower concentrations than did brain 
supernatant. The ascorbic acid contents of 
uniformly diluted soluble phases from liver, 
brain, and testis were similar in spite of large 
differences in protein and sulfhydryl content 
(Table I) .  The ratio of ascorbic acid to protein 
in the soluble phase of liver was below that of 
brain and testis, and the catalytic activity at 
low protein concentrations was correspondingly 
reduced. 

The catalytic activity of the soluble phase is 
dialyzable and elutes with the fraction con- 
taining small molecules (S-2) when passed 
through columns of Sephadex G-50 (9). All 
of the ascorbic acid of liver and brain soluble 
phase also elutes with the S-2 fraction (Fig. 2). 
Soluble protein elutes only in the S-1 fraction, 
and sulfhydryl groups are distributed in both 
fractions. The sulfhyd~T1 content of liver S-2 
was considerably greater than that of brain 
S-2. The catalytic activity and ascorbic acid 
elution pattern of the soluble phase of testis 
was similar to that of liver and brain, and the 
sulfhydryl content of the S-2 fraction was 
intermediate. 

The catalytic activity of the soluble S-2 frac- 
tion of liver increased with increasing con- 
centration and was proportional to its ascorbic 
acid content (Fig. 3). The extent of peroxida- 
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T A B L E  I 

Composit ion and Act iv i ty  of Ra t  Tissue  I-Ioinogenates and  MicrosomM Frac t ions  

L ive r  B r a i n  Testis Kidney  

Homogenate  composition 

Pro te in  ( m g / m l )  35 10 13 
Ascorbic acid ( # g / m l )  105 80 80 
St t l fhydryi  (t~g/ml) 1160 220 440 

Microsome composition b 

I ron  (/zg) 106 29 34 
Pro te in  (rag) 65 42 50 
I ron  protein  (/~g/ing') 1.63 0.69 0.68 

E D T A  inh ib i t ion  of microsomal 
l ip id  peroxidat ion  r 

T BA absorbance (530 m#)  a 0.46 0.42 0.42 
Microsonial  p ro te in  (mg) e 0.4 0.4 1.2 
Microsomal i ron (M X 10 -r f 2.90 1.25 3.70 
EDTA inh ib i t ion  (IVI X 10 -6) g 3.0 3.0 5.0 

21 
75 

0.28 

0.37 
0.9 
1.13 
3.0 

a Homogenates  made up 1 :3  ( w / v ) .  
b Yalaes  are u n i t s / g r a i n  wet weight of each mierosama] fract ion.  
e Microsomes aerobically incubated wi th  10 -~ ]VI ascorbie acid;  measured as TBA ubsorbance. 
d Measured foUowing 90 min of aerobic incubat ion  at 37C. 
e Total  microsomal prote in  in  each incuba t ion  vessel. 

Total  microsomal i ron  in each incuba t ion  vessel;  calculated from i r o n / p r o t e i n  ratios.  
g Min imum concentrat ion requi red  to completely inh ib i t  the peroxidat ion reaction.  

tion increased rapidly with concentration up 
to 5 X 10 -~ M (35 I,g/4 nil) and remained 
constant up to 1.5 X 10 -~ M. Peroxidation de- 
creased at higher concentrations and at 6.0 • 
10 -~ M was one-half that noted at 1.5 X 10 ' M. 
Therefore, the inhibition of lipid peroxidation 
by the high concentrations of liver and testis 
soluble phase (Fig'. 1) was not due to their 
ascorbie acid concentrations. Glutathione, in 
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FIG. 2. Sephadex G-50 separat ions of soluble- 
phase protein, sulfhydryl,  and ascorbie acid. Eight  
ml of soluble phase prepared  f rom liver and brain  
homogenates ( 1 : 3  w / v )  was passed th rough  25 x 
2.5 cm columns using phosphate  buffer (0.01 M, 
pH 7.0, containing 0.15 ]V[ NaC1) as eluant. All 
determinations were carried out on 3 nil samples 
collected in a Technicon Frac t ion  Collector, and 
results are expressed as concentrations per  ndlli- 
liter. The peak eluting at  27 ml is referred to as 
S-1 and the one eiuting at  57 ml as S-2. 
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concentrations up to 10 " M, had no effect on 
lipid peroxidation in brain microsome suspen- 
sions either in the presence or in the absence 
of 1.5 X 10-' ascorbic acid. The sulfhydryl 
content of the liver S-2 fraction which catalyzed 
lipid peroxidation was far below this value. 

Further evidence for the role of ascorbic 
acid in soluble phase catalysis was provided by 
examining lipid peroxidation in several mi- 
crosomal systems catalyzed by soluble phase 
S-2 fractions and by ascorbic acid. The extent 
of lipid peroxidation catalyzed by liver and 

050- 

o 

050 -  2 

g 

020 -  
< 

OlO 

ASCORBIC ACfl3 (Mx lO  -5) 

FIG. 3. Lipid peroxidatlon in ra t -bra in  micro- 
somes following addition of ascorbic acid or solu- 
ble S-2 fract ion of liver. S-2 f ract ion was collected 
f rom Sephadex G-50 as described in legend of 
F igure  2, and the ascorbic acid content was ad- 
justed for  comparative purposes  by diluting with 
buffer. Each flask contained 0.36 mg  of brain 
mierosomal protein in a final volume of 4.0 ml. 
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brain S-2 fractions was similar to the extent 
noted with equivalent concentrations of aseor- 
bic acid when liver, brain or testes microsomes 
were used (Table I I ) .  The catalysis was 
similar in spite of the fact that the extent of 
peroxidation differed for each of the microsomal 
suspensions used. 

Lipid peroxidation in rat brain microsomes 
catalyzed by ascorbic acid increased as the p i t  
was lowered from 8.0 to 5.5 and decreased below 
pH 5.0 (Fig. 4). The general shape of the pH 
response curve was similar when liver S-2, 
containing equivalent amounts of ascorbic acid, 
was substituted for ascorbic acid in the reaction 
mixture. The same pH response curve was also 
noted when brain soluble S-2 was used or when 
liver microsomes were substituted for brain 
microsomes in the incubation mixture. 

Analysis of the Particulate Fraction 

Lipid peroxidation occurs when microsomcs 
or mitochondria from rat liver, brain, testis, or 
kidney are aerobically incubated with ascorbic 
acid (25). The nitrogen, protein, and iron con- 
tents of the microsomal fraction from these 
four tissues are summarized in Table I. The 
iron/protein ratio was lowest in kidney (0.28) 
and highest in liver (1.63). The extent of lipid 
peroxidation in microsomal suspensions did not 
correlate with their iron content since perox- 
idation was similar in brain and testis in spite 
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FIG. 4. Effect of pH on lipid peroxidation in 
rat brain microsomes catalyzed by 3.0 x 10 ~ M 
ascorblc acid and by the liver soluble S-2 fraction 
containing equivalent amounts of ascorbic acid. 
Each flask contained 0.40 mg microsonml protein 
in a final volume of 4.0 ml. TBA absorbance was 
measured following 90 rain of incubation at 37C. 

T A B L E  II 

Catalysis  of L i p i d  Peroxida t ion  by Soluble S-2 Frac t ions  
of L i v e r  and ] ] ra in  

T B A  absorbance (530 m/t) 

MicrosomaI Ascerbie 
Tissue prote in  a L ive r  B r a i n  acid 

microsomes mg S-2 b S-2 b (3 X 10 -~ 1~I) 

L ive r  0.6 0.63 0.58 0,60 
B r a i n  0.3 0.31 0.30 0.32 
Testis 1.0 0.27 0.28 0.30 

a Total  p ro te in  content  of the microsomal f rac t ions  in 
each i n c u b a t i n g  vessel. 

b The volume of the S-2 f ract ions  added was adjus ted  
to give a final ascorbic acid concentra t ion of 3 X 10 ~ M. 

of the threefold difference in tile amount of 
iron present (Table i ) .  However, inhibition 
studies using EDTA indicated that the iron 
present was sufficient to catalyze peroxidation 
to the extent observed. The differences in 
EDTA/Fe  ratios required for inhibition by 
EDTA indicate that the total iron measurement 
is only an approximate measurement of the 
catalytic iron available. Inhibition is never ob- 
served at EDTA/Fe  ratios less than one. In  
all cases, the concentration of iron present in 
the incubation mixture was considerably below 
the concentrations reported to cause filter- 
ference with the TBA test for lipid peroxidation 
(17). Results of EDTA inhibition studies on 
mitochondrial fractions from liver, brain, testis, 
and kidney were similar to those on microsomal 
fractions. 

DISCUSSION 

Nonenzymatic and enzymatically linked lipid 
peroxidation reactions have been described in 
isolated rat liver mitochondria and microsomes 
(9,11,14,20). The enzyme reaction involving 
oxidation of TPNH~ in the presence of ADP 
requires Fe z§ as a catalyst, and the enzyme 
mechanism appears to involve the reduction of 
FE "~ to Fe ~+ by TPNH~, a reaction facilitated 
by ADP (20). The nonenzymatic reaction also 
requires Fe ~§ as catalyst, but several reducing 
compounds, including ascorbic acid, can be used 
to reduce Fe ~§ to Fe ~+ (3,11). Results of the 
present study indicate that the nonenzymatic 
reaction is responsible for lipid peroxidation in 
dilute rat liver, brain, testis, and kidney homo- 
genates and that ascorbic acid and iron are the 
normal catalysts. Ascorbic acid isindicated for 
the following reasons: the appropriate amount 
of ascorbic acid is present in the soluble phase 
of each tissue to explain the extent of perox- 
idation observed; tile distribution of soluble- 
phase catalytic activity is similar to that of 
ascorbie acid; the catalytic activity of superna- 
tant fractions is proportional to their ascorbic 
acid content regardless of the microsomal test 
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system used; and the p H  effect on l ipid perox- 
idation is similar for both ascorbic acid and 
soluble-phase catalysis. 

The catalytic role of iron for both chemically 
and enzymatically induced lipid peroxidation 
has been well documented (9,11,19,20,26). The 
present study indicates that iron is the normal 
catalyst for peroxidation in tissue homogenates 
and their fractions. Sufficient iron is present 
in tissue particulates to explain both the extent 
of lipid peroxidation observed and the inhibi- 
tion of peroxidation by EDTA. The concen- 
tration of iron in the naicrosomal suspensions 
used was 1.1 to 3.7 • 10 -~ M, and the con- 
centration of EDTA required for inhibition of 
lipid peroxidation was 3 to 5 • 10 ~ M. Al- 
though iron itself in concentrations above 
5 • 10 -~ M gives added color in the TBA 
test for lipid peroxidation (17), the concentra- 
tions measured in the present study do not. 
High concentrations of iron result in an im- 
mediate peroxidation of the lipid, which in- 
creases only slightly with further incubation, 
whereas low concentrations of iron, in the 
presence of ascorbic acid, result in a more 
gradual peroxidation (3,11). The iron in tissue 
particulates therefore reacts catalytically rather 
than by interference with the TBA test itself. 
The catalytic role of iron in these homogenates 
has been clearly documented in studies of serum 
inhibition of lipid peroxidation (10). The in- 
hibition was due to transferrin,  the iron-binding 
protein of serum, and was completely abolished 
when the transferrin was saturated with iron 
(10). I t  is unlikely that other divalent cations 
act as catalysts for peroxidation in homo- 
genates. Fo r  example, Co, Cn, Ba, Zn, and Ca 
do not catalyze lipid peroxidation in homo- 
genates (9), as many of them do i n  purified 
lipid enmlsion (18). In fact, most divalent 
cations are inhibitory when added to homo- 
genate8. Co and Cu inhibit at  low concentra- 
tions, whereas large amounts of Zn and Ca are 
required to inhibit (9). The mechanism of 
inhibition by divalent cations is not known, 
although competitive inhibition of iron cataly- 
sis has been suggested (9). The catalytic role 
of iron is also suggested by the p H  optinmm 
for catalysis (18). This iron-ascorbic acid 
catalytic mechanism does not require separate 
substrates and precursors for the enzymatic 
and nonenzymatic react ions--a  requirement 
previously suggested (27). Differences in the 
inhibitors for  these two reactions could be due 
to specific interference with the Fe  ~+ reduction 
mechanism rather than in the initial phases of 
the peroxidation reaction. 
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The TBA reaction used to measure l ipid 
peroxidation is specific for  the higher un- 
saturated fat ty  acids such as linolenie, arachi- 
donic, and hexaenoie acids (28). Rat  liver 
mitochondria contain large quantities of 
araehidonic acid (29), and mierosomes contain 
not only large amounts of arachidonic but also 
have significant amounts of docosahexaenoic 
acid (30). Peroxidation of these acids could 
explain the TBA reaction of these particulates. 
In  fact, a decrease in both of these microsomal 
fa t ty  acids did occur following microsomal ex- 
posure to hyperbaric pressure, TPNH2 and 
ADP. The reduction was considered consistent 
with the hypothesis that l ipid peroxidation of 
these acids had occurred (30). 

The catalytic role of iron and ascorbic acid 
as an important  nonenzymie mechanism for 
lipid oxidation (31,32), hydroxylation (32) 
and peroxidation (11) reactions is well estab- 
lished. Many of these reactions, including 
peroxidation, are also enzymatically catalyzed. 
The present investigation indicates that the 
lipid peroxidation reaction occurring in aero- 
bically incubated rat  tissue homogenates is 
normally catalyzed by the nonenzymic mech- 
anism involving iron and ascorbic acid. The 
catalytic scheme is suggested as the model 
for examining the mechanisms responsible for 
the changes in lipid peroxidation noted under 
various experimental conditions (5-7).  Quanti- 
tative studies of iron, aseorbic acid, and in- 
hibitor concentrations, as well as measurements 
of the unsaturated lipid profile of cell particu- 
lates, are needed to establish the mechanisms 
responsible for these changes. 
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Quantitative Determination of Unsaturation in Oils by 
Using an Automatic-Titrating Hydrogenator 
T. K. Miwa, W.  F. Kwolek ~ and I. A. Wolff, Northern Regional Research Laboratory, "~ Peoria, Illinois 

ABSTRACT 

A procedure was developed to adapt an 
automatic-titrating hydrogenator to the 
rapid determination of unsaturated carbon~ 
carbon bonds in seed oils. Its utility as a 
research tool for detecting unusual types 
of unsaturation was demonstrated by an- 
alysis of 35 oils. When the hydrogen-iodine 
value of an oil determined by the hydro- 
genator differed significantly from the 
iodine value by the Wijs method, the 
presence of unsaturation such as acetylenic 
or conjugated double bonds was indicated. 
For repetitive analysis of samples of the 
same oil, or of oils having nearly the same 
extent of unsaturation, the hydrogenator 
can successfully accomodate injection of a 
new sample every 2 to 5 min. Possible 
utility of the method for monitoring sam- 
ples from a processing plant is apparent. 

INTRODUCTION 

A RAPID~ PRECISE METHOD ~or quantitative 
determination of unsaturation in organic 

compounds via hydrogenation was reported by 
Brown and co-workers (3). Their method 
utilizes a catalyst prepared by in situ treatment 
of platinum salts with sodimn borohydride, in 
situ generation of hydrogen from sodium 
borohydride, and a valve at the tip of a buret 
that automatically introduces standardized 
sodium borohydride solution into the reaction 
mixture only as long as hydrogenation is 
proceeding. 

Our initial attempts to apply the apparatus 
(Brown Hydroanalyzer No. 601, Delmar Scien- 
tific Laboratories, Maywood, Ill.) and published 
procedures to the analysis of oils were not 
successful. Modifications were then made to 
overcome the difficulties encountered, and the 
procedure finally adopted is described in detail 
in this report. Preliminary results of this in- 
vestigation have been reported (10). 

PROCEDURE 
Apparatus 

The hydrogenator was assembled as shown in 
Figure 1. A 250-ml, 24/40 7, round-bottomed 

a Biometrical Services, ARS. USDA. 
~No. Utiliz. Res. Dev. Div., AI~S, USDA. 

flask, modified by adding a polytetrafluoro- 
ethylene stopcock at the bottom and a drying 
tube at the top, was placed upon the reservoir 
of the 5-ml buret to increase capacity (A, B 
in Fig. 1). The drying tube contained sodium 
hydrate asbestos absorbent and anhydrous 
magnesium perehlorate (Anhydrone, Dehy- 
drite) (11). A millimeter scale (I) was used at 

(A) 

C D 
H 

FIG. 1. Automatic-titrating hydrogenator. A) 
250-ml NaBH~ reagent reservoir; B) 5.0-ml pre- 
cision-bore buret with polytetrafluoroethylene stop- 
cock; C) 12/30 ~ seal of the automatic valve 
assembly; D) 6-mm rubber serum septum; E) 
mercury-filled automatic valve ; F) dimple-bottomed 
reaction flask; G) polytetrafluoroethylene-coated 
stirring bar with collar; H) sidearm of bubbler; 
I) m~llimeter scale on front and back of outer 
tube to avoid parallax in pressure reading; J) 
mercury pool. 
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the bubbler to aid reading the gas pressure 
within the flask. Paral lax was avoided by 
splitting the scale vertically and placing it in 
front and back of the bubbler tube. The side 
arm (H) of the bubbler was extended 15 cm 
to prevent loss of mercury droplets during the 
catalyst generation process. 

The reaction flask (F)  was either a 250-ml 
or 500-nil, 24/40 ~, round-bottomed flask 
modified to allow high-speed stirring with a 
magnetic stirrer. A 2-in. polytetrafluoroethy- 
lene-eoated stirring bar (G) with a polytetra- 
fluoroethylene collar, 1.7 cm O.D., was placed 
within a dimple (or crater) in the bottom of 
the flask; this arrangement allows extremely 
rapid spinning of the bar without loss of 
magnetic connection between the bar  and the 
activating rotor. Cold water was circulated in 
the 15-0m diameter glass dish (provided with 
the apparatus  but not shown in the figure) to 
maintain the temperature of the bath at 25C. 

Selection of Syringes and Needles 

After  experimenting with a large ar ray  of 
syringes and needles, the following were con- 
sidered best suited for  each step: 

Glacial Acetic Acid. Glass syringe, 10 ml in 
0.25-ml subdivisions ; stainless-steel barrel  
holder and needle lock; 2-in. hypodermic needle, 
25-gauge (0.020 in. O.D., 0210 in. I .D.),  17- 
degree bent point;  acid poured into syringe 
for  filling. 

Octene-1 Standard. Precision glass syringe, 
100 /A in 1-~1 subdivisions; stainless-steel bar- 
rel; fixed, 2-in., 28-22-gauge sheathed needle. 

Oils. Glass syringe, 1 ml in 0.01-ml sub- 
divisions ; stainless-steel barrel holder and 
needle lock; 3-in. 19-gauge, regular point, hy- 
podermic needle for filling the syringe and a 
needle for injection as described for glacial 
acetic acid. 

Generation of Catalyst 

The stirring bar (G) and 1.00 g of Darco 
K-B activated carbon were placed in the 250- 
ml round-bottomed flask (F)  with the dimpled 
bottom, followed by 10.0 ml of fresh, practical- 
grade diglyme (diethylene glycol dimethyl ether 
or bis(2-methoxyethyl) ether) and 2.0 nfl of 
0.50 ~ ehloroplatinic acid (10.36 g of tt:PtCI~- 
6H~O in a 40.0-ml solution of anhydrous, dis- 
tilled isopropanol).  In  a 125-ml Erlenmeyer 
flask, 0.76 g of NaBH~ (99% pure) was dis- 
solved in 20.0 ml of diglyme. This turbid 1.0 
solution was added dropwise to the round- 

bottomed flask (F)  with gentle stirring. The 
Erlenmeyer flask was rinsed with 10.0 ml of 
diglyme, and another 10.0-ml portion was used 
to wash down the contents adhering to the 
walls of the round-bottomed flask. Five mil- 
liliters of anhydrous, distilled isopropanol were 
added, and the flask was secured to the as- 
sembled systein. Af ter  a drop of diglyme was 
placed at the top of C to seal and prevent 
freezing of the joint, the system was gently 
stirred for  5 rain. Then the st irring rate was 
increased slightly and the 10-ml glass syringe 
was used to add 5.0 ml of glacial acetic acid 
(dropwise at first). 

Standardization of NaBH~ Solution 

The sodium borohydride (99% pure) was 
first dissolved in fresh, practical-grade diglyme 
and diluted tenfold with dry, distilled iso- 
propanol. F o r  100-mg oil samples, 0.05 
solution was the most suitable and was prepared 
by dissolving 0.832 g (22.0 nunoles of borohy- 
dride in 40.0 ml of diglyme and diluting with 
360 ml of isopropanol. The slightly turbid 
solution was allowed to stand at least 24 hr to 
permit flocculation of particles to provide facile 
filtration and a c157stal-clear reagent. The clear, 
filtered solution was placed in the 250-ml 
dropping funnel and introduced into the buret 
(B).  The stopcock was opened to allow down- 
ward flow and a rubber bulb was used to apply 
pressure at  the top of  the buret to force the 
solution to fill the automatic valve (E) .  The 
buret was refilled, the stopcock closed, and the 
st irrer stopped. With  the 1-ml glass syringe, 
500 /~1 of crambe oil (6) was injected through 
the septum (D) on to the center column that 
housed the automatic valve (E).  The stop- 
cock was opened and the st irrer was started at 
a slow rate to allow a gentle flow of the solution 
(5 ml/min) .  

When uptake of hydrogen had ceased, the 
buret was refilled only to the 2.30-ml mark and 
opened again to allow a small quantity of 
reagent to drip into the flask until the mercuI T 
seat was restored. The pressure within the 
flask at  this point was usually identical to the 
end-point pressure resulting from hydrogena- 
tion of 100 td of 1-octene. This artificial ad- 
justment of pressure substituted for  one or 
more injections of 100-/xl samples of 1-octene 
in the process of obtaining an accurate end- 
point pressure. Init iat ion of a reaction at its 
end-point pressure eliminated any correction 
for  difference in pressure before and after  the 
reaction. Af ter  the artificially adjusted pres- 
sure (read at I in nml Hg below atmospheric 
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pressure) was noted, the buret was refilled to 
0.00 ml and the stopcock closed. 

The ]00-td precision glass syringe, described 
above, was filled with l-ocetcne (pure grade, 
99 mole percent minimum, 100% by GLC) and 
weighed to 0.1 rag, the sample injected into 
the system, the buret opened, and the empty 
syringe weighed. When no change in buret 
reading was observed over 2 min, the volume 
of solution used and the pressure of the sys- 
tem were recorded. The process was repeated 
until three consecutive runs showed no varia- 
tion in the final pressure reading. Deviations 
in weight of injected 1-octene were generally 
kept to ~ 0.1 mg from the mean and were 
never allowed to be greater than ~ 0.3 mg 
from the mean. 

Taking into consideration the vapor pres- 
sures of isopropanol, diglyme, and glacial ace- 
tic acid at 25C and correcting for free space 
equivalent of the sample and NaBH, solution 
volumes, the molarity of the NaBH, solution 
was calculated from the fornmla: 

mg oetene 0 009 mmole (ml octene + ml NaBH4) 
448.8 mg /n lmo le  " ml 

ml NaBH~ 

The factor for free space equivalent, 0.037 
mmole/ml, is valid for the ranges 740-760 mm 
atmospheric pressure and 20-30C reaction 
flask temperature. 

Hydrogenation of Oils 

The determination of degree of unsaturation 
in oils was carried out as described in the 
previous section with the exception of the choice 
of syringe and syringe needles. The oil was 
drawn into the 1-ml glass syringe with a 19- 
gauge needle but weighed and injected with a 
25-gauge needle. This arrangement permitted 
rapid injections of oil with sample weights 
reproducible to within 1.0 mg. Use of 19- or 
20-gauge needles for injection was avoided be- 
cause of excessive tearing of the septum, caus- 
ing air seepage, plus inability to retain the oil 
quantitatively during insertion through the 
septum. 

Adjustment of pressure within the flask be- 
fore the initial injection of any particular oil 
was done when the iodine value of the oil 
was known; but when unknown, one or two 
extra injections were made before three runs 
with identical end-point pressure were obtained. 

The degree of unsaturation of an oil deter- 
mined by hydrogenation has  conventionally 
been expressed as hydrogen-iodine value (HIV) 
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(7) for ready comparison with iodine value 
(I.V.) (1): 

mmoles H2 consumed cgI2 
H I V  z X 25.4 

1 g of oil ~lmole 

101.6 I (ml N a B H ,  X Y[ NaBH*) + 0.009 
(ml NaBt I4  + mI oil) ] 

g oil injected 

RESULTS 
Evaluation of Procedure 

Published procedures (3) were not applicable 
to soybean or crambe oils when the oil was 
injected without prior dilution with an ap- 
propriate solvent. Only two or three 100-td 
samples could be handled and the time required 
per determination was 20 rain to an hour. The 
end point was indefinite and this led to poor 
reproducibility of results. To analyze 50 in- 
jections of crude soybean or a similar oil at 
rates of 2 to 5 rain per determination for each 
preparation of hydrogenating system, modifica- 
tions were made by systematically evaluating 
each variable in the system. 

The variables, investigated individually or in 
combinations, were catalys~ concentration, 
catalyst solvent, amount of activated carbon 
per flask, reaction flask size, solvent for sodium 
borohydride, sodium borohydride concentration 
and amount for catalyst generation, sodium 
borohydride concentration for titration of oil, 
rate of addition of sodium borohydride to 
platinum salt during catalyst generation, acid 
for the dual purpose of destroying excess 
sodium borohydride during generation of 
catalyst and for generation of hydrogen during 
titration, preparation os nonturbid sodium 
borohydride reagent and its storage, solubilizing 
agent for oils, stimqng rate during titration, 
and oil sample size. The optimal conditions 
observed for the variables were incorporated in 
the standardized procedures given above. 

Dioxane and diglynle were equally efficient 
as solvent for sodium borohydride and the 
hydrogenation system, but diglyme was chosen 
for the studies in this report. Ethyl acetate, 
isopropanol, ethanol, ethylene glycol mono- 
butyl ether, and dimethylformamide were un- 
suitable as solvents, especially when used for 
hydrogenation of triglyccride oils. In  catalyst 
generation, the volume of liquid was necessarily 
kept at a mininmm and stirred gently for 
efficient uptake of the liberated hydrogen gas. 
When chloroplatinic acid was added to the 
borohydride, generation of platinmu catalyst 
was not so efficient as when borohydride was 
added to the acid. Addition of diglyme alone 
or diglyme and isopropanol to the system was 
not so effective as when diglyme, isopropanol, 
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and erambe oil were added to increase the 
solubility of the oils and to maintain an un- 
changing nmlarity of the borohydride reagent 
throughout the series of injections in a single 
flask. Except where 75 or nmre injections were 
made in a 500-ml flask, the 250-nil, round- 
bottomed, dimpled, 24/40 T flask was used 
as standard equipment. 

Concentrated hydrochloric acid invariably at- 
tacked the syringe needle and fittings, and the 
dissolved metallic ions rapidly poisoned the 
catalyst. Glacial acetic acid did not attack the 
syringe and was more compatible with the oils 
than was concentrated HC1. Syringes and 
needle sizes were selected according to the de- 
mands of each operation, ranging from the 
accurate, but rather expensive, 100-/xl syringe 
for the 1-oetene standard to the inexpensive, 
but precisely reproducible, 1-ml syringes for 
oils. Filling' the syringe with oil required a 
needle at least of 19 gauge and for injection 
no larger than 25 gauge. The later did not 
tear the septum even after 75 injections through 
the same opening. I t  also allowed removal 
of all traces of air within the syringe without 
subsequent loss of oil during the injection 
process. Injection and withdrawal of the oil- 
filled syringe showed essentially no change in 
weight (0.1 mg or less per trial for three trials). 

Stirring rate became an important factor 
when the number of injections increased. The 
~iInple in the bottom of the flask, and the 
large-collared stirring bar combined to provide 
efficient stirring until the flask was almost 
completely filled. The extremely high stirring 
rate allowed ample dispersion of gas bubbles 
throughout the liquid and formed essentially a 
vertical vortex. With this arrangement the 
hydrogenator could be used for repetitive an- 
alysis of samples of the same oil, or of oils 
having nearly the same extent of unsaturation, 
by injection of a 100-#1 sample every 2 to 5 
rain. For soybean oil, having an iodine value 
~f 132, the mean HIV found for 50 injections 
(following an initial injection for end-point 
pressure adjustment) was 132.4, the range of 
values was 130 to 134, and the standard devia- 
bion was 0.7. The results indicate the possible 
atility of the method for monitoring samples 
from a processing plant. 

Initiation of a reaction at its end-point pres- 
rare eliminated any correction for difference 
in pressure before and after the reaction. At- 
;ainment of end-point pressure of an oil, which 
]iffered from that of the immediately preceding 
~ample, was facilitated by either removing hy- 
trogen gas from the side arm with a pipette 

filler bulb or adding a small quantity of 
NaBHH~ reagent from the buret. A helpful 
guide in estimating the end-point pressure of 
any oil can be prepared by plotting the pres- 
sure reading versus buret reading during titra- 
tion of the first oil. Since these points show a 
linear relationship, they are then plotted 
against I.IIV of the oils. This correlation would 
be altered for a subsequent run if mercury 
were lost from the seal during disassembly 
of the apparatus. The mercury trapped within 
the buret tip should be released before corn- 
plete withdrawal of the buret. Without end- 
point pressure adjustment, HIV deviated ap- 
preciably (up to 20%) especially when the oil 
greatly differed in HIV from that of the im- 
mediately preceding oil. 

Statistical evaluation of the method Showed 
that when end-point pressure adjustments were 
made, the effeet of an oil upon another which 
followed immediately was not significant. How- 
ever, a trend was observed in the HHIV of an 
oil, increasing in value as the position in the 
order of injection increased. This undesirable 
trend was greatly diminished by injecting 0.5 
ml of erambe oil (I.V. 90) before standardiza- 
tion of the NaBH reagent with 1-oetene. The 
statistical evaluation also showed no significant 
differences associated with sample size: 50, 
100, 200, or 300 t~l. Therefore, 100 ill was 
chosen for the sample size, and 0.05 ~ was 
the concentration of the NaBH, reagent most 
appropriate for handling the sample. The 
standard deviation was 1.4 I.V. units and rela- 
tive precision was 1.0%. When the reagents 
were scaled down to one tenth of the propor- 
tions given in the procedures, 8-~1 samples 
of methyl oleate or a similar ester recovered 
from thin-layer chromatographic plates were 
analyzed with good precision and moderate ac- 
curacy (HIV of methyl oleate 91, 91; calcu- 
lated 86). The HIV obtained in this manner 
gave a good measure of the number of double 
bonds in the ester. The samples were readily 
recovered quantitatively for subsequent analy- 
ses, such as GLC, for carbon skeleton deter- 
ruination. Reagent-grade xylene (I.V. = 1), 
often used as solvent for oils, showed no hy- 
drogen uptake. 

Hydrogen-Iodine Values of Oils 

HIIV of 35 seed oils are listed in Table I. 
Wijs I.V. by the AOCS Method (1) and HIV 
calculated for mixed triglyeerides in the oil 
based on gas-liquid chromatography of derived 
methyl esters (GLC-HIV) are also listed for 
comparison. Unusual fatty acid components in 
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T A B L E  I 

Hydrogen- Iod ine  Values ( H I V )  of Seed Oils, wi th  Iod ine  Values  (I .V.)  by AOCS Procedures  
culated from G L 0  for  Comparison 

and H I V  as Cal- 

I .V. H I V  
P l a n t  Source Common name U n u s u a l  fa t ty  acids in  oil H I V  (AOCS)  (GLC)  

kcanthosyrls spinesccns Acetylenie 244 147 250 
Aleurltes ]ordii Tung,' a-Eleostearic 232 159 235 
Arachis hypogaea P e a n u t  98 98 101 
Brassica ]uncea ~r d 118 114 116 
Brassica napus Rapeseed 108 103 106 
Curthamus tinetorius Safflower 107 97 99 
Ceiba aecuminata Kapok Sterculic  89 87 91 
Chilopsis linear@ Desert  wi l lmv Conjuga ted  polyenoic 160 140 165 
Crambe abyssiniea Crambe 88 90 93 
Cuphea Ilavea l:~ed-wbite-and blue 10 13 10 

flower 
Daucus carota Carrot  90 102 90 
Dimorphotheca sinuata Cape mar igold  Dimorphecolic  146 126 147 
Euphorbia lagascae Vernolic 88 88 88 
Glycine max Soybean 132 132 136 
Gossypium species Cottonseed 110 113 115 
Helianthus annuus Sunflower 134 134 136 
Helichrysum bracteatum Strawflower  Coronaric,  crepenynic, dimorpbe- 136 117 131 

colic, helenynolie 
Leonotis nepetaefolia Lion ' s  ear  Labal len ie  110 91 103 
Lesquerella lasioearpa Rladderpod  Lesquerol ie  S4 84 81 
Lesquerella lescurii Bladderpod  Densipolic 137 137 123 
Limnanthes douglasii Meadowfoam Cis-5-mono, cis,cis-5,13- 78 85 84 

dienoic ~C~s 
Linum usitatissimum Linseed  183 180 184 
Lithospermum tenuiflorum Gromwell  Oetadecatetraenoic 226 224 227 
Lunaria annua Hones ty  Nervonie  79 79 80 
Olea europaea Olive 83 84 83 
Onguekoa (Ongokea) gore ] sano  Isanic,  isanolic 336 146 369 
Osyris a~ba Ximenynic  206 113 203 
Parinarium species Cutia a-Eleostearic 108 90 83 
Petroselinum crispum Curled parsley Petrosel inic  94 106 104 
Ricinus communis Castor 84 84 80 
Sesamum indieum Sesame 102 108 110 
Stereulia ]oetida J a v a  olive Stercul ic  82 84 
Thalictrum dipterocarpum Y u n n a n  meadowrue Iso la ted  trans 178 161 187 
Vernonia anthelmintica I n d i a n  i ronweed Vernolic  90 99 88 
Ximenfa americana Hog plum Ximenynic,  ximenynolic  106 82 94 

the oils are listed after the botanical and trivial 
names of their source. 

Acanthosyris~ Onguekoa (Isano), and Osyris 
species, which contain large percentages of 
acetylenic acids, showed quantitative uptake of 
2 moles of hydrogen per acetylenic linkage. As 
expected, the Wijs method showed upta.ke of 
only 1 mole of halogen per acetylenic linkage. 

Aleurites (tung), Chilopsis (desert willow), 
Dimorphotheca (Cape marigold), and Par~nar- 
ium (Cutia) species contain conjugated dienoic 
or trienoic acids, or both, which absorb hy- 
drogen quantitatively but resist quantitative 
addition of halogens across all double bonds. 
All of these oils, except Parinarium, gave I~IIV 
in good agreement with GLC-I-tIV. The low 
GLC-HIV for Parina.rium resulted from the 
low percentage (8%) of the conjugated trienoic 
acid ester that was eluted and detected by the 
gas chromatograph. UV analysis of conjugated 
triene (4) showed Parinarium to contain 18% 
a-eleostearic acid. I f  this value were incor- 
porated into the composition from GLC, the 
GLC-HIV would be 103. The values HIV ---- 
108 and I.V. = 90 correspond to a composition 
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which has 21% eleostearic acid. As illustrated 
above, observation of differences in t t I V  and 
I.V. is a valuable means of screening oils with 
acetylenic or conjugated unsaturation. 

0ils with low I.V., e.g., Cuphea with I.V. : 
33, were analyzed with moderate accuracy, and 
small quantities of oils with common un- 
saturated acids have been analyzed with com- 
parable accuracy. 0ils with a high degree of 
nonconjugated unsaturation, e.g., Linum (lin- 
seed) and Lithospermum (Gromwell), showed 
good agreement in HIV, I.V., and GLC-HIV. 

No hydrogenolysis of hydroxy substituents 
was observed in the oils of Dimorphotheca, 
Lesquerella (bladderpod), Isano, or Ricinus 
(castor), all of which are rich (38-83%) in 
hydroxy fatty acids. The HIV indicated no 
excess uptake of hydrogen that could be attrib- 
uted to hydrogenolysis. Lesquerella lescurii 
bad identical H I V  and I.V., which however 
differed substantially from the GLC-HIV. The 
difference cannot be explained by merely a low 
detector response from GLC to the densipolic 
(hydroxy dienoic) (9) constituent. By GLC 
the methyl esters of this oil have identical 
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~ompositions under four widely differing" ex- 
perimental conditions. The discrepancy be- 
;ween observed and GLC-calculated H I V  must 
;herefore be due to some highly unsaturated 
~omponent in the oil which is not detected by 
3LC. 

0xirane substituents were also unaffected by 
:he H I V  procedure as seen in Euphorbia and 
Vernonia~ both of which are rich in 12,13- 
tpoxyoleic acid. The procedure has been suc- 
:essfally applied to the hydrogenation of 
~everal grams of Vernonia oil with ahnost 
luantitative recovery of the saturated epoxy 
!atty acids (5). Agreement between H I V  and 
[.V. in Sterculia would indicate the hydrogena- 
;ion of the cyelopropenoic sterculic acid to be 
~.ssentially free of a ring-opening reaction. 

The t t I V  of Helichrysum (strawflower) oil 
s in good agreement with the GLC-HIV eal- 
related from the reported composition of the 
)il (8). This oil contains fat ty  acids with 
~poxy, conjugated enynic, conjugated dienolic, 
~r conjugated enynolic constituents. Ximenia 
[hog plum) also contains conjugated enynic and 
'~onjugated enynolic acids, but the H I V  was 
;omewhat greater than expected from results 
~y GLC. The observed H I u  suggests a per- 
'~entage of hydroxyximenynie approximately 
touble the 6% deduced from fragmentation 
)roducts of GLC. 

Leon, otis (lion's ear) has been reported (2) 
:o contain 16% allenic acid, which may account 
!or the difference between I t I V  and I.V. Ad- 

dition of halogens across an allenic linkage 
appears to be limited to 1 mole. Carthamus 
(safflower), Daucus (carrot) ,  Limnanthes 
(meadow foam), Petroselinum ( curled parsley),  
and Thalictrum (Yunnan mcadowrue) all con- 
tain unusual fa t ty  acids or a high percentage of 
a single comnmn acid and also showed dis- 
crepancies between H I V  and I.V. that could 
not be explained. 
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COMMUNICATIONS 

Quantitative Gas Chromatography of Sterols 

S 
TEROLS ARE US UAL LY analyzed by gas-liquid 

chromatography (GLC) os a suitable deri- Retention Times of 
vative such as the trimethylsilyl ether. However, 
formation of the derivative is time-consuming 
and can become a serious limitation when it is 
necessary to analyze numerous samples. We Sterol 
investigated the possibility of analyzing sterols Cholesterol 
in the free form with conunercially available Desmosterol 

St igmastero l  
packing material since this would not only save fl-sitosterol 
time in sample preparation, but eliminate the 
tedious treatment of the support to prevent 
adsorptive losses of sterol on the column. 

A quantitative separation of a sterol mixture 
(Fig. 1) was obtained with XE-60, a nitrile 
silicone. Of particular interest is the complete 
separation of cholesterol from desmosterol, its 
monounsaturated analog. Such double bond 
selectivity is a useful property of the nitrile 
silicones (1). In  addition, the thermal stability 
of the liquid phase in glass columns permitted 
continuous use for over 60 days without ap- 
preciable loss of resolution or accumulation of 
residue on the flame detector. 

Another useful liquid phase is the dimethy- 
polysiloxane, JXR. This polymer is similar to 
SE-30, but is more thermally stable. A quantita- 
tive separation of sterol classes can be quickly 
achieved with this liquid phase, but it is in- 
capable of completely resolving the cholesterol/ 
desmosterol pair (Table I) .  

. t  

o 

x 

2 

j  1 3 i  s 

0 3 6 ~ ,2 ,s 

TIME (Min.)  
FIG. 1. Chromatogram of mixed sterols in the 

free form. Analysis conducted on a Barber- 
Cohnan Model 15 converted to use with a hydrogen 
flame ionization detector. Sample consisted of 
0.5 tsg mixed sterols in 1.0 gl CI-ICI:~. 3v/v XE-60 
at 225C. 

in the Free Form 
TABLE I 

Sterols Chromatographe4  in  the 
Free Eorm a 

Rela t ive  re tent ion  t ime b 

J X g  XE-60 

240C 215C 225C 

1.93 4.76 4.20 
2.08 5.66 4.94 
2.74 6.71 5.80 
3.17 7.95 6.80 

Opera t ing  Condi t ions :  J X g  and XE-60 both as 3 %  
w / w  coating on 1 0 0 / 1 2 0  mesh Gas-Chrom Q (Appl ied 
Science Laboratories ,  State College, 1)a.) packed into 
6 It  X 4 mm ( I .D. )  Pyrex  columns. Ni t rogea  used a s  

carr ier  gas at p ressure  requi red  for above elut ion t ime 
at temp. indicated.  F lame gases ad jus ted  for  max imum 
response. 

b Cholestane = 1.00 wi th  fol lowing ad jus ted  re ten t ion  
t imes :  J X R  at 240C, 2.76 ra in;  XE-60 at 215C, 3.33 
rain and  225C, 1.86 rain. 

The column packing procedure is very 
critical to quantitative GLC of free sterols. 
Vibration of the column to settle the packing 
should be absolutely avoided as this fractures 
particles, exposing adsorptive sites. Suction 
should also be avoided to prevent the introduc- 
tion of air-borne contaminants whose pyrolytic 
effluent contributes to baseline noise at high 
sensitivity. Instead, the combination of gentle 
tapping and inert gas at a pressure of 15-20 
psig is used to settle the packing. 

Proper conditioning is also a critical factor 
for quantitative results. The schedule shown in 
Table I I  is a modification of the procedure 

T A B L E  II 

Conditioning" Schedule of L i q u i d  Phases  for Free Sterol 
Analysis  by Gas Chromatography  

24-Hour  period Temperaturea Gas 
after  packing  XE-60 J X R  pressure  

1 100C 100C 10 p ~ g  
2 150 175 10 
3 215 250 10 
4 230 280 0 
5 225 240 35 

a P rog rammed  tempera ture  at  0 .5C/ra in .  

described by Vandenheuvel and co-workers (2) 
for conditioning JXR and was used to prepare 
the eolunms for this study. 
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Removal of Water-Soluble Contaminants from 
Lipid Extracts of Heart 

A study of lipids of beef and hunmn hearts 
disclosed the presence of an unusually large 
amount of nonlipid contaminants in chloro- 
form-methanol extracts. These contaminants 
made direct separation of the lipids by DEAE 
cellulose or other types of column chromatog- 
raphy difficult and procedures for  renloval of 
contaminants pr ior  to lipid class separations 
were investigated. The procedure of Folch 
et al. (1) for  washing chlorofornl-methanol 
extracts with KC1 was compared with the 
Sephadex colunm procedure of Siakotos and 
Rouser (2). 

Freshly ground ventricle was extracted with 
19 volumes of chloroform/methanol 2/1 per  
gram of tissue, filtered, and washed (1). Each 
Folch extract was washed with one fifth its 
volume of 0.74% aqueous KC1 and then twice 
with chloroform/methanol/water 3/48/47 con- 
taining 0.37% KC1. After  each wash, phases 
were separated by brief centrifugation. 

Extracts for direct Sephadex colunm chro- 
matography were prepared by homogenizing 
with the following solvents and volumes ex- 
pressed as ml/g wet weight of tissue: chloro- 
form/methanol 2/1 three times (20, 10, and 10 
volmne8) followed by chloroform/methanol 7/1 
saturated with 28% aqueous ammonia (10 
volumes). In  one case beef heart  was also 
extracted with 10 volumes of chloroform/ 
methanol 1/2 pr ior  to extraction with the am- 
monical solvent mixture as a check for com- 
pleteness of extraction of lipid. 

The total solids recovered in the lipid ex- 
tracts and the results of Sephadex column 
chromatography are shown in Table I. Sepha- 
dex column chronmtography demonstrated the 
presence of 40-50% water soluble contaminants 
in the unwashed extracts. The extract washed 
according to Folch et al. still contained 8% 
nonlipid contanfinants. Some lipid (about 2% 
of the total) was present in the upper  methanol- 
water phase after  washing since fronl 5.16 g 
of beef heart 3.15 mg of lipid was obtained in 
Fract ion 1 by Sephadcx column chromatog- 
raphy compared to 158.0 mg of lipid in Fract ion 
1 from the lower phase. The Sephadex column 

T A B L E  I 

Composition of L ip id  E x t r a c t s  of Bee f  a n d  t t u m a n  
H e a r t s  

L i p i d  
F r e s h  wt,  ext. 

Sample  g wt, m g  

Sephadex  column f rac t ions  a 
( % total r ecove ry )  

1 2 3 4 

Beef  hea r t  i b 20.15 1202 59.81 2.08 3.85 34.26 
( u n w a s h e d )  
Beef  hea r t  2 20.48 1120 50.09 4.17 1.43 44.31 
( u n w a s h e d )  
Beef  hea r t  1 5.16 172 92.00 3.28 0.55 4.10 
(washed )  
H u m a n  t t e a r t  19.19 862 57.37 3.07 1.30 38.25 
( u n w a s h e d )  

a Column 2.4 (i.d.) X 30 cm wi th  a flow ra t e  of 
3 m l / m i n .  

Solvents  w e r e :  f r ac t i on  1, c h l o r o f o r m / m e t h a n o l  1 9 / 1  
s a t u r a t e d  w i t h  w a t e r  (500 m l ) ;  f r ac t ion  2, 5 pa r t s  
c h l o r o f o r m / m e t h a n o l  1 9 / 1  plus  1 p a r t  g lacia l  acetic 
acid  plus  23 ml of w a t e r  pe r  l i ter  (500 m l ) ;  f r ac t ion  
3, 5 p a r t s  of c h o l o r f o r m / m e t h a n o l  9 / 1  plus  1 p a r t  glacial  
acetic ac id  p lus  40 ml of w a t e r  pe r  l i ter  (1000  m l ) ;  
f r ac t ion  4, m e t h a n o l / w a t e r  1 / 1  (1000  ml ) .  P r o t e i n  in  
the  ex t rac t s  w a s  not  eluted f r o m  the  eolunm but  did  
not  i n t e r f e r e  w i t h  r euse  of columns.  

b E x t r a c t e d  w i t h  c h l o r o f o r m / m e t h a n o l  1 / 2  in  addi t ion  
to o ther  solvents  (see t ex t ) .  

procedure is thus superior to the wash pro- 
cedure for quantitative separation of lipids and 
contaminants. 
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Removal of Water-Soluble Contaminants from 
Lipid Extracts of Heart 
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extracts with KC1 was compared with the 
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Rouser (2). 
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Altered 

~O~IM_UNICATIONS 

Fatty Acid Distribution of Glycerophosphatides 
Induced by Acetolysis 

I T W A S  S H O W N  R E C E N T L Y  t h a t  i n d i v i d u a l  

molecular species of phospholipids can be 
analyzed by h'actionation of the corresponding 
diglyceride acetates or eeranfide acetates (1). 
Originally both aeetolysis and degradation with 
phospholipase C were recommended, but ad- 
ditional work has shown that aeetolysis in- 
duces changes in the positional distribution of  
fat ty acids in lecithin, phosphatidyl ethanol- 
amine and phosphatidyl serine. This isomeriza- 
tion was detected by comparison of acetolysis 
products with parent  phosphatides and with 
diglyceride acetates produced by enzymic hy- 
drolysis and subsequent acetylation at 20C. 
Hydrolysis of the original phosphatides with 
phospholipase A of Cro ta lus  adamante.us~ and 
pancreatic lipase degradation of the digly- 
ceride acetates produced by the enzymic method 
revealed similar positional distributions of 
fat ty  acids, but acetolysis appeared to have 
caused some shifting of fat ty  acids between the 
positions 1 and 2 of glycerol. 

Typical experimental data appear  in Table 
I ;  the figures in lines 2 and 3 reveal the change 
that took place in the "fat ty  acid population" 
on C-2 during aeetolysis of egg lecithin. I t  is 
as if one fifth of the C-2 acids had been sub- 
stituted by the C-1 acids. Acetolysis was car- 
ried out by heating 20 /xmoles of egg lecithias 
with 12 ml of acetic anhydride-acetic acid 
(2:3) mixture for 16 hr at 143C. The 1,2- 
diglyceride acetates formed were freed from 
small amounts of contaminating 1,3-diglyceride 
acetates by preparat ive thin-layer chromatog- 
raphy, and finally the pure sample was 
par t ia l ly  hydrolyzed with pancreatic lipase 
(2), and the fat ty  acid composition of the 

TABLE I 

Pos i t iona l  D i s t r i b u t i o n  of F a t t y  Acids  in  E g g  Lec i th in  
and  1 ,2-Dig 'ycer ide  Aceta tes  De r ived  The reo f  

Re la t ive  amoun t s  of p r inc ipa l  
f a t ty  ac ids  

1 6 : 0  1 8 : 0  1 8 : 1  1 8 : 2  

1. P a r e n t  leci thin 
C- 1 posi t ion 74 26 0 0 

2. P a r e n t  leci thin 
C-2 posi t ion 3 0 68 23 

3. 1 ,2-Diglycer ide  
aceta tes  (acetolysis)  
C-2 posi t ion 19 6 51 20 

4. 1 ,2-Diglycer ide  
ace ta tes  
(enzymic  p rocedure )  
C-2 posi t ion 3 1 72 23 

L I P I D S ,  VOL. 1, NO. 2 
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FIG. 1. A cyclic intermediate suggested to ex- 
plain the observations on acetolysis of glycero- 
phosphatides. 

resulting monoglyeerides was analyzed by gas- 
liquid chromatography. The fourth line in 
Table I shows analogous results obtained from 
1,2-diglyceride acetates prepared from the same 
sample of egg lecithins by degradation with 
phospholipase C and subsequent acetylation. 
In this case the fa t ty  acids on C-2 were the 
same as in the parent  lecithin. 

The mechanism of the rearrangement of 
fat ty  acids is not known. However, the reaction 
appears to be intramolecular since no "hy- 
bridization" of fat ty  acids was observed when 
dipahnitoyl and dioleylphosphatidyt ethanol- 
anlines were acetolyzed together (1). A cyclic 
intermediate (originally proposed by Dr. P. 
Olavi I. Virtanen, University of Oulu, Finland) 
like that pictured in Figure 1 would explain 
most of our findings so f a r ;  attack to C-3 
of this intermediate would give the original 
arrangement of fa t ty  acids, attack to C-1 
would cause a shift of the two fa t ty  acids in 
the  same  d i r ec t i on  along the glycerol molecule 
and thus lead to their apparent  "crossing over." 
The formation of the 1,3-diglyceride acetates 
would follow from an attack to C-2. 

Since acetolysis cannot be recommended for  
analytical dephosphorylations it must be re- 
placed by phospholipase C hydrolysis followed 
by acetylation of the diglyce~des. By using 
phospholipase C from Bac i l l u s  cereus  (3) we 
have prepared unisomerized 1,2-diglyceride 
acetates from phosphatidyl ethanolamines, phos- 
phatidyl  serines and phosphatidyl inositols and 
there is no doubt that the list can eventually 
be extended to include most natural  
glycerophosphatides. 

O. RENKONEN 
Department of Serology, 
and Bacteriology 
University of Helsinki, 
Finland 
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Phospholipids of the Human Lens 

D 
EVELOPMENT OF A procedure for phospho- 
lipid analysis by two dimensional thin-layer 

chromatography (TLC) of lipids (1) and phos- 
phorus analysis of spots provided us with a 
convenient mieromethod with which to deter- 
mine human lenticular phospholipid composi- 
tion. Previous work established that the lens 
of the human eye contains approximately 2 mg 
of phospholipid and that sphingonlyelin is the 
major  component (2,3), although the total 
phospholipid mixture was only par t ia l ly  re- 
solved. With  the superior resolution of two 
dimensional TLC, the mixture could be more 
completely defined. 

Three human lenses were obtained at autopsy 
within one hour post mortem. Each lens was 
examined by an ophthahnic pathologist and 
found to be free of gross evidence of path- 
ological change. The lenses were individually 
extracted and the polar  lipids separated by 
TLC. The phosphorus-containing spots were 
then analyzed by the procedure of Rouser et al. 

TABLE I 

Phospholipid Composition of the Lens of the Normal 
Human Eye 

Component 

% of Phospholipid phosphorus 

Lens (1) Lens (2) Lens (3) 

Sphingomyelin 70.7 69.5 64.6 
Phosphatid$1 inositol 12.7 12.7 10.9 
]Vhosphatidyl ethanolamine 8.6 8.4 10.0 
Lecithin 0.5 2.4 3.0 
Phosphatidyl serine 2.6 3.0 4.2 
Phosphatidic acid 4.7 3.9 7.2 

(1). Figure 1 is a typical ehromatogram show- 
ing the phosphorus-containing and blank areas 
that were aspirated from the plate for  analy- 
sis. The results for  each lens are sumnlarized 
in Table I. The very high level of sphin- 
gomyelin, the relatively large proport ion of 
phosphatidyl inositol, and the low level of 
lecithin are relatively unusual featm'es since 
lecithin is usually a major  component and 
sphingomyelin and phosphatidyl inositol minor 
components of tissue extracts. The phospho- 
lipids probably play an important  role as 
structural components of the cellular membranes 
of the lens fibers. 
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FIG. 1. Two dimensional TLC of a typical 
sample of ]ipids from a normal human lens. 
Developing solvents were chloroform~methanol~ 
water 65/25/4 in the vertical direction and n- 
butanol/acetic acid/water 60/20/20 in the hori- 
zontal direction. Spots were ]ocalized with a 
sulfurlc acid-potassium dichromate char spray. 
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LETTERS TO THE: EDITOR 

An Unsolved Problem of Triglyceride Analysis 

Sir: A complete chemical description of a fat  
can only be given after  analytical separa- 
tion of the fa t  into all its triglyceride species 
(triglycerides containing the same three fa t ty  
acids), followed by analytical resolution of the 
species into their positional isomers. With  our 
present methods this is still an impossible task 
even with the simplest natural  fats. There are 
three difficulties of which only two can, in 
principle, be overcome. 

First ,  there is the complexity of many fats;  
a fish oil, for instance, may well contain 
thousands of different triglyeerides. This is 
a problem of improvement of existing methods, 
and of endurance, and it is not in principle 
insoluble. 

The second problem is posed by "critical 
pairs." Triglycerides can be separated ac- 
cording to carbon number by gas chromatog- 
raphy, according to unsaturation by AgNO~,- 
silicic acid, and according to both structural 
features by "reverse phase chromatography," 
but species containing equal numbers of carbon 
atoms and double bonds cannot be preparatively 
separated. Analytical separation, however, is 
in many eases possible through chemical modi- 
fication. The critical pai r  18:1-18:1-18:0 and 
18:2-18:0-18:0, for instance, could be separated 
after  oxidation to the dibasic and monobasic 
triglyeerides. 

The third problem, insoluble with present 
methods, might be called the "three acid 
problem." Af ter  a single species containing 
the acids A, B, and C has been isolated by 
chromatog'raphic methods, we want to know 
the proportions of the six possible isomers: 
ABC, ACB, BAC, BCA, CAB, CBA. Pan- 
creatic lipolysis and stereospecific analysis will 
give the fa t ty  acid composition 1, 2, and 3. 
Fictional percentages are given in Table I 
for the purpose of demonstration. We 
know, then, that ABC and ACB, together, 
make up 60% of the species. ACB, however, 

TABLE I 

Fatty acid 

A B C 

Positlon 1 60 30 10 
2 10 60 30 
3 30 10 60 

cannot be higher than 10%, the total con- 
centration of B in position 3. ABC, therefore, 
amounts to 50-60% of the triglycerides; there 
may be up to 10% ACB, or none at al l :  the 
analysis does not tell. I t  can be easily tested 
that any ACB value from 0 to 10, together 
with a value for  ABC complementary to 60, 
will satisfy the analytical finding. 

The imaginary analysis of Table I presents 
a favorable example insofar as at  least the 
major  triglyceride can be quantitated with 
reasonable accuracy. I f  an analysis should 
show 33% of each acid in each position, then 
even the presence of any one of the six isomers 
can no longer be ascertained, although this 
isomer might be the major  one with 33%. - -  
Triglyceride species with two fat ty  acids are 
easily analyzed: Only three isomers are pos- 
sible, AAB, ABA, and BAA, and the per- 
centage of B in positions 3, 2, and 1 gives 
immediately the ratio of isomers. 

To solve the "three acid problem" one 
further independent analytical datum is re- 
quired: the ratio of isomers in one isomeric 
pair. A stereospecific analysis yields four in- 
dependent data, e.g., in the table, A- l ,  A-2, 
B-l ,  B-2. With these data the others are given 
since colunms as well as lines must add up to 
100. Two analytical data, e.g., A-1 and A-2, 
will give us the proport ions of three isomeric 
pairs, 

Triglyceride  

Position 1 ~ B C B C 
2 B C a B 

3 C B C B A A 

but the ratios of isomers in these three pairs  
are independent of each other. We therefore 
need three more independent data;  but only 
two more are available at  present through 
stereospecific analysis. 

IIANS BROCKERttOFF 
Fisheries Research Board 
of Canada, Hal i fax  La- 
bor'ttory, Halifax,  Nova 
Scotia 
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Preparation of Pure Methyl Esters by Counter Double 
Current Distribution i 
C. R. Scholfield, R. O. Butterfield and H. J. Dutton, 
Northern Regional Research Laboratory, ~ Peoria, Illinois 

A B S T R A C T  

Counter double current distribution with 
continuous stills for solvent and product 
reeovel T and an acetonitrile-hexane sot- 
vent system is a convenient method for 
preparative isolation of individual fatty 
methyl esters. Preparations of pure methyl 
liuo]eate from safflower esters and a methyl 
arachidonate concentrate from hog liver 
lipids are described. 

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

I N A PREVmUS PAPER (4) we reported the use 
of countercurrent distribution (CCD) with 

an aeetonitrile-hexane solvent system for the 
isolation of pure methyl esters of several fatty 
acids. This procedure has proved useful and 
has been used routinely at our Laboratory. for 
the preparation of methyl linoleate and methyl 
linolenate. 

In 1963, Post and Craig (3) presented a new 
procedure, called counter double current dis- 
tribution (CDCD), which has certain advan- 
tages over CCD for preparative work. Our 
use of this CDCD procedure for the preparation 
of methyl ]inolenate and the operation of con- 
tinuous stills for solvent and product recovery 
has been described in a recent paper (2). The 
present paper reports the application to some 
other fatty acid esters. 

E X P E R I M E N T A L  

The operation of the 25-tube CDCD appara- 
tus and solvent recovery stills has been des- 
cribed previously (2). At each equilibration 
stage, 50 ml of lower phase solvent was added. 
Based on partition coefficients of the esters 
and on prelimina~ T CDCD runs, 10 ml volumes 
of upper phase were chosen for the methyl 
linoleate preparations reported here. Esters 
were fed to an intermediate tube (Table I) 
as i ml portions of a 1:2 ester :hexane mixture 
at each equilibration stage. Approximately 250 
transfers were required to reach steady state 
conditions in the apparatus. For  maximmn 
recovery of product approximately 250 trans- 
fers may be run after the feed is stopped to 
remove nearly all the esters from the apparatus. 

Presen ted  a t  AOCS Meeting', Houston,  Apr i l  1965. 
2No. Utiliz.  Res. Dev. Div.,  ARS,  USDA.  
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n ~ Palmitate | 

, :  

�9 weight ~ 

5A1 - --._o 
i " Linoleate ,.4 ~1, * "L 

I [ I I I I I 30o., 0!2 o!3 0.40.0 ,o 0.o 3.0 4.o~.o 
Weight of sample, grams 

~IG. l. Effect of concentration on partition 
coefficients of corn methyl esters. Total weight 
of corn methyl esters dissolved in 10 m] of upper 
hexane phase and 50 nil of lower acetonitrile phase 
plotted against partition coefficients. Solid 
squares: Partition coefficients of corn oil methyl 
esters (concentration in upper layer/concentra- 
tion lower layer). Solid circles: Partition coef- 
ficients of methyl llnoleate. Open squares: Parti- 
tion coefficients of methyl oleate. Open elreles: 
Partition coefficients of methyl palmitate. 

Preliminary work on the preparation of 
methyl linoleate was carried out with corn 
methyl esters. To determine the effect of c o n -  
e e n t r a t i o n  on partition coefficients, corn methyl 
esters were partitioned between 10 ml of 
hexane upper layer and 50 ml of acetonitrile in 
a separatory funnel. Esters recovered from 
each layer were weighed and analyzed by gas 
chromatography (Fig. 1). 

In Table I data for several runs with corn 
methyl esters and one with safflower methyl 
esters are shown; all were made with 10 ml 
portions of upper phase. Highest purity 

T A B L E  I 

P r e p a r a t i o n  of Methyl Linolcate  by 
Counter  Double Cur ren t  D i s t r i bu t ion  

Methyl Composit ion of 
esters Feed extract, % 

W t  
Esters,  

R u n  Tube mg 0 Lo 

Recovery 
of 

t o ,  
L n  % 

See Table II for key to abbreviat ions ,  

Corn 1 lO 355 2.0 94.0 4.0 75 
Corn 2 12 346 0.2 97.8 2.0 73 
Corn 3 12 172 0.7 95.7 3.6 79 
Corn 4 1~ 334 0.3 95.1 4.6 68 
Safflower 12 335 100.0 85 
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T A B L E  I I  

Counter  Double Cur ren t  D i s t r i bu t i on  of Corn Methyl 
Esters.  Composit ion of Effluent Fract ions ,  % 

Sample Wt.  P S 0 Lo A L n  

Or ig ina l  corn 
methyl 
esters 12,3 1,9 28,0 55,0 1.2 1,6 

I Iexane  
phase 58.3 20.6 3.3 47.9 25,9 1.6 0.8 

Acetoni t r i le  
phase 41.7 . . . . . . . . .  0.2 97.8 .... 2.0 

P --~ pa]mitate,  S ---- stearate, 0 ~ oleate, Lo ~- 
linoleate, A - -  arachidate,  and L n  = ]inolenate. 

linoleate was obtained with the conditions used 
for corn methyl esters, run 2, and for the single 
run on safflower methyl esters. Decreasing tile 
feed rate in corn methyl esters run 3 did not 
increase linoleate purity. For  corn methyl 
esters, run 2, Table I I  contains more detailed 
data and Figure 2 shows the concentration of 
esters in CDCD tubes at the steady state 
condition. 

In  our previous paper (4) we described 
the separation of a 90% methyl araehidonate 
concentrate from hog liver lipids by CCD. A 
portion of these same hog liver lipide con- 
taining 9% araehidonate was fractionated by 
CDCD with 50 ml portions of acetonitrile lower 
layer and 20 ml portions of hexane and with 
the feed at tube 7. Nearly all the arachidonate 
was recovered as a 76% concentrate from the 
acetonitrile phase. 

DISCUSSION 

In  CDCD both upper and lower phase sol- 
vents move in opposite directions from tube 
to tube. The mixture to be fractionated, which 
is fed into one of the intermediate tubes, is 
separated into two parts in the two solvent 
streams from the instrument. Thus CDCD, 

~ 0.! 

[ I I I I I I I-'~ 
5 lO 15 20 25 

T~be ~mbeT 

Fro. 2. Distribution pattern of corn methyl 
esters in CDCD apparatus. Feed is at tube 9. 
Lower layer moves toward decreasing tube num- 
bers. Upper layer moves toward increasing tube 
numbers. 
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although it operates in discrete stages, resem- 
bles a continuous countercurrent separation 
process. CCD separates a complex mixture into 
many fractions, whereas CDCD gives only two, 
but for much preparative work this number is 
sufficient. Since CDCD utilizes tile instrument 
tubes more efficiently, fewer are needed and a 
greater throughput is accomplished. After 
steady state conditions are obtained, the com- 
position of the two fractions will remain con- 
stant so that less attention and fewer analyses 
are required. CDCD does require large amounts 
of solvents, but the continuous solvent and 
product recovery stills (2) used with a volatile 
two-component system, such as hexane and 
acetonitrile, make possible unattended auto- 
matic operation and reduce the inventory of 
flammable solvents. 

The conditions recommended for preparation 
of methyl linolenate (2) (20 ml upper phase, 
50 ml lower phase, with feed at tube 9) seem 
close to optimum, and the reported yield of 
57% has consistently been equaled or exceeded 
in subsequent preparations. 

For  methyl linoleate 10 ml upper phase 
and 50 ml lower phase with feed at tube 12 
gave the best results. Linoleate prepared from 
our corn methyl esters always contained a 
small amount of linolenate. This is expected 
from the results of Beadle et al. (1) who 
found small amounts of linolenie acid in all 
samples of corn oil. From safflower methyl 
esters which were essentially free of linolenate, 
pure linoleate was obtained. 

For best operation of CDCD the concentra- 
tion of esters in the instrument must be low 
enough so that partition coefficients remain 
constant. Figure 1 shows that with the solvent 
volumes used for linoleate preparation the 
partition coefficient for linoleate is constant un- 
til about 5 g of' corn methyl esters are present 
per tube. However, partition coefficients for 
oleate and palmitate begin to decrease with 
about 1.5 g corn oil esters per tube. 

A similar behavior was previously noted (2) 
for linoleate in the presence of linolenate. Thus, 
it seems that the most unsaturated esters acts 
as a third solvent component, increasing the 
solubility of less unsaturated esters in the 
acetonitrile phase and causing the difference 
in partition coefficients to become less. 

As shown in Figure 2, the weight of esters 
in tube 9, the feed tube, is 1.35 g, which is 
in the range for satisfactory operation of the 
instrument. Under these conditions, with 22 
transfer stages per hour, about 30 g of methyl 
linoleate can be obtained in an 8 hr day. 

Since methyl arachidonate has one more 
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double bond but two more carbons than lino- 
lenate, the two esters should have approximate ly  
the same par t i t ion  coefficient. Therefore,  to 
p repare  an arachidonate concentrate, the same 
solvent ratio as for  l inolenate was used. I t  
was known f rom previous work (6) that  small 
amounts  of  more highly unsaturated esters 
would be found in the acetonitrile phase and 
that  additional purif ication would be necessary 
to obtain pure  arachidonate. Because of  this 
fact,  the feed was moved f rom tube 9 as with 
linolenate to tube 7 to give a higher  recovery 
of  arachidonate. Near ly  all the arachidonate 
was recovered as a 76% concentrate, which is 
a more suitable material  for  fu r the r  purification 
by CCD, distillation, or other methods than the 
original  esters, which contained only 9% 
arachidonate. 

Thus, CDCD with automatic  solvent recovery 
stills is a useful p repara t ive  method fo r  isola- 
tion of pure  methyl esters and of  concentrates 
for  fu r the r  purification. I n  addit ion to lino- 
leate, l inolenate and arachidonate,  the method 
should have general  appl icabi l i ty  fo r  isolation 
of  esters of  many other fa t ty  acids that  are  
difficult to obtain in sufficient volume for  lab- 
ora tory  use. 

REFERENCES 
1. Beadle, J. B., D. E. Just, R. E. l~organ and 

R. A. Reiners, JAOOS 42, 90 (1965). 
2. Butterfield, R. O., I~. J. Dntton and C. R. 

Scholfield, Anal. Chem. 3,8, 86 (1966).  
3. Post, O., and IJ. C. Craig, Anal. Chem. 35, 641 

(1963).  
4. Scholfield, C. R., J. Nowakowska and t I .  J. Dutton, 

JAOCS 37, 27 (1960).  

[Received Nov. 22, 1965] 

LIPIDS, ~OL. 1, NO. 3 



A Simple, Rapid Micromethod for the Determination of the Struc- 
ture of Unsaturated Fatty Acids via Ozonolysis ~ 
E. Christense blicke|l and O. S. Privett, University of Minnesota, The Hormel Institute, 
Austin, Minnesota 

ABSTRACT 

A micrornethod for the localization of 
double bonds in unsaturated fatty acids 
via ozonolysis employing pyrolytic cleav- 
age of ozonides in tile presence of a hy- 
drogenation eatalyst is described. Cleavage 
of the ozonides is carried out in a gas- 
liquid chromatographic instrument in a 
small glass tube, containing the catalyst, 
inserted in the top of the colunm opposite 
the input heaters at 225C. Ozonides of 
methyl esters of straight chain unsaturated 
fatty acids are cleaved through the action 
of the catalyst to aldehyde fragments which 
are swept simultaneously into the colmnn 
for analysis. 

The double bond positions are de- 
duced from the chain length of the 
fragments. The method is denlonstrated 
on methyl oleate, linoleate, linolenate and 
araehidonate. 

INTRODUCTION 

T 
KE DETERMINATION o f  tile structure of un- 
saturated fatty acids via ozonolysis methods 

is usually carried out by hydrolytic (1-3) or 
reduetive (1,4-6) cleavage of the preformed 
ozonides. Hydrolytic cleavage yields acids; 
reduction of ozonides gives aldehydie frag- 
ments. The positions of the double bonds are 
deduced from the chain length of the frag- 
ments. This paper shows that aldehydes are 
essentially the exclusive products of the pyroly- 
sis of the ozonides of straight chain un- 
saturated fatty acids esters under standardized 
conditions in the presence of a hydrogenation 
catalyst, and a method is described for the 
determination of the structure of unsaturated 
fatty aeids based on this reaction. 

EXPERIMENTAL 
Materials 

Highly purified methyl oleate, linoleate, lin- 
olenate and araehidonate were obtained from 
The I:Iormel Institute. Methyl oleate contained 
a small amount of methyl linoleate, and methyl 
linoleate contained a small amount of methyl 

1 Presented at the AOCS Meeting, Cincinnati, October, 
1965, 

oleate. The methyl linolenate contained 12% 
t r a n s  unsaturation expressed as methyl elaidate 
by infrared analysis but was >99% 9,12,15- 
octadeeatrienoate. 

The methyl arachidonate, as obtained, was 
approximately 92% pure and, therefore, was 
further purified by passage through a column 
packed with silicic acid impregnated with silver 
nitrate as described by Privett and Nickell 
(7). The final product was also about 99% 
pure as determined by gas-liquid chroma- 
tography (GLC). 

The preparation of the Lindlar catalyst has 
been described (10). The palladium on char- 
coal hydrogenation catalyst was obtained from 
the American Platinum Works, Newark, N. J. 

GENERAL PROCEDURE 

Ozonization 

From 10 to 100 tLg of methyl esters is 
ozonized in highly purified pentane as pre- 
viously described (5). In  this procedure ap- 
proximately 5 ml of a 0.03 M ozone solution 
in pentane is prepared by bubbling oxygen 
containing about 2% ozone through the purified 
pentane at about --65C for about 10 min. 
The ozone is generated by passing pure oxygen 
through an ozone generator similar to that 
described by Bonner (8). The sample is dis- 
solved in about 2 ml of pentane, cooled to 
about --65C, or to a temperature just above 
which crystallization of the sample occurs, and 
added to the solution of ozone. The ozone 
solution may also be added to the solution of 
the sanlple. In  either case, the final solution 
should have a blue color which indicates an 
excess of ozone. Ozonization of common fatty 
acid esters is virtually instantaneous and thus, 
after 5.~ to 1 nfin, the excess ozone and the 
oxygen are removed by bubbling purified nitro- 
gen through the solution as it warms up to 
room temperature. Finally, the solution is 
evaporated to about 0.1 to 0.2 ml under re- 
duced pressure. 

Pyrolysis of Ozonides and Simultaneous Anal- 
ysis of Fragments of Reaction 

Tile pyrolysis is carried out in a Pyrex glass 
tube (25 mm X 2 mtn I.D.) coated on the inside 
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with about 3 mg of catalyst. The tube or 
several tubes are coated by dipping them in a 
fine slurry of the catalyst in methylene chloride. 
The slurry is made by shaking vigorously 50 
mg os catalyst containing 5% anhydrous cal- 
cium sulfate as a binder per 100/A of methylene 
chloride in a small test tube. When the coating 
was applied with a slurry of this composition, 
about 3 mg of catalyst was deposited on the 
inside of each tube. A slow stream of argon 
or helium is passed through the tubes to eva- 
porate the methylene chloride. After the sol- 
vent is evaporated, the pentane solution of 
the ozonides or a portion of it, depending on 
such factors as the sensitivity of the GLC 
instrument and the number of fragments ex- 
pected, is introduced by means of syringe onto 
the inside wall of a coated tube. The pentane 
evaporates as it is applied, spreading the 
sample over the entire surface of the catalyst 
on the inside of the tube. The last traces of 
pentane are removed by passing a slow stream 
of argon or helium through the tube. The 
pyrolysis and analysis are carried out in a 
single operation with a Packard gas chroma- 
tograph equipped with dual columns and fl- 
ionization detectors. Coiled glass columns 
(6 f t  X 1~ in.) packed with 30% silicone 
(5,9) or 10% ethylene glycol succinate poly- 
ester phase on Chromosorb W supports were 
used for the analysis of the products of the 
reaction. The instrument was operated with 
an argon carrier gas flow of 60 ml/min at 
60C, electrometer setting generally oE 3 • 
10 s amps, in conjuction with a Honeywell 
Dual Channel Model Electronik 17 recorder 
with a 1 sec response, 1 mv full chart deflection. 
Under these conditions about 20 t~g of a single 
compound will give a full chart peak but by 
decreasing the electrometer settings the sen- 
sitivity may be increased 100-fold. The design 
of the Packard instrument is such that it per- 
mits the insertion of the glass tube containing 
the sample directly into the top of the column. 
Introduction of the sample by this technique 
has been used previously by the authors (9). 
The argon gas leading to the gas chromatograph 
is momentarily turned off while the glass tube 
(pyrolysis chamber) is placed in the top of 
the column opposite the input  heaters. As soon 
as the glass tube is placed in the column the 
silicone-rubber plug is replaced in the top of 
the column and the argon is turned on again. 
The entire operation only takes a few seconds. 
The pyrolysis takes place as the glass tube 
containing the sample rises to 225C, the tem- 
perature at which the input section of the 

column is heated. Since most fatty acids 
generally give both long- and short-chain alde- 
hydes, the GLC analysis is carried out by tem- 
perature programming starting at about 60C. 
Thus, whereas the input  temperature of the 
instrument is 225C, the column temperature is 
only 60C at the start of the operation. The 
column temperature is then programmed at 
5C per rain to 190C. The separation of model 
mixtures of aldehydes on the silicone column 
and aldester and aldehydes on an ethylene 
glycol succinate polyester phase (Applied 
Science, State College, Pennsylvania) are 
shown in Figure 1. Generally, a complete 
analysis of the aldehydes and aldester frag- 
ments can be obtained on a silicone column, 
but there may be overlapping of short-chain 
aldesters with aldehydes masking some com- 
ponents or making the identification of some of 
the peaks difficult. In general, peaks f'or alde- 
hydes will coincide closely with aldesters of 
3 less carbon atoms in the chain. For  example, 
nonanal and methyl adipaldehydate are very 
difficult to separate on a silicone column. 
Should there be any suspicion of overlapping 
of peaks or should there be any question of 
the identification of the peaks, a second analy- 
sis should be performed on a polyester column. 
The retention tbnes of the aldesters relative 
to aldehydes are much greater on a polyester 
column than on a silicone column (Fig. Z) and, 
thus, a second analysis on a polar phase per- 
mits the resolution of compounds which over- 
lap on the silicone column. 

t 2 ~  (EGS~ 

HAE 

13,aE 

B (SILICO N El IOA 

5A 7A 8A 
4A 6A ~ _  

90" II0 ~ '3O" L50" ~75 ~ P5 ~ 
I I I I 
5 [0 15 20 215 310 35 

R E T E N T I O N  T I M E  ( M I N U T E s )  

FIG. 1. GLC of: (A) Standard mixture of 
aldesters with 15 % ethylene glycol succinate 
polyester phase. (B) Aldehydes with a 30% 
silicone phase. Temperature programmed from 
60 to 190C. ~n shorthand designations: A--- 
simple aldehydes, AE = a]dester and the number 
designates the chain length. 
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I~ .SULTS AND DISCUSSION 

The pyrolysis of the ozonides of fatty acid 
esters in the presence of the hydrogenation 
catalyst gave only aldehyde fragments as il- 
lustrated in Figure 2. This figure shows the 
fragments obtained from the application of 
the method to mono, di, tri and tetra nn-  
saturated fatty acid esters of known structure. 
The identification of the fragments was made 
by comparing the results of the analysis of 
the same esters by reduetive ozonolysis (5) and 
comparison with standards that were avail- 
able. Nonanal and hexanal were collected and 
identified as their 2,4-dinitrophenylhydrazine 
derivatives by TLC by comparison of their Rf 
values with that of standards (11,12). In  all 
of the analyses in Figure 2, the fragnmnts were 
identified as those expected from cleavage of 
the ozonides into aldehyde fragments. No 
fragments were detected that indicated double 
bonds in positions that did not exist. The peak 
9A (nonanal) in the GLC tracing from methyl 
linoleate originated from methyl oleate that 
was the impurity in this preparation. The peak 
6A (hexanat) in the GLC tracing from methyl 
oleate (Fig. 3) originated from the methyl 
linoleate impurity in that compound. Since 
both these esters, as well as linolenate, have 
the double bond proximal from the earboxyl 
group in the 9 position they yield the same 
aldester (methyl azelaaldehydate). 

~{alonaldehyde, which is the theoretical prod- 
uct of methytene-interla~pted polyunsaturated 
fatty acids, linoleie, linolenie and araehidonic 
acid, generally gives either two peaks or one 
askewed peak which overlaps the peak for 3A 
(propanal).  The peak for this compound 
(malonaldehyde) emerges just before propanal 

STRUCTURAL ANALYSES 
u 

CONTROLLED 

PYROLYTIC OZONOLYSIS 

i5A ~', 18:1 9 
2 4, 
[i ~s:2- 9 i2 

~ 1S.5--9.12,15 

6 A  

 SAE 
D 

FIG. 2. GLC analysis of the ozonides of the 
controlled pyrolysis (in the presence of the Lindlar 
catalyst) : (A) Methyl oleate. (B) Methyl 
linoleate. (C) Methyl linolenate. (D) Methyl 
arachidonate. 
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with the silicone column and can be clearly 
observed in all of the polyunsaturated fatty 
acid esters in Figure 2. When a small peak or 
odd-shaped peak is observed with a retention 
time corresponding to propanal it should be 
suspect as probably being due to malonalde- 
hyde. The peak in this area in the tracing 
from methyl arachidonate (Fig. 2), for ex- 
ample, may be attributed to this compound 
for this reason and because there are no other 
fragments in this tracing that could match up 
with the propanal to give a 20 carbon chain 
isomer with the double bond in the 17 position. 
In  accord with this view is the strong peak 
for propanal when this compound is a true 
fragment, as in the case of methyl linolenate 
(Fig. 2). 

The results of the pyrolysis of the ozonides 
of methyl oleate and linolenate in the absence 
of the hydrogenation catalyst are shown in 
Figure 3. In  addition to the expected aldehyde 
fragments, several other compounds (artifacts) 
were produced. Also, it should be noted that 
the amount of the artifacts increased con- 
siderably with .the increase in the degree of 
unsaturation from one to three double bonds 
in the original esters. I t  is well known that 
the substituent groups strongly influence the 
course of the pyrolysis reaction. Accordingly, 
the formation of greater amounts of artifacts 
should be expected from the pyrolysis of the 
ozonides of polyunsaturated fatty acid esters 
than monounsaturated methyl esters. 

Two major artifacts formed in the pyrolysis 
of the ozonides of fatty acid esters under the 

UNCONTROLLED PYROLYSIS 1- E t 
OF OZONIDES 9A 9A 

18;I-9 A 
(CONTROLLED) ./6A Ii )iik -~-R T l 
18:1- 9 6A /ARTIFACT ....TWAO B 

9A- 
18: I - 9 ~OCTA NE - OCTANOATE 

N ~'i is:~-9,,2,,5 "ARTIFADLJ J C _ 2 ~ ,  
FIa. 3. GLC analysis of the products of the 

pyrolysis of the ozonides of: (A) Methyl oleate 
eontrolled (in the presence of the Lindlar 
eatMyst). (B) Ozonide of methyl oleate un- 
controlled (C) Ozonide of methyl oleate uncon- 
trolled plus added octane and methyl oetanoate 
as reference standards. (D) Ozonide of methyl 
linolenate uncontrolled. 
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conditions employed here were shortchain 
methyl esters and hydrocarbons. The unidenti- 
fied peak (x) in the chromatogram of the 
analysis of products of the pyrolysis of methyl 
linolenate (F~g. 3) is probably due to an acid 
as indicated by the askewed nature of the peak 
and because the pyrolysis of ozonides generally 
gives acids as well as hydrocarbons and short- 
chain methyl esters (13-16). 

The identification of the methyl octanoate 
and octane among the products of the pyrolysis 
was made by GLC by comparison with reference 
standards of these compounds on both a poly- 
ester and silcione phase. They were also an- 
alyzed in an admixture with the controlled py- 
rolysis of the ozonide of methyl oleate as 
illustrated in tracing C (Fig. 3). 

The'  formation of acids, esters and hydro- 
carbons together with aldehydes in the un- 
controlled pyrolysis may be represented by the 
following reactions : 

o!o 
0 

> R H C/.~ " 

H H O" 
I I /  

> R' C----C 
I \ 
I-I O" 

> R'CHa 4- C0~ 

6 6 
I~ 1 

> Rt tC ~- 0 - -  CHCI-I2R' 
! 

(ID 

RHC~-O (I) 

> R'  C . 
1 \ 

H 0" 

Where R'  is the proximal end of the molecule, 
:R'CH~ is an ester, and where R '  is from the 
terminal end of the molecule, R'Ctt~ is 
hydrocarbon. 

Likewise, mono- and dibasic acids nmy be 
formed by the following reactions: 

H 
l=i H--~O" 0 

R' C-- C > R'CH2C (III) 
I \ \ \  

tt  O" 0 

In addition to the above reactions, inter- 
molecular reactions could occur to yield still 
other products as well as aldehydes and acids. 

The fornmtion of methyl oetanoate from the 
pyrolysis of  the ozonides of methyl oleate and 
linolenate can be explained on the basis of 
reaction I I  above, as follows: 

0 \ / 
C - - ( C H 2 ) 6 - - C  - -  C > 

/ I \ 
CHaO H 0" 

O \ \  
C --  (CHs)6 --  CH3 4- C0~ / 

CH~O 

Likewise, the formation of octane from the 
pyrolysis of methyl oleate ozonide may be ex- 
plained as follows: 

I~I I I  O" 

I L /  
CHa(CH2)~ - -  C - -  C 

[ \ 
H 0" 

CHs(CH.~) ~ --  CIt.~ -I- C02 

The function of the hydrogenation catalyst 
to provide quantitative yields of aldehydie 
fragments may be to effect a simple reduction 
of the ozonide or the dioxygen radical by virtue 
of adsorbed active hydrogen that may remain 
on the catalyst in the course of its preparation.  
]towever, this possibility seems to be remote in 
view of the manner iu which the catalyst was 
treated and since it gave no reduction of 
ozonides at room temperature in an atmosphere 
of nitrogen. I t  appears that the catalyst reacts 
directly with the ozonides in accordance with 
the following mechanism: 

O' / / O, 

RHC 4- M ; RHC ~.l~I ) 

\ 0 "  \ 0 / 
~ 0  4- I~HC'~--~O " 

> R H C ~ 0  (:VI---- a hydrogenation c a t a l y s t )  

Other techniques, of course, nmy be elnployecl 
with different equipment whereby the pyrolysis 
may be effected in the injection por t  or flash 
evaporator of the GLC instrument so as to 
permit a sinmltaneous analysis of the frag- 
ments. Presumably a standard pyrolysis unit  
could also be used for  the reaction-analysis 
operation. 

The advantage of the pyrolysis method of 
ozonolysis is that it  is fast and simple; no 
solvents are used for  the cleavage reaction and 
the number of manipulations is reduced to a 
minimum. The method is easily applicable on 
a microgram scale as none of the sample i s  lost 
and there are no solvents to interfere with the 
GLC analysis of the aldehyde fragments. Since 
the only products of the reaction are aldehydes 
and there is no loss, fractionation or alteration 
of the products, the method should permit the 
quantitative analysis of mixtures of unsaturated 
fa t ty  acid esters that cannot be analyzed readily 
by other means. 
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Metabolism of   C-Labelled Oieic Acid, Erucic Acid and 
Nervonic Acid in Rats 
K. K. Carroll, 2 The Collip Medical Research Laboratory, University of Western Ontario, London, 
O n t a r i o ,  C a n a d a  

ABSTRACT 

12~C-Oleie acid, 22~C-erucie acid and 
22~C-nervonie acid were administered to 
rats by tail-vein and the distribution of 
radioactivity in liver lipids was determined 
at intervals from 15 rain to 6 hr after in- 
jection. High levels of activity were found 
after short time intervals which were 
mainly associated with triglyccrides in the 
ease of oleie acid and with free fatty acids 
in the ease of erueic aeid and nervonie aeid. 
The activity in these lipids decreased with 
time and was later exceeded by that in more 
polar lipids. In  rats given erucie acid or 
nervonie acid, sphingolipids were more 
highly labelled than glycerophosphatides. 
Nervonic acid showed little tendency to 
form a complex with serum albmnin and 
erueie acid complexed less readily than 
palmitic acid. 

INTRODUCTION 

E t~UCIC ACID (A~*-docosenoic acid) is a major 
component fatty acid of rapeseed oil and 

seed oils of other Cruciferae (1-3). Its meta- 
bolism in mammalian tissues is of interest be- 
cause rapeseed oil is widely used as an edible 
oil (4), and because feeding rapeseed oil to 
experimental animals produces various effects 
such as growth inhibition (5) and altered 
cholesterol metabolism (6), which appear to be 
due to its erucie acid content. Nervonie acid 
(• acid) is of little interest as 
a dietary component, but further information 
on its metaholie properties is desirable because 
of its occurrence in mammalian tissue lipids 
(3,7) and its close chemical relationship to 
erucie acid. 

Earlier studies in our laboratory (6), in- 
volving the use of ~C-labelled fatty acids ad- 
ministered either by mouth or by tail vein 
injection, showed that erucie acid and nervonic 
acid gave lower levels of radioactivity in tissue 
lipids than pahnitie acid. Significant differences 
in rate of excretion of radioaetivity in respira- 
tory C O~ were also observed. The present re- 
port deals with the distribution of radioactivity 

1Presented at the AOCS Meeting in }touston, April 
1965. 

e Medical Research Associate of the Medical Research 
Council of Canada. 

among lipid classes of liver at different time 
intervals after administration of labelled erneic 
acid and nervonic acid by intravenous injection. 
Oleie acid, which belongs to the same homo- 
golous series, was also included in these studies. 

EXPERIMENTAL 

Male Spragne-Dawley rats of the Holtzman 
strain raised in our laboratmT and weighing 
170-200 g were used in these experiments. 
They were maintained on fox chow and were 
not fasted prior to administration of the 
labelled fatty acids. 

Oleie acid labelled in the 1-position and erueie 
acid and nervonic acid labelled in the 2-position 
were obtained from Merck and Co. Ltd., 
Montreal, and were purified prior to use by 
ehromatography on acid-treated Florisil (8). 
Their speeific aetivities were 7.5, 0.19 and 0.25 
mc/mmole, respectively. Aliquots of the sodium 
salts containing approxfinately 1 X 10 ̀; counts 
per minute were administered by tail vein in 
1 ml of saline solution. 

Animals were killed at intervals from 15 
rain to 6 hr after administration of the labelled 
acids. The livers were removed, ground in a 
Virtis homogenizer in the presence of 
chloroform-methanol (2:1) and the extracts 
washed with 0.2 volumes of water as described 
by Folch et al. (9). The lipids were then 
cbromatographed on 12 g colmnns of acid- 
treated Florisil, eluting with 75 ml each of 
chloroform, chloroform-methanol 95:5, 90:10, 
75:25, 50:50 and methanol (10). Neutral 
lipids and free fatty acids were eluted with 
chloroform and were subsequently separated 
further by rechromatographing the chloroform 
fraction on Florisil (11). Ceramide was eluted 
with chloroform-methanol 95:5 and phos- 
phatidyl ethanolamine with the 75:25 mixture. 
Phosphatidyl choline and sphingomyelin were 
present in both the chloroform-methanol 50:50 
and methanol fractions. Radioactivity was mea- 
sured by plating aliquots of column fractions 
in duplicate and counting in a D-47 gas-flow 
counter with Mieromil window (Nuclear- 
Chicago). The results shown in Table I were 
obtained by counting aliquots ranging from 
1/10th to 1/50th of the total volume of frae- 
tions from the eolmnn, diluted so that aliqu0ts 
of 0.5 ml to 1 ml could be plated in each case, 
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TABLE I 

D i s t r i b u t i o n  of R a d i o a c t i v i t y  in R a t  L i v e r  L ip id s  S e p a r a t e d  by Column C h r o m a t o g r a p h y  a 

Phospha t idy l  
T i m e  a f t e r  F r e e  f a t t y  Phospha t idy l  choline and  
in jec t ion  T r i g l y c e r i d e  Stero l  ac id  Ceramide  e thano lamine  sph ingomyel in  

Oleic 

~ h r  13.2  2.0 1.7 0.4 2.2 2.9 
~ h r  10.9  1.8 1.6 0.5 3.7 4 .6  

l h r  7.1 0 .8  1.0 0.3 2,8 4.3 
2 h r  4 .1  0 .6  1.3 0.5 1.7 4.5 
4 b r  2.2 0.3 0.5 0.3 0,9 2.7 
6 h r  0 .6  0.1 0.2 0.1 1.1 2.1 

E r u c i c  

�88 h r  5.8 1.2 18.0  1.7 0.6 1,5 
~ h r  5.0 0 .6  7.5 2.1 0.9 1.6 

l h r  2.2 1.9 1.2 2.0 1.0 1.5 
2 h r  2 .1  1.5 0 .6  1.5 2.0 2 .5  
4 h r  1.1 1.2 0 .4  0.8 1.9 2.7 
6 h r  0 .4  0 .7  0.2 0.5 0.8 2,1 

Nervon ic  

h r  -h -b 42 .7  2.7 0.1 0.7 
hr  0.9 0 .6 24 .4  4 .4  0.3 0.7 

l h r  0 .5  0 .5  8.5 6.4 0 .4  1.B 
2 h r  0.3 0 .5  4.0 4 .7  0.4 2.3 
4 h r  0 .5  0 .5  0 .5  1.2 0 .6  2 .9  
6 h r  0.3 0 .8  0 .4  1.3 0.7 3.5 

a Resu l t s  a r e  expressed as pe r cen t  of total  r a d i o a c t i v i t y  a d m i n i s t e r e d  to r a t s  in  the  fo rm of 1-ldC-oleie 
acid,  2-1*C-erucic acid  or 2-14C-nervonic acid.  Amoun t s  g iven  w e r e  approx ima te ly  1 X 10 s cpm in  
each ease. Fract ions ,  wh ich  neve r  con ta ined  more  t h a n  1 %  of the r a d i o a c t i v i t y  in jec ted  a re  omit ted  
f rom the Table.  ~{ost r esu l t s  a re  ave r ages  for  2 or 3 ra t s .  

11 Not  measu red .  

depending upon level of radioactivity and the 
amount of lipid present. Aliquots used gave 
counting rates which were nearly always greater 
than 100 counts per minute above background 
and which were commonly several hundred to 
several thousand per minute. The amount of 
lipid plated was never sufficient to cause signi- 
ficant errors due to self-absorption. 

The identity of radioactive components was 
investigated further by rechromatographing 
aliquots of column fractions on thin-layer plates 
and scanning for radioactivity with an Acti- 
graph I I  Model C100 B (Nuclear-Chicago). A 
slit width of ~/s in., scan speed of 3 in. per 
hour, thue constant of 20 sec and count-rate 
range of 500 counts per minute for full-scale 
deflection were used. After being scanned, the 
plates were sprayed with sulfuric acid and 
charred to determine the positions of separated 
lipids. Solvent systems petroleum ether-ether- 
acetic acid, 60:40:1, and chloroform-methanol- 
water, 65:20:3, were used for neutral lipids 
and phospholipids, respectively. The ceramide 
f rac t ion  was also chromatographed  in 
chloroform-methanol, 65:6, chloroform-acetic 
acidrmethanol, 94:10:2, and chloroform- 
methanol-acetone, 4:1:1. 

The extent to which erucie acid and nervonic 
acid were metabolized and the radioactive car- 
bon incorporated into other fatty acids was 
determined by converting the fatty acids of the 
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liver lipids to nmthyl esters, separating them 
by gas chronmtography and analyzing the ef- 
fluent for radioactivity. The methyl esters were 
prepared by refluxing with methanol to which 
was added 10% (v/v) of acetyl chloride (12). 
Gas-liquid chromatography was carried out on 
an F & M Model 500, using a 6 f t  >< 1~ in. 
column packed with 5% SE-30 on siliconized 
Diataport W (80-100 mesh) with a column 
temperature of 230C and a helimn flow rate 
of 80 ml/min. The effluent from the detector 
was passed through a Packard Tri-Carb Com- 
bustion Furnace, Mode] 325, maintained at 
800C and a Packard Flow Detector, Series 317. 
The radioactivity was recorded with a Packard 
Tri-Carb Flow Monitor, Series 320E, using 
a linear range of either 1000 or 3000, a time 
constant of 10 and a voltage of 750. 

RESULTS 

Distribution of Label from Fatty  Acids in 
Lipid Classes of Liver 

The distribution of radioactivity in rat liver 
lipids at different time intervals after tail-vein 
injection of the labelled fatty acids is shown 
in Table I. The triglyeeride fraction contained 
high levels of activity at short time intervals 
after administration of obie acid but was less 
active after administration of erucic acid and 
contained relatively little activity when ner- 
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vonic acid was given. Conversely, the free fatty 
acid fraction was highly radioactive after ad- 
ministration of nei~conic acid or erueic acid but 
contained much less activity when oleie acid was 
given. The radioactivity in the free fatty acid 
fraction was highest and persisted longest ia 
rats given nervonie acid. The sterol fraction 
was the only other neutral lipid fraction which 
contained appreciable amounts of radioactivity 
and in it the levels seemed to be generally 
higher with rats given erueie acid. 

The liver lipids of rats injected with nervonic 
acid showed a peak of activity in the ceramide 
fraction, which reached a maximum about an 
hour after administration of the labelled acid 
and then declined in parallel with the decline 
in free fatty acid activity. The main radio~ 
active component appeared to be ceramide on 
the basis of comparison in several thin-layer 
chromatographic systems (13) with an an- 
thentic sample provided through the courtesy 
of I~I. E. Carter. This fraction was also labelled 
to some extent by erucic acid but contained 
very little activity when oleic acid was 
administered. 

The amount of label in the phosphatidyl 
ethanolamine fraction decreased with increasing 
chain-length of fatty acid administered and the 
peak of activity was reached at later time in- 
tervals with longer-chain acids. The latter 
finding was also noted in the lecithin- 
sphingomyelin fraction. In  this fraction, radio- 
activity from nervonie acid was found mainly 
in sphingomyelin whereas that from erucic acid 
was distributed more evenly between lecithin and 
sphingomyelin (Fig. 1). None of the label 
from olcic acid was found in sphingomyelin, 
in confirmation of earlier studies (14). 

Further evidence on the nature of the phos- 
pholipid components labelled by erueie acid 
and neI~conic acid was obtained by subjecting 
aliquots of the different fractions to mild alka- 
line hydrolysis as described by Dawson (15) 
and then rechrorxiatographing them on columns 
of acid-treated Florisil. The results were con- 
sistent with the identification of radioactive 
phospholipids based on column and thin-layer 
chromatography. 

Gas-liquid radiochromatography of fatty acid 
methyl esters from the free fatty acid fractions 
labelled by erucic acid and nervonic acid in- 
dicated that these fatty acids were deposited 
largely unchanged in the liver. Some of the 
label was present, however, as shorter chain 
compounds. The radioactivity in the ceramide 
fraction was associated with nervonie acid when 
labelled nervonic acid was administered and it 
also appeared to be associated with nervonic 

FI~. ]. Tracings obtained by scanning thin-layer 
chromatograms of lecitlfin-sphingomyelia fractions 
for radioactivity. Upper chart, rat injected with 
eruclc acid; lower chart, rat injected with nervonic 
acid. The chromatogram shows, from left to 
right, a broad lecithin band by a narrower sphingo- 
myelin band. 

acid when labelled erncic acid was given. The 
latter finding suggests that chain-lengthening of 
erucic acid may have occurred prior to incor- 
poration into the ceramide fraction. 

Affinity of Erueic Acid and Nervonic Acid 
for Serum Albumin 

The common Cls and C18 fatty acids form a 
complex with sermn albumin and the so-called 
"free fat ty acids" of serum are transported in 
this form. Gatt showed, however, that lignoceric 
acid (24:0) failed to form a complex (16) 
and it seemed of interest to determine the be- 
havior of e~-dcic acid and nervonic acid in this 
regard. The labelled fatty acids, neutralized 
with dilute NaOtt,  were added to rat serum 
to give a fatty acid-albumin ratio of approxi- 
mately 1:1 and the mixture was subjected to 

LIP;DS, VOL 1, 1#0. 3 



174 K . K .  CARROLL 

paper eleetrophoresis in 0.05 M sodium bar- 
bital buffer at pH 8.5. The strip was scanned 
for radioactivity in the Actigraph scanner and 
then stained with bromphenol blue. The re- 
sults (Fig. 2) showed that about half of the 
label from erueic acid migrated with the al- 
bumin fraction and the remainder stayed at the 
origin. Nervonic aeid behaved more like 
lignoeeric acid in that most of the activity re- 
mained at the origin. Radioactive palmitic acid 

FIG. 2. Char t s  showing d i s t r ibu t iml  of  radio- 
act ivi ty  fo l lowing paper  e leetrophoresis  of  label led 
f a t t y  acids mixed  with r a t  serum.  
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migrated entirely with the albumin fraction 
when added to rat serum and subjected to 
electrophoresis under the same conditions. 

DISCUSSION 

The distribution of radioactivity in rat liver 
lipids was found to be different for eaeh of the 
three fatty acids used in these experiments. 
Nervonie acid, and to a lesser extent erueie acid, 
were deposited in the liver as free fatty acids 
and were metabolized more slowly than oleic 
acid (Table I) .  Similar findings have been 
reported by Gatt (16) for lignocerie (tetra- 
eosanoic) acid, whieIl accumulates to an even 
greater extent in the free fatty acid fraction 
of liver and persists longer in that form. 
GSransson (17) also noted that 4% of the 
radioactivity from injected araehidie (eieo- 
sanoie) acid was associated with liver free 
fatty acids whereas almost none of the label 
from palmitie acid was found in that fraction. 
I t  appears that as chain-length increases, fatty 
acids are metabolized more slowly and accumu- 
late to a greater extent as free fatty acids. 
This tendency seems to be more marked with 
saturated than with monounsaturated fatty 
acids. 

Earlier studies in our laboratory showed that 
dietary erucie acid stimulated inem~oration of 
labelled acetate into cholesterol by rat  liver 
sliees (18) and increased fecal cholesterol ex- 
cretion in the absence of dietary cholesterol 
(19). I t  is therefore of interest that the level 
of radioactivity in the sterol fraction was 
higher for a longer period of time after ad- 
ministration of labelled erucic acid than after 
administration of either of the other labelled 
acids (Table I) .  

The accumulation of radioactivity from ner- 
vonic acid in alkali-stable polar lipids is con- 
sistent with the fact that it normally oeeurs 
in tissue lipids as a eomponent of sphingolipids. 
The relatively rapid rise and fall of radio- 
activity in the ceramide fraction suggests that 
eeramide is an intermediate in the formation 
of sphingomyelin, which aecunmlates radio- 
~etivity at a slower rate. I t  should be noted, 
however, that recent evidence indicates that the 
eeramide in liver is mainly in the erythro 
configuration and there is still some uncertainty 
whefller a eeramide of this configuration can 
serve as an intermediate in the formation of 
other sphingolipids or whether it represents a 
metabolic end-product (13). 

Labelled erueic acid contributed somewhat 
less radioactivity to liver polar lipids, in agree- 
ment with earlier findings that dietary erueie 
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ac id  is n o t  r e a d i l y  i n c o r p o r a t e d  in to  phospho-  
l i p id s  (20 ) .  T h e  a m o u n t  o f  e ruc ic  ac id  i nco r -  
p o r a t e d  as  s u c h  i n to  p o l a r  l i p id s  m a y  in  f a c t  
be less  t h a n  i n d i c a t e d  b y  t h e  level  o f  r a d i o -  
a c t i v i t y  s i nce  g a s - l i q u i d  r a d i o c h r o m a t o g r a p h y  
i n d i c a t e d  t h a t  i t  h a d  u n d e r g o n e  c h a i n -  
l eng then ing  b e f o r e  b e i n g  i n c o r p o r a t e d  in to  t he  
c e r a m i d e  f r a c t i o n .  B e c a u s e  o f  s u c h  t r a n s f o r m a -  
t i o n s ,  t h e  d i s t r i b u t i o n  o f  r a d i o a c t i v i t y  c a n n o t  be  
re l ied  on  to g ive  a t r u e  p i c t u r e  o f  t he  d i s t r i -  
b u t i o n  o f  t he  f a t t y  ac id  a d m i n i s t e r e d .  H o w e v e r ,  
in t h e  p r e s e n t  e x p e r i m e n t s ,  r a d i o a c t i v i t y  p r e s -  
e n t  in t he  f r e e  f a t t y  ac id  f r a c t i o n  o f  l i ve r  a t  
s h o r t  t i m e  i n t e ~ a i s  a f t e r  a d m i n i s t r a t i o n  o f  
e ruc ic  ac id  o r  n c r v o n i e  ac id  was  f o u n d  to be 
l a r g e l y  in  t h e  f o r u l  o f  t h e  u n a l t e r e d  f a t t y  acid.  
E v i d e n c e  h a s  a lso  been  o b t a i n e d  in  o t h e r  lab-  
o r a t o r i e s  t h a t  oleic ac id  is  n o t  c o n v e r t e d  to 
o t h e r  f a t t y  a c id s  to a n  a p p r e c i a b l e  e x t e n t  in  
m a m m a l i a n  t i s s u e s  (21)  a n d  t h e  p r e f e r e n t i a l  
i n c o r p o r a t i o n  o f  oleic ac id  in to  t r i g l y c e r i d e s  is 
in  a cco rd  w i t h  p r e v i o u s l y  r e p o r t e d  r e s u l t s  ( 22 ) .  

E l e c t r o p h o r e s i s  o f  the  l abe l l ed  f a t t y  a c i d s  
m i x e d  w i t h  r a t  s e r u m  s h o w e d  t h a t  t h e i r  a f f in i ty  
f o r  s e r u m  a l b m n i n  d e c r e a s e d  w i t h  i n c r e a s i n g  
c h a i n - l e n g t h  ( F i g .  2)  in  a g r e e m e n t  w i t h  r e s u l t s  
f r o m  o t h e r  l a b o r a t o r i e s  (16,17,23,24).  U n d e r  
t h e  c o n d i t i o n s  o f  o u r  e x p e r i m e n t s ,  m o s t  o f  t he  
r a d i o a c t i v e  m a t e r i a l  w h i c h  d id  n o t  m i g r a t e  
w i t h  a l b u m i n  r e m a i n e d  a t  t he  o r ig in .  G a t t  ob- 
t a i n e d  a s i m i l a r  r e s u l t  w i t h  l i gnoce r i e  ac id  
(16)  b u t  o t h e r  r e p o r t s  i n d i c a t e  a t e n d e n c y  
f o r  l o n g e r - c h a i n  f a t t y  ac ids  to a s s o c i a t e  w i t h  
t he  g l o b u l i n  f r a c t i o n  (17 ,23) .  
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Mass Spectrometry of Lipids. I. Cyclopropane Fatty Acid Esterd 
W. W. Christie and R. T. Holman, The Hormel Institute, University of Minnesota, Austin, Minnesota 

ABSTRACT 

A method was developed for the almost 
quantitative conversion of unsaturated 
esters (from nmnoenes to tetraenes) to 
cyclopropanes using diiodomethane and a 
highly active zinc-copper couple. These 
derivatives are sufficiently volatile for GLC 
analysis and c/s and t rans  isomers can be 
distinguished by this technique. Equivalent 
chain lengths of the cyelopropane deriva- 
tives were measured on polar and non- 
polar phases. The mass spectra of the 
monocyclopropane compounds are vol t  
similar to those of the parent unsaturated 
esters. Those of dicyclopropanes, however, 
are quite distinctive so that the original 
structure of the ester can be deduced. 
Polyeyclopropanes give complex spectra 
which are difficult to interpret in terms of 
the position of the original double bonds. 

INTRODUCTION 

I SOMERIC UN-SATURATED fattY acid esters, dif- 
fering in the position of the olefinic center, 

have identical mass spectra because of the 
mobility of double bonds under electron impact 
(1). One of the principal unsolved problems 
of mass spectromet~ W as applied to lipid 
chemistry, therefore, is to find some derivative 
of a double bond which has a unique mass 
spectrometric fragmentation pattern to allow 
the original structure of the ester to be deter- 
mined. Ideally, this derivative should be suf- 
ficiently volatile to be readily eluted from a 
GLC colunm, even when prepared from a 
polyene. The method of preparation should be 
simple and quantitative so that it can be ap- 
plied either to small amounts of purified esters 
or preferably to mixed methyl esters prepared 
from tissue lipids to allow a GLC mass spectro- 
meter combination to be used. Of the existing 
methods, deuterohydrazine reduction (2) can 
only be applied to pure monoenoic esters giving 
mass spectra which are difficult to interpret. 
Oxidation to an epoxide, followed by rearrange- 
ment to a pair of ketones (3), probably is 
not quantitative and gives a mixed product too 
polar for ordinary GLC analysis if more than 
one double bond is present in the original acid. 

The simplest nonpolar symmetrical compound 
which can be prepared from an olefin is a 

1 Presented  at  the Sympos ium on Spectrometry  Ap- 
plied to Lipids ,  AOCS Meeting, Cincinnat i ,  October, 1965, 

cyelopropane, so it was decided to investigate 
methods of preparing such derivatives in the 
hope that they might have distinctive mass 
spectra. The reaction of an olefin with di- 
iodomethane and a zinc-copper couple has 
become a general method for the synthesis of 
stereochemically pure cyclopropanes since it 
was first described by Simmons and Smith (4). 
The reaction is a bimolecular process involving 
the formation of a stable organozinc inter- 
mediate which then transfers a methylene group 
to a double bond (5,6). 

2 CH2I~ ~- 2Zn  ~ ( I  CHe)e Zn �9 ZnI2 

2 --CH----CIt-- @ ( I  CHe)2 Zn - ZnIe > 

CH2 
/ \ 

2 - -CH -- C H - -  -~- 2 Z n I  u 

The yields, however, were not particularly 
good until LeGoff (7) described the prepara- 
tion of a much more active zinc-copper couple. 
A slight modification of LeGoff's method en- 
abled us to achieve quantitative conversion of 
monoenoic through tetraenoie unsaturated esters 
to cyclopropanes. A series of cyclopropane 
esters were prepared and their gas chroma- 
tographic and mass spectrometric properties 
investigated. 

A method of synthesizing cyclopropane acids 
in high yield is also desirable because these 
have now been found as major components in 
the lipids of a number of bacterial species (8). 
They also occur as minor components of certain 
seed oils (9,10) along with cyelopropene acids. 
The metabolism of cyclopropane acids in the 
rat  has recently been discussed (11). 

E X P E R I M E N T A ~  

Materials 

Diiodomethane (Fisher Scientific Co.) was 
redistilled and stored over copper metal before 
use. Zinc dust was Mallinckrodt analytical 
reagent grade and cupric acetate monohydrate 
was Fisher's reagent grade. Most of the methyl 
esters of the unsaturated fatty acids were 
supplied by The Hormel Institute, though the 
methyl linoleate isomers were prepared syn- 
thetically as part  of another project. 

Preparation of  the Zinc-Copper Couple 

To vigorously stirred nearly-boiling glacial 
acetic acid (10 ml) in a 25 ml 2-necked flask 
was added zinc dust (2.0 g). After 1 rain, 
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cupric acetate monohydrate (0.4 g) in hot 
glacial acetic acid (10 ml) was added and the 
mixture stirred approximately 1 rain until the 
blue color disappeared. The hot supernatant 
liquid was decanted and the couple washed 
thoroughly with glacial acetic acid (5 • 20 ml) 
and then with anhydrous ether (5 X 20 ml). 
Fresh couple was always prepared immediately 
before use and no attempt was made to store it. 

Preparation of the Cyclopropane Derivatives 

The general procedure for the preparation 
of the cyclopropanes was as follows, taking the 
eyclopropane derivative of methyl linoleate as 
an example. A condenser and dropping funnel 
were fitted to the flask containing the zinc- 
copper couple in anhydrous ether (10 ml). To 
this was added a solution of diiodomethane 
(4 ml and methyl linoleate (0.2 g) in ether 
(5 ml) at such a rate that the solution was 
kept at reflux by the heat of reaction. When the 
addition was complete, the solution was refluxed 
overnight under nitrogen. At the end of this 
time, the ether solution was decanted from the 
unchanged couple and washed 3 times with cold 
hydrochloric acid (1N) and 3 times with water 
before drying over sodium sulfate. The ether 
was removed and the excess diiodolnethane 
distilled off at 100C at 0.5 mm Hg. To remove 
polar by-products, the crude material was 
ehromatographcd on a column of florisil (20 
em • 1 cm) and the required eyclopropane 
ester eluted with 100 ml of a petroleum ether: 
ether nfixture (70:30). Traces of unchanged 
unsaturated esters were removed by preparative 
TLC on silica gel plates (0.5 mm thick) im- 
pregnated with silver nitrate (12) with petro- 
leum ether:ether (90:10) as the solvent sys- 
tem. The other eyclopropane esters were 
prepared in a similar manner, the amounts of 
tim various reagents being adjusted according 
to the number of double bonds in the ester and 
the quantity of ester available. GLC analysis 
showed that 95-100% reaction occurred in all 
cases and overall yields of 70-80% were 
obtained. 

Gas Chromatography 

Gas chromatographic separations were made 
on an 8 ft X 1A in. glass column packed with 
20% ethylene glycol succinate (EGS) and 2% 
phosphoric acid on Gas-Chrom P (80-100 
mesh) in a gas chromatograph with a fl- 
ionization detector, at a temperature of 180C 
and argon flow rate of 70 ml/min. A Beckman 
GC-2A instrument with flame ionization de- 
tector was also used with a 6 f t  • ~ in. 

aluminum column packed with 20% Apiezon 
L (Ap L) on Gas-Chrom P (80-100 mesh) at 
a temperature of 220C and helium flow rate of 
50 ml/min. Relative retention times were re- 
corded as equivalent chain lengths (ECL) (13). 

Mass Spectrometry 

The mass spectra were obtained on a Hitachi 
Perkin-Elmer R~/[U-6D single focusing instru- 
ment. A liquid injection system was used with. 
a suboven heating the sample to 160C to pro- 
duce the vapor. Spectra were produced at a 
standard ionization potential of 80eu and then 
at the lowest voltage which gave a countable 
spectrum, usually 6-12eV. 

Elemental Analyses 

Elemental analyses of some of the eyclo- 
propane derivatives, selected at random, were 
carried out and found to be satisfaetmT. Clark 
Mieroanalytieal Laboratories, Urbana, Illinois, 
performed the estimations. 

RESULTS AND DISCUSSION 

GLC of the Derivatives 

The cyclopropane derivatives of ali tile un- 
saturated esters, even those of the tri- and 
tetraenoie esters, were sufficiently volatile to be 
readily examined by GLC. The ECLs of each 
ester oil both polar and nonpolar colmnns 
(EGS and Ap L) were determined and are 
recorded in Table I. The average increment in 
ECL over that of the normal saturated ester 
is approximately +1.5  on EGS or +0.9 on 
Ap L per cis cyclopropane ring in the molecule. 
For a trans cyclopropane ring, it is approxi- 
mately +0.85 on EGS or +0.55 on Ap L. The 

T A B L E  I 

Cyclopropane  D e r i v a t i v e s  a n d  E q u i v a l e n t  Cha in  L e n g t h s  
On E G S  a n d  Apiezon L 

D e r i v a t i v e  o f :  E C L s :  E G S  A p L  

Me 10-undecenoate  13.70 11.20 
/Vie pa lmi to lea te  17.57 16.85 
Me oleate 19.46 18.77 
~Vle e la idate  18.80 18.52 
)/Ie pe t rose l ina te  19.56 18.93 
Me pe t rose la ida te  18.92 18.57 
Me vaccena t e  19.57 18.88 
~Ie l l - e i c o s e n o a t e  21.31 20.85 
]~e e ruca te  23.38 22.80 
Me n e r v o n a t e  25.54 24.86 
/'de l inoleate 21.07 19.60 
~r tra~s,trans-linoleate 19.90 18.95 
Me 4,7-octadecadienoate  20.90 19.68 
Me 5,8.octadecadienoate 20.83 19.56 
Me 10,13-oetadecadienoate  21.05 19.63 
]Yfe trans,tre~ns-9,11-octadecadienoate 20.02 18.12 
?de l inolenate  22.95 20.58 
Me a r a c h idona t e  25.68 23.01 
Me h y d n o c a r p a t e  20 .05  19.19 
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cyclopropane derivatives of related cis and 
trans fatty acid esters, e.g., methyl oleate and 
elaidate or methyl cis~cis-linoleate and trans, 
trans-linoleate, are readily separable on both 
polar and nonpolar GLC columns, so the reac- 
tion has potential as a method of estimating 
trans double bonds. The derivative from the 
single conjugated ester, methyl trans,trans-9,11- 
octadecadienoate has remarkably low ECL 
values, particularly on Ap L. 

Mass Spectrometry 

Nass spectra were recorded for each ester 
at both high and low ionization potentials. 
Larger aniounts of sample are necessal T for low 
voltage spectra, but these are often remarkably 
distinctive and emphasize the primatT or larger 
fragments and minimize secondary degrada- 
tions. For  some substances measurement of 
spectra at intermediate voltages facilitated 
counting and indicated the approximate ap- 
pearance potentials of certain unique peaks in 
the spectra. 

Monocyclopropanes 

The mass spectra of the cyclopropane deri- 
vatives of methyl oleate and elaidate have al- 
ready been described by Wood and lZeiser 
(11). They noted no differences in the spectra 
of the two isomers which, in turn, were veI T 
similar to those of the parent esters. Our 

findings are similar and our interpretation of 
the spectra differs only in minor details. In  
l~igure 1, the mass spectra of methyl oleate and 
its cyclopropane derivative at 80eV are 
compared. The only difference immediately 
apparent is that the molecular weight of the 
derivative is 14 more than that of the parent 
ester. The characteristic peaks described by 
Stenhagen et al. (1) for monounsaturated esters 
are found in both, i.e., at m/e ---- lV[-32 (loss of 
methanol from the ester function), m/e = M-74 
(loss of the ester g]'oup plus one carbon from 
the chain) and m/e ---- 3/[-116 (loss of the ester 
group plus four carbons from the chain). The 
hydrocarbon peaks at the low end of the spectra 
are also virtually indistinguishable. When the 
relative intensities of the ions corresponding to 
(C,,H . . . .  )5 (C-H~-) +, (C,,H . . . .  )5 (C.H . . . .  )% 
and (C,H . . . .  )+, in the spectra of both were 
plotted against number of carbons and com- 
pared, almost no difference was found. The 
low voltage spectra are equally similar. Peaks 
which might be expected by fragmentation on 
either side of the eyclopropane rings at m/e = 
113 and 197 or m/e = 153 and 157 are no more 
proniinent in the spectrum of the cyclopropane 
derivative than in that of the parent ester. 

The spectra of the other monocyclopropane 
esters are likewise similar to those of the parent 
monoenoie esters at both high and low ioniza- 
tion potentials. Also, geontetrical isomers can- 
not be distinguished. The only exception is the 

iO0 F.--- q - 

z 5o 
ioo 

<. 
d [D 

M-32 

CH3(CH2)TCH =CH (CH2)7C00 CH 3 

M-II6 
M-74 

100 150 2 0 0  2 5 0  3 0 0  

/CH2 
CH3(CH2)7CH-CH (CH2)7COOCH 3 

M =296 

M-32 

I 310 

50 too 150 2o0 25o 300 

FIG. 1. Mass spectra of methyl oleate and its cyc]opropane derivative at 80eV. 
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low voltage (8eV) spectrum of the cyelopropane 
derivative of methyl erucate, in which m/e 
226 or M-100 is the base peak and is probably 
formed by the loss of a rearrangement ion 
including the ester group and three carbons 
from the chain. 

To explain the similarities between the spec- 
tra of the monocyclopropanes and those of the 
monoenoie esters from which they were derived, 
we postulate an immediate and complete cleav- 
age between the two carbon atoms in the 
cyclopropane ring which originally constituted 
the double bond. This gives, in effect, a mono- 
unsaturated ester, one carbon atom longer, i.e.: 

CtI2 --CtI = CI~ OH2- 
/ \ > or 

--CI~I -- Ctt-- --CI-I~ CI~I = CH2-- 

This then exhibits the mass spectral frag- 
mentation pattern expected of a nmnoene. 
Thus, the position of the eyclopropane ring 
cannot be deduced. 

Dicyclopropanes 

The mass spectra of the eyelopropane deri- 
vatives of the dienoie esters are much more 
distinctive, particularly those of the series con- 
raining the vinyl methylene rhythm. In Figure 
2, the spectra of the derivative from methyl 
trans,trans-linoleate at high (80eV) and low 
(6eV) ionization potentials are compared. This 

compound was chosen for illustrative purposes 
because it contains all the features of interest 
noted in the spectra of the other esters of this 
type. At 80eV, the base peak is at m/e  = 149, 
and this peak is the base peak for all these 
diene derivatives with the exception of the 
cyclopropane derived from methyl cis,cis- 
linoleate itself, in which it is insignificant. The 
most prominent peaks occur at m/e  ---- 224 
(especially at low voltages) and at m/e  ---- 192 
and ]38. The molecules, therefore, appear to 
cleave preferentially to give fragments with two 
carbon atoms attached to a cyclopropane ring. 
A completely analogous pattern is found with 
the other dicyclopropanes. In the high and low 
voltage spectra of the cyclopropane derivative 
of methyl 10,13-octadecadienoate, there are 
very distinctive peaks at m/e  = 238 and 124. 
In those of the 5,8 isomer, there are prominent 
peaks at m/e  ---- 168, 194 and 248; and in those 
of the 4,7-isomer, large peaks are found at 
m/e ---- 154 and 208. In each case, ions of the 
fornl : 

(I~--CH -- CH �9 CI-I = CI-I2)+ 
\ / 

CHe 

appear to be particulary stable though, 
of course, the ions may not remain in this form 
but may exist as conjugated or cyclic struc- 
tures. If,  in fact, the presence of a grouping 
of this kind does confer stability on an ion, 

z 
Ld 
>_ 

"1t , U 

~o II 

Ill . " 

149 
80~v 

{tans }tons 

ICH~ (C Halg CHt~H-CH2~ CHiC H'CH2;CH2/CH2)sCOOCH3 
, I 

I 1224 , 138~ 1s 

50 IO0 150 200 250 3 0 0  

-IO0 

50 

50 
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�9 I 192 
,. ,.'. , " [ ,  4. '.-' , .:h.,, h . . . .  ,.I L.,, ...!. , 

I00 150 200 
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6 ev 

M 
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, I,, J, ,, L,, ,.,, [, ,l 
250 30o m/e 

:PIG. 2. IV[ass spectra of the dicyelopropane derivative of methyl trans,trans-linoleate at 
80eV and at 6eV. 
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it might be postulated that the peak at m/e = 

149 is equivalent to: 

CHz CHe 
/ \ / \ 

+CIt2CH2CH - -  C H "  CH,2CH - -  O H .  C H = C H o  

though, possibly some rearrangement oc- 
curs2 Formation of this ion requires a double 
cleavage of the molecule, so it would be ex- 
pected at high rather rather than low ionization 
potentials. In  a study of the effect of variation 
of the ionizing voltage on this ion, it remained 
the base peak down to about 20eV when it 
began to decline sharply until  at about 10eV it 
virtually disappeared. 

The mass spectra of the eyclopropane deri- 
vative of the conjugated ester, methyl trans, 
trans-9,11-octadecadienoate, also has some un- 
usual features (Fig. 3). At a high voltage 
(80eV), little of interest is apparent at higher 
mass numbers though, at the other end of the 
spectrum, the peaks at m/e ----- 45, 59 and 73 
are much larger than usual. These are not 
particularly significant in the spectra of the 
parent ester or of any of the other dienes or 
their derivatives. They must contain at least 

2 E v i d e n c e  for  a s t rong  con juga t i ve  effect of cyclo- 
propyl  g r o u p s  wi th  ad j acen t  c a r b o n i u m  ion centers  or  
double bonds  h a s  recent ly  been obta ined by  nuc leur  
m a g n e t i c  r e sonance  spec t romet ry .  See Deno,  N. C., 
H .  G. Richey,  J r . ,  J .  S. L iu ,  D.  IT. L inco ln  and  
J .  O. T u r n e r ,  J .  Am.  Chem. Soc. 87, 4533 ( 1 9 6 5 ) ,  
and  P i t t m a n ,  C. ~ . ,  J r . ,  a n d  G. A. Olah, Ib id .  87, 
5123 ( 1 9 6 5 ) .  

one oxygen atom, but i t  is difficult to see how 
the presence of cyclopropane rings influences 
the disruption of the earboxyl end of the mole- 
cule. In  the low voltage speeh~m (6eV), the 
base peak is the parent ion, which may imply 
that tile two cyclopropane rings rearrange 
readily to give a conjugated diene, for in the 
low voltage spectrum of the ester from which 
this was derived, the parent ion is the only one 
found. }Iowever, a large peak occurs at m/e : 
266, corresponding again to cleavage giving two 
carbons attached to a cyclopropane ring. There 
are also peaks which could be attributed to 
cleavage at nearly eve~ T bond in the rings. 

Polycyclopropanes 

The mass spectra of the cyclopropane deri- 
vatives of polyunsaturated esters are much less 
predictable than the spectra of the dicyclopro- 
panes. This can be seen from Figure 4 where 
the mass spectra of the eyclopropane derivative 
of methyl araehidonate at high and low ioniza- 
tion potentials are compared. In  the high 
voltage spectrum, the only unusual feature is a 
prominent peak at m/e : 270 which probably 
results from some rearrangement after cleavage 
between the 4th and 5th carbons in the original 
chain. At low voltages, the base peak is at 
m/e = 266, corresponding to a break between 
the 3rd and 4th rings in a manner contrary to 
the theory that the most stable ions are those 
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..~IOC 
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4 5  
7 3  frans frans 

, ,cH~ ~H~ 
C H 5(C H2}510"12- C H2- C H-C H-C H-C H-(CH2)-~ CO0 C H 3 

i 

I [ 2 6 6  
8 0  ~v 

5 0  . . . .  I 00  " ' ' 150 " 2 0 0  2 5 0  3 0 0  

M 
322 

6 ev 

, , , , , 

50 

r 
66 

'~oo . . . .  i~o . . . .  25o' z.4o 35o m~e 

FIG. 3. Mass spectra of the dlcyelopropane derivative of methyl trans,trans-9,11-octadeca- 
dienoate at 80eV and 6eV. 
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Pro. 4. Mass spectra of the tetraeyclopropane derlva~ive of methyl arachldonate at 80eV 
and 8eV. 

with two carbon atoms attached to a cyclopro- 
pane ring. There is a large peak at m/e = 168, 
resulting from fragmentation in the second 
ring in the prescribed manner, though there are 
aIso peaks which could be interpreted as due to 
cleavage at almost any position in the rings or 
the chain. 

The spectra of the cyelopropane derivative 
of methyl linolenate are only slightly less com- 
plicated than those of the tetracyclopropane 
compound above. At 80eV, there are no prom- 
inent peaks of high mass number. In the low 
voltage spectrum (6cV), however, the base 
peak is at m/e = 224, corresponding to cleavage 
in the second ring in the expected manner; 
though the next largest peak, at m/e  = 136, 
must result from a break between the 1st and 
2nd rings contrary to expectations. In fact, 
there is a large number of other significant 
peaks which could occur by fragmentation at 
any of the bonds in or between the cycIopropane 
tings. 

~fass spectra of all the parent esters and the 
cyclopropane derivatives listed in Table I have 
been measured and are available upon request. 

CONCLUSION 

The reaction of unsaturated esters with di- 
iodomethane and the highly active zinc-copper 
couple, described above, provides a useful syn- 
thesis of cyelopropane esters in high yields. 
These derivatives are sufficiently volatile to be 
eluted from a GLC column under moderate 

conditions and cis- and trans isomers are easily 
distinguished. 

The method did not furnish a derivative 
which could be used to locate double bonds in 
all unsaturated esters by mass spectrometry. 
iV[onocyclopropanes have mass spectra very 
similar to those of the parent esters. Dicyclo- 
propanes from dienoic esters with a single 
methylene group between the double bonds have 
unique fragmentation patterns which allow the 
positions of the original double bonds to be 
determined. This may possibly be extended to 
conjugated dienes though if the double bonds 
were separated by more than one methylene 
group this might not hold. Potycyclopropanes 
give complex spectra which are difficult to in- 
terpret in terms of the position of the cyclopro- 
pane rings, though the reaction could at least 
be used to confirm the number of double bonds 
in the molecule. 

In the mass spectra of the di- and poly- 
cyclopropanes, there are a number of peaks 
for which the assistance of high resolution mass 
spectrometry will be necessary before the struc- 
tures of the ions which they represent can be 
discussed with any confidence. 
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Reactions of Dimethyl Sulfoxide with Suifonate Esters of Fatty Alco- 
hols. I. Synthesis of Higher Saturated and Unsaturated Fatty 
Aldehydes ~ 
V. Mahadevan, F. Phillips and W. O. Lundberg, University of Minnesota, The Hormel Institute, 
Austin, Minnesota 

ABSTRACT 

Long-chain saturated fa t ty  aldehydes 
(C~o to C~), as well as the C~ unsaturated 
aldehydes (oleyl, linoleyl, and linolenyl), 
were synthesized in good yields by the 
selective oxidation of the sulfonate esters of 
the corresponding alcohols with dimethyl 
sulfoxide in the presence of sodium bi- 
carbonate. Chromatographic procedures 
for  the isolation of the pure aldehydes from 
the reaction mixtures are described. The 
pur i ty  of the aldehydes was ascertained by 
thin:layer chromatography, melting points 
of their 2,4-dinitrophenyl hydrazones, in- 
frared spectra and other physical methods. 

INTRODUCTION 

S TUDIES INVOLVING the isolation of aldehydes 
from the aldehydogenic lipids of various tis- 

sues and their characterization by gas-liquid 
chromatography necessitated the preparat ion 
of several fa t ty  aldehydes to serve as standards. 

Generally the aldehydes are prepared from 
the corresponding carboxylic acids via a deri- 
vative which is subsequently reduced (1). How- 
ever, the available methods are usually either 
not suitable for the synthesis of aliphatic 
aldehydes or, altemmtively, are restricted to 
saturated aliphatic aldehydes. Unsaturated 
aliphatic aldehydes are generally synthesized by 
Grundmann's method (2) or by the aeyloin 
condensation reaction (3). In  the former, an 
acid chloride is converted to the acetoxy ketone 
via the diazoketone. The glycol obtained by 
reduction of the keto group and simultaneous 
hydrolysis is cleaved by lead tetraacetate to 
yield the aldehydes containing the same number 
of carbon atoms as the starting material. By 
employing suitable modifications of this method, 
5Iangold (4) prepared unsaturated fa t ty  alde- 
hydes in yields of approximately 30%. In  the 
acyloin condensation method, the glycols are 
produced by reduction of the acyloins and 
cleaved by lead tetraacetate. Gauglitz and 
Malins (3) prepared polyunsaturated fa t ty  al- 
dehydes from fish oil fa t ty  acids by this pro- 

1 Presen ted  at  the AOCS 2r .in Houston ,  April ,  
1965. 

cedure. Although these two methods yield pure 
aldehydes, they involve a number of steps and 
the yields are rather low. 

An alternative route for the synthesis of 
long-chain fa t ty  aldehydes lies in the controlled 
oxidation of the corresponding alcohols. The 
reagents often used to oxidize alcohols to alde- 
hydes are:  chromimn ion in sulfuric acid or 
pyridine (5) ;  manganese dioxide (6);  alumi- 
num isopropoxide in acetone (7) ;  and lead 
tetraacetate (8). The application of these 
reagents for  the selective oxidation of long- 
chain fat ty  alcohols, especially the polyun- 
saturated ones, needs further investigation. 

The use of dimethyl sulfoxide as a solvent 
and oxidizing reagent has steadily increased 
since it became commercially available. In  
]959, Kornblum, Jones and Anderson (9) re- 
ported a simple procedure for the selective 
oxidation of benzylic tosylates and a short- 
chain alkyl tosylate to aldehydes in yields of 
75% by dimethyl sulfoxide. The use of this 
reagent for the synthesis of oleyl and elaidyl 
aldehydes by oxidation of the corresponding 
tosylates was recently reported from this 
laboratory (10). 

This paper  describes the synthesis of long- 
chain saturated and polyunsaturated fat ty  al- 
dehydes by oxidation of the tosylates and 
mesylates of the corresponding long-chain 
alcohols. Thin-layer chromatography (TLC) 
of the crude aldehydes revealed the presence 
of two minor by-products. One of them was 
identified as the a-olefin with the same number 
of' carbon atoms as the alcohol. 5~ethods for  
the isolation of the aldehydes from the oxidation 
mixture are described. 

EXPERIMENTAL 

Materials 

The methyl esters of saturated fa t ty  acids 
( >99% pure) were obtained from The Hormel 
Institute inventory of fat ty  acid derivatives 
and reduced with LiA1H~ to the corresponding 
alcohols ( ]1) .  Oleyl, linoleyl and linolenyl 
alcohols ( > 9 9 %  pure) were also obtained from 
this source. Dimethyl sulfoxide was obtained 
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from a commercial source (l~'[atheson, Coleman 
and Bell) and used without purification. 

Preparation of Tosylates and Mesylates 

The alcohols were converted to the tosylates 
with p-toluenesulfonyl chloride in pyridine by 
Tipson's method (]2), and to the mesylates 
with methanesulfonyl chloride in pyridine as 
described by Baumann and Mangold (13). The 
purities of the tosylates and mesylates were 
checked by ascending thin-layer adsorption 
chromatography on Silica Gel G; they were 
found to be free from alcohols. The plates 
were developed with petroleum ether-diethyl 
ether (90:10, v/v)  for tosylates and with petro- 
leum ether-diethyl ether (70:30, v/v)  for 
mesylates. 

Oxidation of Tosylates and Mesylates by 
Dimethyl Sulfoxide 

The oxidation of the tosylates and mesylates 
was accomplished by heating them with a mix- 
ture of sodium bicarbonate and dimethyl sul- 
foxide at 160C for 5-10 rain. Efforts to produce 
the aldehydes by the same reaction at room 
temperature for 24 hr or by using dimethyl 
sulfoxidc-acetic anhydride mixture as recently 
reported (14) were unsuccessful. The oxida- 
tions of palmityl tosylate and mesylate are 
selected for detailed description below, because 
the identification of one of the by-products, 
1-hexadeeene, in this case, rather than the un- 
saturated hydrocarbon from the corresponding 
unsaturated alcohols, was relatively easy. 

In  a 100 ml round-bottom ground-neck flask 
fitted with a condenser was placed 2.1 g 
palmityl tosylate, 1.0 g sodium bicarbonate and 
10 ml dimethyl sulfoxide. Nitrogen was kept 
bubbling through the reaction mixture. The 
flask was inlmersed in a bath preheated at 165- 
170C. A vigorous reaction started in 1 rain. 
.kfter 5-10 min the reaction mixture was cooled 
rapidly to room temperature and poured into 
ice water. The precipitated material was ex- 
tracted with ethyl ether, and the ether extract 
was washed once with oxygen-free water, dried 
over anhydrous Na.~SO~ and filtered. All opera- 
tions were conducted in a nitrogen atmosphere. 
Yield of crude palmityl aldehyde, 1.02 g. 

Pahnityl mesylate (2.27 g) on oxidation by 
the same procedure yielded 1.3 g of crude 
pahnityl aldehyde. 

Figure i shows the thin-layer chromatogram 
of the products of oxidation of palmityl 
tosylate and mesylate on Silica Gel G. The 
plate was developed with petroleum ether- 
ethyl ether (90:10, v/v)  and the spots were 
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FIG. 1. Thin-layer chromatogram of oxidation 
products of pahnityl tosylate and mesylate and 
reference compounds. Samples were: A) pa]mityl 
tosylate; B) oxidation products of palmityl 
tosylate (top to bottom; 1-hexadecene, unidenti- 
fied compound, pa]mityl aldehyde, -tosylate and 
-alcohol); C) 1-hexadecene; D) pahnityl alcohol; 
E) oxidation products of palmityl mesylate (top 
to bottom; l-hexadecene, unidentified compound, 
pahnityl aldehyde, -mesylate and -alcohol); F) 
pahnityl mesylate. 

made visible by spraying with 50% sulfuric 
acid and subsequent charring. In  addition to 
the main oxidation product, palmityl aldehyde, 
two other reaction products obtained in minor 
quantities were also seen in each case. Small 
amounts of the starting material, as well as 
palmityl alcohol, were also present as 
impurities. 

Isolation of the Aldehyde as 
2,4-Dinitrophenylhydrazone 

The 2,4-dinitrophenylhydrazone of palmityl 
aldehyde was obtained from the reaction mix- 
ture (1.02 g) as described by Johnson (15) and 
recrystallized from 95% ethanol. Yield, 1.75 g. 

Isolation of the Aldehyde by Column 
Chromatography 

There is a large difference in distance of 
travel on the plate between the mesylate and 
the aldehyde. The difference in migration rates 
of the tosylate and the aldehyde is smaller than 
that of the mesylate and the aldehyde. This was 
also found to be the case with the system Silica 
Gel G/benzene. This indicated that the free 
aldehyde might be obtained pure by column 
chronmtography if the mesylatc rather than 
the tosylate were used as the starting material, 
and such was found to be the case. 
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The reaction product (1.3 g) was crystallized 
from 50 ml of petroleum ether (bp 30-60C) 
at --10C. This procedure removed the minor 
oxidation products. The unreacted mesylate 
and the alcohol could not be removed by crystal- 
lization techniques. However, they could be 
removed by a simple column chromatographic 
procedure. Silicic acid (Mallinekrodt, 100 
mesh, chromatographic grade) was prepared 
for  chromatography as described by Hirsch and 
Ahrens (16) without grinding the commercial 
product. Twenty grams of silieic acid was made 
into a slurry with petroleum ether (bp 30-60C), 
poured into a water-jacketed column (250 • 18 
ram) and settled by frequent tapping.  Nitrogen 
was kept  bubbling through the slurry when 
the column was being prepared.  Dissolved 
oxygen was removed from solvents by bubbling 
with nitrogen. The crude aldehyde (0.5 g) was 
dissolved in 5 ml of petrolemn ether (bp 30- 
60C), applied on the column and washed with 
another 5 nfl of the solvent. The solution was 
allowed to flow in without pressure until the 
liquid had been completely adsorbed. The al- 
dehyde was then eluted with 250 ml of petro- 
leum ether containing 5% diethyl ether. Most 
of the palmityl  aldehyde appeared in this frac- 
tion and was recovered by evaporation of the 
solvents. The eluant can also be collected in 
10 ml fractions and each fraction monitored for  
the presence of impurities by TLC. Alterna- 
tively, the aldehyde could be eluted from the 
column by benzene alone; 0.32 g of the crude 
aldehyde in benzene solution was applied on 
top of the column and the column was eluted 
with 300 ml of benzene. Evaporation of the 
solvent yielded 0.23 g of pure aldehyde. Fur-  
ther prolonged passage of benzene eluted the 
mesylate and the alcohol. 

The yields and physical properties of the al- 
dehydes and their 2,4-dinitrophenyl hydrazones 
are listed in Table I. 

Identification of By-Products 
The minor oxidation by-products obtained 

from both the tosy]ate and the mesylate seen 
in Figure 1 were isolated by preparat ive  TLC. 
Chromatoplates, 8 • 8 in., were coated with 
0.5 mm layers of Silica Gel G, which was 
repeatedly extracted with ethyl ether to remove 
any impurities. A solution of 100 mg of the 
crude reaction product in hexane was applied 
along a straight line about 1 em from the edge 
of each plate and the plate was developed with 
petroleum ether-ethyl ether (90:10, v /v)  for  
45 rain. The relevant portions of the adsorbent 
containing the impurities were scraped off the 
chromatoplate and were extracted with ethyl 
ether. Another plate was developed without any 
sample and a patch of the adsorbent equal in 
area to that  of the sample was extracted to 
serve as a blank. The substances were recovered 
by evaporation of tile ether in amounts of 
approximately 2% each of the crude aldehyde. 

One of the by-products was identified as 
1-hexadecene on TLC by comparison with a 
known standard. The material was also identi- 
fied as 1-hexadecene by GLC using a Beckman 
GC-4 apparatus  equipped with a hydrogen 
flame detector and a 6 ft  eolunm, ~ in. 0.D., 
containing 20% EGS on 80-100 mesh Gas- 
Chrom P by correlating retention time data 
for a standard sample of 1-hexadecene. The 
identity of the olefin was further substantiated 
by oxidizing it with the permanganate-periodate 
reagent of Von Rudloff (17). The expected 
oxidation product, n-pentadecanoic acid, was 
recovered and methylated with methanolie I-IC1 
and the methyl ester identified by GLC. The 
remaining oxidation by-product could not be 
identified with certainty. 

Purity of the Aldehydes 
The pur i ty  of the aldehydes was ascer- 

tained by TLC, melting points of their 2,4- 

T A B L E  I 

Yields and  3~elting Po in t  of Aldehydes and 2 ,4-Dini t rophenyl  t/ydrazones~ (DNP~-I 'S) 

S t a r t i ng  mater ia l  

% Yield of MP.  C a of D N P t t  

L i t e r a t u r e  
D N P H  Aldehyde Observed (Ref.)  

Deeanol  

L a u r y l  alcohol 
l~yr is ty l  alcohol 

Pa lmi tyI  alcohol 
Stearyl  alcohol 
Oleyl alcohol 

Ela idyl  alcohol 
Linoleyl  alcohol 
Linolenyl  alcohol 

61 63 104 -- 105 104 .2-104 .8  (28)  
los (24) 

65 62 105 -- 106 105 - 1 0 5 . 6  (23) 
66 65 106 .5 -107 .5  108 .5 -109  (23)  

lO8 (24) 
68 65 107 -- 108 108 (24,25)  
70 67 10S - 109 110 (24)  
64 69 66 - 67 68 (24)  

65.5-- 66.5 (4)  
72 68 9 2 . 5 -  93.5 90 (2) 
62 64 50 -- 51 42.5-- 43 (4)  
60 63 42 -- 43 4 0 . 0 -  40.5 (4) 

a Mel t ing  points  uncorrected.  

L~PIDS, VOL. 1, NO. 3 
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~IG. 9. Infrared spectra of fatty aldehydes. 
A) Stearaldehyde; 13) oleyl aldehyde; C) linoleyl 
aldehyde; D) linolenyl aldehyde; E) elaidyl al- 
dehyde. Solution spectra in 0.1 mm cell using 
10% solutions of A-D and 8% solution of E in 
CS 2 (2.0 to 4.2 #, 5 to 6.1 # and 7.2 to 15.0 ~) 
and in tetrachloroethylene (4.2 to 5.0 /z and 
6,1 to 7.2 tk). 

dinitrophenylhydrazones (Table I) ,  IR spectra 
and other physical methods. The purified al- 
dehydes yielded single spots when analyzed by 
TLC using Silica Gel G/petroleum ether-ethyl 
ether (90:]0, v/v) systeni. The aldehydes were 
also recovered from the plates and characterized 
as their 2,4-dinitrophenyl hydrazones. 

LIPIDS, ~OL. ], NO. 3 

Figure 2 shows the IR spectra of the .phre 
aldehydes in CS.~ and C~CL solutions between 
2 and 15 t~- Bands characteristic of the alde- 
hyde groups, 3.7 t~ (2700 cm -*) and 5.78 /~ 
(1730 cm -*) are present in all of the IR spectra. 
Bands characteristic of cis double bonds, 3.3 /z 
(3030 cm -1) and 6 /z (1667 cm -1) are seen in 
the spectra of oleyl, linoleyl and linolenyl alde- 
hydes. No c/s to t rans  isomerization occurred 
in the preparation of oleyl and linoleyl alde- 
hydes. Linolenyl alcohol contained 10-15% of 
its unsaturation in the t raus  form. The same 
amount of t rans  unsatnration is found in the 
linolenyl aldehyde. Elaidyl aldehyde exhibited 
a strong absorption band at 10.3 tL (970 cm-~). 

TLC did not reveal the presence of any 
corresponding acids in the aldehydes. UV 
spectroscopy showed no conjugation in the 
linoleyl and linolenyl aldehydes. The purity of 
the aldehydes was also established by GLC. A 
Beckman GC-2A gas chromatograph equipped 
with a hydrogen flame detector and 12 ft 
aluminum column, 0.25 in. O.D., packed with 
Gas-Chrom 1% 30-60 mesh, and coated with 
20% fi-cyclodextrin acetate was used for the 
analysis. Temperature of the column was 230C 
and helium was the carrier gas. Each alde- 
hyde exhibited a single peak when analyzed 
gas chromatographically. Figure 3 shows their 
separation when a hexane solution of the mix- 
ture was injected. Studies on the behavior of 
the aldehydes and their dimethyl acetals on 
stationary liquid phase s commonly used in the 
GLC of fatty acid methyl esters are in progress. 

Discussion 
No satisfactory and universally applicable 

method has been described in the literature for 
the oxidation of long-chain saturated and un- 
saturated fatty alcohols to the corresponding 
aldehydes. These aldehydes are generally 

/V / v 
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Fro. 3. GLC separation of fatty aldehydes. For 
experimental details, see text. 1) lauryl-; 2) 
myristyl; 3) palmityl-; 4) steary]-; 5) oleyl; 
6) lino]eyl; 7) linolenyl-aldehyde. 
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synthesized f rom the derivatives of carboxylic 
acids and the synthesis involves a number  of  
steps. The selective oxidation of  the tosylates 
and mesy]ates of  long-chain f a t t y  alcohols by 
dimethyl  sulfoxide has great ly  :facilitated the 
p repa ra t ion  of  po lyunsa tura ted  f a t t y  aldehydes 
in good yield. Under  the conditions described, 
this reagent  does not  at tack the double bond 
oxidatively nor  cause any conjugat ion or cis~ 

t r a n s  isomerization, unlike other  reagents  of ten  
used to oxidize alcohols to aldehydes.  

The main p roduc t  o f  the oxidation, the alde- 
hyde, may be isolated as the 2,4-dinitrophenyl-  
hydrazine  derivative i f  the f ree  aldehyde is not 
immediately desired and converted directly to 
the dimethyl  acetal as described by Mahadevan 
et al. (18) or to the free aldehyde by the method 
of  Keeney  (19) and Schogt et aI. (20). How-  
ever, the f ree  aldehyde may  also be obtained 
pure  by a simple chromatographic  procedure.  

The mechanism suggested fo r  this react ion 
(21) involves initial nueleophilic a t tack by 
dimethyl  sulfoxide followed by collapse of the 
intermediate  to aldehyde and dimethyl  sulfide 
as shown below: 

4 - - -  
 c. ox+ o s-o , 

1 
I~.CIIO 4- S~e~ +XOII 

(X ----- p--CoII~i~e. SO~ or CHa'S0~) 

In the above reaction involving primary 
alkyl tosylates, elimination reactions giving rise 
to olefins have not  been repor ted.  On the other  
hand,  with the sulfonic esters of  secondary 
alcohols, olefins are formed readily under  the 
same conditions (22). Generally the products  
of  oxidation of  p r ima ry  alcohol sulfonates are  
isolated as their  2 ,4-dini t rophenylhydrazones  
and little effort has been made to detect the 
presence of  olefins dur ing the reaction. We  
have found  tha t  al though aldehydes are  the 
ma jo r  products  of  the above reaction, olefin 
fo rmat ion  also does occur albeit  to a small 
extent  ( 2 % ) .  This observation has been made 
possible by the appl icat ion of  newer  sensitive 
techniques of  TLC and GLC. Al though the 
sulfonate  esters used as s tar t ing materials  were 

free of  alcohols, alcohols invariably were one 
of the minor  products  f rom the reactions. They 
might  arise f rom the anhydrous  reaction mix- 
tures or by hydrolysis  of  some intermediate  
species dur ing  working up. 

The reactions of  dimethyl  sulfoxide with 
long-chain alkyl halides and the sul fonate  esters 
of hydroxy  f a t t y  acids under  various experi-  
mental  conditions are being investigated,  which 
nfight hold grea t  promise  in the field of synthe- 
tic l ipid chemistry,  
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The Structure of the Glycerides of Ergot Oils 
L. J. Morris and S. W. Hall, Biosynthesis Unit, Unilever Research Laboratory, Colworth House, 
Sharnbrook, Bedford, England 

ABSTRACT 

The oils from selerotia or from suitable 
mycelial cultures of Clavieeps purpurea 
(ergot) contain up to 44% of ricinoleie 
acid but no free hydroxyl groups. This is 
due to the presence of, besides normal 
triglycerides, tetra-acid, penta-acid and 
hexa-acid triglycerides. These contain 
respectively one, two and three ricinoleie 
acids esterified to glycerol, these in turn 
being acylated at their hydroxy groups with 
normal long-chain fat ty  acids. By suitable 
complementary use of TLC, GLC and 
lipase hydrolysis techniques, the propor-  
tions, compositions and structures of these 
novel triglyeeride classes were determined. 
Four  types of positional specificities in 
fat ty  acid combinations could be shown by 
our procedures. These are discussed and, 
on the basis of our results, some tentative 
proposals as to possible biosynthetic 
mechanisms are advanced. 

INTRODUCTION 

E RGOT OIL, THE GLYCERIDE oil present in the 
sclerotia of Claviceps purpurea, normally 

contains about 35% of a hydroxy acid. Matthes 
and Kfirscher (1) considered this acid to be 
identical with ricinoleic acid, which is D-( + ) -  
]2-hydroxy-cis-9-octadecenoic acid, and this 
structure was unequivocally confirmed by 
Bharueha and Gunstone (2). Marqu6s and 
Rodrfguez (3) concluded from aeetyl values 
and optical rotations before and af ter  hydroly- 
sis of the oil and from vacuum distillation re- 
sults that a proport ion of the ricinoleic acid is 
further acylated at the hydroxyl group. This 
conclusion was also drawn by Bharucha and 
Gunstone (2). 

Because our laboratory is currently studying 
the biosynthesis of ricinoleic acid by Claviceps 
sp. (4) it  was considered desirable to determine 
the structures of the lipids containing ricinoleic 
acid. This paper  describes the procedures used 
to separate the various components of ergot 
oils and to determine their structures. The 
complete analysis of the neutral l ipid com- 
ponents of one sclerotial oil is recorded as are 
less detailed analyses of three myeelial otis of 
Clavieeps purpurea. 

~Dedicated to the late Prof. T. P. IIilditch, and 
presented to the Symposium on Analysis of Natural Fat 

Triglycerides, AOCS Meeting, Houston, April 1965. 

EXPERIMENTAL PROCEDURES AND 
RESULTS 

Materials 

Selerotia of Claviceps purpurea which had 
been harvested from rye and, in one case, from 
wild spartina grass were generously provided 
by P. G. Mantle, Biochemistry Department, 
Imperial  College, London. Mycelia of Claviceps 
sp. were grown in still culture from samples 
also supplied by Dr. Mantle. 

The sclerotia were ground up in a small coffee 
grinder and immediately extracted with 
chloroform-methanol (2:1) at room tempera- 
ture. Mycelia were homogenized in the same 
solvent in a Waring blendor. Water-soluble 
impurities were removed by washing the 
chloroform-methanol extract with physiological 
saline according to the method of Folch et al. 
(5). Sclerotial and mycelial samples gave 
20-30% of lipid, on the basis of their dry 
weight. 

Reference Compounds 

As this paper  will show, the novelty of 
ergot is that all the ricinoleic acid moieties 
present have their hydroxyl groups acylated 
with one of the common long-chain fat ty  acids. 
Such compounds, for brevity, are termed esto- 
lides and suitable estolides of known structure 
were synthesized for  use as reference and test 
compounds. Thus, standard mono-, di-, and 
triestolide triglycerides were prepared by acyla- 
tion with palmitoyl chloride of the triglycerides 
containing one, two and three ricinoleie acid 
groups, isolated from castor oil by preparat ive 
TLC. Estolide methyl ester standard, i.e. 
methyl 12-0-palmitylricinoleate, was similarly 
prepared from methyl ricinoleate and palmitoyl 
chloride, and estolide 2-monoglyeeride standard 
was derived by lipase hydrolysis from the 
synthetic triestolide triglyceride. 

ratty  Acid Composition of Ergot Oils 

Methyl esters from whole oils, from individual 
triglyceride fractions and from components 
from lipase hydrolysates were prepared by 
saponification with 10% methanolic K O H  and 
esterification of the recovered acids with dia- 
zomethane or with methanol-sulfuric acid. This 
procedure was found to be necessary when TLC 
of the methyl esters prepared from a series of 
ergot oils by conventional transmethylation with 
methanol-benzene-H~SO, mixture (20:10:1) re- 
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vealed incomplete cleavage of the estolide ester 
bonds, even after 1-2 hr reflux. 

Fat ty acid analyses were carried out by GLC 
of the methyl esters on two columns. The 
proportion of rieinoleate relative to the nonnal  
fatty acid esters was determined on a column 
of SE-30 stationary phase (15%, w/w) on 
chromosorb W, using an argon ionization de- 
tector. Under these conditions methyl ricinoleate 
was eluted as a symmetrical peak with a carbon 
number (6) of 19.5. Since our detector was 
found to give a low response for ricinoleate, 
relative to nornml fatty acids, it was calibrated 
with pure standard ester mixtures. A correction 
factor for ricinoleate of 1.39 was obtahled which 
has been included in all calculations of com- 
positions reported below. The proportions of 
normal fatty acids were then obtained by a 
second analysis on a polyethylene glycol adipate 
(20%, w/w on Celite) column conneeted to a 
flame ionization detector. 

The total fatty acid compositions of a number 
of selerotial and myeelial ergot oils~ determined 
in this way, are listed in Table I. There is 
relatively little variation in composition among 
the sclerotial oils we have exanlined despite their 
differing countries of oNgin. The mycelial oils, 
on the other hand, show a considerable varia- 
tion in their content of rieinoleic acid and an 
ixtverse variation in oleic and, particularly, 
linoleie acids. 

Structure and Analysis of Ergot LiDids 

Conventional TLC of the various ergot oils 
showed a nlajor component which migrated with 
or very slightly slower than reference triglye- 
eride samples. In  addition there was always a 
relatively minor amount of free sterols, of 
which, presumably, ergosterol is the most ira- 

portant constituent, and varying though gen- 
erally minor proportions of polar lipids. These 
included phosphatidyl ethanolamine, phos- 
phatidyl choline and phosphatidyl inositol, but 
since their composition will be the subjeer of 
another communication from our laboratmT 
they will not be considered further here. In  the 
oils prepared by us there were few or no free 
fatty acids or glycerides containing free hy- 
droxyl groups. Some ergot oils from com- 
mercial sources which we examined, however, 
had considerable proportions both of free acids 
and of hydroxy triglyeeridcs or partial glye- 
erides but we consider that these nlost probably 
arose from enzymatic and chemical hydrolysis 
during their preparation and/or  storage. 

By multiple development TLC with a rela- 
tively nonpolar solvent (5-10% diethyl ether in 
hexane) we obtained a fraetionation of the 
major "triglyceride" eomponent of ergot oil 
into a component corresponding exactly with 
standard normal triglyeerides and three pro- 
gressively niore polar components, as shown in 
Figure 1, samples 2 and 3. That these were 
not acetylated rieinoleyl triglycerides, which 
initially had seemed a possibility, was readily 
apparent by comparison with mono-, di- and 
triaeetoxy triglyeerides prepared by acetylating 
castor oil. These ergot components, however, 
did migrate respectively with the reference 
mono-, di and triestolide trigIycerides (samples 
4, 5 and 6; Figure 1). TLC, therefore, sug- 
gested that. the hydroxyl groups of rieinoleic 
acid in ergot oil were in combination with long- 
chain fatty acids, i.e. as estolides, and also that 
mono, di- and triestolide triglyeerides as well 
as normal triglyeerides were present. 

These four fractions were isolated by pre- 
parative TLC after applying the sample as a 

T A B L E  I 

F a t t y  Acid Composit ion (moles % ) a  of a Selection of Sclerotial  and 3/iycelial Ergo t  Oils 

14 :0  16 :0  16 : l  18 :0  18 :1  18 :2  0 t i - 1 8 : 1  

Sclerotia b 
$1 (U.S.A.)  0.7 28.0 3.7 6.4 19.6 17.4 24.1 
$2 (U.K.)  0.2 26.0 4.8 4.1 24.1 13.2 27.5 
$3 (U.K.)  0 . l  19.9 6.5 4.3 22.5 14.3 32.3 
$4 (Spa in )  1.2 25.1 4.3 4.6 20.0 9.8 34.9 
$5 ( R u m a n i a )  0.4 22.9 3.1 5.4 17.0 15.8 35.5 

Myceliar 
M1 0.2 19.5 6.6 3.3 38.0 32.4 ..... 
M2 4.6 20.0 4.6 5.1 40.9 18.9 5.9 
3/[3 1.0 23.4 6.0 3.6 30.1 14.5 21.5 
3/[4 0.6 24.2 5.4 7.2 23.5 10.0 29.1 
M5 0.5 22.7 6.0 2.3 18.7 8.0 41.8 

a Composit ions are l is ted as moles % in  all tables to s impl i fy  fu r the r  calculat ions from the exper imental  
data.  

b The count r ies  of or ig in  of the va r ious  samples of sclerotia are inc luded in  parentheses.  All sclerotia 
had been harves ted  f rom rye except for  $3 which  had  been paras i t i c  on Spartinc~. 

c NI2, M3 and  M4 were different  subcul tures  of the same s t ra in .  Detai ls  of va r i a t i ons  in  fa t ty  acid 
composit ions of mycelial  cul tures  of Claviceps sp. wi th  differ ing culture condit ions wil l  be described 
elsewhere. 

LIPIDS,  VOL. 1, NO. 3 
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FIC~. 1. Thln-]ayer chromatogranl of an ergot 
o~l and known reference glycerides. Samples are 
1--corn oil (+ hydrocarbon contamination at 
front) ; 2 and 3--different loads of ergot oil ($4) ; 
4 normal triglyeerides § monoestolide triglyc- 
erides; 5--diestolide triglyeerides; 6 triestolide 
triglyeerldes; 7 acetylated castor oil; 8--castor 
oil. Samples 4, 5 and 6 were obtained by pahni- 
toylation of the relevant castor o~l triglyeeride 
fractions--see text. The plate was developed three 
times with ether-hexane (7.5:92.5) and spots were 
nlade visible by spraying with 25cry H.fSO~ and 
charring. 

streak with the Desaga autorna*de sample 
applicator ,  developing three times as be§ 
and locating the separated bands under  U.V. 
light a f te r  spraying with dichlorofluorescein. 
An a t tempt  was made to determine the fa t ty  
acid:  glycerol ratio of each of these fractions 
by the procedure of Horrocks  and Cornwell 
(7). This involves hydrogenolysis of the glye- 
erides with LiA1H~, acetylation of the reduc- 
tion complex with acetic anhydride and GLC 
analysis of the fa t ty  alcohol acetates and 
glycerol tr iacetate so formed. Even with pure 
standard triglycerides we did not obtain quan- 
t i tat ive or  reproducible yields of tr iaeetin and 
we were thus unable to obtain the fa t ty  acid:  
glycerol ratios for  the ergot oil fractions.  [Our 
impression that  this procedure of Horroeks 
and Cornwell is not  as s t ra ight forward as it 
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appears  f rom the original  description (7) 
seems to have been confirmed by the more recent 
publication of  an improved method by the same 
authors (8)] .  However ,  both GLC and TLC 
analysis of tile products of this procedure f rom 
the four  ergot oil fract ions showed glycerol 
tr iacetate to be present  in each case accom- 
panied only by normal fa t ty  alcohol acetates 
and also by rieino]eyl alcohol diacetate in the 
three more polar  fractions. 

Thus each fract ion f rom the ergot oil was 
a triglyceride. Fur thermore ,  in the products  
f rom the three abnormal tr iglyceride fract ions 
the molar  ratio of total  normal  alcohol acetates 
to ricinoleyl alcohol diaeetate was close to 3.0, 
1.5 and 1.0, respectively, giving a fur ther  in- 
dication that  these were respectively mono-, 
di- and triestolide triglyeerides (i.e. tetra-acid-, 
penta-acid-, and hexa-aeid-tr iglyeerides).  The 
possible tr iglyceride components of' ergot oils 
are therefore as sumnmrised diagramatical ly in 
F igure  2 (cf. also Fig.  4).  

The relative propor t ions  and the fatt~ ~ acid 
compositions os these four  t~iglyceride classes in 
a typical  sclerotial ergot oil (Oil $4, Table I ;  
samples 2 and 3, Fig. 1) were determined. 
The classes were separated as before by mult iple  
development prepara t ive  TLC and to each 
fraction,  eluted f rom the adsorbent with pure  
diethyl ether, was added the same amount  of 
pure  methyl heptadecanoate.  The total fa t ty  
acid composition of  each fract ion was obtained 
by GLC af te r  hydrolysis and esterifieation and, 
by use of the added heptadecanoate as internal  
standard, the propor t ion  of each tr iglyceride 
class in the original  oil was readily computed. 
The results for  this oil are given in Table I I  

E! f :N t N RN 

L-N N 
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2 3 

]0"IG. 2. Schematic representation of the triglyc- 
eride structures present in ergot oils; R = rici~- 
oleic acid moiety and N = normal unsubstituted 
acid moiety. The numbers O, 1, 2 and 3 correspond 
to the fraction numbers listed in Tables I I ,  IV 
,~nd V and denote, in the terminology used in 
this paper, normal tr~g]ycerides, monoestolide 
triglycerides, diesto]ide triglycerides and triesto]ide 
trig]ycerides respectively. 
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and included in this table are the molar ratios 
of normal esters to ricinoleate for each of the 
estolide triglyeeride fractions. These ratios arc 
again close to 3.0, 1.5 and 1.0, respectively for 
the fractions designated as mono-, di- and 
triestolide triglyceride, providing further evi- 
dence that these proposed structures az~ cor- 
rect. The close agreement between the directly 
deternlined fatty acid composition of the whole 
oil and that calculated from the conlpositions 
and relative proportions of the four fractions 
attests to the reasonable accuracy of our an- 
alytical procedures. 

The results of this class analysis are listed 
for only one sclerotial oil but a comparison of 
this oil with another two sclerotial oils and 
three mycelial oils on TLC is shown in Figure 
3. The oils for this illustration were deliberately 
chosen to show the effect of a considerable range 
of rieinoleie acid content (36% to 6%) on the 
relative amounts of the four triglyceride classes. 

Interestingly, this variation in ricinoleate 
content is apparently not nfirrored in any great 
variation in relative mnounts of the mono-, di- 
and triestolide triglyeeride% these three being 
present in approximately the same relative 
proportions even in sample 7 which contains 
only 677o ricinoleate. The obvious variation is 
in the proportion of the normal triglyceride 
fraction relative to the total estolide triglye- 
erides and the possible significance of this will 
be considered below in the discussion. 

Lipase Hydrolysis Studies 

Having shown that the rieinoleate containing 
lipids comprised mono-, di- and triestolide tri- 
glycerides, there remained still the questions of 
possible specificity of the acid or acids esterified 
to rieinoleate, of possible positional specificity 
of estolides in their attachment to glycerol in 
the mono- and diestolide classes, as indicated in 
Figure 3, and of possible specificity of the 
fat ty acids combined with ricinoleate attached 

Fro. 3. Comparison of the glyeeride compositions 
of some ergot oils by TLC. The samples are (see 
Table I ) :  i and 3--corn oil; 2--$5; 3--$4; 
d--S3; 5--M4; 6--M3; 7--M2. The plate was 
developed three times with ether-hexane (7.5:92.5) 
~nd the spots were made visible by spraying with 
25% HfS04 and charring. 

to the 2-position of glycerol as compare;t to 
those colnbined with rieinoleate in the 1- and 
3-positions. In the di- and triestolide trig'yc- 
erides there was the additional possibility that, 
instead of there being two or three ricinoleic 
acids each acylated with a normal fa~,ty acid 
and each attached directly to glycerol, as in 
Figure 2, there might be polyestolide residues 
attached to glycerol as illustrated in Figure 4. 

T A B L E  I I  

Analysis, of the Glyceride Frac t ions  of an Ergo t  Oil ($4)  

Composit ion (moles % )  
Propor t ion  

Frac t ion  a (wt. % )  1 4 : 0  16 :0  16 :1  18 :0  18 :1  18 :2  OH l S : l  Ra t io  b 

0 10.2 1.9 26.0 9.8 17.4 36.1 8.8 
1 19.6 1.7 310 4.s 70 223 3.4 2~:9 
2 47.4 1.6 26.7 4.1 5.7 15.8 5.7 40.4 
3 22.8 1,5 20.9 4.2 3.2 14.0 8.5 47.7 

Total  compos i t i on - -  
calculated 1.6 26.2 4,8 6.6 18.7 7.2 34.0 

Total  compos i t i on - -  
determined 1.2 25.1 4.3 4.6 20.0 9.8 34.9 

3.02 
1.48 
1.09 

a Glyceride f ract ions  are numbered  in  decreasing order  of mobil i ty  on TLC and correspond to the 
s t ruc tures  depicted in  F i g u r e  2. 

b l~Iolar ra t io  of total  normal  fa t ty  acids to ricino]eic acid. 

LIPIDS, VoL. 1, No. 3 
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Lipase hydrolysis experiments were undertaken 
in the hope of answering these various 
questions. 

The action of pancreatic lipase on synthetic 
standard estolide triglyeerides and on various 
ergot oils gave hydrolysis of the primary glyc- 
erol ester bonds in the usual way with practically 
no concoinitant hydrolysis of estolide ester 
bonds, provided the reaction was not allowed 
to proceed for too long. Chemical hydrolysis 
and transmethylation reactions also gave faster 
cleavage of glycerol esters than of estolide 
esters but the specificity was less pr(monneed 
and less easy to control than in lipolysis so 
that this latter procedure was our method of 
choice. 

Lipase hydrolysis of total ergot oil samples 
was effected by the semimiero procedure of 
Luddy et el. (9), with some minor modifies 
tions. To 50 mg samples of oil weighed into 
2 ml screw-cap vials was added 9 mg of pig 
pancreatic lipase (Koch-Light Laboratories 
Ltd., Colnbrook, Bucks., England; which had 
beeu thoroughly extracted with acetone and 
diethyl ether), 1.0 ml of 1 ){ tris buffer (ad 
justed to pH 8), 0.1 ml of 22% calcium chloride 
solution and 0.25 ml of 0.1% bile salts solution. 
The vials were tightly capped and shaken at 
room teniperature on a bench vertical-action 
shaker at ca. 2000 oscillations per minute. A 
shaking time of 12 rain gave maximal con- 
version to free acids and monoglycerides with 
minimal hydrolysis of estolide ester linkages, 
at shown by TLC. At the end of this period, 
the contents of each vial were acidified, trans- 
ferred quantitatively into glass stoppered reac- 
tion tubes and thoroughly extracted with 5 ml 
of diethyl ether. Each ether extract was washed 
several times with water, using Pasteur pipettes 
to withdraw the lower aqueous layers, con- 
centrated to about 1 ml and, after addition of 
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Fro. 4. Schematic representation of possible 
polyestolide triglyeerides which might be present 
in di- and triestolide triglyeeride fractions of 
ergot oils; -R--rieinoleie acid moiety and N- -  
normal unsubstituted acid moiety. 
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0.5 ml methanol, reacted with an ethereal 
solution of diazomethane. This simple proce- 
dure minimizes losses and results in a mixture 
of predonlinantly methyl esters and monoglyc- 
erides which is more readily separable by TLC 
than when free acids are present. 

Using" the synthetic reference materials 
again, it was found that not only could normal 
and estolide methyl esters be separated and 
normal and estolide monoglyeerides be separated 
but, by a double development procedure, both 
of these resolutions could be effeeted on a 
single plate, as illustrated in Figure 5. 

The esterified total product mixture from 
lipase hydrolysis of 50 mg of ergot oil, applied 
at a streak to a single 200 X 200 • 0.25 mm 
plate, could be quantitatively separated in this 
way and the four desired components isolated 
pure. To the normal and estolide monoglyeeride 
fractions, which were eluted from the adsor- 
bent with ether-methanol (1:1), was added the 
same amount of uiethyl heptadecanoate as 
internal standard. The isolated fractions were 
then saponified, esterified and analyzed as 
before on both SE-30 and PEG~ev eohmms. By 
reference to the internal standard, the relative 
proportions of the two monoglyeeride fractions 
could be estimated thus giving the relative 
amounts of nomnal and estolide fatty acids 
attached to the 2-position of glycerol in the 
original oil. The results of this type of analysis 
of one selerotial and three myeelial ergot oils 
are summarized in Table I I I .  

In  no ease was there any evidence on TLC 
of the presence of either polyestolide methyl 
esters or polyestolide monoglyeerides which 
would arise from the types of glycerides rep- 
resented in Figure 4. These would be expected 
to differ in TLC migration behavior from mono- 
estolide esters and monoestolide monoglyeerides 
to the same extent that these compounds differ 
from normal nmthyl esters and normal mono- 
glycerides. Additional evidence that such poly- 
estolide species do not exist in ergot oils is 
provided by the molar ratios of normal esters: 
rieinoleate for the various estolide ester and 
estolide monoglyeel~ide fractions. These ratios, 
included in Table I I I ,  are in all cases close to 
1.0 whereas if appreciable proportions of poly- 
estolides were present these ratios would be 
correspondingly less than 1.0. The conclusion 
that the polyestolide glycerides of Figure 5 
were not present was finally verified by lipase 
hydrolysis and analysis of the individual 
separated triglyceride classes. 

The four triglyeeride classes of oil $4 were 
isolated in 5-10 mg amounts by multiple de- 
velopment preparative TLC using, in this ease, 
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fraction was analyzed by GLC. The results 
are summarized in Table IV. 

The normal ester :ricinoleate nmlar ratio was 
again close to or greater than 1.0 for alI the 
estolide fractions. This and the fact that the 
lipase hydrolysate of the triestolide tt~iglyceride 
fraction comprised only estolide esters and 
estolide monoglycerides, with no detectable 
amount of normal esters or monoglyeerides, 
completely rule out the possibility that any 
significant quantity of the polyestolide struc- 
tures of Figure 4 are present in ergot oil. 

Fro. 5. Thin-layer chromatogram of esterified 
lipase hydrolysate of an ergot oil and known 
reference compounds. Samples are: /--synthetic 
estolide methyl ester; 2--mixture of, from the 
bottom, oleic acid, cholesterol, triolein, methyl 
oleate and cholesterol oleate; 3, g and 5--different 
loads of llpase hydrolysate of an ergot oil after 
esterifieation with diazomethane; components are, 
from the bottom, origin, monorieinolein, mono- 
glyeeride, estolide monoglyeeride, sterol § methyl 
rieinoleate, diglyeeride, mono- and dlestolide di- 
glyeerides, residual triglyeeride, estolide methyl 
ester, methyl ester; 6--synth.etie esto]ide nmno- 
glyeeride; 7--monoglyceride. The ehromatogram 
was developed twice, first for 12 cm with ether- 
hexane (80:20) and second for 18 cm with ether- 
bexane (10:90) and the spots were located by 
spraying with 25% HfSO4 and charring. 

Note: Better separations of the desired com- 
ponents than. those illustrated were aehisved by a 
first development for 8 cm with pure ether followed 
by 18 em development with ether-hexane (10:90). 
The residual di- and triglyeeride fractions were 
then together in one band at the first development 
solvent front. 

1 mm thick layers. Each fraction was subjected 
to lipase hydrolysis using the mieroteehnique of 
Luddy et al. (9), but with our modifications 
described above, and the esterified hydrolysis 
products were separated preparatively by TLC 
as before, tteptadeeanoate was added in equal 
amounts to the estolide monoglyceride and 
normal monoglyeeride fractions derived from 
the mono- and diestolide triglyeerides and each 

DISCUSSION 

The work described above has shown con- 
elusively that the ricinoleie acid of both 
sclerotial and mycelial ergot oils is present in 
the lipids combined with glycerol and with the 
12-hydroxyl group not free, as in castor oil, 
but further aeylated by normal nonsubstituted 
fatty acids. Besides normal triglyecrides of the 
common fatty acids, these ergot oils contain 
mono-, di- and triestolide triglyeeride fractions 
(i.e., tetra-acid, penta-acid and hexa-acid tri- 
glycerides). In the di- and triestoiide triglyc- 
eride fractions it is possible to envisage the 
presence of the polyestolide structures stun- 
marized in Figure 4. However, although some 
of the estolide ester and estolide monoglyeeride 
products from the lipase hydrolyses had normal 
acid to ricinoleic acid molar ratios of less than 
12, we were unable to find any evidence of 
polyestolide residues in these products by TLC 
nor could we detect any normal methyl esters 
or normal monoglyeerides in the lipase hy- 
drolysate of the triestolide triglyceride fraction. 
We conclude, therefore, that none of such poly- 
estolide compounds are present in ergot oils. 

The structures of the rieinoleie-eontaining 
glyceride compounds of ergot oils apparently 
differ considerably from the hydroxy acid glyc- 
erides of kamala oil (Mallotus phillipinensi~ 
seed oil), which is the only other example so 
far  reported of a glyceride oil containing hy- 
droxy acids aeylated at the hydroxyl group by 
other long-ehah~ acids. The hydroxy acid of 
kamala oil is 18-hydroxy-cis, trans,trans,-9,11, 
13-octadecatrienoic acid known as kamlolenie 
acid, and, according to Aehaya and co-workers 
(10,11), this acid is a component of four, very 
specific triglyeeride classes. These workers 
claim that two of these triglyceride types have 
normal acids on both the 1 - a n d  3-positions of 
glycerol and differ in having in the 2-position 
either kanflolenic acid or what may be termed 
as "dikamlolenie acid," i.e. one kamlolenie acid 
acylated at its hydroxyl group with another 
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T A B L E  I I I  

Hydro lys i s  P r o d u c t s  f rom Tota l  Olycer ides  of Some E r g o t  Oils 

Composit ion (moles % )  
% of 2- 

Sample  ~ r a c t i o n  a 1 4 : 0  1 6 : 0  1 6 : 1  1 8 : 0  1 8 : 1  1 8 : 2  O H I 8 : I  t~a,tio b pos i t ion  

$4  ME 1.5 36.8  7,7 12 ,5  25 .9  15 .5  ...... 
lVIG 4,1 11.2  0.2 0 .4  43 .0  4 1 , 1  ...... 44 ,0  

E M E  0.1 27 .4  0.3 3.1 13.8 4 .4  49 .7  1 .01 
E M G  2.7 20 .0  2.7 2.8 13.8  6.9 51.1  0 .96  56 .0  

EI~IE-N 0.2 54.5  0.6 6.2 27 .4  8.7 ...... 
EI~{G-N 5.5 40 .9  5.5 5.7 28.2  14.1  ...... 

1~,{2 c M]~ 0 .5  29 .9  6,6 8.2 B7.9 16 .9  ...... 
MG 0.7 4.1 2.0 0.1 71 .2  21 .9  ...... 74 .4  Corr .  86 .3  

E M E  1.8 24 .4  4 .7  2.0 16.9  0.2 50 .0  1.O0 
E~IG 2.1 22 .6  4.6 3.4 28 .9  3.6 34 .8  1 .87  25 .6  13 .7  

E M E - N  3.6 48 .8  9.4 4.0 33.8  0.4 ...... 
E5IG-N (co r r . )  2.8 23.3  4.8 6.3 52.8  9.9 ...... 

M3 ME 0.7 24 .8  6,8 9.7 38 .1  19.9  ...... 
MG 1.1 8.0 4.8 7.7 50.7  27 .7  ...... 69 .9  

E M E  1.2 21.3  3.5 7.1 10.6  6.2 50.1  1 .00  
E M G  1.0 17 .7  4,8 5.6 12.8  9.0 49.2  1,03 30.1  

1,:M]~-N 2,4 42 .7  7.0 14.2 21 .2  12.4  ...... 
E M G - N  2.0 34 .8  9.4 l l , O  25,2  17.7  ...... 

M4 ME 1.4 53.4  6.9 6.7 21 .8  9.8 ...... 
3/~O 0.5 6.3 3.0 2.8 54.6  32.8  ...... 58 .4  

E M E  0.5 19.6  3.7 6.3 13.2 3.6 53.0  0 .89  
EZIG 0.7 2 2 . 4  ~.2 5.3 12 .4  3.3 52 .5  0 .90  41 .6  

E M E - N  1.1 41 .7  7.9 13 .4  28 .1  7.7 ...... 
E~IG-N 1.5 47.2  6.7 11.2 26 .1  6.9 

a Ooding is as fol lows:  ME _ no rma l  methyl  es te r s ;  ~{O ~ no rma l  monoglyeer ides ;  E M E  ---- estolide methyl  
es te r s ;  EMG ~ estolide monoglycer idcs ;  E h i E - N  _ n o r m a l  fa t ty  acids combined in  estolide methyl  es ter  f r a c t i o n ;  
EMG~N ~-- no rma l  f a t ty  acids  combined in  esto!ide monoglycer ide  f rac t ion .  

i, Molar  r a t io  of to ta l  no rma l  fa t ty  acids  to r ie inole ic  acid.  
The  E M G  f rac t ion  f rom the l ipolysis of th is  oil has  c lear ly  not been q u a n t i t a t i v e l y  s epa ra t ed  f rom the MG 

f rac t ion .  The  E ~ G - N  va lues  l is ted have  been cor rec ted  for  this  con t amina t ion  on the a s sumpt ion  tha t  the molar  
r a t i o  of normal  fa t ty  acids  to r i c ino le ie  acid  should be 1 .00 and  tha t  the p ropo r t i on  of the iKG f rac t ion  p resen t  
in  the EMG f r ae t i o~  has  the  same composi t ion as the MG f r ac t i on  isolated.  The  valt tes  for  the p ropo r t i ons  of 
the 2-posi t ion esterif ied wi th  no rma l  and estolide f a t t y  acids  have been cor rec ted  on the same basis.  

kamlolenic acid. The other two triglyceride 
types arc also claimed to have, respectively, 
these kamlolenic and "dikamlolenic" acid moie- 
ties in the 2-position and to have, instead of 
normal acids in the 1- and 3-positions, what may 
be temned "dikamlolenic acid estolide" moieties, 
i.e., one kamlolenic acid aeylated with another 
kamlolenic acid whose hydroxyl group in turn 
is aeylated with a normal acid. The four tri- 
glyceride classes considered by Achaya et al. 
to cmnprise kanmla oil are therefore, respec- 
tively, triaeiG, tetraacid-, heptaaeid- and octa- 
a~id- triglycerides each having one free hy- 
droxyl group and each being symmetrical about 
the 2-position. 

Our work has proved that ergot oils show 
none of these absolute structural and positional 
specifieities claimed for kamala oil glycerides. 
However, our studies were designed to detect 
four possible kinds of positional specificities in 
fatty acid composition which could be exhibited 
by ergot oils and a greater or lesser degree of 
specificity of all four types has been demon- 
strated by our results. 

Considering these four possible specifieities 
in turn, there is first the question of speeifiei V 
of the acids attached to the hydroxyl group of 

LIPID8, u  1 ,  N O .  3 

rieinoleate to form estolides. From comparison 
of the compositions of estolide-forlning acids, 
listed as EME-N and EMG-N in Tables I I I  
and IV, with the acids esterified directly with 
glycerol, i.e., fractions ME and MG, in the 
corresponding oils or glyceride fractions it is 
evident that there is a considerable difference. 
Thus, the normM acids combined as estolides 
are in general considerably less unsaturated 
than those attached directly to glycerol and, in 
particular, have considerably less linoleie acid. 

The second question is of possible differences 
in composition between the normal fatty acids 
in estolides attached t,) the 2-position of glycerol 
and in those attached to the 1- or a-positions. 
Comparing the corresponding EMG-N and 
EME-N values in Tables I l I  and IV there is 
apparently some specificity, although rather 
more tenous in this case. The normal acids of 
estolides attached to the 2-position are, in 
general, somewhat more unsaturated than those 
of estolides attached to the 1- and 3-positions 
of glycerol. 

The third question of specificity is the more 
conventional one of' the composition of normal 
acids attached to the 2-position of glycerol 
compared to those occupying the 1: and 3- 
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Composit ion (moles % )  

Glyceride a Fract ion b 1 4 : 0  1 6 : 0  1 6 : 1  1 8 : 0  1 8 : 1  1 8 : 2  O H - 1 8 : 1  P~atio e 
% of 2- 

posit ion 

0 M E  2.4  48 .8  6.6 11 .1  25 .1  5.9 ...... 
WIG 3.2 12 .0  4.3 17.9 50 .3  12.3 ...... 

1 M E  1.9 44 .5  6.4 15.0 23 .7  8 .5  ...... 
M G  2.0  9 .9  3 .7  7 .6  4 5 . 0  31 .8  

E M E  1.0 32 .1  1.3 2.8 11 .2  2.6 49 .0  
E M G  0.7  16.0 3.3 12 .7  18.2 2 .4  46 .7  

E M E - N  2.0  62 .9  2.5 5 .5  22 .0  5.1 ...... 
ES/IG-N 1.3 30 .0  6.2 23 .8  34 .1  4 .5  ...... 

2 M E  2.2 65 .6  5.1 4 .7  14.3 8.2 ...... 
M G  3.0 31 .7  5.0 6.3 30 .1  24 .0  

E M E  0.6 21 .3  2 .8  9.3 11 .1  3 .4  51 .4  
E M G  0.8 22 .1  3.0 4 .5  15.0 3.9 50 .6  

E I ~ E - N  1.2 43 .8  5.8 19 .1  22 .8  7.0 ...... 
E3/IG-N 1.6 44 .7  6.1 9.1 30 .4  7.9 ...... 

3 E/erE 1.2 16 .0  3.0 3 .7  13 .1  11 .4  51 .5  
EM:G 1.2 21 .2  3 .5  4 .0  15.1 11.2  43 .8  

E M E - N  2.5  33 .0  6.2 7 .6  27 .0  23 .5  ...... 
E M G - N  2.1  37 .7  6.2 7.1 26 .9  19 .9  

1 .04  
1 .14  

0 .95  
0 .98  

0 .94  
1.28 

100 .0  

5 3 . 3  

46 .7  

40 .6  

59 .4  

100 .0  

a The glyceride fract iens  correspond to those in Table II. 
b The coding is the same as in Table i I I .  
e Molar ratio of total normal  fatty  acids to rieinoleie acid. 

positions. Again from Tables III and IV, 
it is evident that there is a strong preference of 
oleic and linoleie acids for the 2-position and 
of the saturated acids for the 1- and 3-positions 
as is the ease with most natural triglyeeride 
mixtures (12). 

The fourth and possibly the most interesting' 
question of specificity, is whether estolide ra- 
dicals are preferentially attached to the 2- 
position or to the 1- and 3-positions of glycerol. 
This can be determined for the four oils of 
Table III  and fractions 1 and 2 (the mono- 
and diestolide triglyeeride fractions) of oil $4 
in Table IV, and the proportions of estolide 
moieties calculated to be in the 2- and in the 
1- and 3-positions are shown in Table V. 

The data listed in Table V show that in all 
eases there is a considerable proportion of the 
estolide residues esterified to the 2-position of 
glycerol. They give no eIear indication however, 
of a marked positional specificity of  such com- 
pounds in combination with glycerol. Thus, 
the oil M2 shows an apparently clear pre- 
ference of estolide residues for the 2-position 
but fraction 2 of oil $4 indicates an equally 

clear preference for the 1- and 3-positions. I f  
we assume that the 1- and 3-positions of glyc- 
erol are equal and equivalent in the fatty acids 
with which they are combined, and this is by 
no means necessarily a valid assmnption (13), 
then in the remaining four samples of Table V 
the estolide moieties have a slight preference 
for the 2-position of  glycerol. It should be 
emphasized, however, that the analytical re- 
sults of the fractions derived by lipase hy- 
drolysis which are summarized in Tables III 
and IV are not necessarily strictly representa- 
tive of the true compositions of the whole oils 
or fractions. This is because we have no in- 
fortnation on the effect of  these unique estolide 
residues on the course of pancreatic lipase hy- 
drolysis, except that they do not totally or even 
markedly inhibit it. Also, in no ease was the 
conversion to monoglycerides and free acids 
complete, some diglyeeride and oeeassionally 
even some residual triglyeeride remaining in the 
hydrolysate. We cannot assume that the hy- 
drolysis is strictly random in the acids it will 
liberate from the primary hydroxyls of  glycerol 
in such unusual triglyeerides and the wonder is 

T A B L E  V 

Distr ibut ion of Estol ide l~Ioieties (moles % )  i~l Ergot  Trig]ycerides  a 

I n  2- I n  l - b3 -  I n  1 or  3- 
Oil  Total  posit ion posit ion posit ion b 

$4  53 .6  18 .7  34 .9  17 .5  
$4,  F r a c t i o n  1 33 .2  15 .6  17 .6  8.8 
$4,  F r a c t i o n  2 67.8 19 .8  48 .0  24 .0  
IV[2 6.3 10 .0  1.7 0.9 
M3 27 .4  13.9 17 .4  8 .7  
M4  41 .0  15 .6  27 .1  13 .6  

a Calculated from the data in Tables I - I V .  
b Assuming that  the 1- and 3-positions are equal (see t e x t ) .  
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that the estolide residues are hydrolyzed at all. 
I f  estolide residues are less readily removed 
from glycerol by pancreatic lipase than normal 
fatty acids then in any incomplete hydrolysis 
of a mixture containing estolide triglycerides 
the results would indicate a preference of esto- 
lide residues for the 2-position. Considerably 
more work clearly must be done before this 
question of the positional specificity of estolide 
radicals on triglyceride could be unequivocally 
answered. 

Finally, from the analytical results herein 
described, can we infer anything about the bio- 
synthesis of these rieinoleate-containing triglyc- 
crides of ergot oils? I t  is not possible to draw 
any conclusions as to the biogenetic precursor 
of ricinoleie acid in ergot oils, whether oleic 
acid, as in the case of castor oil (14,15), or 
linolcic acid. Our biosynthetic studies with 
laballed fatty acids show that linoleie acid is 
the immediate precursor (4). Our analytical re- 
sults, however, encourage some speculations 
as to the course of the biosynthesis of estolide 
glycerides by CIaviceps. The fact that we were 
unable to find any evidence of the presence 
of the polyestolide compounds illustrated in 
Figure 4 in the oils we examined suggests three 
possibilities. These are firstly, that an esterase 
responsible for acylating the ricinoleate hy- 
droxyl groups to form estolides has a speci- 
ficity which allows any acid other than ricin- 
o]eic acid or a preformed estolide acid to be 
esterified to the ricinolcate hydroxyl ; or, 
secondly, that the enzyme sites for ricinoleate 
production and acylation are in close juxtaposi- 
tion in the cell so that ricinoleate once formed is 
immediately aeylated and is not available to 
the general fatty acid pool; or, thirdly, that 
the production of rieinoleate and its acylation 
is from a precursor acid which is already in 
combination with glycerol as a triglyceride. 
The second and third possibilities could either 
involve hydration of linoleie acid and sub- 
sequent acylation of the hydroxyl group so 
formed or indeed, might involve the formation 
of a ricinoleie estolide molecule directly by 
addition of a fatty acid across the 12,13- 
double bond of linoleate, the proton adding to 
the 13-position and the cation to the 12-position. 
The absence of triglycerides containing free 
hydroxyl groups in our ergot, oils might even 
favor this last, very tentative suggestion. 

There are two other pieces of evidence in 
favor of the suggestion that the effective sub- 
strate is a triglyeeride. Firstly, there is the 
considerable proportion of estolides present on 
the 2-position of glycerol, indeed possibly even 

a preference for that position. It  seems un- 
likely that the enzyme responsible for aeylating 
the 2-position, normally so specific in selecting 
the C~ unsaturated acids, would adapt its 
selectivity to include what is effectively a C~ 
o1" C~ acid. The nonsubstituted fatty acids 
attached to glycerol do show the normal pattern 
of oleate and linoleate predominating at the 
2-position and the saturated acids at the outside 
positions showing that the normal specificity in 
triglyeerides is adhered to. Secondly, there is 
the finding that in oils with ~ range of riein- 
oleate contents the relative amounts of mono-, 
di- and triestolide triglycerides are apparently 
fairly similar, as shown in Figure 3. This 
would he rather hard to explain if the glyccrides 
were synthesized from a general pool of fatty 
acids including either ricinoleic acid or estolide 
acids. However, if the synthesis of the riein- 
oleic acid and its acylation occurs from linoleie 
acid present in triglycerides then the statistical 
probability of, say, trilinolein being substituted 
twice or even three times before being released 
from the enzyme surface will be the same 
regardless of the total extent of ricinoleate 
production. 
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Fatty Acid Distribution in the Bovine Pre- and Postpartum Testis ~ 
Balwant Ahluwalia 2 and Ralph T. Holman, University of Minnesota, The Hormel Institute, 
Austin, Minnesota 

ABSTRACT 
Testes from fetuses, calves, bulls and 

recently castrated animals were analyzed 
for total lipids, lecithin, eephalin, triglyc- 
erides, diglycerides, cholesteryl esters and 
cholesterol. Total lipids increase some- 
what with age, but in the castrated animal 
the increase is more marked. Phospholipid 
content increases with age, but decreases 
in the castrated animal. Cholesterol de- 
creases and triglyceride increases after 
birth and in the castrated animal. Poly- 
unsaturated acids increase with age in all 
lipid classes. Eieosatrienoic acid is more 
abundant in fetal testicular lipids than in 
testes removed after birth. In  the eas- 
trated testis there is a general decrease in 
the unsaturated fatty acids. Acids of the 
o)6 family are the predominant polyun- 
saturated acids and increase somewhat with 
age in all lipids. The (o3 family of poly- 
unsaturated acids appears mostly toward 
the end of fetal life and increases after 
birth. Acids of the linoleate family reach 
approximately 25% of total acids in most 
lipid classes at maturity whereas the ,)3 
acids range fronl 1 to 9%. 

II~TRODUCTION 

T I lE INVOLVENIENT OF certain polyunsaturated 
fatty acids (PUFA) in growth and de- 

velopment of the germinal epithelium of both 
male and female reproductive organs of the 
rat is well established (1-6). Thus far the 
correlation of fatty acid and lipid composition 
with development of reproductive organs has 
not been reported. Such studies are difficult 
using' small experimental animals because of 
the size, of the organs and the limiting amounts 
of lipids in immature organs. Because bovine 
testes are easily obtained and because the rela- 
tionship of PUFA nutrition to reproductive 
function nmy be of economic importance, this 
species was chosen for such a study. The 
amounts and kinds of lipids of the testes and 
the fatty acid composition of the major lipid 
classes as a function of age of the animal, 
both in prepartum and postpartum life, are 
reported here. 

1 Presented  at  the American  Da i ry  Science Associat ion 
34-eeting, Lexington,  Ky., J u n e  1965. 

2 Presen t  address :  The Worces ter  F o u n d a t i o n  for  
Exper imen ta l  :Biology, Shrewsbury,  ~Iass. 

MATERIALS AND METHODS 

Testes from fetuses 4, 6 and 8.5 months old, 
from calves 1 and 4 months old and from 
adult animals 10 months of age were obtained 
at the time of slaughter at the local abattoir. 
The ages of the fetuses were determined by 
crown-rump nleasurements (7,8) and their 
physical appearances. The ages of immature 
and mature animals were obtained by estimates 
from their weight and body development at 
slaughter. Testes from 12-year-old bulls were 
obtained from breeding associations whose age 
records are exact. In  addition, atrophied testes 
were obtained from two recently castrated 
animals. All of the animals were of the 
Holstein breed. Two samples of similar age 
were analyzed in each case and both values 
are given in the table, but are averaged in the 
figures. Testes were freed from surrounding 
tissue, weighed and frozen under saline solu- 
tion, a procedure known to preserve polyun- 
saturated fatty acids in tissues for years. 

Exgraction and Chromatographic Separation 
of Lipids 

After one week of storage the tissues were 
thawed, homogenized and extracted according 
to Foleh et al. (9). The amount of total lipid 
was determined gravimetrically and expressed 
as percent of wet tissue weight. The content of 
neutral lipids and phospholipids was deter- 
mined on an aliquot of each sample by silicic 
acid column chromatography (11). A glass 
column 40 cm • 2 cm was packed with 30 g 
of dried prewashed silicie acid and then pre- 
conditioned by washing with 5 • 100 ml 
portions of distilled chloroform. Approximately 
50 mg of lipids were applied to the eolunm. 
The neutral lipid fraction was eluted with 3 
portions of 100 ml each of distilled chloroform 
and phospholipids with three portions of 100 
ml each of distilled methanol. The solvent from 
each fraction was evaporated and the lipid 
fractions weighed. An aliquot of neutral lipid 
was fraetionated by TLC using petroleum 
ether: diethyl ether:acetic acid (90:10:1) as 
solvent system and the two major components, 
triglyeeride and free cholesterol, were estimated 
densitometrieally (10). The ehronmtographic 
procedures had a total recovery of 90-95%. 
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Preparation of :Fatty Acid Methyl Esters 
and GLC 

Approximately 50 mg of total lipids were 
fractionated into phospholipids, triglycerides, 
diglycerides and cholesteryl esters by prepara- 
tive thin-layer plates 0.5 mm thick, using 
petroleum ether : diethyl ether : acetic acid 
(90:10:1) as solvent system. The separated 
components were made visible by spraying with 
0.2% dichlorofluorescein in methanol and 
marked under ultraviolet light (12), in cor- 
respondence to the authentic standards run 
sinmltaneously on the same plate. The identi- 
fied compounds were scraped into a small glass 
colunm 10 • 100 mm and eluted with 
chloroform:methanol (90:10). Approximately 
100 ml of solvent were used for 10 mg of 
lipids. The recovery was determined gravime- 
trieally to be between 90-95%. Lecithin and 
eephalin were separated as pure fractions by 
diethylaminocellulose (DEAE) and silicie acid 
column chromatography (13). No attempt was 
made to- isolate  other phospholipids which 
constitute approximately 10% of the total. 
The purity of the fractions eluted fronl the 
colunm was ascertained on an aliquot by TLC 
using chloroform : methanol : water (65:25:4) as 
solvent system. 

The eluted fractions from column chroma- 
tography and TLC were evaporated in a rotary 
evaporator until approximately 1 ml of liquid 
was left. This solution was then transferred to 
a tube and evaporated to dryness under nitro- 
gen. The lipids were transesterified with 5% 
HCl-methanol, and the methyl esters were 
analyzed on a Beckman GC2 gas chromatograph 
with a hydrogen flarne detector. An aluminum 
column, 6 ft  X ~/~ in. was packed with 20% 
ethylene glycol succinate "~,ith 2% phosphoric 
acid on Gas-Chrom P, 80-100 mesh. Helium was 
used as carrier gas at a flow rate of 80-90 
ml/nfin and column temperature was 190-195C. 
The component esters were identified by eom- 

parison with known standards, and the com- 
ponents for which standards were not available 
were tentatively identified by calculated equiva- 
lent chain length (14), and corresponded to 
polyunsaturated acids whose structures have 
been determined (15). The data are reported as 
area percent of total fatty acids. Amounts less 
than 0.1% are expressed as trace. 

The abbreviated nomenclature used indicates 
chain length, number of double bonds and 
position of the first double bond from the 
terminal methyl group. In  PUFA, all double 
bonds are assumed to be cis and methylene- 
interrupted. Thus, 18:3o)3 is linolenate, 18:2 
0)6 is linoleate and 18:1~o9 is oleate. 

RESULTS AND DISCUSSION 

Total lipid content, percent of neutral and 
phospholipids in the total lipids, and the content 
of free cholesterol and triglycerides in neutral 
lipids are presented in Table I. The total 
lipids of testes in the postpartum glands are 
higher than in the prepartum ones. 

The percentage of phospholipids in the total 
lipid is approximately 35 in the fetal testes 
and 50 in testes removed after birth. The in- 
crease of phospholipids in the develo,ping 
testes suggests a close association of this lipid 
component with the growth and development of 
the germinal epithelium. Boyd (16) reported 
an increase of 200-700% in phospholipid con- 
tent of the ovaries of frogs during the produc- 
tion of ova. Studies of Siek and Newburgh 
(17) and Leslie and Davidson (18) on the 
increase in phospholipid content of chick brain 
during embryonic development bear close 
similarity to our observations in the growing 
testis. 

Free cholesterol decreases from about 60% 
in fetal testes to about 30% in mature animals. 
This change in cholesterol concentration might 
be related to the synthesis of sex hormones in 
the testes of mature animals. The triglyceride 

T A B L E  I 

Content  of L ip ids  in  Testes as a Func t ion  of Age 

P r e p a r t u m  P o s t p a r t u m  

4 6 8.5 1 4 10 12 
Months ~ o n t h s  ~[onths Month Months l~[onths Years Cast ra ted 

Total l ipid 
( % Wet  weight )  1 .9-1 .7  1.6-1.2 1.8 2.0 2 .6-3 .0  2 .8-2 .4  2 .0-3 .0  3 .2 -2 .4  4 .0-3 .0  

Phospho]ipid 
( %  T o t a l l i p i d )  38 32 4 0 - 3 6  34 -38  53--47 58-50  52 -48  60 -50  34 -30  

Neut ra l  l ip id  
( % Total  l ipid)  69 -55  57-63  66 -58  5 0 - 4 6  47 -39  4 4 - 4 8  4 6 - 4 0  67 -63  

Free eholesteroI 
( % Neutra l  l ip id)  64 -56  a 65 -59  64 -60  38 -32  4 0 - 3 6  28 -22  3 0 - 2 6  22 -18  

Tr iglycer ide  
( % Neutra l  l ip id)  5-3  3 -2  4 -3  8 -6  9 -5  13-9  12 -10  3 6 - 2 8  

a Averages  of three meas.urements on each of two samples. 
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concentration follows a reverse pattern. I t  
increases from 4% in 4 months fetal testis to 
11% in the adult animal. Diglycerides and 
cholesteryl esters are only minor components, 
approximately 0.6 and 1.6% of total lipids, 
respectively (19), as reported in the literature. 
These lipids were therefore not measured 
quantitatively, and the samples were used for 
analytical gas chromatography. 

The fatty acid composition of total lipids, 
phospholipids, triglyceride (TG), diglyeeride 
(DG), cholesteryl esters ICE), lecithin (LEO) 
and cephalin (CEPH) were analyzed. Because 
the data are too numerous to present, only 
selected fatty acids showing relatively large 
and consistent differences in the pre- and 
postpartum age groups are shown in Figures 
1 and 2. The complete tabular data are avail- 
able upon request. 

The niajor changes observed in the triglyc- 
eride fraction is the decrease of oleate (18:1 
~o9) from 80% to about 25% during fetal life 
and an increase in 16:0. Linoleate (18:2o~6) 
and 22:5(o6 undergo a ninny-fold increase after 
birth. Araehidonate (20:4co6) and docosa- 
tetraenoate (22:4co6) follow sinfilar courses of 
development, increasing from <0.1% to 3.2% 
and from 0 to 10.2%. Therefore, the acids of 
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the linoleate family (o~6) are qua,ntitatively 
important in this lipid fraction. Acids of the 
co3 group do not appear in significant amounts 
in triglyeerides at any age. 

In  the diglyceride fraction the total saturated 
fatty acids decrease as the bull ages. Linoleate 
increases twofold from the time the testes de- 
scend from the body cavity at a fetal age of 
4 months until maturity. There is a further 
twofold increase from then to 12 years. 
Arachidonate and 22:5o~3 follow the same 
trend until the 10th nmnth. Decreases were 
observed in the content of 16:1, 16:2, 18:0, 
18:1 and 20:2 in diglycerides with increasing 
age. Acids of the (03 family appear toward 
the end of the fetal period. 

Di.qtyce~'ides found in tissue lipht extracts 
might be artifacts caused by hydrolysis of 
triglycerides or phospholipids. This does not 
appear to be the origin of the diglycerides 
analyzed in this study, for the appearance and 
disappearance of individual fatty acids during 
development do not follow the same pattemls 
in both diglycerides and triglycerides. For 
example, triglycerides contain no co6 and co3 
acids during' fetal life, whereas they appear 
in diglycerides. Although changes in fatty acid 
composition1 are pas'allel in diglycerides and 
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:FIG. 1. The changes of concentration of selected fatty acids in individual lipid classes of 
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eephalin in the prenatal stages of testis de- 
velopment, the changes are not parallel after 
one month postpartum. In a previous study 
22:4(o6 was found in high concentration only 
in diglycerides and eholesteryl esters, sug- 
gesting that they were more related to each 
other than diglyeerides to triglyeerides or 
phospholipids (19). Thus, it appears that 
diglyeerides are true components of testicular 
lipid, not artifacts. 

In  the cholesteryl ester fraction 16:0 de- 
creases with age during both pre- and post- 
natal life. During fetal life 20:3(o9 remains 
rather constant and decreases after birth when 
dietary linoleate gives rise to 20:4co6. Pal- 
mitate (16:0) and 16:2 tend to decrease during 
pre- and postnatal life, whereas 16:1, 18:1 and 
18:2 increase. Acids of the o~3 group are 
absent in eholestelT1 esters at all ages. Pre- 
viously an increase of 20:3 ~9 in several tissues 
has been observed in EFA deficiency (20). 
The presenee of this acid in fetal testes and 
its subsequent decrease upon maturity may 
reflect the relative defieiency of linoleate in 
that tissue during fetal life. The most striking 
change in the cholesteryl ester fraction occurs 
with araehidonie acid. This fatty acid increases 
from trace amounts in the fetal testes at 4 
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and 6 months to 12% of total fatty acids at 
maturity. 

In  the cephalin fraction (CEPH) araehi- 
donate increased throughout prenatal life, and 
reached a maximum at 6 months postpartum, 
followed by a steady decrease until 12 years. 
22:6(o3 is present only in traces in the fetal 
testes, but after birth there is a sha~p inerease. 
18:3(o3 is present during fetal life but de- 
creases after birth to only traces in mature 
animals, concurrent with the increases in 22:5 
~3 and 22:6o~3. Oleate decreases after puberty, 
and 14:0, 15:0, 16:1 and 18:2 also tend to 
decrease during the period studied. 

In the lecithin fraction, as with eephalin, 
there is an increase of 20:4(o6 with age of the 
animal until maturity. In  the 12-year-old 
animals the 20 : ~ 6  content was found to drop 
to approximately the prenatal level (8%). 
Linolenate is present prior to birth but de- 
creases thereafter. 22:6(o3 is virtually absent 
during fetal life, and increases during post- 
natal life. The patterns of changes in the (o6 
and ~3 metabolites are ahnost identical in the 
two phospholipid fractions. The content of 
]4:0, 15:0, 16:1, 16:2 and 18:0 deerease with 
age, whereas 16:0, 18:2(o6 and 20:3~9 re- 
mained relatively constant. 

The data suggest that from the time the 
testes descend from the body cavity at 4 months 
of fetal life the chain length and unsaturation 
of the fatty acids of all the lipid classes tend 
to increase with age. Most of the increase in 
the unsaturation comes after birth. Similar 
observations in the developing rat. brain have 
been reported by Kishimoto et al. (21) for 
the fatty acids of the gangliosides and glycero- 
phosphatides. Kirshman and Coniglio (22) 
found an increase in the concentration of poly- 
unsaturated acids in the rat testieular tissue, 
particularly between the ages of 3 weeks 
and 3 months. 

Figure 2 smmnarizes the principal changes 
in polyunsaturated acids of the co6 and (o3 
fanfilies of acids in the several lipid classes 
analyzed. Total (o6 fatty acids increase some- 
what in all lipid classes during prenatal and 
postnatal life except in triglyeerides, in whieh 
(o6 acids are absent until after birth. Most of 
the increase is after birth. With the exception 
of the diglyceride and eephalin fractions, the 
(o6 content of fatty acids in all lipid classes 
was less in 12-year-old animals than in 10- 
month-old bulls. In  general, total (o3 acid 
contents of lecithin, cephalin and diglyeerides 
increase somewhat, during fetal life, and con- 
tinue to increase thereafter. The content in 
eephalin and lecithin, however, shows a decrease 
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after one month postpartum. 5[easurable levels 
of (03 acids appear only at the end of fetal 
life. The content of (03 acids in triglyeerides 
is very low until maturity is reached. The 
higher members of the (09 family of fatty acids 
show an opposite trend, being higher in the 
fetal stage and declining as maturity is reached. 
This is exemplified in Figure 2 by the plot 
of (09 fatty acids of lecithin, not including 
oleate. 

Lipids and Fatty Acids of Testes of 
Castrated Animais 

The testes were obtained from aninlals ap- 
proximately 1 to 1l/2 months after castration. 
The current method of castration merely 
crushes the spermatie cord, and this leads to 
the atrophy of the testes. Thus, one can 
study the effects of degeneration of testes upon 
their lipid composition. Young bulls are cas- 
trated at approximately 6 months of age, and 
thus the data froru these testes may be best 
compared with those of mature bulls at 10 
months of age. In the castrate testes, total 
lipids amounted to 3.5 g/100 g wet tissue. 
NeutrM lipids comprise 68% of the total lipids. 
These values are higher than found in normal 
testes (Table I) .  Triglyeerides increase to 
about threefold ntore than in the mature bull, 
and free cholesterol decreases only slightly. 
This change may be the consequence of de- 
creased phospholipid content in the degenerated 
testes. 

The triglyeerides and lecithin from the 
castrate testes contained approxinlately half 
as Ulrich 18:1(09 as did 10-month-old bull 
testes. The content of oleate in the diglyeerides 
tripled in the castrate testis, whereas the 
eontent in eepha!in remained the sanle. The con- 
tent of 20:30)9 increased in triglyeerides, di- 
glyeerides, lecithin and eephalin after castra- 
tion, a change toward the composition seen 
early in fetal life. The total (06 acids of 
diglyceride and lecithin were unaffected by 
castration, whereas this induced a marked de- 
crease in triglyeerides and eephalin. After 
castration the content of total (03 acids in- 
creased in triglycerides and cephalins, whereas 
it decreased in diglycerides and leeithins. 

The appearance of polyunsaturated fatty 
acids in testis lipids is slow during fetal life, 
and is most rapid in the first few molxths after 
birth. The predominant polyunsaturated acids 
in each lipid class are those of (06 structure. 
In  bulls I month of age and older the ,o6 acids 
constitute about one fourth of the total fatty 
acids in lipids, whereas (03 acids constitute 
1 to 9%. The phospholipids containing high 

proportions of polyunsaturated acids arc the 
principal lipids present in testis (19), and the 
(06 acids can, therefore, be considered a signi- 
fies, a t  structaal component in the germinal 
epithelium. 

The total unsaturation of the several lipid 
classes increases after birth. The double bond 
index, which indicates the average number of 
double bonds per fatty acid molecule ranges 
from 1.0 to 1.9 during fetal life in lecithin, 
cephMin, diglycerides and triglyeerides. In  
postnatal life these values rise to 2.2 for the 
first three mentioned. However, the double 
bond index of triglyeerides remained in the 
sanle range after birth. The degree of un- 
saturation influences the physical properties 
of lipids, and it thus appears that after birth, 
polyunsaturated aeids accuumlate in testis 
lipids giving them properties of increased 
fluidity. 
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Fractionation of Triglyceride Mixtures by Preparative Gas 
Chromatography ~ 
A, Kuksis 2 and J. Ludwig, ~ Department of Biochemistry, Queen's University, Kingston, Ontaria, Canada 

A B S T R A C T  

A semiautomatic system is described for 
g'as-chromatographie separation and re- 
covery of triglyeerides of uniform mole- 
cular weigqlt in milligram quantities. I t  
employs an Aerograph Autoprep 700 
(Wilkens Instrument and Research, Inc.) 
equipped with a stream splitter and a 
hydrogen flame ionization detector. The 
eolulnn is an aluminum or stainless steel 
tube (1/4 in. O.D. • 2 ft) and contains 
silanized Chromosorb W (60-80 mesh) 
eoated with 5% (w/w) JXR or SE-30. 
/rive to ten milligrams of nfixed triglyceride 
are injected at a time and the tenlperature 
is progranuned exponentially from 150 to 
350C. With split ratios of 1:5 to 1:10 
eolleetions of 20 to 50 mg of each peak can 
be made with some 10 to 20 injeetions. 

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

T HE SEPARATION " Of' natural triglveerides by 
g'as-liquid chromatography (GI~C) resuls 

in a segregation of the triglyeerides on the 
basis of their molecular weight (1,2). Although 
each fraction contains only glycerides of the 
salne earbon number these triglyeerides usually 
contain an assortment of fatty acids esterified 
to glycerol. In  order to identify the glyeerides 
it is necessary to isolate the individual peaks 
and to determine their fatty aeid compositions. 
The present report describes the separation and 
recovery of sonic synthetie and natural tri- 
glyceride mixtures in quantities large enough 
for rechronmtography in the GLC apparatus 
and on thin-layer plates before and after enzy- 
mic and ehemieal transformations. 

M A T E R I A L S  A N D  M E T H O D S  

Glyeerides 

The butter oil, its molecular distillates (3) 
and the coconut oil (4) used in this study have 
been described previously. The medium chain 
length (MCT) and long' chain length (LCT) 

1 Presented  in  pa r t  before the Canadian Committee 
on Fats  and Oils, Ottawa, Ontario,  Canada, October 1964. 

2P re sen t  address :  B a n t i n g  and Best Department of 
lVfedical ]~eseareh, University of Toronto, Toronto, 
Ontario,  Canada.  

8 Present address: Special Investigation Unit, Kings- 
ton General ttospital, Kingston,  Ontario,  Canada.  

triglycerides were obtained from E. F. Drew 
and Company, Boonton, N.J. These triglyc- 
erides had been prepared by transesterification 
of fatty acid methyl esters of selected chain 
length with glycerol. The corn oil was Mazola 
and was purchased from a loeal market. Simple 
synthetic triglyeerides of even carbon number 
and ranging from trieaproin to tristearin and 
triolein were obtained from the Applied Science 
Laboratories, Ine., State College, Pa. 

Gas-Liquid Chromatography 

An Aerograph Autoprep 700 (Wilkens In- 
strument and Research, Inc., Walnut  Creek, 
Calif.) was modified by introducing' a stream 
splitter and a hydrogen flame ionization detec- 
tor. The flame detector was mounted on top 
of the thermal eonduetivity (TC) detector and 
was connected to the column through a post- 
colunm eEuent splitter. The splitter (Fig'. 1) 
consisted of two stainless steel tubes (1/s in. 
and 1/16 in. O.D.) silver-soldered into the 
male Swageloek fitting (B) accepting the outlet 
end of the 1A in. O.D. chromatography column 
(A). During ehrolnatography the column ef- 
fluent entered the splitter and was divided 
between the 1/16 in. bypass tube to the flame 
detector (C) and the 1/s in. tube leading through 

hA 

Fro. 1. Schematic representation of the post- 
column stream splitter showing its relation to 
column (A), flame detector (C), existing thermal 
conductivity detector (E) and the collector tube 
(H). AA, a magnified view of the outlet end of 
the packed column indicating the space inserted 
to accommodate the splitter needle (F). ]3, 
Swagelock fitting with 1/16 in. bypass tube con- 
taining notched needle (F) and restrictor wire 
(G). D, 1/16 in. restrietor in another Swagelock 
fitting. (Design and parts by Wilkens Instrument 
and Research, Inc.). 
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the thermal conduetivity detector (E) to the 
collector (H).  With a 1/16 in. O.D. outlet 
hole (D) in the Swageloek fitting aeeepting 
the 1/~ in. tube at the entrance to the TC 
deteetor, the approximate split ratio was 1:1 
under the selected working conditions. By 
placing a 21 gauge needle (F) into the bypass 
tube at B the gas flow to the flame detector 
was restricted and the split ratio became 1:4.5 
in favor of the collector. A further restriction 
resulting in a split ratio of about 1:10 was 
obtained by inserting a 0.007 in. diameter wire 
(G) into the needle. (A standard kit is now 
available from Wilkens Instrument and Re- 
seareh Inc., which converts the A-90-P or A-700 
instruments to flame units}. 

The splitter needle actually sticks into the 
pacldng material in the eolmnn. In  order to 
prevent the solid support from plugging the 
splitter needle, the eolumn exit (AA) is pre- 
pared for entrance of the splitter by a pre- 
liminary penetration of the solid support, by a 
20-gauge needle. 

The restrietor wire (O), about 2 in. long, 
is eompletely inserted in the needle. 

For optimum sensitivity the flow to the flame 
tip was kept at about 25-30 ml/min requiring 
an overall flow of about 110-120 ml/min through 
column and about 90-100 ml/min to the eol- 
lector (1:45 ratio). For a 1:10 split ratio, 
the flow through the column was set at about 
300 ml/min. During the run, the detector 
oven housing, the splitter and the flame ioniza- 
tion detector were maintained at 325C. A 
special elbow heater (Wilkens Instrument and 
Research, Inc. accessory) was used to obtain 
a temperature of about 325 to 350C at the 
collector end of the tube. No special eooling 
devices were necessary for quantitative trap- 
ping of the eluted triglyeerides in the eollee- 
tion vials partially filled with dean glass wool. 

The eolumns used for the preparative runs 
were 2 ft X 1~ in. O.D. stainless steel or 
aluminum tubes. These were filled with hexa- 
methylenedisilazane treated Chrolnosorb W 
(60-80 mesh) coated with 5% (w/w) SE-30 
or JXR. The supports were supplied by Wil- 
kens Instrument and Researeh, Ine., and the 
liquid phases by the Applied Science Labora- 
tories, Ine. The analytical eolumns were similar 
except that 18 in. ;< 1/8 in. O.D. stainless steel 
tubes and 3% (w/w) JXR packings were used. 
All eolunms were first conditioned at 350C 
without flow for 2 hr then cooled to room 
telnperature. They were conditioned under 
nitrogen at 325-350C until proportionally cor- 
rect reeoveries of the test triglyeeride peaks 
were obtained. 

Operation of the Preparative GLC System 

Tile major steps involved in tile operation 
of the preparative system used in this study 
consisted of the following: 1) adjusting gas 
flows and injeetor, detector and collector tem- 
peratures as described under the general con- 
ditions of operation; 2) selecting a Powerstat 
setting that will provide a suitable temperature 
gradient for the resolution at hand. (With 
starting temperatures of about 180C, a Power- 
stat setting of 65 to 70 gives temperature 
gradients that level off at about 320C permitting 
the separation of all the triglycerides from 
C~, to C~, in about 35 to 40 rain) ; 3) allowing 
the column temperature to reach the upper 
limit and adjusting the cooling cycle timer to 
the number of minutes necessary to eool the 
eolunm down to the starting temperature or 
slightly below it; 4) setting the precollection 
timer to ignore the solvent and any low boiling 
eomponents emerging prior to the triglyeerides; 
5) injecting the sample into the flash evaporator 
or directly onto the column using a Hamilton 
syringe with either a 2 or a 6 in. needle, 
respectively, and recording the time and tem- 
perature of injection; 6) recording the ten> 
perature rise at regular time intervals and 
colleeting peaks automatically by setting the 
peak signal aetivator switch on the recorder to 
the desired level. (As each peak appears on 
the reeorder, the signal switeh is tripped and 
the eolleetor table is automatieally advaneed) ; 
7) if necessary, using a posteollection timer to 
postpone the opening of the oven lid and the 
start of the eooling eye!e until the remaining 
high molecular weight peaks have been vented 
or collected together in a separate collection 
bottle. 

Thin-Layer Chromatography 

The thin-layer chromatographic (TLC} 
examinations of the triglyeerides before and 
after GLC and enzymie or ehemieal trans- 
formations were carried out using 20 • 20 
cm plates coated with a 250 V thiek layer of 
Siliea Gel G (Merck and Co.) (5). The 
prepared plates were reaetivated after wash- 
ing with methanol. The lipids were applied in 
spots eontaining about 0.1 to 0.5 mg of material 
per spot. The plates were developed with a 
mixture of petroleum ether and ethyl etheI 
(120:80, v/v) to which 3 ml of formic acid was 
added. The developed plates were sprayed with 
a 0.2% solution of 2~7-dichlorofluoreseein in 
ethanol. The lipid components were located by 
examining the plates under ultraviolet light. 
The system was capable of separating (in order 
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of increasing mobility) monoglyeerides, diglye- 
erides, free fat ty  acids, t r i g lyee r ides ,  and 
hydrocarbons. 

Infrared Spectrophotometry 

The triglyeerides (10 rag) recovered from 
the preparat ive gas chromatograph were dis- 
solved in di~y carbon tetraehloride ( 1 nil) and 
the solution examined in an infrared spectro- 
photometer in the range from 2.5 to 15 tL 
(Infraeord 137, Perkin-Elmer Corporation) 
using sodium chloride cells with 0.5 mm light 
paths. These spectra were compared to those 
of the original triglycerides or their mixtures 
as well as to that of the bleed collected from 
the column. 

Lipase Hydrolyses 

The lipase hydrolyses of the recovered tri- 
glycerides were performed using the semimicro 
technique described by Luddy et al. (6) except 
that the digestions were carried out for 20 
rain at 37C on an ordinary laboratory shaker- -  
water bath. Samples of recovered triglycerides, 
10-25 rag, were digested with a pancreatin 
preparat ion called Steapsin (Nutritional Bio- 
cheniical Corporation, Cleveland, Ohio), which 
had been successively extracted with cold ace- 
tone and ethyl ether pr ior  to use. The product 
recovered h'om the enzymic digestion following 
acidification and petroleum ether extraction was 
diluted to ca. 1:10 with chloroform for TLC 
examination. 

Esterifications 

Transuiethylations of the triglyeeride mix- 
tures were performed with 10% (w/w) sul- 
furic acid in methanol. The reagent was added 
in large excess (1 2 ml) to the recovered tri- 
glycerides (1-10 rag) and the reaction was 
completed in sealed tubes held at 80C for 16 
hr. Transbutylations were performed similarly 
using a 10% (w/w) solution of sulfuric acid 
in d~3~ n-butanol (7). Identical methods were 
used for the preparat ion of the esters from 
triglycerides recovered from the TLC plates 
together with the silica gel. The fat ty  acid 
esters were isolated by extraction with petro- 
lemn ether. The petroleum ether extracts were 
washed with distilled water and dried over 
sodium sulphate. Due to solvent evaporations 
the recoveries of the short chain fat ty  acid 
methyl esters were low. Nearly quantitative 
yields of short chain esters including the ester 
of butyric acid could, however, be obtained by 
preparing the butyl esters and avoiding solvent 
evaporations under a strong stream of nitrogen. 
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In  order to detect the possible presence of 
free fat ty  acids in the triglyceride fraction re- 
covered from the GLC, the recovered materials 
were allowed to react with freshly generated 
diazomethane (8). The fa t ty  acids were 
analyzed in 5 ft  X ~ in. O.D. stainless steel 
eolmnns filled with SE-30 coated (5%, w/w) 
Chronmsorb W (60-80 mesh) using tempera- 
ture programming (7). 

Quantitations 

The weight proportions of the long chain 
triglycerides in the gas ehromatograms were 
assessed by a direct comparison of their peak 
areas. The triglyeeride proportions in mixtures 
of short and long ehain triglyeerides were ob- 
tained by reference to a standard response 
curve computed for simple triglycerides under 
the working conditions. The amounts and 
proportions of the individual triglyeeride peaks 
recovered from preparat ive GLC were ascer- 
tained by rechromatography of the collected 
peaks in an analytical gas chromatograph to- 
gether with a known anmunt of trioctanoin or 
tridecanoin. 

The weight proportions of the short and Iong 
chain fat ty  acid esters were also obtained from 
response curves and were in good agreement 
with the proportions derived by multiplying 
the peak areas by the corresponding oxygen 
content of the ester and normalizing. Either 
the methyl or the butyl ester of heptadecanoie 
acid was used as an internal standard. 

RESULTS AND DISCUSSI01~ 

Selection of Preparative Column 

I t  had been shown earlier (2) that  short 
narrow bore colmnns (18 in. X ~/s in. O.D.) 
produce some of the most effective separations 
of natural  triglyceride mixtures. Because of 
the thin fihn of the liquid phase, the capacity 
of these columns is small, rendering them im- 
practical for preparat ive separations even with 
ve~37 large numbers of repeat  injections. An 
increase in column diameter to 1~ in. allows 
the separation of larger quantities of triglye- 
eride (up to 0.1 lug per  peak) which can be 
further raised by extending the eolumn length 
to 5 ft. Since the longer columns require 
higher temperatures to complete the elutions 
(7), the advantages of the thin film coatings 
(1-2%~ w/w) are largely lost and consideration 
can be given to shorter columns containing' 
heavier coatings of liquid phase. The use 
of a 2 ft X 1~ in. O.D. tube with a 5% 
liquid phase has been found t o  provide an 
acceptable compromise between colmnn capacity 
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F I 0 .  5. G L C  e lu t ion  p a t t e r n s  r e c o r d e d  f o r  t r i -  
g l y c e r i d e  p e a k s  co l lec ted  u n d e r  s u b o p t i m a l  con- 
di t ions .  U p p e r  p r i n t :  g lyeerSdes  r e c o v e r e d  w i t h  
p e a k  24. Midd le  p r i n t :  g l y e e r i d e s  r e c o v e r e d  w i t h  
p e a k  26.  L o w e r  p r i n t :  g l y c e r l d e s  r e c o v e r e d  w i t h  
p e a k  28. ] ~ e e h r o m a t o g r a p h y  cond i t ions  as g i v e n  
in F i g u r e  4 f o r  tlle M C T  s e p a r a t i o n s ,  e x c e p t  
co l lec tor  t e m p e r a t u r e  325C. 

and file automatic collection systenl triggered 
by the recorder. The lower part  of Figure 4 
shows a repeat sequence of peaks recorded 
for a preparative run with file medium chain 
length triglyceMdes. Considering the low mole- 
cular weight of the material and the excellent 
resolution indicated by the ilanie detector, an 
effective collection of the resolved components 
would be anticipated. The composition of the 
recovered materials is shown in Figure 5. 
Each peak is seen to contain some of the 
preceding and some of the following peaks. 
The cross-contamination was due to a con- 
densation of the effluent in the collector tube, 
the extent of which varied with the flow rates 
and detector temperatures. Although this con- 
densation could be avoided by simply increasing 
the temperature of the collector tube, it did 
not necessarily provide for a quantitative col- 
lection of pure components, which also required 
correct indexing of the fraction collector. In  
order to collect fractions of uniform molecular 
weight it was necessary to nmintain the col- 
lector tube about 25 to 30C above the detector 
and the latter about 25C above the column 
temperature at all times. I t  is believed that the 
nmintenance of such temperature gradient is 
needed to overcome the condensing effects of 
any cold spots that may be present in the 
unevenly heated system. 

Under the outlined conditions, the most com- 
plete collections are realized with the broader 
peaks. Closely spaced sharp spikes present 

TABLE I 

Analysis of a Synthetic Triglyceride 5:[ixture (MCT) a 

Distribution cf trig]ycerides 

Distribution types (mole %)  

Determination 18 20 22 24 26 28 30 

Experimental 1.7 1.1 6.1 43.5 34.8 10.9 1.9 
Random 0.01 0.6 8.6 46.7 34.3 9.0 0.8 

Distribution of fatty acids b 

Acid types (mole %)  

Glyceride 6:0 8:0 10:0 
types Experimental Random Experimental l%andom Experimental l~andom 

18 100 100 
20 66.6 66.6 33.3 33.3 
22 33.3 34.0 66.6 65.4 Trace 0.6 
24 Trace 3.3 100 93.3 Trace 3.3 
26 Trace 0.6 66.6 65.4 33.3 34.0 

28 33.3 33.3 66.6 66.6 
30 100 100 

aThe  original glyceride sample contained the following" fatty acids (as mole % ) :  6:0, 5.3; 8:0, 75.6; 
10:O, 19.1. Other I~CT samples also contained traces of 12:0 which resulted in the appearance of peak 
32 and minor contributions to peaks 26, 28 and 30 in the GLC run.  

b The recovery of the total fatty acid carbon was 100% (11).  
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relatively low temperature indicates that the 
injection and volatilization of the samples was 
not accompanied by a fragmentation of the 
triglyceride molecules containing unsaturated 
fa t ty  acids or by a liberation of free fat ty  
acids. 

All  the collected triglyceride peaks were 
contaminated with small amounts of the liquid 
phase which was continually lost from the 
column. This silicone bleed could be separated 
from the triglycerides on thin-layer plates 
where the less polar  polysiloxane fragments 
moved well ahead of the triglycerides. An 
examination of the recovered triglyeerides in 
the infrared before and af ter  the TLC purifica- 
tion indicated that the minor silicone contamina- 
tion did not interfere with the recognition of 
the characteristic bands associated with the 
vibrations of the functional groups present in 
the triglyeeride molecules (9). 

The GLC and TLC examination of the re- 
covered materials, before and after  enzymic 
and chemical transformations, together with 
the infrared data confirm the earlier expressed 
belief (10) that  the recovered fractions are 
homogeneous on the basis of molecular weight 
and represent undegraded triglyeerides. I t  
does not appear  to have been recognized, how- 
ever, that the collected glycerides are con- 
ruminated with column bleed. 

l~ecovery of Complex Triglycerides 

When working with natural  triglyceride mix- 
tures containing components differing by twu 
carbons only, the timing of the rotation of the 
fraction collector becomes much more critical 
and a too early or too late indexing will result 
not only in incomplete recoveries of the desired 
peaks but also in cross-contamination. The 
difficulties arise from the relatively long dis- 
tanecs that the triglyceride bands have to 
travel in separate tubes in order to reach the 
detector and collector simultaneously. Due to 
differences in the tube diameter, minor varia- 
tions in flow rate bring about both changes in 
the split  ratios and the times of travel in the 
empty tubes. Proper  adjustment in the tem- 
perature of the collector and detector housing is 
the most important  factor in the collection of 
pure components. Unless these variables are 
adequately controlled the recording of a good 
separation in the flame detector provides no 
assurance that the material collected will be 
pure. 

The difficulties eneotmtered are illustrated in 
an exaggerated way with the synthetic MCT 
sample, which was used for establishing the 
optimum operating conditions for the split ter 
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and file automatic collection systenl triggered 
by the recorder. The lower part  of Figure 4 
shows a repeat sequence of peaks recorded 
for a preparative run with file medium chain 
length triglyceMdes. Considering the low mole- 
cular weight of the material and the excellent 
resolution indicated by the ilanie detector, an 
effective collection of the resolved components 
would be anticipated. The composition of the 
recovered materials is shown in Figure 5. 
Each peak is seen to contain some of the 
preceding and some of the following peaks. 
The cross-contamination was due to a con- 
densation of the effluent in the collector tube, 
the extent of which varied with the flow rates 
and detector temperatures. Although this con- 
densation could be avoided by simply increasing 
the temperature of the collector tube, it did 
not necessarily provide for a quantitative col- 
lection of pure components, which also required 
correct indexing of the fraction collector. In  
order to collect fractions of uniform molecular 
weight it was necessary to nmintain the col- 
lector tube about 25 to 30C above the detector 
and the latter about 25C above the column 
temperature at all times. I t  is believed that the 
nmintenance of such temperature gradient is 
needed to overcome the condensing effects of 
any cold spots that may be present in the 
unevenly heated system. 

Under the outlined conditions, the most com- 
plete collections are realized with the broader 
peaks. Closely spaced sharp spikes present 

TABLE I 

Analysis of a Synthetic Triglyceride 5:[ixture (MCT) a 

Distribution cf trig]ycerides 

Distribution types (mole %)  

Determination 18 20 22 24 26 28 30 

Experimental 1.7 1.1 6.1 43.5 34.8 10.9 1.9 
Random 0.01 0.6 8.6 46.7 34.3 9.0 0.8 

Distribution of fatty acids b 

Acid types (mole %)  

Glyceride 6:0 8:0 10:0 
types Experimental Random Experimental l%andom Experimental l~andom 

18 100 100 
20 66.6 66.6 33.3 33.3 
22 33.3 34.0 66.6 65.4 Trace 0.6 
24 Trace 3.3 100 93.3 Trace 3.3 
26 Trace 0.6 66.6 65.4 33.3 34.0 

28 33.3 33.3 66.6 66.6 
30 100 100 

aThe  original glyceride sample contained the following" fatty acids (as mole % ) :  6:0, 5.3; 8:0, 75.6; 
10:O, 19.1. Other I~CT samples also contained traces of 12:0 which resulted in the appearance of peak 
32 and minor contributions to peaks 26, 28 and 30 in the GLC run.  

b The recovery of the total fatty acid carbon was 100% (11).  
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problems as they may be easily missed or only 
par t ia l ly  recovered as a result of an incom- 
plete correspondence in the arrival  times at  
the two exit ports (detector and collector). 
Therefore the rather low temperature gradients 
obtained as the oven temperature asymptotically 
approaches a limiting value may be better 
suited for glyceride collection than the linear 
programs which in addition produce progres- 
sively closer spacing of the higher molecular 
weight components. Too flat peaks, however, 
cannot be reliably collected with this type of 
collector because any slight back pressure from 
the glass wool plugs in the collection bottles 
may result in accidental t r ipping of the 
activator switch and a further rotation of the 
turntable. 

Using optimum conditions, quantitative col- 
lections of triglycerides of uniform molecular 
weight have been obtained for all components 
of the MCT sample. This mixture of synthetic 
triglycerides contained only C~, C~ and C~o 
fa t ty  acids, which were shown (Table I)  to 
have been nonrandom]y incorporated into the 
triglyceride molecules. Quantitative collections 
have also been obtained for  the nmjor triglyc- 
erides of molecular distillates of butter (7) 
and coconut oil. With the latter fats the ex- 
perimental information derived :from prepara-  
tive GLC can be greatly upgraded by collecting 

the triglycerides from material that has pre- 
viously been segregated on the basis of un- 
saturation on TLC plates impregnated with 
silver nitrate. I t  is hoped to present these 
data at a later date. 
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A Comparative Study of the Phospholipids and Fatty Acids of 
Some Insects 
Paul G. Fast, Insect Pathology Research Institute, ~ Sault Ste. Marie, Ontario, Canada 

ABSTRACT 

Phospholipids of 27 species of insects 
representing 6 orders and 20 families were 
examined by DEAE eelhflose column 
chromatography to determine the choline/ 
ethanolamine phosphoglyceride ratios, and 
by gas chromatography to determine the 
constituent fa t ty  acids. 

The phosphorus in the ethanolamine 
phosphoglyeerides accounted for approxi-  
mately 50% of the total l ipid phosphorus 
in aphids (Homoptera)  and in all but one 
family of Diptera (flies) examined while 
the phosphorus in the choline phospho- 
glyeerides accounted for  only about 25%. 
Ethanolamine and choline phosphoglyc- 
erides were present in approximately 
equal proportions in one family of Diptera  
and in the Coleoptera (beetles) examined. 
In  the other insects examined choline 
phosphoglyeerides predominated, ethano- 
lamine phosphoglyeerides comprising only 
about 25-30% of total l ipid phosphorus as 
they do in most mammalian tissues. 

Diptera in which ethanolamine phos- 
phoglyeerides were the major  phosphatides 
were also characterized by high proportions 
of fatty acids less than 18 carbons long, 
part icularly pahnitoleie acid, in the neutral 
lipids. Aphids are characterized by a pre- 
ponderance of 14-carbon fa t ty  acids. The 
evidence suggests that predominance of 
ethanolamine phosphoglycerides is associ- 
ated with a preponderance of shorter 
chain fat ty  acids in the neutral lipids. 

Differences also exist between Diptera 
and other insects in the fa t ty  acid com- 
positions of different phosphatides, particu- 
larly with respect to the distribution of 
18-carbon acids. The compositions observed 
in insects that contained large amounts of 
the choline phosphoglyeerides are similar 
to those found in vertebrates. Similarities 
in fat ty  acid composition of the choline 
phosphoglycerides in such widely divergent 
organisms suggest that  the fat ty  acids may 
play a greater role in phospholipid rune- 
tion than has heretofore been demonstrated. 

Cont r ibu t ion  Number  I.P.I~.I. 74. 

INTRODUCTION 

T 
HE RECENT OBSERVATION that the phospho- 
lipids of 3 species of the order Diptera 

(Inseeta) contain more than 50% ethanolamine 
phosphoglycerides (EPG) and only about 25% 
choline phosphoglycerides (CPG) (1-3) con- 
trasts sharply with findings in vertebrate ani- 
mals where CPG generally represents 50% or 
more of the total phospholipid and EPG only 
about 25%. The further observation (4) that 
most Diptera are characterized by high levels 
( 1 5 + % )  of palmitoleie (16:1) acid led to the 
suggestion (5) that an interrelationship might 
exist between EPG predominance and the high 
levels of palmitoIeie acid. 

A survey of phospholipid compositions and 
of fa t ty  acid spectra within the neutral lipids 
and tile main phospholipid classes of a broad 
group of insects was undertaken to attempt to 
determine if  such a relationship exists, and to 
attempt to define it. The data obtained might 
also contribute to the larger problems of the 
significance of varying phospholipid composi- 
tion and the specific variations in fat ty  acid 
composition between phospholipid classes (6). 
The results obtained form the substance of this 
communication. 

PROCEDURES AND D A T A  

Procedures 

Insects were obtained either from field coI- 
leetions or from laboratory reared stocks, 
usually as adults or mature larvae. The DEAE 
cellulose used was Cellex D (0.7 meq/g) ob- 
tained from BioRad Laboratories. All solvents 
were reagent grade and were redistilled before 
l l s e .  

Whole insects were extracted by grinding 
in a Waring btendor in 20 ml/g  of chlorofonn- 
methanol 2:1. The extract was filtered and 
washed with dilute saline as recommended by 
Folch et al. (7). Af ter  evaporating the solvent 
under nitrogen the crude lipid wa~ stored at 
--20C in chloroform solution until used. 

Approximately 20 mg of this crude lipid was 
applied to a 2 X 20 cm eolunm of DEAN 
cellulose in the acetate form that was prepared 
as recommended by Rouser et ah (8). Neutral 
lipids were eluted with chloroform and weighed. 
Polar  lipids were then eluted with mixtures of 
chloroform and methanol and the effluent moni- 
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tored by phosphorus analysis (9). The identity 
of the fractions eluted from the column was 
checked by thin-layer chromatography (TLC) 
on Silica Gel G with chloroform:methanol:  
water (84:32:3).  

Chloroform-methanol (9:1) eluted ninhydrin- 
negative materiM which on TLC had an R~ 
corresponding to authentic lecithin and sphingo- 
myelin (the latter is not demonstrable in 
Diptera) .  This material is designated CPG. 
Chloroform-methanol (7:3) eluted material 
which gave a single ninhydrin-positive spot 
corresponding in R, to authentic phosphatidyl 
ethanolamine. The remaining" lipids were eiuted 
with chloroform-naethanol-ammonia (4:1 § 20 
ml/ l i ter  cone NH,~0H) and were not further 
characterized except to show they were free 
of CPG or EPG. Replicate runs from the same 
initial crude lipid sample gave relative standard 
deviations (100 ;4 standard deviation/mean) of 
5.5% and 10.9% for the major  (ca. 50%) and 
the minor (ca. 20%) components, respectively. 

Transesterification of the fractions obtained 
by column chromatography was accomplished 
by the technique of Morgan et al. (10). The 
methyl esters obtained were ehromatographed 
on a 5 ft  • ~/s in. stainless steel column packed 
with 12% diethylene glycol suceinate on 100/110 
mesh Xnakrom AB at 190C in an ~kerograph 
204 equipped with a hydrogen flame detector. 
Fa t ty  acid methyl esters were identified by 
comparison of their retention times with those 
of standards and by comparing logarithmic 
plots of retention ratios (11). For  quantitation, 
areas under the peaks were measured either by 
Disc integrator or calculated from retention 
times height of peak (12). Quantitative re- 
sults with National Hear t  Insti tute Fa t ty  Acid 
Standard D agreed with the stated composition 
data with a relative error of less than 5% 
for major components ( > 1 0 %  of total nfix- 
lure) and less than 10% for minor components 
( < 1 0 %  of total mixture). 

T A B L E  I 

Phosphorus  Content,  as Per  Cent  of Appl ied  :Phosphorus, of L ip ids  E lu ted  from DEAF,  Columns 

P 
Resi- re- C P G /  

Insec t  Stage ~ CPG E P G  due co~ered E P G  

Diptera  

Musca domestica (~[uscidae) A 13.9 58.8 14.0 86.7 0.23 
Euxesta notata (Otal idae)  (2) 4 L 17.5 53.4 7.5 78.2 0.33 
Nephrotomasodalis (Tipul idae)  (2)  L 26.0 46.5 20.0 92.7 0.56 
Strwttzia longipennis (Tr ipe t idae)  (2)  L 29.0 47.3 13.1 89.3 0.61 
Hylemia antiq,ua (~[uscidae) A 17.4 52.9 7.2 78.2 0.34 
Chironomus sp. (Chi ronemidae)  A 26.1 46.5 6.6 76.8 0.56 
Phytophaga rigidae (Cecidomyiidae) L 37.5 38.6 48.2 125.3 1.02 
~habduphaga swalnei (Cecidomyiidae)  L 48.1 44.2 9.2 101.5 1.08 

Homopte ra  

Anuraphis bakeri (Aphid idae)  All 27.2 40.8 10.4 78.5 0.66 
Prociphilus tessela~us (Aphid idae)  All 29.7 49.1 7.2 86.0 0.60 
Schlzolachnus pini-radiatac (Aphidida, e) All 33.7 54.3 6.2 94.2 0.62 
Aphrophora parallela (Cercopidae) NA 46,0 28.7 16.5 91.2 1.60 

Lepidoptera  

Arehips cerasivoranus (Tor t r ie idae)  (2) L 45.9 29.5 2,5 77,9 1.55 
Paleacrltaver~ata (Geometr idae)  (3)  L 48.7 25,8 16.5 87.5 1.89 
EraS'this tiliarla (Geometr idae)  (2) L 45.4 32,3 11.1 89.3 1.40 
Hyphantria cunea (AretHdae) L 40.0 31.8 4.9 76.5 1.26 
Datana integerrima (Notodont idae)  L 37,6 33,4 9,1 80.0 1.16 

Hymenop te ra  

Neodiprion sertifer (Dipr ion idae)  (4)  L 49.2 26.1 3.1 78.4 1.88 
Monoctcnus juniperinus (Dip r ion idae )  L 52.1 28.2 10.7 90.6 1.85 
Pikonema alaskensis (Ten thred in idae)  (3) L 47.8 30.3 11.6 89.7 1.58 
Arge pectoral'is (Ten thred in idae)  L 41.6 29.2 13.1 85.2 1.43 

Coleoptera 
Pissodes strobi (Curcul ion idae)  (2) P 36.0 36.0 3.4 79.0 1.00 
Chrysomela crotchi (Chrysomelidae) L 39.8 38.2 9.0 87.0 1.04 
Altica ambiens alni (Chrysomelidae)  IJ 34.3 37.0 17.4 89.0 0.94 
Tenebrio molitor (Tenebr ionidae)  L 39.8 41.7 4.9 85.1 0.95 

Orthoptera  

Diapheromera femorata (Phasmat idae )  A 57.4 35.5 7.0 85,0 1.62 

a A ~--- adults ,  P ~ pupae,  L --  larvae,  N ~ nymphs.  
b Bracke ted  numbers  indica te  repl icate analyses, data  then  are 
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Data 

The phosphorus content of the fractions 
eluted from DEAE cellulose are recorded in 
Table I and the C P G / E P G  ratio calculated. 
In  6 of the 7 families of Diptera  examined the 
C P G / E P G  ratio was less than 0.7 indicating 
that EPG is the major  component in the phos- 
pholipids and that  this phenomenon occurs 
quite generally in Diptera. The Cecidomyiidae 
however have C P G / E P G  ratios approaching 
1.0 thus differing widely from the other Diptera 
examined. 

The 3 species of the family Aphididae 
(Homoptera) also show ratios less than 0.7. 
The related cereopid bug, however, has a ratio 
of 1.60, or ahuost twice as much CPG as EPG. 
All the other insects examined had CPG/EPG 
ratios of 1.0 or higher, and thus resemble 
vertebrate tissues in phospholipid composition. 

The results of the fatty acid analyses of the 
fractions obtained by colmnn chromatography 
are presented in Tables II ,  III ,  IV  and V. 
The neutral lipids (Table I I )  of all Diptera 
except the Cecidomyiidae contain ve~ T high 

proportions of palmitoleic (16:1) acid and 
more than 50% of the fa t ty  acids are less than 
18 carbons long in these Diptera. In  the 
Cecidomyiidae (Diptera) ,  as in the Lepidoptera, 
Hymenoptera,  Coleoptera and Orthoptera, only 
about 30% or less of the fa t ty  acids are less 
than 18 carbons long. In  the Aphididae 
( t tomoptera)  more than 80% and in the re- 
lated Cercopidae only 12% of the fa t ty  acids 
are less than 18 carbons long. Thus in those 
species in which more EPG than CPG is 
present, and only in those species, more than 
50% of the fa t ty  acids in the neutral lipids 
are less than 18 carbons long. 

Bromination of a number of neutral and 
phospholipid methyl ester samples indicates 
that where major  proportions of 18:3 and 20:0 
are found, 18:3 is the pr imary component with 
only low levels of 20:0 present. 

The high levels of palmitoleic acid (16:1)  
found in the neutral lipids of most Diptera are 
found also in the CPG fractions of these insects 
(Table I I I ) ,  with generally lower but still 
significant levels in the EPG (Table IV) and 
Residue fractions (Table V).  However, in 

T A B L E  II 

Fa t ty  Acid Composit ion of the Neut ra l  L i p i d  F rac t ion  of Some Insect  Fa t s  
of Total  F a t t y  Acid in  F rac t ion  ~ 

as Weigh t  Per  Cent 

18 :3  
< 1 2  1 2 : 0  1 4 : 0  14 :1  1 6 : 0  16 :1  18 :0  ] 8 : 1  18 :2  2 0 : 0  > 2 0  

Dip tera  

Mnsea domestica 
Euxest(t notata 
Nephrotoma sodalis 1.0 
Strauzia longipennis 
Hylemia antiqua 
Chironomus sp, 
Phytophaga rigidae 2.2 
Rhabdophaga swainei 

:I-Iomoptera, 

Annraphis bakeri 5.2 16.4 
Prociphilus tesselatus 8.6 17.3 
Schizolachnns pini-radiatae 6.4 10.9 
Aphrophora parallela 

Lepidoptera  

Archips eerasivor~n,us 
Paleacrita ve~*nata 
Datana integerrima 

Hymenopte ra  

N eodiprion serti f er 
Pikonema alaskensis 
A rge pectorali8 
Monocte~us jnniperinus 

Coleoptera 

Pissodes strobi 
Chrysomela crotchi 4.2 
Tenebrio molitor 
Altica ambiens alni 

Orthoptera  

Diapheromera ]emorata 

6.8 2.4 22.8 24.0 4.5 29.3 3.3 1.3 2.4 
4.9 4.3 23.7 19.4 3.6 20.7 18.3 4.6 
1.2 5.5 22.7 19.6 9.3 13.6 9.7 14.8 b 
1.2 1.0 20.2 40.1 1.3 22.6 9.5 
2.4 1.1 19.1 39.4 1.9 23.6 8.1 1.2 
2.2 26.6 21.2 3.4 30.2 9.3 3.1 1.8 
1.4 13.5 2.4 6.8 21.2 39.6 4.3 
1.4 1.2 11.3 8.2 2.6 43.7 27.8 3.2 

47.5 11.1 1.7 3.1 3.8 11.2 
55.4 4.8 5.5 1.0 1.3 4.3 1.7 
60.2 13.2 1.8 3.5 2.0 

10.2 1.2 10.6 45.1 26.3 1.3 

6.9 27.5 4.8 2.3 29.0 6.2 27.2 
24.6 1.1 3.0 34.4 8.0 28.4 

2.9 19.4 7.9 2.0 22.8 5.2 40.0 

1.2 

2.0 12.9 2.0 4.5 37.5 15.7 17.5 1.0 
1.4 21.5 6.2 4.2 39.9 8.2 16.2 b 1.4 

14.2 1.8 4.2 36.6 6.9 36.3 b 
1.1 15.5 1.9 2.5 45.2 6.9 23.8 2.5 

17.4 10.9 2.3 49.6 14.0 3.9 
24.2 1.5 4.7 31.1 5.5 29.4 

1.5 23.6 4.5 1.4 44.7 24.1 1.5 
1.4 22.6 1.6 7.3 23.3 7.6 36.1 b 

1.8 18.1 6.8 8.9 42.2 5.3 17.0 
a Only those acids compr is ing  more t han  1 %  of the mix ture  
b Shown by b romina t ion  to be p r i m a r i l y  unsa tu ra ted .  

are recorded. 
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T A B L E  I I I  

Fatty Acid Composition of the C P G  F r a c t i o n  of Some In sec t  F a t s  
To ta l  Fatty Acid in the F r a c t i o n  a 

as W e i g h t  P e r  Cent  of 

1 8 : 3  
~ 1 4  1 4 : 0  1 4 : 1  1 6 : 0  1 6 : 1  1 8 : 0  1 8 : 1  1 8 : 2  2 0 : 0  ~ 2 0  

Diptera 
Musca domestiea 
Euxes ta  notata 
Nephrotoma sodalis 
S trauz ia  longipennis 
Hylemia antiqua 
Phy tophaga  rigidae 
Rhabdophaga  swainei  

I-Iomoptera 

Anuraph i s  bakeri 
Proeiphilus tesselatas 
Schizolachnus pini-radiatae 
Xphrophora parallela 

Lepidoptera 
A rchips cerasivara'rl as 
Paleacri ta vernata 
Erannis  tiliaria 

Hymenoptcra 
Neodiprion sertifer 
Pikonema alaskensis 
A rge pec to rr 
Monoetenvs  j,uniperb~ t~s 

Coleoptera 

Pissodes strobi 
Chrgso'mela erotchl 
Tenebrlo molitor 
Africa ambiens alrd 

Or thop te r a  

Diapheromera femorata  

3.1 21 .4  29 .6  4.2 26 .6  7.3 7.5 
4.8 2.9 23 .2  31.8  2 .4  22 .0  7.2 5.7 
2.2 1.3 20 .0  13.1  5.4 26.2  15.0  12.9  
2.0 20 .9  21.1  5.5 24 .3  17 .5  4.9 
1.2 16.5  31 .4  2.0 17 .5  11.3  3.8 
1.1 10.5  1.7 5.5 24.3  17 .5  4.9 
3.2 13.8  5.2 8.9 32.9  29 .7  4.1 

3.8 9.4 
1.2 8.5 

8.3 
3.1 

10.0  
14 .6  

5.4 5.8 2.6 19.2 25 .3  8.2 18.2  
1.0 4.1 4.9 3.9 20 .4  42 .5  5.0 7.8 
6.7 5.1 5.3 5.1 20 .0  38 .8  11.5  5.6 

7.8 2.2 9.7 15.5  56 .7  1.6 3.3 

3.3 21 .4  5.6 9.1 19 .0  14.2  27 .35 
1.0 15.0  6.9 13.4  19.1 43 .7  b 

3.5 15.4  1.4 7.1 7.6 26 .1  38.9  

2.3 9.7 11.0  21 .7  28 .6  17.2 b 10.2 
1,3 11 .6  3.8 8.0 22.3  21 .5  22 .4  b 10.3  
1.1 7.3 4.3 12.9  19.6  26 .5  37.0  
3.2 11.4  2.8 10.0  23 .5  18.3 22 .0  b 11.6  

1.9 16.0 6.8 9.4 29 .0  28 .7  5.9 1.9 
2.2 17.8  8.2 22 .g  12 .1  37 .5  
3.1 15.5  2.4 8.7 21 .4  48 .9  
7.8 2.2 18.1 4.7 9.8 20 .8  14.3 15.1  8.0 

1.5 14.2 3.3 11.0  29 .3  13.3  26 .8  

1.6 

a.l~ as in Table  I I .  

tile Aphididae the phospholipid fatty acid com- 
positions do not reflect the neutral lipid pattern 
at all but. resemble those of Lepidoptera or 
t Iymenoptera .  

Some other differences between the phospho- 
lipid fatty acid patterns in Diptera and other 
insects can also be discerned. Stearic acid 
(18:0) levels are consistently higher in the 
phospholipids than in the neutral lipids and 
higher in EPG than in CPG except in Diptera 
where no consistent differences between classes 
can be detected. Oleic acid (18:1) levels tend 
to be higher in the EPG fraction than in the 
neutral fraction of Diptera but are always 
higher in the neutral lipids of the other taxa. 
Such comparisons of neutral and phospholipid 
fractions were not meaningful in Aphididae 
because of the unusual neutral lipid composi- 
tion. In Diptera linoleic acid (18:2) tends to 
be higher in the EPG than in CPG; in the 
other species examined linoleic acid tends to 
be higher in the CPG. 

More generally, palmitie acid (16:0) levels 
are higher in the neutral lipids than in any 
phospholipid fraction, and linoleie acid is al- 
ways higher in the phospholipids than in the 
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neutral lipid fraction. A component with a 
retention time corresponding to hexadecad- 
ienoie acid (16:2) appears to be more promi- 
nent in the E P G  (Table I V )  and Residue 
(Table V) fractions and a component with a 
retention time corresponding to heptadeeanoic 
acid (17:0) appears to be concentrated in the 
E P G  fraction. The 18:3 :20:0  combination was 
not concentrated in any particular fraction, 
but high levels were found in most taxa except 
in the Diptera and Aphididae examined. In  
CPG, there was usually a higher level of fatty 
acids longer than 20 carbons than there was 
in E P G .  

DISCUSSION 

That  more E P G  than CPG is found in tile 
phospholipids of some Diptera had previously 
been established (1-3) ,  as had the presence 
of large proportions of palmitoleie acid in the 
neutral lipids of many Diptera (2,4,13). In 
the present study we have shown that most, 
but not all, Diptera examined exhibit these 
characteristics together. When EPG is not the 
major phosphatide only low levels of palmito- 
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leic acid are found, as in the Cecidomyiidae. 
EPG is also the major  phosphatide in the 
Aphididae which are unrelated to the Diptera 
but which in this and other studies (14) are 
shown to contain very high proport ions of 
myristic (14:0) acid. It appears therefore 
that the occurrence in the neutral l ipids of 
50% or more of the fa t ty  acids with chain 
lengths less than 18 carbons tong is associated 
with the predominance of EPG, rather than as 
a characteristic of a part icular  phylogenetic 
grouping. Studies of lipids from other classes 
of organisms will be required to establish 
whether this is a general phenoInenon. The 
physiological significance o2 such a relationship 
is obscure. 

In  the Diptera the phospho]ipid fat ty  acids 
reflect to some degree the pat tern found in the 
neutral lipids. In  addition, the fat ty  acid 
compositions of the various phospholipid 
classes differ from those found in insects and 
vertebrates where CPG is the nmjor phospho- 
lipid, and may represent evolutionary responses 
to the high levels of EPG in these insects. Such 
responses are not, however, apparent  in 
Aphididae and tbus probably represent only 

one of many possible compensatory mechanisms. 
The patterns of fa t ty  acids in the phospho- 

lipids of non-Diptera resemble those cited by 
Ansell and Hawthorne (6) for phospholipids 
from mammals in that  EPG contains more 
stearic acid than does lecithin which in tur~l 
contains more than do the glycerides (neutral 
l ipid fraction).  Glycerides, however, contain 
relatively more oleic and palmitic acids than 
do the phospholipids. These findings suppor~ 
the view that. within broad groups (e.g., the 
animal kingdom) fundamental mechanisms are, 
generally, similar and that the fa t ty  acid com- 
position of phospholipids is of fundamental 
importance to function. I t  follows from this 
that the unique fa t ty  acid composition of the 
phospholipids in Diptera. is related to the 
high levels of EPG observed. 

The effect of altered membrane phospholipid 
composition on the various membrane-bound or 
-mediated functions of the cell is still subject 
to considerable argument and speculation. 
Chapman (15) has indicated that the liquidity 
of EPG is considerably lower than CPG for 
purely steri~ reasons without invoking any 
charge or electronic effects. Bangham et al. 

T A B L E  I V  

F a t t y  Acid  Composit ion of the E P G  F r a c t i o n  of Some Insec~ ]~ats 
Tota l  F a t t y  Acid  in  the F r a c t i o n  a 

as W e i g h t  P e r  Cent of 

1 8 : 3  
~ 1 4  1 4 : 0  1 4 : 1  1 6 : 0  1 6 : 1  1 6 : 2  1 7 : 0  1 8 : 0  1 8 : 1  1 8 : 2  2 0 : 0  ~ 2 0  

D i p t e r a  

Musca domestica 3.7 1.3 14.2 29 .4  1.8 2.1 30.0  10 .4  2.7 10.9  
Euxesta notata 2.1 24 .2  13.4  4.6 30 .7  21 .5  3.4 
Nephrotoma sodtdis 4.7  23 .9  10.2 4 .4  4.8 20 .9  17.2 11.1  
s longipennis 1.9 19 .4  8.8 1.2 8.2 25 .8  24 .8  10.4  
Hylemia anflqua ] 7.6 31 .5  1.4 29 .2  13.7  5.0 
Chironomus s 0. 3 .4  2 .7  1.2 20 .2  13.5  1.7 4.8 17.2 27 .6  7.0 3.0 
Phytophaga rigidae 15.6  2.0 1.8 2.5 13.3  9.3 51 .8  5.7 

H o m o p t e r a  

Prociphilus tesselatus 8.8 4.2 1.9 6.3 4.8 11.5  18.0  27 .4  5.5 9.6 
Schizolachnuspini-radiatae 3.8 5.0 3.7 19.3 18.5  36 .0  20 .6  2.1 
Aphrophoraparallela 2.8 1.3 7.4 2.9 3.4 18.0  11.0  50 .5  3.7 

L e p i d o p t e r a  

Archips cerasivoranus 2.1 4.1 14)6 3.2 3.7 10.2  20 .1  12.2 31 .7  
Paleacrita vernata 21 .0  4.5 1.4 1.2 15 .4  3 4 . 9  3.9 7.8 5.8 
Erannls tiliarle~ 1.0 8.4 3.1 6.5 18.0  23 .1  38 .8  
Datana integerrhnr 2.0 11.0  2.0 5.1 1.2 9.3 20.1 11.3  37.31) 

H y m e n o p t e r a  

Neodipr~on sertifer 7.4 2.0 2 .5  11.5  21 .4  19.9  18.7  18.5  
Pilconema alaskensis 1.8 8.7 3.6 4 .4  11 .5  18.8  18.8  22 .1  b 9 .6  
Arge pectoral'is 4.1 7.4 5.6 2.1 1.0 11 .6  19 .5  13.6  33.6 1.8 
Monoctenus juniperinus 8 .1  1.6 4 .4  13.4  20 .3  20 .3  27.3  

Coleoptera 

Pissodes strobi 1.0 19.8  3.2 7.5 31.2  28 .1  9.2 
Chrysomela crotchi 4.0 20 .8  3.2 1.2 10 .8  28 .3  9.5 21 .8  
Te*~ebrio molitor 4.1 3.1 1.0 12.2  1.1 1.1 1.3 ] 3.0 20.3  38 .6  6.2 
Altica ambiens alni 3.0 3 .4  1.4 13.3 3.0 7.5 23 .9  17 .5  29 .4  1.8 

O r t h o p t e r a  

Diapheromera femorata 1.1 7.3 1.7 1.5 16.1  24 .8  ] 5.2 30.8  

a b as in  Tab le  I I .  
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TABLE V 

Fatty Acid Composition of the !~esidue F~action of Some Insect Fats 
Total Fatty Acid in the Fraction a 

as Weight Per Cent of 

18:a 
<:14 14:0 14:1 16:0 ]6:1 16:2 IS:0 18:1 lS:2 20:0 /'>20 

Diptera 
Musca domestica 4.1 2.6 
Euxesta, notata 2.4 
Nephrotoma sodalis 1.7 1.8 
Stvau~ia longipennis 1.0 2.6 
Hylemi~ antiqua 1.0 
Chironomv, s sp. 2.9 2.9 
Phytophaga rigidae 5.9 

ttomoptera 
Prociphilus tesselatus 43.7 4.2 
Schizolachnus pini-radiatae 7.6 11.0 
Aphrophorc~ parallela 

Lepidoptera 
Paleacrita vernata 4.8 
E romnls tiliaria 4, 8 
Datana integerrima 1.3 1.1 

ttymenoptera 
Xeodiprlon sertif er 1.9 
Pikonema alaskensis 2.5 
A rge pectoralis 3.1 
Monoctenus ~u,a~perin,(s 

Coleoptera 
Chrvsomela erotchi 
Tenebrio molitor 2.4 3.0 
Altica ambicns add 3.4 

Orthoptera 
Diapheromera ]emorata 7.6 14.0 

1.2 26.2 15.1 10.3 19.6 6.2 3.1 9.0 
15.6 4.9 1.7 8.9 21.9 19.1 24.9 

1.4 13.6 10.7 1.2 5.1 19.3 21.1 7.4 18.7 
1.5 17.6 13.5 4.9 15.7 11.9 6.7 24.6 

11.8 16.2 2.8 15.8 18.7 7.8 3.6 
15.2 19.3 3.0 6.8 23.9 12.7 6.5 4.2 
20.5 9.5 11.3 46.0 6.2 

1.0 4.2 2.7 6.5 8.7 9.0 4.0 24.6 
0.9 9.3 5.5 10.0 29.3 24.0 6.0 

8.8 2.8 1.0 11.5 14.2 24.7 36.9 

30.8 7.9 14.0 17.9 5.6 10.6 8.2 
8.5 4.2 3.3 8.5 11.1 18.8 36.8 2.0 

2.2 6.1 1.1 1.1 12.0 8.0 15.5 48.9 1.3 

24.2 3.2 13.9 14.5 12.4 12.5 21.8 
21.1 5.1 13.9 28.3 15.6 13.2 1.7 

1.0 6.1 2.8 1.3 11.5 24.5 20.8 27.1 
16.9 8.4 8.4 19.4 18.0 22.7 

18.9 6.8 8.2 23.7 17.0 25.1 
15.1 3.2 1.5 12.9 20.9 31.4 6.5 
12.3 4.9 11.2 14.6 31.0 22.8 

11.1 3.8 1.0 11.3 20.8 10.0 24.7 

a as in Table II. 

(16 ,17)  h a v e  s h o w n  t h a t  d i f fu s i on  o f  u n i v a l e n t  
c a t i ons  a n d  a n i o n s  o u t  o f  d i sc re t e  a q u e o u s  
c o m p a r t m e n t s  b o u n d e d  b y  a b i m o l e e u l a r  l a y e r  
o f  C P G  is  r e m a r k a b l y  s i m i l a r  to t h e  d i f fu s i on  
o f  s u c h  i ons  a c r o s s  b io log ica l  m e m b r a n e s .  T h e  
p e r m e a b i l i t y  o f  t he se  l a y e r s  is a l t e r e d  in  a 
m a n n e r  s i m i l a r  to b io log ica l  m e m b r a n e s  b y  
b io log ica l ly  ac t ive  s t e ro i d s .  T h e  p e r m e a b i l i t y  
to c a t i o n s  is  a lso a l t e r e d  b y  i n c r e a s i n g  t he  
n e g a t i v e  s u r f a c e  c h a r g e  o f  t h e  m e m -  
b r a n e .  R o j a s  a n d  T o b i a s  (18)  h a v e  s h o w n  
t h a t  a t  p h y s i o l o g i c a l  p H  b o t h  E P G  a n d  se r ine -  
p h o s p h o g l y c e r i d e s  a r e  n e g a t i v e l y  c h a r g e d  
w h e r e a s  C P G  is n e u t r a l  o r  p o s i t i v e l y  c h a r g e d  
o v e r  a r e l a t i v e l y  w ide  p H  r a n g e .  T h e r e  is  t h u s  
g o o d  r e a s o n  to p o s t u l a t e  t h a t  t h e  c h a r a c t e r i s -  
t ics ,  b o t h  p h y s i c a l  a n d  p h y s i o l o g i c a l ,  o f  m e m -  
b r a n e s  in  w h i c h  t he  level  o f  E P G  is  g r e a t e r  
t h a n  C P G  wil l  be  q u i t e  d i f f e r e n t  f r o m  m e m -  
b r a n e s  i n  w h i c h  C P G  is  t h e  m a j o r  c o n s t i t u e n t .  
C o u p l e d  w i t h  t h i s  a r e  o b s e r v a t i o n s  t h a t  t he  
p e r m e a b i l i t y  o f  m e m b r a n e s  m a y  be  a l t e r e d  b y  
c h a n g i n g  t h e  f a t t y  ac id  c o m p o s i t i o n  o f  t he  
m e m b r a n e  p h o s p h o l i p i d s  ( 1 9 ) .  

S o m e  e n z y m e s  m a y  r e q u i r e  e i t he r  a speci f ic  
p h o s p h o l i p i d  c l a s s  ( 2 0 - 2 2 )  o r  a speci f ic  m i x t u r e  
o f  p h o s p h o l l p i d s  f o r  o p t i m a l  a c t i v i t y  ( 23 ) .  
I n d e e d ,  r e m o v a l  o f  p h o s p h o l i p i d  m a y  even  
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a l t e r  t h e  s u b s t r a t e  spec i f i c i ty  o f  a n  e n z y m e  
(21 ,24 ) .  O n e  can  conc lude  t h e r e f o r e  t h a t  
D i p t e r a ,  b e c a u s e  o f  t h e i r  E P G  p r e d o m i n a n c e  
a n d  u n i q u e  p h o s p h o l i p i d  f a t t y  ac id  c o m p o s i -  
t ions ,  m a y  p r o v i d e  t h e  m e a n s  b y  w h i c h  p h o s -  
p h o l i p i d  f u n c t i o n  a n d  t he  ro le  o f  f a t t y  ac ids  
in  p h o s p h o l i p i d s  c a n  p r o f i t a b l y  be  s t ud i ed .  T h e  
a p h i d s ,  w i t h  h i g h  p r o p o r t i o n s  o f  E P G  b u t  
" n o r m a l "  f a t t y  ac id  c o m p o s i t i o n s ,  s h o u l d  a lso  be  
u s e f u l  in  s u c h  s t ud i e s .  

One  m i g h t  a lso  a n t i c i p a t e  t h a t  t h e  effect  o f  
b io log ica l ly  ac t ive  c o m p o u n d s  w h i c h  ac t  on  t he  
m e m b r a n e  wi l l  a lso be  d i f f e r e n t  i n  D i p t e r a  
a n d  a p h i d s ,  s ince  B a n g h a m  et  al.  (17)  i n d i c a t e  
t h a t  such  a c t i o n s  a r e  p r o b a b l y  i n d e p e n d e n t  o f  
p o l y s a c c h a r i d e s ,  p r o t e i n s ,  o r  ac t ive  cell 
m e t a b o l i s m .  
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Gas-Liquid Chromatography of Triglycerides from 
Erucic Acid Oils and Fish Oils 
R. D. Harlow, Carter Litchfield and Raymond Reiser, Department of Biochemistry and Nutrition, Texas 
Agricultural Experiment Station, College Station, Texas 

ABSTRACT 

By critically selecting" optinmm operating 
conditions, quantitative gas-liquid chroma- 
tography of triglycerides has been extended 
to molecules containing substantial amounts 
of C_~0, C:~, and C~ fa t ty  acids. The tri- 
glycerides of four erueic acid oils (water 
cress, rapeseed, nasturtimn, and Lunaria 
annua) and two fully hydrogenated fish 
oils (menhaden and tuna) have been 
quantitatively analyzed by this technique. 
The average fat ty acid chain length cal- 
culated from the triglyceride composition 
of each oil agreed closely with that deter- 
mined by GLC of its respective methyl 
esters. Several conclusions about the tri- 
glyceride composition of the fats analyzed 
are discussed. 

INTRODUCTION 

THOUGtt  GAS-LIQUID CHRO3IATOGRAPt tY 

(GLC) of triglyeerides containing C~ 
through C~ fat ty  acids is now used in many 
laboratories (1-9),  erueic acid oils and fish oils 
have not been analyzed by this technique. Tri- 
glycerides containing long chain fat ty  acids 
usually show poor peak resolution and sub- 
stantial losses during GLC. 

An extensive investigation of the parameters 
affecting GLC of triglycerides (7) has shown 
that triglycerides with molecular weights as 
high as trierucin can be eluted when optimum 
operating conditions are employed. This paper  
reports a study of the quantitative GLC os 
C.~, through C~ triglycerides and the analysis 
of erucic acid oils and fish oils by this technique. 

E X P E R I M E N T A L  
Materials 

Trilaurin, tripalmitin, and tristearin of 
greater than 99% puri ty  were purchased from 
Applied Science Laboratories, State College, 
Pc. Trielaidin, triaraehidin, trierucin, and tri- 
behcnin of 99% puri ty  were purchased from 
the Hormel Institute, Austin, Minn. GLC 
analyses of the individual triglyeerides revealed 
traces of diglycerides and/or  mixed-acid tri-  
glycerides in the triarachidin, tribehenin, and 

1Winner,  AOCS Bond Award. Presented at  the  AOCS 
]Keeting in Cincinnati, October 1965. 

trierucin; and appropr ia te  puri ty  corrections 
were applied when using these three materials 
for  calibration purposes. 

Watercress (Nasturtium o~cinale), nastur- 
tium ( Tropaeolum majus), and Lunatic annua 
seeds were purchased from commercial sup- 
pliers. Rapeseed (Brassica napus) was obtained 
from the Saskatoou Wheat  Pool, Saskatoon, 
Saskatchewan, Canada. Seeds from each 
species were ground and extracted with petro- 
leum ether (30-60C bp) in a Soxhlet extractor 
for 4 hr. The entire seed was used for oil 
extraction except with Lunatic annua where 
the seed coat was removed prior  to extraction. 
The oil contents of the seeds were: watercress, 
]2.0%; nasturtium, 5.6%; rapeseed, 40.8%; 
and Lunaria annua~ 42.5% 

Menhaden body oil (Brevoortia tyrannus) 
was obtained from a commercial source. A 
"little tuna" (Euthynnus alletteratus) weighing 
4.06 kg was caught in the Gulf of Mexico 40 
miles southeast of Freeport ,  Texas, on June 11, 
1965, and was kept  at  --60C with dry ice until 
used 8 days later. After  thawing, 1.82 g of 
lipid nmterial was extracted from 173.0 g of 
wet muscle tissue using the chloroform/ 
methanol extraction method of Bligh and Dyer 
(10). Each fish oil was fully hydrogenated by 
the method of Farquhar  et al. (11) using 
distilled dioxane as a solvent in place of ethanol. 

The triglycerides were isolated from each of 
the erucic acid oils and from the hydrogenated 
fish lipids by means of preparat ive  thin-layer 
chromatography on 1.0 mm thick plates of 
Silica Gel G developed in 79/20/1 (v /v /v)  
petroleum ether/diethyl ether/acetic acid. 

Methods 

GLC of Fatty Acids. Methyl esters were 
prepared from the purified t riglycerides using 
the standard H.~SO4-methanolysis technique 
(8). The fa t ty  acid composition was then 
determined by GLC analysis of the methyl 
esters on a 6 f t  by 0.093 in. I.D. column con- 
taining 20% butanediol sueeinate polyester 
coated on acid-washed Chromosorb W as pre- 
viously described (8). Peaks were identified 
by comparison with the elution times of known 
compounds and by comparison with the com- 
positions reported by other workers for  the 
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same oils (]1-15).  Branched chain acids in 
the hydrogenated fish oils were identified as 
those peaks which did not correspond to the 
elution times of a homologous series of straight 
chain methyl esters. Peak areas were deter- 
mined by triangulation, and all fatty acid 
compositions are reported in mole percent. 

GLC of  Triglycerides.  GLC analysis of tri- 
glycerides was carried out under the optimum 
conditions described by Litchfield, Harlow, and 
Reiser (7). An F&h{ 400 gas chromatograph 
equipped with a hydrogen flame detector and 
an automatic temperature programer was used. 
The 21 in. by 0.093 in. I.D. stainless steel column 
containing 3.0% JXR on 100/120 mesh Gas- 
Chrom Q was heated from 200 to 360C at 
2-4C/min with a helium carrier gas flow rate 
of 100 ml/min. Under these conditions, 10 20 
~g of triglyceride produced a full scale peak 
on a I mv recorder. In  agreement with pre- 
vious results (7), ehromatograms showed no 
extraneous peaks which might indicate sample 
degradation in the flash heater. Sample peaks 
were identified by comparison with the retention 
times and elution temperatures of known com- 
pounds. Tristearin eluted at 290-300C and 
trierucin at 335-345C. 

Quantitative response factors for the various 
carbon number triglyeerides were determined 
from known composition mixtures of tripahni- 
tin, tristearin, trielaidin, tri-11-eicosenoin, tri- 
behenin, trilaurin, triarachidin, and trierucin. 
Trielaidin was used in the calibration mixtures 
since its detector response conveniently lies 
midway between triolein and trilinolein (7), 
the major C~ components of the erucic acid 
oils. The f~ values [molar calibration factors 
determined by the internal normalization tech- 
nique (7)] of the simple triglyeerides in the 
calibration mixtures were used to assign an 
average f,, value to each peak based on its 
estimated fatty acid composition. Typical f,~ 
values for trilaurin, tristearin, and trierucin 
were 1.00, 0.71, and 0.71, respectively. 

RESULTS AND DISCUSSION 

The first step in the quantitative analysis of 
high molecular weight triglycerides was to 
determine the linearity of detector response to 
variations in sample size. Previous work has 
shown that some losses occur with triglyceride 
molecular weights above C,~_, even under optinmm 
operating conditions (7). Losses of tristearin 
were found to be proportional to the anmunt of 
sample injected, and detector response curves 
were linear with respect to sample size. Thus, 
losses could be accurately compensated for with 
calibration factors (7). 

M I C R O G R A M S  OF T R I S T E A R I N  

5 lO 15 aO 25 
i o oo ] , t t / 

ooo 

8oO 

m< ~oo < 
Ld ~oo ~.~ 

w 4oO o_ 

w 
a, 2 0 0  ac 

2o<3 

0 ,5 iQ ! 5  2 0  2 ~ 

M I C R O G R A M S  OF T R [ E R U C I N  

FIG. 1. Relat ionship between peak area and 
amount of sample injected for tristearin and 
trierucin. Operating conditions same as :Pigure 2 
with oven temperature lorogramed at 4C/rain. 

A similar cheek on the linearity of detector 
response was made with trierucin. These re- 
sults and the comparative values for tristearin 
are shown in Figure 1. The plot of peak area 
vs. amount of triglyeeride injected is linear 
over the 1-20 Fg range in both cases. Below 
1.0 ~g, results were variable, and the curves 
may not be valid in this range. Theoretically, 
the trieruein curve should have a steeper slope 
than the tristearin curve, since trierucin con- 
tains a snmller percentage of oxygen than 
tristearin (16). In  practice, however, the two 
plots were almost parallel, indicating that 
losses of trierucin were higher than those of 
tristearin. Using Aekman's calculation method 
for determining the theoretical relative re- 
sponses of fatty acid esters in a hydrogen flame 
detector (16) and assuming that no trilaurin 
was lost during' calibration runs, we estimated 

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  of E r u c i c  A c i d  S e e d  Oi l s  
(mole % ) 

Fatty Water- Rape- Nastur- Lunarla 
acid cress seed tium annua 

1 4 : 0  0 . 1  0 . 1  
16:0 10.7 4.0 0: ;  L~ 
16:1 0.3 0.3 0.I 0 .1  
1 8 : 0  2 . 5  1 .4  0 . 1  t r  
1 8 : 1  3 0 . 5  1 6 . 1  2 . 1  2 7 . 0  
1 8 : 2  2 4 . 1  1 4 . 8  0.2 6.8 
1 8 : 3  1 . 5  9 .3  0 . 4  0 . 7  
2 0 : 0  2 . 1  1 . 1  0 . 1  
20:1 10.8 1~.3  15 .~  0:6 
20:2 0.5 0.7 . . . . . . . .  
22:0 0.7 0.5 

22':2 0.3 0.4 .... 0.i 
2 4 : 0  0 .3  t r  
~ 4 : 1  0 .6  o s 1.6 2d:~ 

O t h e r  0 .2  0 . 1  .... I;r 
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T A B L E  II 

F a t t y  Acid Composit ion of Fu l ly  Hydrog 'enated F i sh  Oils 
(mole % ) 

Fa t ty  acid" Menhaden body Tuna  muscle 

1 2 : 0  0.2 0.1 
1 3 : 0  0.2 
14:0 10:5 4.7 
Branched  0.2 0.1 
1 5 : 0  0.7 1.1 
Branched  0.1 0.1 
16 :0  37.3 31.8 
Branched  0.1 2.4 
1 7 : 0  1.2 2.0 
Branched  0.1 0.3 
18 :0  21.5 21.2 
19 :0  0,4 0,4 
2 0 : 0  14.8 9.2 
2 1 : 0  0.6 0.4 
2 2 : 0  11.3 25,0 
2 3 : 0  0.1 
o.4:o 0.9 i:o 

a Lis ted  in order of elut ion 
polyester GL C column. 

on butanediol  succinate 

that approximately 6% of the tristearin in- 
jected and 24% of the trierucin injected were 
lost during analysis. Under nonoptimum 
operating conditions, losses undoubtedly would 
have been much greater (7). Therefore, fre- 
quent calibration is essential for accurate 
results. 

The fatty acid compositions of the tri- 
glycerides from the four erucic acid oils and 
the two hydrogenated fish oils were determined 
by GLC of their respective methyl esters on a 
polyester column (Tables I and I I ) .  

The triglycerides of each oil were separated 
according to carbon number using GLC on a 
21-in. silicone colunm. The two fish oils were 
fully hydrogenated before triglyceride GLC to 

avoid possible thermal decomposition of the 
highly unsaturated fatty acids. The resulting 
chromatograms (Fig. 2) showed good peak 
resolution allowing accurate quantitation, ex- 
cept with the fish oil triglycerides. The presence 
of odd chain length and branched chain fatty 
acids in the two fish oils undoubtedly led to 
poorer resolution of triglyceride peaks. This 
effect was most noticeable with tile tuna oil, 
which had 6.6% odd carbon number fatty acids, 
twice the amount found in the menhaden oil. 
The peak areas in each chromatogram were 
measured, and the carbon number distribution 
of each oil was quantitatively determined (Table 
H I ) .  The average fatty acid chain length was 
calculated from the triglyceride composition of 
each oil and also from the methyl ester GLC 
data using the method of Kuksis et al. (6). 
Comparison of the two values (Table IV) 
showed close agreement for all six fats, in- 
dicating that the carbon number distributions 
reported in Table I I I  are close to the correct 
values. 

Watercress seed oil contains 30.1% long 
chain acids (C~o+C=+C.~J. GLC results indi- 
cate that triglycerides containing both one 
(C~ and C~) and two (C~, C~o and C~) long- 
chain acids are present in substantial amounts. 

Rapeseed oil containing 39.2% C= and 14.1% 
C~ fatty acids has no C~ (trierucin) and very 
little C6, (eicoseno-dierucin) present, indicating 
that no more than two long chain acids are 
usually present in any one triglyceride. The 
major peak in rapeseed oil, C~_, would cor- 
respond to a C=C~C.~ triglyceride such as oleo- 

WA~TEsR ~ ~ 48 52 54 58 WATER CRES~ 58 RAPESEED 62 MENHADEN 50 56 

24 60 60 6 4 8 1 1 1 1 1 1 1 ~  
52 28 

82 56 46 62 
54 64 

5O 

66 64  5 4  56  

NASTURTIUM LUNARIA ANNUA TUbA 52 5860 
64 

66 50  62 

48 
62 S8 

60 56 58 6O S8 

FIG. 2. Chromatograms of watercress, rapeseed, hydrogenated menhaden body, nasturtium, 
Lunar ia  an~ua, and hydrogenated tuna muscle oils. Operating conditions: :F&M 400 gas 
chromatograph; 21 in. by 0.093 in. stainless steel column packed with 3.0% JXR on 100/120 
mesh Gas-Chrom Q; column programed 200-360C at 2-4C/rain. with 100 ml/min. I-Ie carrier 
gas; flash heater at 350C; detector base at 310-350C. Tallest peak in each chromatogram 
represents a 0.6-1.0 my signal. 
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G L C  oF T R I G L Y C E R I D E S - - E R u c I c  ACID AND F I S t t  OILS 

T A B L E  llI 

Triglyceri~te Composit ion of Eruc ie  Acid g~rl F i sh  Oils 
(mole % ) 

219 

Carbon Water-  Rape- Iqastur- L u n a r i a  Menhaden Tuna 
number  cress seed t i u m  a n n u a  body nlusele 

42 . . . . . . . . . . . . . . . . . . . . . . . .  0.2 O.I 
44 . . . . . . . . . . . . . . . . . . . . . . . .  1.3 0.2 
46 . . . . . . . . . . . . . . . . . . . . . . .  4.6 1.6 
48 9.9 5.1 
50 2.2 0.5 . . . . . . . . . . . .  14.3 8.7 
52 10.3 1.8 17.8 13.0 
54 16.4 4.1 0.4 0.2 17.4 20.8 
56 26.7 10.0 0.6 2.2 1~.5 19.5 
58 30.7 19.5 1.4 1.7 10.2 13.0 
60 9.6 24.9 3.4 1.6 6.1 10.8 
62 3.8 38.8 9.4 44 . I  2.6 5.4 
64 0.3 0.4 31.6 39.9 0.8 1.3 
66 . . . . . . . . . . . .  52.0 9.9 0.2 0.4 
68 . . . . . . . . . . .  1.2 0.4 0.1 0.1 

dierucin or linoleo-diem~cin. The second largest 
peak, C~o, could correspond to a C~C~C2~ tri- 
glyceride such as eicoseno-oleo-erucin or 
eieoseno-linoleo-erucin. 

In nasturtium seed oil, the major triglyceride 
peak is C~0, undoubtedly mostly trierucin since 
the oil contains 79.1% erucic acid. The second 
largest peak, C~, would be predominantly 
eicoseno-dierucin. The presence of C.~ and C~ 
peaks is certainly unexpected, since nasturtium 
seed oil contains only 3.7% of fatty acids hav- 
ing less than 20 carbon atoms. 

L u ~ a r i a  a n n u a  seed oil contains 34.5% C~s 
and 63.5% C~ and C:~ fatty acids. However, 
93.9% of the triglycerides are either Cs~, C6~, 
or C,~. To have such a composition, most of the 
triglycerides must contain one C~s acid and 
two long chain acids, ttence, the C6~ peak 
would be mainly oleo-dierucin, the C,~ peak 
mostly eruco-oleo-nervonin, and the C,, peak 
mostly oleo-dinervonin. 

I t  is interesting to note the pattern in which 
increasing amounts of long chain fatty acids 
are incorporated into the triglyeerides of erucie 
acid oils. Triglycerides containing three long 
chain fatty acids are only found in nasturtium 
seed oil, which contains 96.3% long chain acids 
and therefore must form considerable trierucin 
and eicosenodierucin. L u n a r i a  anr~ua and rape- 
seed contain 64.1% and 53.9% long chain acids, 

T A B L E  I-g 

Average  Yatty Acid Chain  Leng th  

Oil 

Calculated 
Calculated f rom 

from methyl  trig'lyceride 
ester data  data  

Watercress  18.74 18.79 
Rapeseed 19.80 19.85 
N a s t u r t i u m  21.55 21.53 
L u n a r i ~  ~ n n u ~  20.93 20.99 
Menhaden body 17.61 17.78 
Tuna  muscle 18.34 18.37 

respectively, less than two-thirds the total; but 
no significant amounts of triglyeerides contain- 
ing three long chain acids are present in either 
oil. Watercress seed fat contains 30.1% long 
chain acids, less than one-third the total; and 
it definitely contains appreciable triglycerides 
with two long chain acids. I f  these oils are 
typical, it would appear that the enzymes 
synthesizing triglycerides in erucie acid oilseeds 
esterify only two long chain acids per tI~glyc- 
eride molecule. Only when the long chain acid 
content is ~bove 66.7% are triglycerides with 
three long chain acids formed. On the other 
hand, when the long chain acid content is below 
33.3%, there is no similar limitation to one long 
chain acid per triglyeeride molecule. 

Mattson and u (17) and Grynberg 
and Szezepanska (15,18) have hydrolyzed 
numerous erucic acid oils with pancreatic lipase 
and have found that the long chain acids are 
mostly esterified at the 1- and 3-positions of 
the triglycerides. Such a distribution pattern 
would also limit long chain acids to two per 
triglyceride molecule, except above 66.7%. 
Hence, both GLC and lipase hydrolysis results 
independently point to the same distribution 
pattern in the triglycerides of erucic acid oils. 

Menhaden oil and tuna oil triglycerides show 
very wide distributions of carbon numbers. 
Practically all possible di- and triacid triglyc- 
eride8 appear in the chromatograms. These 
results indicate that GLC will be helpful in 
the analysis of fish oil triglyeerides whose ex- 
ceedingly complex nature has heretofore resisted 
quantitative fractionation by chromatographic 
techniques. Quantitative results are reported 
here for only the even carbon number triglyc- 
eride8, which represent the majority of triglyc- 
erides present in each oil. However, odd carbon 
number triglycerides are undoubtedly present, 
as indicated both by the fatty acid compositions 
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a n d  the  a p p e a r a n c e  o f  s m a l l  p e a k s  b e t w e e n  the  

C~, C4, C4s, a n d  C~s p e a k s .  C o m p l e t e  a n a l y s i s  

should ,  o f  course ,  i n c l u d e  a l l  t h e  odd  c a r b o n  

n u m b e r  p e a k s ;  b u t  t h i s  m u s t  a w a i t  t he  a v a i l -  
a b i l i t y  of  h i g h e r  r e s o l u t i o n  c o l u n m s  f o r  G L C  

a n a l y s i s  o f  t r i g l y c e r i d e s .  

The  s u c c e s s f u l  q u a n t i t a t i v e  G LC a n a l y s i s  o f  

t r i g l y c e r i d e s  c o n t a i n i n g  C~o, C,_,~, a n d  C~ f a t t y  

a c i d s  n o w  e x t e n d s  the  u s e f u l n e s s  o f  t h i s  tech-  

n i q u e  to  a l l  the  m o l e c u l a r  w e i g h t s  o c c u r r i n g  in  
n a t u r a l  f a t s .  H o w e v e r ,  no s i n g l e  m e t h o d  can  

c o m p l e t e l y  r e so lve  the  c o m p l e x  n f i x t u r e s  of  t r i -  

g l y c e r i d e s  in  m o s t  n a t u r a l  f a t s .  G LC is of  

g r e a t e s t  v a l u e  w h e n  i t  is  u s e d  as  the  f ina l  s t ep  

in  a se r ies  of  c o n s e c u t i v e  f r a c t i o n a t i o n  tech-  

n i q u e s  (8 ) .  
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Preparation of Sulfate Esters 
Ralph O. Mumma, Department of Biochemistry, The Pennsylvania State University, 
University Park, Pennsylvania 

ABSTRACT 

This communication reports a new 
method for the synthesis of sulfate esters, 
in good yield, under mild conditions. Sul- 
furic acid reacts with an alcohol and 
dieyelohexylearbodiimide in a polar solvent 
to produce sulfate esters. 

INTRODUCTION 

D RAYER AI'~D LIEBER!V[A/~ (1)  have reported 
the isolation of cholesterol sulfate from 

human blood and gallstones. Lieberman et al. 
(2,3) have demonstrated steroid sulfates to be 
biosynthetic intermediates in vitro and in vivo 
and to have a relationship to some cancers. 
Haines (4), and Mumma and Gahagan (5) 
have reported the isolation and characterization 
of several naturally occurring sulfate esters. 
Because of the increased recognition of the 
biological importance of sulfate esters, it has 
become desirable to synthesize these esters and 
to study their properties. 

Chlorosulfonic acid (6,7), sulfuric acid (8), 
and pyridine-sulfur trioxide (2,9) are reagents 
commonly used to produce sulfate esters. Many 
molecules of biological interest are not stable 
in the presence of these reagents and, therefore, 
a milder method of preparing sulfate esters 
was sought. 

I t  was found that sulfuric acid reacts with an 
alcohol and dicyclohexylcarbodiimide (DCC) in 
a polar solvent such as dimethylformamide 
(DMF) to produce sulfate esters. This new 
reaction gives good yields under mild conditions, 
has practically no side reactions and the prod- 
ucts are easily isolated. 

ROH + H2SO, I + ~ - - N : C : N ' - - ~  DMF > 

o 
ROSO3H -F <~- -N H-~-N H - - ~  

Although carbodiimides have been use(] 
routinely for the synthesis of carboxylic acid 
esters, amides, and pyrophosphates, they have 
not been used to synthesize sulfate esters. 

PROCEDURES AND DATA 

Sulfate esters of saturated and unsaturated 
alcohols, sterols, and triterpenes have been 

prepared. The experimental conditions for four 
preparations are given; namely, the potassium 
salts of decyl, octadecyl, cholesteryl and 
testosterone sulfate. Each ester had the char- 
acteristic infrared sulfate ester absorptions at 
]250-1200 cm -~, 1081-1062 cm -~, and 838-757 
cm -~ (10). All reactions were followed radio- 
chemically using trace amounts of ~SO~ = and 
each reaction step was analyzed by thin-layer 
chromatography. This procedure indicated that 
the best yields (70% or better, based upon the 
alcohol) were obtained when DCC and sulfuric 
acid were used in excess. The molar ratios 
commonly used were as follows: 1:1-2:5, 
alcohol:sulfuric acid :DCC. 

Potassium Octadecyl Sulfate 

Octadecanol, 1.55 mmole, dissolved in 4 ml of 
DMF, was added to 8.43 mmole of DCC dis- 
solved in 2.5 ml of DMF in a 50 ml Erlenmeyer 
flask. Sulfuric acid, 3.20 mmole, dissolved in 
2 ml of DMF containing 0.2 tLc ~5S0~= was added 
dropwise to the alcohol-DCC nfixture. Reaction 
immediately occurred as evidenced by the forma- 
tion of the relatively insoluble dieyclohexylurea. 
After 1 hr at room temperature the reaction 
mixture was filtered to remove the insoluble 
dicyelohexylurea and the filtrate was neutralized 
with 1 N potassium hydroxide. Thirty milliliters 
of water was added to the filtrate and this 
solution was immediately transferred to a 250 
nfl separatory funnel and extracted with 50 
ml of n-butyl alcohol. The water layer was 
re-extracted with 30 ml of n-butyl alcohol. The 
n-butyl alcohol layers were combined, washed 
with 40 ml of water and then the n-butyl 
alcohol was removed under vacuum at room 
temperature. The crude potassium oetadecyl 
sulfate was recrystallized from absolute ethanol 
with a yield of 74%, mp 236-238C. 

Analysis for ClsI-IsTSO~K 
Calculated: C, 55.69%; H, 9.60%; S, 8.25% 
Found: C, 56.06%; I~, 9.65%; S, 8.04% 

Potassium Cholesteryl Sulfate 

Cholesterol, 5.05 mmole, dissolved in 3.5 nfl 
of DMF, was added to 24.4 mmole of DCC 
dissolved in 3 ml of DMF in a 50 nfl Erlen- 
meyer flask. Sulfuric acid, 5.5 mmole, dissolved 
in 1 ml of DMF containing 0.2 tLc ~SO?, was 
added dropwise to the ice-cooled alcohol-DCC 
mixture. After thirty minutes the reaction mix- 

221 



222 R . O .  MC~MA 

ture was filtered. The precipitate was washed 
with 5 ml of DMF. The combined filtrates were 
neutralized with potassium hydroxide, and this 
solution was transferred to a 250 ml separatory 
funnel. One hundred milliliters of water and 
chloroform were added to the funnel and 
shaken. The insoluble cholesteryl sulfate re- 
mained at the interface between the two layers. 
The chloroform and water layers were removed 
and the insoluble sulfate ester was washed 
again with these same two solvents. The inter- 
facial layer was filtered yielding crude potas- 
sium eholesteryl sulfate which was recrystallized 
from ethanol with a resulting yield of 74%, 
mp 247-248C. 

Analysis for C~7]:t~SO~K.I-I20 

Calculated: C, 62 .00%;  It, 9 .07%;  S, 6.14% 
Found: C, 62 .43%;  I-I, 9 .24%;  S, 6.21% 

Potassium Decyl Sulfate 

Decanol, 1.58 mmole, dissolved in 2.5 ml 
of D~fF, was added to 7.90 rmnole of DCC 
dissolved in 2.5 ml of DSIF in an ice-cooled 
50-ml flask. Sulfuric acid, 1.97 mmole, dis- 
solved in 1.5 mI of cooled DMF containing 0.1 
t~c of 3~S0,=, was added dropwise to the alcohol- 
DCC mixture. After  thirty minutes the cooled 
solution was filtered, and the filtrate neutralized 
with 1 N potassium hydroxide. An additional 
20 ml of water were added to the filtrate, 
stirred and the solution filtered. The crystals, 
additional dieyelohexylurea, were washed with 
20 ml of warm water in small portions. The 
potassimu decyl sulfate was water soluble and 
remained in the filtrate. The combined filtrates 
were transferred to a 250 ml separatory funnel, 
and 40 ml of n-butyl alcohol were added with 
mild swirling. The water layer was again ex- 
tracted with 30 ml of n-butyl alcohol. The 
n-butyl alcohol was removed under vacuum at 
room temperature. The remaining crude potas- 
sium decyl sulfate was recrystallized from 
ethanol with a yield of 72%, mp 236-237C. 

Analysis for CloI~ImSO4K 

Calculated: C, 43 .43%;  It,  7 .66%;  S, 11.60% 
Found: C, 43 .74%;  H, 7 .84%;  S, 11.66% 

Potassium Testosterone Sulfate 

Testosterone, 0.90 mmole, dissolved in 2 ml 
of DMF, was added to 3.6 mmole of DCC 
dissolved in 2.5 ml of DS{F in an ice-cooled, 
50-ml flask. To this was added dropwise 1.1 
mmole of sulfuric acid dissolved in 1.0 ml of 
cooled DMF containing 0.2 t~c of ~SO~=. The 
following experimental procedure was the same 
as in the preparation of potassium decyl sul- 
fate. The potassium testosterone sulfate also 
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was water soluble and was isolated easily. The 
clmde potassium testosterone sulfate was washed 
with hot ethanol. The product did not give a 
sharp melting point and was amorphous. The 
yield was 71%. 

Analysis for C~9I-I27SO4K 

Calculated: G, 53 .72%;  I~, 6 .89%;  S, 7.55% 
Found: C, 53 .79%;  H, 7 .09%;  S, 7.05% 

DISCUSSION 

The order of addition of the reactants is 
very important. Sulfuric acid will react directly 
with DCC. However, if  an alcohol is present 
when the sulfuric acid is added to the DCC 
solution, the formation of the sulfate ester is 
preferred. At room temperature the reaction 
proceeds very rapidly and is complete within 
a few minutes, but a considerable amount of 
heat is produced and side reactions can occur. 
I f  the reaction temperature is kept below 25C, 
approximately 30 rain are required for com- 
pletion of the reaction, and no major side 
reactions take place. Therefore, in the afore 
iaentioned procedures, the sulfuric acid was 
introduced dropwise, in dilute solution, to the 
cooled mixture of alcohol and DCC. The 
progress of the reaction was followed easily 
by the formation of the relatively insoluble 
dieyclohexylurea. 

Although a number of methods were in- 
vestigated, the best procedure for the isolation 
of the product seemed to he the extraction of 
the sulfate ester from an aqueous solution 
with n-butyl alcohol. The n-butyl alcohol can 
be removed readily under reduced pressure at 
room temperature leaving the desired sulfate 
ester. I f  the temperature is not kept low, side 
reactions occur and the solvent becomes sul- 
fated. All the sulfate esters prepared were 
soluble in n-butyl alcohol and could be ex- 
tracted almost quantitatively from the aqueous 
layer. 

This method of synthesis appears to be of a 
general nature and well suited for tile synthesis 
of sulfate esters of biochemical and detergent 
interest. I t  is particularly well adapted for 
radiolabeled syntheses because ~SO~: can be 
used directly without prior preparation of 
chlorosulfonic acid or pyridine-sulfur trioxide. 
Also, the desired product can be isolated readily 
by thin-layer chromatography directly from the 
reaction mixture. Further  studies are being 
conducted on the mechanism and versatility of 
this reaction. 
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A Comparison of Acyltransferase Activities in vitro with the Distri- 
bution of Fatty Acids in Lecithins and Triglycerides in Vivo 
W. E. M. Lands, University of Michigan, Ann Arbor, Michigan; M. L. Blank, L. J. Nutter and O. S. 
Privett, The University of Minnesota, Austin, Minnesota 

ABSTRACT 

The location and configuration of a 
double bond in a fatty acid influences the 
rate of its acyltransferase-catalyzed esteri- 
fication to form lecithin and its distribution 
in vivo between the primary and secondary 
positions of triglycerides and lecithins. 

Saturated acids of shorter chain length 
are transferred at rates similar to the long 
chain unsaturated acids. 

The positional distributions of acids in 
the diglyceride units of liver triglycerides 
appear to be similar to that found in the 
lecithins. 

Acyltransferase activities measured in 
vitro have a considerable predictive value 
in terms of' the ultimate distribution of 
fatty acids in glycerolipids in vivo. 

INTRODUCTION 

M 
UCH OF THE RECENT WORK: w i t h  a c y l -  

transferases supports the general concept 
that their activity nmy be important in con- 
trolling the fatty acid composition of tissue 
phosphoglyeerides. The extent to which other 
reactions nmy control this eonlposition is not 
clear, and it is evident that a series of enzymatic 
factors exist, all of which may exert some 
effect. Attempts to show selective esterifications 
in fm~fing phosphatidic acid (1) were not as 
successful as those involving lecithin formation 
(2). Thus, the current evidence suggests that 
the characteristic distribution of fatty acids 
between the 1- and 2-positions may arise in 
part  from a redistribution of acids after the 
nitrogenous base has been attached to the mole- 
cule. Further work has emphasized that the 
classification of fatty acids as either saturated 
or unsaturated is an unsatisfactory oversimpli- 
fication (3) when describing their metabolic 
properties. Rather, each fatty acid should be 
regarded as having a characteristic metabolic 
fate. 

This concept led us to consider the fate of 
unnatural  fatty acids as well as a series of 
natural acids while testing the selectivity of the 
acyltransferases. A series of cis and trans 
isomers of octadecadienoate was used since 
three of  the four acids are not encountered in 
normal metabolic processes. A comparison of 

the distribution of these acids in vivo with the 
relative esterification rates in vitro indicates 
the degree to which acyltransferase specificities 
could control the distribution of a fatty acid. 
Our results show that the enzymatic activities 
measured in vitro have a considerable value in 
predicting the ultimate distribution of fatty 
acids in glycerolipids in vivo. 

EXPERIMENTAL 

Synthesis of Acyl-CoA Derivatives 

The procedure described by Seubert (4) was 
used to synthesize several saturated long-chain 
acyl-CoA esters. The derivatives of the poly- 
unsaturated acids, however, are unstable in 
dilute aqueous solutions and the modifications 
described below provided high yields of thiol 
esters that were 100% active in the acyl- 
transferase systems. 

All solvents used in the following procedure 
contained 0.1-0.5% 1,2-dihydro-6-ethoxy-2,2,4- 
trimethylquinoline (Santoquin, ethoxyquin) as 
an antioxidant? Tetrahydrofuran was distilled 
from LiA1H~ immediately before use and all 
aqueous solutions were freshly prepared using 
water saturated with Santoquin. The reaction 
was carried out iu a 50 ml Erlenmeyer flask and 
was stirred continously with a magnetic stirrer. 

Coenzyme A (100 rag) was dissolved in 30 
ml of aqueous tetrahydrofuran (50%), and 
the pH was adjusted to 7.5-8.0 with 1 N 
NaOtt. The mereaptan content was estimated 
by removing 0.1 ml of the reaction mixture and 
adding it to a solution of 5,5"-dithio-bis-(2- 
nitrobenzoic acid) (DTN) in phosphate buffer 
(p~ 7.4) (5). 

After the pH and mercaptan content of the 
solution were determined, 100 mg of the acyl- 
chloride was added and the pH readjusted to 
7.5-8.0 with dropwise addition os NaOIt. The 
mercaptan content was checked, and the ad- 
dition of acylchloride and NaOH was con- 
tinued until no mercaptan could be detected. 
At this point the reaction mixture was allowed 
to stand for 5 rain and then 1 g of stearic acid 
was added to facilitate isolation of the less 
crystalline, unsaturated acyl-CoA esters in the 
subsequent steps. 

x Antioxidant recommended by R. T. Holman a n d  
supplied by the :~Ionsanto Co. 
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The reaction mixture was placed in a 100 mg 
round flask, chilled on ice, and 10 ml of 10% 
HC10~ was added. The tetrahydrofuran was 
removed using a rotary evaporator, and the 
white precipitate was collected on a Buchner 
funnel while avoiding excessive exposure to 
0:. The solid was transferred to centrifuge 
tubes and washed thoroughly with ether to 
remove fatty acids. The residue of thiol ester 
was dissolved in 8 nil of cold water, the pH 
adjusted to 5.5 with a few drops of NaHCO.~, 
and the insoluble material (cellulose fibers, etc.) 
removed by centrifugation. The CoA thiol 
ester was reprecipitated by adding 2 ml of 
10% HCIO, collected by:centrifugation, and 
washed with ether as before. 

The yield was generally 60 to 70 /xmoles 
of aeyl-CoA per 100 txmoles of eoenzyme A 
used as starting' material. Santoquin interferes 
with the usual 232/260 assay for acyl-CoA (4), 
but the phosphorus content was measured (6) 
and compared to the extent of coenzyme A re- 
leased (5) with aeyltransferase systems to in- 
dicate that the material was 100% reactive (2). 

Enzymatic Studies 

The acyltransferase rates were determined 
spectrophotometrically under conditions of 
maximal velocity using DTN to measure CoA 
release as described earlier (2). The isomeric 
acylglycerol phosphorylcholine substrates were 
prepared by selective hydrolyses of lecithin and 
plasmalogen (3). Preparations of the 2-acyl- 
isomer generally required higher levels to 
saturate the enzyme than did the 1-acyl-isoIner. 
The specific activities reported in this paper 
are the averages of three separate experiments 
with rat liver mierosomes. The rates have been 
corrected for the small amount of hydrolase 
activity ( +  1.8 mt~moles/min/mg protein) 
noted in the controls. In  addition, all reaction 
mixtures containing the 2-aeyl-GPC" exhibited 
a very slow and consistent decrease in absor- 
bance regardless of initial enzyme or aeyl-CoA 
levels. The rate of decrease was proportional 
to the amount of the 2-aeyl-GPC added and 
appeared to be due to traces of acetone-soluble 
compounds that reacted slowly with the yellow- 
colored arylmereaptan. Under the conditions 
used, the two corrections required for these 
reaction mixtures cancelled each other. 

Feeding Experiments 

In  these studies, male rats of the Sprague- 
Dawley strain were made deficient in essential 
fatty acids by maintaining them from weaning 
to 4 months of age on a fat-free diet as 

described in previous work from this laboratory 
(8). Groups of a minimum of 5 animals each 
were then fed (as a supplement to the basic 
fat-free diet) 5% by weight of either cis-9, 
cis-12, cis-9,trans-12- or trans-9,trans-12- 
isomers of methyl linoleate for 18 to 20 days. 
Th~ animals were killed, the livers excised, 
qui~k frozen on dry ice and stored at --20C. 
The lipid fraction was recovered by extraction 
with chloroform-nIethanol as previously de- 
scribed (8). The triglyeerides were isolated by 
a combination of DEAE-cellulose and thin-layer 
chromatography (TLC) and the lecithins were 
isolated by a combination of DEAE-eellulose 
~nd amnlonium silicate chromatography (9). 
The purity of the lecithins was confirmed by 
thin-layer chromatography  and infrared 
analysis. 

Positional Analyses of the Lecithins 
and Triglycerides 

The lecithins were hydrolyzed with Ophioga- 
phus hannah (Ross Allen Reptile Institute, Sil- 
ver Springs, Florida) phospholipase A, using 
conditions described by Robertson and Lands 
(10). After the hydrolysis was complete, as 
determined by periodic analysis with TLC, the 
products were isolated by preparative TLC. 
The fatty acid and l-acyl-GPC fractions were 
separated by TLC on plates coated with 
chloroform-extracted Silica Gel G (A. G. 
Merck, Dar~nstad, Germany) using chloroform/ 
methanol/water (70/30/3). The spots were 
detected by spraying the plate with 2',7'- 
dichlorofluorescein and viewing it under ultra- 
violet light. The spots were scraped into test 
tubes with constricted necks for sealing. About 
3 ml of methanol containing 6% ( W/ W)  of 
dry HC1 was added to each tube. The tubes 
were then flushed with nitrogen, sealed with a 
torch and heated in a boiling water bath to 
convert the sample to methyl esters. 

The methyl esters were recovered and an- 
alyzed by gas-liquid chromatography using a 

& M Model 609 hydrogen flame ionization 
gas chromatograph equipped with a 7 ft  • 
~ in. column packed with ethylene glycol 
succinate polyester phase (EGSS-X, Applied 
Science Laboratories) on Chromosorb W, 100- 
200 mesh at 185C. The fatty acid composition 
was calculated directly from the proportion- 
alities of the peak areas and expressed as 
weight percent. The conditions for linearity of 
detector response were determined with stan- 

The stereospecifle ass ignment  described by H i r s c h m a n n  
(7) is used to indicate  the stereocheraistry of the glyc- 
erides described in this paper .  Glycerol-3-phosphoryl- 
choline will be abbreviated as  GPC. 
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dard mixtures of methyl esters obtained from 
The Hormel Institute. 

Under the conditions employed, the geometric 
isomers of linoleate could not be separated from 
each other. However, since the animals were 
starved of lipid for four months the triglye- 
erides and lecithins were virtually devoid of 
the naturally-occurring isomer of linoleie acid. 
Thus, 18:2 analyzed in each experiment may 
be considered to consist of the isomer of linoleic 
acid that was fed. That dietary trans,trans 
linoleic acid (linoelaidic acid) was deposited in 
the lipids of rats was demonstrated by a 
direct determination in a previous study (8). 

The acids liberated by phospholipase A 
represent those originally esterified at the 2- 
position and the acyl-GPC content indicates 
the composition at the 1-position. The ratio 
of the percentage content of an acid at the 
2- and 1-positions was then calculated. This 
ratio and the total percentage content of the 
acid in the total lecithins provide a fairly 
detailed description of the distribution of fatty 
acids in lecithin8 using only two values for 
each acid. 

The  distribution of the fatty acids in the 
2-position of triglyeerides was determined with 
pancreatic lipase under the conditions de- 
scribed by Mattson and Volpenhein (11) scaled 
down for use on a sample of about one-tenth 
the size employed by these workers. In  this 
method the hydrolysis was stopped at about 
50% completion. The monoglyeerides obtained 
as products of the reaction were isolated from 
the free acids, di- and triglycerides by TLC. 
The fatty acid conlposition of the 2-monoglyc- 
erides was determined by forming methyl esters 
as described above. Since this lipase method 
does not allow distinction between the com- 
position of the 1- and 3-positions, a ratio 
representing the distribution between the 2- 
and the 1-position was calculated using the 
average value for the prima~ T positions. Thus 
the estimated 2/1 ratio (secondary/primary 
positions) for a given acid in the triglyceride8 
is as follows. 

2 X ( %  content in  monoglycerides)  

3 X ( %  content  in total  t r ig lycer ides)  --  ( %  content  in  
monoglycerides)  

In this way the distribution and composition 
of fatty acids in the triglycerides can be 
described using only two values similar to those 
used for the lecithins described above. 

RESULTS 

The results in Table I show that the acyl- 
transferases can discriminate between the 
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T A B L E  I 

Acyl t ransferase  Specificities of 
Ra t  L i v e r  Microsomes 

The reaction mixtures  contained 25 m/~moles of acyl- 
CoA, 100 mtemoles of 1-acyl or 200 m~moles of 2-acyl- 
C-PC, and 0.25 mg of ra t  l iver  microsomal prote in  
( t reated wi th  D F P  ( 2 ) )  in a final volume of 1.0 m[ 
(see Exper imenta l  sect ion).  

~Position acylated 

Acyl-CoA a No. 2 No. I 2 / 1  Rat io  

m/~moles /min /mg  pro te in  

18 :0  1.7 19.6 0.087 
16 :0  3.5 20.3 0.17 
14 :0  4.3 7.6 0.56 
12 :0  6.5 7.0 0.93 
16 : 1-c9 6.0 0.4 16.2 
18:1-c9 12.4 3.9 3.2 
18 : 1-t9 10.3 23.3 0.44 
18:2-c9,c12 23,1 1.8 12.9 
18:2-e9, t12 9.1 2.0 4.6 
18:2- t9 ,c12 13.7 13.8 1.0 
18:2- t9 , t12  6.1 28.4 0.21 
18:3-al l  c 14.6 1.8 8.0 
20 :4-a l l  c 19.6 2.3 8.5 

a The number  no ta t ions  indica te  the chain length  and  
number  of double bonds, wi th  the configurat ion and 
posi t ion indica ted  after  the hyphen  (e.g., elaidate is 
18 : l - t 9 ) .  

normal cis isomers and the unnatural  tran8 
forms. The trans-9~t~'ans-]2-isomer was esteri- 
fled rapidly at the 1-position. When a c i s  
configuration was present (in the trans-9,cis-12- 
isomer) the rate of esterification at the 1- 
position of 2-acyl-GPC was considerably 
diminished. When the cis configuration was 
in the 9-position, it interfered even more 
seriously with that acylation. The effect of 
configuration was not as marked on the rates 
of reaction at the 2-position although the 
trans dienoates reacted significantly less rapidly 
than the c/s isomers. For  each fatty acid 
considered in Table I, the enzymatic specific 
activities determined give different ratios for 
the rates of esterification at the 2- and 1- 
positions. In  the case of the dienoates, the 
ratios extend over a 60-fold range from the 
all-cis to the all-trans isomers. 

The effect of decreasing chain length in the 
naturally-occurring saturated acids was a de- 
crease in the rate of esterification at the 1- 
position with an increased rate of reaction at 
the 2-position. This is in agreement with 
earlier results (3) which indicated that some 
saturated acids of shorter chain length are 
handled like the unsaturated long chain acids. 
The reactivity found for 16:1 at the 1-position 
was particularly low, making the 2/1 ratio 
markedly higher than, for example, that found 
for lS : l .  The low activity was checked many 
times but it consistently remained lower than 
that for any other acid tested. I f  the activity 
for react ion at the 1-position were approxi- 
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mately 2 mtmloles/min/mg protein, the 2/1 
ratio would be 3, and thus closely resemble 
the results with 18:1. 

The relative pattern of activities for the 
various acids in Table I has also been noted 
in this laboratory with the Inierosomal frac- 
tion of livers from rats that had been subjected 
to a variety of diets deficient in fatty acids 
such as starvation, fat-free and long-telzn 
essential fatty acid deficiency. The only notice- 
able difference from the values reported here 
was an elevated specific activity (per mg 
protein) for all acids tested with the enzymes 
prepared from rats with a severe essential 
fatty acid deficiency. However, in this case, 
the relative pattern of activities still remained 
the same. The observed distribution of octade- 
cadienoate between the secondary and primary 
positions differed according to the isonler which 
was fed (Table I I ) .  The cis, cis-isomer was 
found predominantly at the 2-position, the 
trans, trans at the 1-position, and the cis,trans- 
isomer gave values intermediate between those 
two. Although the gas chromatographic 
inethod used to measure the acids in this work 
did not distinguish between the different 
geometrical isomers, the earlier results of 
Privett and Blank (8) indicate that isomers 
other than that added to the diet were not 
present to any appreciable extent. The cal- 
culated 2/1 ratios for the in vivo distribution 
of acids in the lecithins cover a wide range of 
values which is in interesting agreement with 
that found for the in vitro aeyltransferase 
rates. 

The positional distribution ratio for the 
trans~trans-isomer was very similar for both 
the lecithins and triglyeerides. The distribution 
ratios for palmitate in vivo (given in Table 
I I )  were very similar to those found for the 
in vitro acylation rates, and were similar in 
both the lecithins and triglyeerides. This result 
was not generally noted for those acids which 

are predominantly found at the 2-position 
(ratios greater than 1). Oetadeeenoate, for 
instance, gave values from 1.2 to 2.1 for the 
triglycerides and 0.8 to 2.5 for the lecithins. 
When the diet contained linoleate as a supple- 
nient, the resultant 18:1 content of the liver 
lecithin (see Table I I I )  was only 9%, and a 
low value (0.8) (see Table I I )  was obtained 
for the 2/1 distribution of 18:1 in the lecithins. 
In  these animals, araehidonate accounted for 
33% of the total acids and was located almost 
exclusively at the 2-position. When the diet 
contained low levels of cis double bonds (fat 
free, cis~trans~ or tra ns~trans) the content of 
nionoeuoic acids in the tissue lipids rose, 
particularly that of 16:1. In  these cases the 
rise in monoenoate content occurred primarily 
at the 2-position, whereas the arachidonate 
content fell, and the 2/1 distribution ratio for 
the monoenoates in vivo approached values 
closer to the in vitro results. 

DISCUSSIOI~ 
In  enzymatic studies with rat liver micro- 

somes, the trans double bond seems similar to a 
saturated carbon chain in that the cis-9,trans-12- 
dienoate most closely resembles the cis-9- 
monoeneoate in acylation rates, whereas the 
trans-9,trans-12-dienoate most closely resembles 
the trans-9-monoeueoate. Also, esterifieation at 
the 2-position does not seem to be as sensitive 
to configurationai differences as that at the 1- 
position which is in agreement with earlier 
results (3). The latter position is only slowly 
esterified by acids containing a cis-9 configura- 
tion. Additional comparisons of these acids 
suggest that at the 1-position the most linear 
trans configuration is slightly preferred even 
to the saturated chain. The ability of the cis-9 
configuration to diIninish this reaction rate 
more effectively than the cis-12 raises an in- 
teresting question of the effect of other posi- 
tional isomers. The A9-desaturase system in rat 

T A B L E  II 

Pos i t iona l  D i s t r i bu t i on  of :~atty Acids  in  R a t  L i v e r  L i p i d s  a 

D i e t a r y  F r a c t i o n  2 / 1  Ra t io  
supp lement  ana lyzed  1 6 : 0  1 8 : 0  1 6 : 1  1 8 : 1  1 8 : 2  b 

1~at f ree  Lec i t h in  0.03 0.0 I . I  2.0 .... 
T r ig lyce r ide  0.1'7 0.05 0.8 2.1 

t9, t12 Lec i t h in  0.16 0.10 2.0 2.5 0.6 
Tr ig lyce r ide  0.27 0.25 1.3 1.8 0.5 

c9,t12 Lec i t h in  0.13 0.05 2.3 2.3 2.5 
Tr ig lyce r ide  0.12 ...... 1.1 1.8 1.4 

c9,c12 Lec i t h in  0.14 0,11 0.7 0.8 5.5 
Tr ig lyce r ide  0.15 0,5 1.0 1.6 4.9 

a W i t h i n  the  l imi ts  of detect ion in  these  e x p e r i m e n t s  the  eicosapolyenoates ,  2 0 : 3  a n d  2 0 : 4 ,  were  
located at  the  2 posi t ion.  

b The  va lues  i n  th is  co lumn differ  f r o m  those  in  the  others,  in  tha t  each p a i r  r ep re sen t s  a d i f ferent  
ac id  wh ich  w a s  fed. 
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TABLE III 

Composition of l~at Liver Leeithins and Trig]yeerides 

L i p i d  
Die t  f r a c t i on  1 8 : 0  1 6 : 0  1 6 : 1  1 8 : 1  1 8 : 2  a 1 S : 3  a 2 0 : 3  a 2 0 : 4  a 

F a t  f ree  Lec i t h in  15 .6  24 .1  8.5 29 .1  1.7 0.5 14.9  2.2 
T r i g l y c e r i d e  2.1 31 .6  13 .5  51.5  

t 9 , t i 2  Lec i t h in  11 .6  18.5  10.2  35.7  1313 319 510 114 
T r i g l y c e r i d e  3,3 28 .6  I 3 . 2  49.2  5,7 . . . . . . . . . . . . . .  

c9 , t12  Lec i t h in  15 .7  21 .9  5.0 29.3  8.7 7.4 12 .0  
T r i g l y c e r i d e  1.5 27 ,1  10.3  55.0  5.3 0.8 

c9,c12 Lec i t h in  19.2  20 .9  1.5 9.2 14.6  .... 115 33.0  
T r i g l y c e r i d e  2.4 29 .4  7.7 53.5  5.4 . . . . . . . .  

a Di f fe ren t  geomet r ica l  i somers  a re  p re sen t  depend ing  upon 

liver is known to produce other positional 
isomers through chain lengthening or shortening 
reactions. This process is recognized to be the 
source of vaccenate (12), and may be responsi- 
ble for 8,11-octadecadienoate and 4,7,10,13- 
eieosatetraenoate in the liver. The different 
acyltransferase speeifieities found in this paper 
suggest that future studies could show dif- 
ferences in aeyltransferase activity for the 
different positional isomers (13) of the un- 
saturated acids. 

The ratio of the enzyme~catalyzcd rates of 
esterification at the 2- and 1-positions has been 
presented as a characteristic nmnber for each 
acid. This ratio would predict the relative 
distribution in vivo of a fatty acid between the 
two positions of lecithin if the aeyltransferases 
in the tissue were saturated with acyl-CoA and 
operating under the maximal conditions used 
for the in vitro experiments. This may often 
be a real situation since the reported levels of 
acyl-CoA in liver are at least 5-10 times higher 
than the K., observed in our enzymatic studies 
(2). However, it would also be useful to note 
that these data suggest that competitive effects 
could occur with a mixture of acids. For  in- 
stance a mixture of the trans-9,cis-12- and trans- 
9,trans-12-acids would give most of the tra ns-9, 
cis-12-isomer at the 2-position even though that 
acid has equal rates of esterifieation at both posi- 
tions in a system where competition is not 
involved (Table I) .  Differences between the 
actual in vivo distributions and the enzymatic 
2/1 ratios given fil this paper could be due 
to such competitive effects. The trans,trans 
supplemented diet, for instance, produced lipids 
that contained mostly palmitate, stearate and 
oleate. Thus the octadecadienoate had only 
oleate as a significant competitor at the 2- 
position, whereas at the 1-position it competed 
with palmitate and stearate which both go 
well into that position. In  such a situation, 
the 2//1 ratio could be expected to be shifted 
to a value (0.6) slightly higher than that 
noted in the noncompeting spectrophotometric 
assay system (0.21). Probably the most ira- 
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the  d i e t a ry  acid.  

portant additional factor altering the in vivo 
distribution in these experiments is the widely 
varying content of eicosapolyenoie acids in the 
lecithins as a result of the unusual diets. These 
acids account for about 60 to 70, 30 to 40, 
and 10 to 15%, of the acids at the 2-position 
of the phospholipid from animals of the cis-9, 
cis-12, the cis-9,trans-12, and trans-9,trans-12 
supplemented diets, respectively. I t  should be 
emphasized that the enzymatic studies used 
washed rat liver mierosomes in hope that the 
collection of acyltransferases in this preparation 
would be representative of the acylating activity 
of the intact liver. The general agreement be- 
tween the in vitro and in vivo results suggests 
that the enzymes studied may be the significant 
part of those enzymes controlling fatty acid 
distributions. Furthermore, the observed re- 
tention of the relative specific activities of these 
enzymes under the variety of dietary conditions 
mentioned earlier suggests that they are a 
stable characteristic of the normal liver cell. 
In  addition to these results with rat liver, a 
very close similarity in the observed aeyl- 
transferase 2/1 ratios to the distributions 
found in vivo has also been recognized recently 
for pig liver lipids (14). 

In  the case o~ those acids which have 2/1 
distribution ratios greater than 1, there is 
relatively little of the acid at the 1-position of 
lecithin. Therefore when the 1,2-diglyceride 
unit is converted metabolically to triglyceride, 
incorporating such an acid into the 3-position 
would cause a marked percentage increase in 
its average content at the primary (1- + 3-) 
positions. This increase would then give a 
lower calculated 2/1 ratio for that acid in the 
triglycerides than in the choline-phosphoglyc- 
erides. On the other hand, the acids which are 
located predominantly at the primary position 
of leeithins would be predicted to exhibit less 
difference in the calculated 2/1 ratios for the 
two different lipids. These considerations may 
be significant in interpreting the differences in 
the 2//1 ratios seen in Table II .  
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A t  this  t ime we canno t  be cer ta in  whe ther  the 
esterif icat ion at the  3-posi t ion is random,  less 
specific t han  the acy l -CoA:phospho l ip id  acyl- 
t ransferases ,  or specific f o r  u n s a t u r a t e d  acids. 
More  careful  exper iments  which different ia te  
between the 1- and  3-posi t ions of  a t r ig lycer ide  
should help d is t inguish  between these possi-  
bilities. One such exper imen ta l  method  has  
been described by Brockerhoff  (15) who has  
recent ly  noted  t h a t  asymmetr ica l  fa ts  have an 
excess of pa lmi ta t e  a t  the l -pos i t ion  with more  
oleate at  the 3-posi t ion (16) .  F u r t h e r  resul ts  
of  this  type  will be pa r t i cu la r ly  useful  in  
de t e rmin ing  the  selectivity of the  enzymes 
ca ta lyz ing the esterif ication of  the 3-posit ion.  
These resul ts  will also allow a more precise 
compar ison  of  the d i s t r ibu t ions  of acids be- 
tween the 1- and  2-posi t ions of the t r ig lycer ides  
f o r  compar i son  wi th  those found  in lecithins. 

A t  the present ,  we can a l ready see a con- 
s iderable  s imi lar i ty  in the pos i t ional  distr i -  
bu t ion  of acids in  the  diglyceride un i t s  of 
l iver  leci thins and  tr iglycerides.  I t  is thus  
somewhat  i ronic t ha t  the  discovery of  acyl- 
t r ans fe rases  began  wi th  the recogni t ion  t ha t  
the diglyceride un i t  of  phosphol ip ids  is 
metabol ical ly  different  in some respect  f rom 
tha t  of the t r iglycer ides  (17) .  This  conclusion 
was based on different  ra tes  of isotopic t racer  
incorpora t ion ,  and  i t  led to the p resen t  concept  
of the acy l -CoA:phospho l ip id  aey l t rans fe rases  
i nco rpo ra t ing  f a t t y  acids into leei thins wi thou t  
involv ing  the  digtycerides or  t r iglycer ides  as 
in termediates .  This  metabol ic  difference has  
aga in  been shown in the recent  studies of 
s tear ic  acid inco rpora t ion  r epo r t ed  by E lo f son  
(18) .  Compar i son  of  the diglyceride radio-  
ac t iv i ty  wi th  t ha t  of the t r iglyeer ides  and  phos-  
phoglycer ides  led E lofson  to the conclusion t h a t  
in vivo the absolute  ma jo r i t y  of labeled s tea ra te  

in glycerol ipids  is i nco rpora t ed  via the  acyl- 
CoA :phosphol ip id  acy l t rans fe rase  pa thway .  
Thus  the  resul ts  wi th  isotopic t racers  indicate  
the differences in  metabol ic  t u rnove r  ra tes  of  
the ester  bonds whereas  the resul ts  of the 
pos i t ional  analyses  fo r  each acid indicate  t h a t  
the 1,2-diglyceride un i t s  of leci thins and  t r i -  
glycerides are s imi lar  and  may  slowly equili- 
b ra te  wi th  each other.  Such processes would 
allow the specificities of the acyl-CoA :acyl-GPC 
acy l t rans fe rases  to be observed in bo th  ]ecithins 
and  tr iglycerides.  
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SNORT COMMUNICATIONS 

Quantitative Recovery of Short Chain Free Fatty Acids 
after Gas Chromatography 

D URING STUDIES Of lipid metabolism in lung 
tissue, we found it desirable to analyze the 

radiopurity of short-chain fat ty acids for sub- 
strates. For  this purpose, we developed a 
simple, inexpensive collection system for at- 
tachment to a gas chromatograph that made it 
possible to recover ehromatographed samples 
quantitatively for further analyses. The 
technique was equally useful for isolating com- 
ponents from a fatty acid mixture for subse- 
quent characterization by independent analy- 
tical techniques, e.g. infrared spectroscopy. 
The short-chain fatty acids separated with this 
method have been notoriously difficult to handle 
due to their volatility. However, using this 
collection system with columns containing polar 
stationary phases and nonvolatile acidic com- 
ponents (1-3) we could analyze and collect the 
free acids easily. 

Hexanoic, heptanoic, octanoic, nonanoic, and 
decanoic acids were purchased from Distillation 
Products, Inc. Octanoic acid was redistilled 
before use. C~Mabeled oetanoic acid was pur- 
chased as sodium octanoate from New England 

FIO. 1. Collection system. The 12 em stainless 
steel connecting tube, 1,4 in. I.D., fitted with a size 
12/1 stainless steel ball joint, [Kontes Glass Co., 
u N. J., K-67450] is wrapped with a 
Brlskeat flexible heating tape, .~ in. • 12 in., 
held with metal foil. The temperature within the 
ball-joint was 200C. The glass cmtdensing vessel, 
made up with a female joint to match, is held 
in place by a spring clip. The height of the vessel 
from joint to bottom is 10 era. 

Nuclear Corp. The fatty acids were separated 
on a 5 ft. X �88 in. stainless steel column 
containing 15% (w/w) diethylene glycol suc- 
einate polyester (DEGS) and 3% (w/w) 
phosphoric acid on 100-120 mesh Gas-Chrom 
Q. Column temperature was 140C. The instru- 
ment used was a Barber-Cohnan Model 5000 
dual column gas chromatograph equipped with 
thermal conductivity detector. 

The sampling tube emerging from the de- 
tector was shortened and fastened to a Swagelok 
reducing union (1/8 in. • 1~ in.) which was 
placed on the inside wall of the detector oven. 
A stainless steel tube 12 em long (a~ in. I.D.) 
with ball joint was attached to the Swagelok 
fitting, and was bent 90 ~ so that the opening 
of the ball joint faced downward. A flexible 
heating' tape (Briskeat 3,/s in. • 12 in.) was 
wrapped around the tube and covered with foil 
as shown in Figure 1. Heating the sampling 
tube was essential to good recovery. The glass 
collecting vessel was constructed so that the 
sample could be removed quantitatively by 
means of a capillary pipette introduced into 
the bottom of the vessel. The vessels were 
fastened to the sampling tube with a spring 
clip. 

Sampling procedure: In advance, retention 
times of desired components were determined 
under conditions employed; one had in readi- 
ness the same number of collection vessels as 
samples were required. These vessels were 
chilled in an acetone/dry ice bath. Injection 
into the GLC column was then made and the 
recorder was observed. When the peak of the 
desired component appeared on the recorder, 
a collection vessel, kept immersed in the 
acetone/dry ice mixture, was attached to the 
sampling tube and was removed after the peak 
was complete. Times of attachment and re- 
nmval for capturing a single component are 
shown by the dotted lines in Figure 2. A time 
lapse of several seconds was necessary under 
the conditions we employed for the sample to 
pass from the detector to the sampling tube. 
The neck of the vessel and the condenser were 
washed down carefully with a few milliliters 
of hexane immediately after removal from the 
apparatus to prevent loss of volatile sample. 

Liquid scintillators used were 0.4% (w/v) 
2,5 diphenyloxazole and 0.02% (w/v) 1,4- 
[2- (5-phenyloxazolyl)] benzene in toluene. 
The counting efficiency was 48%. Radioassay 
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}~IG. 2. Comparison of gas chromatograms of a 
mixture of fatty acids (upper curve) and of the 
collected sample of octanoie acid (lower curve). 
The dotted lines indicate times of attachment and 
removal of collection vessel. For conditions, see 
text. 

was carried out using a Tri-Carb Scintillation 
Spectrometer (Packard  In s t rumen t s ,  La 
Grange, Ill.). 

Recovery was measured by injecting 10 /xl 
of 0.1% C~*-labeled octanoie acid in hexane 
solution into the chroraatograph, while the 
first collection vessel was already in place. All 
samples emerging for a period of 30 rain. were 
collected in three fractions. The previously 
determined retention time of unlabeled octanoic 
acid was 12 rain. Radioactivity was concen- 
trated in the sample that coincided with the 
peak having the retention time of oetanoic 
acid. Table I smnmarizes the results of two 
typical experiments. The recoveries of C ~ in 
the octanoic acid peak were 90% and 102%. 

It  was easy to remove a single component 

T A B L E  I 
Recovery of 1-~4C-Octanoic Acid af ter  Gas L i q u i d  

Chromatography  

Collection t ime of 
sample after in ject ion Tr ia l  1 Tr ia l  2 

nl i l l  cpln cpm 

0-- 9 0 0 
9 - 1 4  234 248 

14--30 9 11 

Total recovered 243 259 

Percentage  of in jected 
sampl.e recovered 94 107 

from a mixture of short-chain fatty acids with 
this technique. First, separate samples of the 
desired acids were chromatographed to deter- 
urine their retention times under the conditions 
erapIoyed. FolIowing this, hexanoic, heptanoic, 
octanoie, and nonanoie acids (17 txl fatty acid 
mixture in 17 /xl hexane) were injected. The 
desired fatty acid was collected after its peak 
appeared on the recorder and the collection 
vessel was removed before the following peak 
was anticipated, as indicated by the dotted lines 
in Figure 2. Rechroraatography of the collected 
fatty acid showed a virtually pure sample, el. 
lower curve, Figure 2. 
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Quantitative Separation of Methyl 9-Hydroxystearate from Methyl 
13-Hyd roxystearate by Column CE romatography on Silica Gel 

I N mS REVIEW, Radin (1) cites methods for 
separation of hydroxy fatty acids; however~ 

no mention is made of the quantitative eolunm 
separation of different isomers of the saturated 
hydroxy fatty acids of the same chain length. 
Recently, Morris (2) described the migration 

behavior of a large number of saturated C1~ 
isomerie hydroxy fatty acids on thin-layer 
chromatograms. This comnmnication reports 
the quantitative separation of methyl 13- 
hydroxystearate from methyl 9-hydroxystearate 
by preparative column chromatography. 
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Methyl 9-hydroxystearate ,~as obtained by 
hydrogenation of methyl dimorphocolate (3) 
and purification on a silica gel column. Methyl 
13-hydroxystearate was obtained by a procedure 
to be published shortly. Identity and purity of 
these compounds were established by mass 
spectrometry and were verified by comparing 
melting point, gas-liquid chromatography, thin- 
layer chromatography, and infrared spectro- 
scopy characteristics with known pure isomers. 
The mass spectra of the isomeric methyl hy- 
droxystearates give a characteristic fragnienta- 
lion pattern by cleaving the carbon-carbon 
bonds on each side of the carbon atom to which 
the hydroxy group is attached. This fragmenta- 
tion pattern was found for known pure methyl 
8-, 9-, 10-, 12- and 13-monohydro• 
and is consistent with the interpretation of the 
methyl 8- and 10-monohydroxystearates as given 
by Ryhage and Stenhagen (4). 

The silieie acid used was the highly purified 
Adsorbosil powder for column chromatography 
(Applied Science Laboratories, Inc.) of mesh 
100/140. (The pH of the powder when mixed 
with distilled water should not he below 4.) 
The glass column, 0.6 cm I.D. and 35 em long, 
was equipped with a Teflon stopcock at the 
bottom to control flow. The solvent was re- 
distilled n-hexane (bp 69C) and anhydrous 
absolute diethyl ether. 

Adsorbosil (3.5 g) was slurried with 15 nil 
of solvent mixture (hexane-ether 98:2) and 
poured into the colmnn with tapping to a height 
of about 13 era. The rate of flow was then 
adjusted to 30 ml/hr and at least 10 ml of the 

I2%'~5%1 10% I 15% I 20% I100% 

=~32 

1 

20 30 40 50 60 70 
Fraction number 

PTG. 1. Quant i tat ive column set~aratlon of  methyI  
stearate (I), methyl keto stearate (II) ,  methyl 
13-h?'droxystearate (III)  and meth}q 9-hydroxy- 
stearate (IV) on Adsorbosil. A smnple containing 
150 mg was applied and collected in 80 fractions 
of 2 ml effluent each (98.5% recovery). Percentage 
refers to eoneentratlon of diethyl ether in n-hexane. 
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10% ] 15% I I00%~ 

~ 2 . Q  

Frantinn number 
FIO. 2. Quantitative column separation of methyl 

13-hydroxystearate (I) from methyl 9d~yd.roxy- 
stearate (II) on Adsorbos~l. A sample containing 
55 mg was applied on the column and 98.0% 
recovered. Percentage refers to concentration of 
diethyl ether in ~-hexane. 

same solvent was allowed to flow through the 
column until the liquid level dropped to the 
top of the column. A sample was then intro- 
duced. The size of the samples applied ranged 
from 39 to 150 mg methyl esters of fatty acids. 
I f  methyl esters of normal saturated fatty acids 
(e.g., methyl stearate) were present, the sample 
was applied in hexane-ether (98:2) ; when only 
methyl esters of hydroxy fatty acids were 
present, hexane-ether (90:10) was used. The 
eluate was collected hi 2 ml fractions, the sol- 
vent evaporated under vacuum, the residue 
weighted, and a weight curve plotted. 

The degree of separation obtained corre- 
sponding to the solvent system used is shown 
in Figures I and 2. More than 99% of the 
methyl 9-hydroxystearate was recovered with 
100% purity, and more than 97% of the methyl 
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fatty acids. By varying" the composition of the 
solvent system, a more complex mixture os 
hydroxy fatty acids could probably be 
separated. 

ANI DOL~V 
W. K ROH'~VEDDER 
H. J. Du~:o~ 
Northern Regional Research 

Laboratory, Peoria, Illinois 



SHOI%T COMMUNICATIONS 233 

ACKNOWLEDGMENT 

Helpful discussions were conducted with W. H. Tallent. 
Ami Dolev conducted his work under a Postdoctoral 
Resident 1%esearch Associateship established by the A1%S, 
USDA, in association with the National Academy of 
Sciences-National Research Council. 

1%EFERENCES 

1. Radin, N. S., JAOCS 42, 569-580 (1965). 

2. Morris, L. J., and D. IV[. Wharry, J. Chromatog. 
20, 27-37 (1965). 

3. Smith, C. 1%., Jr., T. L. Wilson, E. lq. Melvin and 
I. A. Wolff, J. Am. Chem. Soc. 82, 1417-1421 (1960). 

4. Ryhag'e, 1%. and E. Stenhagen, in "Mass Spec- 
trometry of Organic Ions," F. W. McLafferty ed., 
Academic Press, New York, 1963, Chap. 9, p. 435. 

[Received Feb. 16, 1966] 

Cis-2-Octenoic Acid Administration and Essential Fatty 
Acid Synthesis 

B RENNER ET AL. (1) were not  able to con- 
firm, in rats,  the phenomenon of elongation 

of  cis-2-octenoic  acid to linoleic acid repor ted  
by Mur ty  et al. (2,3) to take place in laying 
hens. In  view of  this conflicting response by 
the two classes of  animals, and the differences 
in exper imenta l  conditions, it  was thought  
desirable to repea t  the s tudy with ra ts  under  
the same conditions used with laying hens. 

E igh t  male weanling albino rats  were reared 
on a fa t - f ree  diet (Nutr i t ional  Bioehemicals 
Co., Cleveland, Ohio) fo r  six weeks. All of  the 
animals had access to the fa t - f ree  rat ion dur ing  
the test  period.  

On the day of the test  the animals were 
divided into 2 groups  of 4 rats  each. The con- 
trols were given hourly in t raper i toneal  injec- 
tions of 62.5 t~c of  :bC~tsodium acetate fo r  
4 hr. The animals in the exper imental  group,  
in addit ion to the acetate, were given indi- 
vidually 2 ml methyl  c is -2-oc tenoate  by stomach 
tube. Both groups  were sacrificed at  the end 
of  the four th  hour  and the liver, adipose tissue, 
and other  viscera removed. 

Total l ipids were extracted with chlorofoml-  
methanol (2:1)  and the methyl  esters p r e p a r e d  
by refluxing the l ipids fo r  4 hr  in 2% sulfuric 
acid in absolute methanol.  

P repa ra t ive  gas-l iquid e h r o m s t o g r a p h y  
(GLC) (4.9 m X 6.25 mm O.D.; 30% SE-30 
on 30-60 mesh firebrick) was used to collect 
liver methyl  esters of  the acids of  carbon 
length 14, 16, 18 and 20 and viscera esters of  
carbon length 18. P repa ra t ive  thin- layer  
ch romatography  (TLC) with silver n i t ra te  
impregna ted  Adsorbosil-1 (Appl ied  Science 
Laboratories,  State College, Pa . )  was used to 
isolate liver f ract ions  containing palmitic,  
pahnitoleic,  stearie, 18:1 and 18:2 acids and 
viscera ]8 :2  acids. 

The 18:2 f rac t ion  f rom the viscera f a t  was 
oxidized with pe r ioda te -permangana te  and 
methyl  azelaate obtained by p repara t ive  GLC 
of  the reaction products .  The amount  of methyl  

azelaate was determined by adding a known 
weight  of  methyl  pimelate and compar ing  peak 
areas on an analytical  chromatogram. 

All  methyl  esters were mixed with 20 ml 
scintil lation solution (4 g 2,5-dipheny]oxazole 
and 100 mg 1,4-di(2,5-phenyloxazolebenzene) 
in one liter toluene at  room tempera ture )  and 
radioact ivi ty  determined by liquid scintillation 
spectromet l  T (Packard  Ins t rumen t  Co., La- 
Grange, I l l . ) .  

We could find no evidence in the liver for  
the conversion of cis-2-octenoic  acid by addit ion 
of acetate- l -C 1~ to any of  the acids isolated. 
As seen in Table I, the effect of  the oetenoate 
was that  of  inhibit ion of  f a t t y  acid synthesis.  
0etenoic  acid thus appears  to differ f rom 
octanoic acid which Reiser  et al. (4) observed 
to st imulate liver f a t t y  acid synthesis of palmit ic  
acid, possibly by elongation. Al though the 
exper imenta l  conditions differed in the two 
studies, the contradict ions in results  cannot  be 
explained entirely on these differences. Instead,  
i~ would seenl tha t  octenoate and octanoate are 
handled differently by animal tissues. Thus, 
while short  chain sa tura ted  acids st imulate 

TABLE I 
Radioactivity of Liver and Adipose Tissue Lipids 

Radioactivity 

Control Test 
Acid dpm/mg dpm/mg 

Adipose tissue fatty acids 1,199 a 430 
Liver fatty acids 

Composite 32,309 10,537 
Individual 

14:0 -[- 14:1 b 27,613 a 7,310 
16:0 25,107 12,766 
16 : 1 4,740 3,246 
18 :O 14,577 8,461 
18:1 16,641 5,938 
18:2 2,268 e 1,443 
20:3 -[- 20:4 b 4,776 3,035 

a Each figure is the average radioactivity from 4 rats. 
b 14:0 and 14:1, 20:3 and 20:4 were not separated, 

but were counted as a mixture. 
e 18:2 acids were pooled to obtain enough material 

to determine specific activity. 
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fatty acid synthesis, their unsaturated counter- 
parts hinder synthesis and are actually toxic. 

Since azelaic acid could arise only from 
oxidation of linoleic acid (59,12) in a mixture 
of 18:2 acids, the amount of azelaie acid 
radioactivity was taken as a measure of the 
amount of linoleie acid synthesis. The small 
levels of radioactivity observed in the azelaie 
acid (Table 2) of both control and test animals 
are in agreement with others who have found 
low levels of activity in linoleic acid from 
labeled acetate treated animals. However, this 
activity is very low compared to that of the 

T A B L E  I I  

Specific Rad ioac t iv i t y  of Azelaie Acid :~ 

Test  counts  Control  counts  
A n i m a l  d p m / r a g  dpm/Jog '  

1 56 84 
2 97 64 
3 66 22 
4 37 52 

a l s o i a t e d  as a p roduc t  of v i sce ra  1 8 : 2  acid  oxidat ion.  

other fatty acids (Table 1). I t  is, therefore, 
clear that no cis-2-octenoie acid was elongated 
to linoleic acid and the pathway proposed by 
~Iurty et ah (2) in hens is evidently inoperative 
in rats. 
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Acyi Migration in the Conversion of Lecithin to 
1,2-Diglyceride Acetates by Acetolysis 

p~ r RE~KOXEN (1,2) described the 
conversion of phosphatides to correspond- 

ing 1,2-diglyceride acetates to enable the ap- 
plieation of trigIyceride methods of structural 
analysis to these compounds. The conversion 
of phosphatides to the corresponding diglye- 
eride acetates nlay be carried out by acetolysis 
(1-3) or via hydrolysis  by phospho- 
lipase C (4,5) followed by acetylation in the 
usual manner. The acetolysis method gives 
high yields of 1,2-diglyceride acetates from 
lecithins as shown by Renkonen (1) but a 
shifting of fatty acids from their original 
positions in the lecithin molecule occurs and 
this reaction should not be incorporated in 
procedures for the determination of the posi- 
tional arrangement of the fatty acids in these 
compounds. As an example of the type of 
shifting that occurs, the fatty acid composition 
of the fatty acids in the 2-position in the 1,2- 
diglyeerides acetates obtained by the two pro- 
cedures are compared in Table I on a sample 
of purified egg lecithin. The venom of 
Ophiogaphus han~ah was used as the source 
of the phospholipase A for the assay of the 
fatty acids in the 2-position according to the 
procedure described by Robertson and Lands 
(6). The acetolysis reaction was carried out 
as described by Renkonen (1). Enzymatic con-  

LIPIDS, VOL. 1, No.  3 

T A B L E  I 

D i s t r ibu t ion  of F a t t y  Acids  in the  2-Pos i t ion  of E g g  
Lec i th in  and  the  1 ,2-Diglycer ide  Aceta tes  P r e p a r e d  

T h e r e f r o m  

Or ig ina l  1,2-digtyeeride 1-2-digly- 
leci thin ace ta tes  ( p r e p a r e d  eer ide ace ta tes  

(v ia  v i a  phosphol ipase  ( p r e p a r e d  by  
phosphol ipase  A) C - - a c e t y l a t i o n )  acetolysis)  

1 6 : 0  0.9 1.1 28.4  
1 6 : 1  0.7 0.7 1.7 
1 8 : 0  0.1 12.3 
18:1 555 56.5 33.4 
1 8 : 2  34.8 33.3 17.7 
2 0 : 4  8.5 8.3 2.9 

version of lecithin to 1,2-diglyceridos was 
carried out essentially as described by Mac- 
]~arlane et al. (4) with Clostridium perfringens. 
A cetylation of' the 1,2-diglyeerides was carried 
out with pyridine-acetic anhydride. Pancreatic 
lipase hydrolysis of the 1,2-diglyeeride acetates 
was carried out essentially as described by 
}[attson et al. (7) but using TLC for the 
isolation of the 2-monoglycerides. 

Since phospholipase A specifically hydrolyzes 
the fatty acids in the fi-position of lecithins 
and pancreatic lipase specifically hydrolyzes the 
fatty acids in the I and 3 positions of tri- 
glycerides, the fatty acid conlposition of the 
fatty acids liberated by phospholipase A from 
teeithins should be identical with that of the 
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2-monoglycerides obtained as a product of the 
pancreatic lipase hydrolysis of the correspond- 
ing 1,2-diglyceride acetates. 

Table I shows that the agreement in these 
data is near perfect when phospholipase C 
is employed for hydrolysis but that there is 
considerable dispari ty in the values when 
acetolysis was used. 
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Isolation of Methyl cis-15-Octadecenoate by Chromatography on a 
Silver-Treated Macroreticular Exchange Resin 

p REW0~SL~ (1) W~ n~PO~ED tbat cis and 
trans monoene fa t ty  methyl esters can be 

separated by chromatography on a silver 
nitrate-treated macroreticular cation-exchange 
resin. Sonle fractionation of methyl cis-15- 
octadecenoate from the cis-9 and cis-12 isomers 
was noted. Now we find this fractionation 
great  enough so that the cis-15 isomer can be 
isolated in approximately 25% yield by re- 
peated passage of fractions rich in the cis-15 
isomer through such chromatographic columns. 

The starting material is a mixture of methyl 
cis-9-, -12-, -15-octadecenoates prepared by 
hydrazine reduction of linolenie acid followed 
by isolation of the monoene fraction by counter- 
current distribution of methyl esters (4). 

1 
Monoene Mixture A9, A12, A15 

16.97 g. 
26% A15 

Chromatographed 
in 6 portions 

11.20 g. 4.50 g. 
15% A15 51% A15 

I Chromatographed 
in 2 portions 

i i 
1.49 g. 2.15 g, 0.65 g. 

26% AI5 66% A15 92% A15 
, I , 

0.62 g. 0.75 g. 0.67 g, 
31% A15 71% A15 92% A15 

I l '! 
0.39 g. 0.19 g. 

60% A15 95% A15 
I 

I ! ! 
0 .28  g. 0 .66  g. 0.42 g. 

84% A15 97% z~15 98.6% A15 

~m. 1. F l o w  d i a g r a m  of ch romatograph ic  isola- 
t lon of me thy l  cis-15 octadecenoate.  

The c]~romatographic procedure is similar 
to that previously described except that a larger 
column (approximately 215 cm • 2 cm I.D.) 
was used with a flow rate of 2 ml/min. A 
flow diagram outlining a typical series of 
chromatographic separations is shown in Figure 

Ti~e, ~i~. Time, min. 

450 500 550 600 650 700 0 
Solvent Eluted, ml. 

Time. mim Time, mil. rG44 52 T 6~ 68 

450 0 
Solvent Eluted, mr. 

FZG. 2. l~epresentative d i f ferent ia l  refractome- 
t r lc  curves and gas  ch romatograph ic  curves of 
f r ac t ions  fo r  separa t ions  in  F i g u r e  1. Top curve 
is the sepa ra t ion  of o r ig ina l  monoene mix tu re  I 
to y ie ld  f r ac t ions  I I  and  I I I .  Bo t tom curve is 
the final sepa ra t ion  to y ie ld  f r ac t ions  IV,  V 
and VI .  
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2-monoglycerides obtained as a product of the 
pancreatic lipase hydrolysis of the correspond- 
ing 1,2-diglyceride acetates. 

Table I shows that the agreement in these 
data is near perfect when phospholipase C 
is employed for hydrolysis but that there is 
considerable dispari ty in the values when 
acetolysis was used. 
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Isolation of Methyl cis-15-Octadecenoate by Chromatography on a 
Silver-Treated Macroreticular Exchange Resin 

p REW0~SL~ (1) W~ n~PO~ED tbat cis and 
trans monoene fa t ty  methyl esters can be 

separated by chromatography on a silver 
nitrate-treated macroreticular cation-exchange 
resin. Sonle fractionation of methyl cis-15- 
octadecenoate from the cis-9 and cis-12 isomers 
was noted. Now we find this fractionation 
great  enough so that the cis-15 isomer can be 
isolated in approximately 25% yield by re- 
peated passage of fractions rich in the cis-15 
isomer through such chromatographic columns. 

The starting material is a mixture of methyl 
cis-9-, -12-, -15-octadecenoates prepared by 
hydrazine reduction of linolenie acid followed 
by isolation of the monoene fraction by counter- 
current distribution of methyl esters (4). 

1 
Monoene Mixture A9, A12, A15 

16.97 g. 
26% A15 

Chromatographed 
in 6 portions 

11.20 g. 4.50 g. 
15% A15 51% A15 

I Chromatographed 
in 2 portions 

i i 
1.49 g. 2.15 g, 0.65 g. 

26% AI5 66% A15 92% A15 
, I , 

0.62 g. 0.75 g. 0.67 g, 
31% A15 71% A15 92% A15 

I l '! 
0.39 g. 0.19 g. 

60% A15 95% A15 
I 

I ! ! 
0 .28  g. 0 .66  g. 0.42 g. 

84% A15 97% z~15 98.6% A15 

~m. 1. F l o w  d i a g r a m  of ch romatograph ic  isola- 
t lon of me thy l  cis-15 octadecenoate.  

The c]~romatographic procedure is similar 
to that previously described except that a larger 
column (approximately 215 cm • 2 cm I.D.) 
was used with a flow rate of 2 ml/min. A 
flow diagram outlining a typical series of 
chromatographic separations is shown in Figure 

Ti~e, ~i~. Time, min. 

450 500 550 600 650 700 0 
Solvent Eluted, ml. 

Time. mim Time, mil. rG44 52 T 6~ 68 

450 0 
Solvent Eluted, mr. 

FZG. 2. l~epresentative d i f ferent ia l  refractome- 
t r lc  curves and gas  ch romatograph ic  curves of 
f r ac t ions  fo r  separa t ions  in  F i g u r e  1. Top curve 
is the sepa ra t ion  of o r ig ina l  monoene mix tu re  I 
to y ie ld  f r ac t ions  I I  and  I I I .  Bo t tom curve is 
the final sepa ra t ion  to y ie ld  f r ac t ions  IV,  V 
and VI .  
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1. Since the cis-15 monoene does not form a 
separate peak but only a cis-15 monoene- 
enriched tail on the main monoene peak, the 
cutting of fractions must remain a matter of 
experience and judgment. As a guide to the 
operation, Figure 2 presents refractometric 
curves of the first and last chromatographic 
separations from Figure 1. Fractions were 
analyzed by capillary gas chromatography on 
a 200 ft • 0.01 in. Apiezon L colunm to 
determine the cis-15 contents shown in Figure 
1. The GLC curves of the fractions are also 
included in Figure 2. 

Fraction ~7I was distilled under vacuum 
from a small short-path alembic flask. Physical 
properties of the distilled methyl esters were 
melting point 10C, N D 1.4476 and density at 
30C 0.8724 g/ml. Acids prepared from these 
esters melted at 40 to 41C. Equivalent chain 
lengths for the esters (2), measured on 200 ft 
• 0.01 in. capillary colunms, including values 
for c i s -9 -oc tadecenoa te  (methyl oleate) for 
comparison, are listed: 

Apiezon L D E G S  

Methyl  c i s45-oc tadecenoa te  17.93 18.75 
Methyl  cis-9-octadecenoate 17.61 18.39 

Comparison of the nuclear magnetic resonance 
spectrum of this compound with those of 
methyl oleate arid methyl linolenate (3) shows 
that in commol~ with linolenate the terminal 
methyl proton signal is shifted slightly down- 
field by the fl-olefinic double bond. 
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Lipid Synthesis in Peripheral Nerve from AIIoxan Diabetic Rats 1 

Sven G. Ellasson, Department of Neurology and The Beaumont-May Institute of Neurology, 
Washington University, School of Medicine, St. Louis, Missouri 

ABSTRACT 

Decreased conduction velocity in the 
peripheral nerves of rats is noted after 
induction of diabetes. The slowing of nerve 
conduction is accompanied by a decrease 
in the in vitro incorporation of radioactive 
precursors into some of the myelin lipids 
isolated from nerve segments. Cerebroside 
synthesis is more depressed than that of 
any other fraction. A change i n  the type 
of eerebrosides synthesized is seen with a 
pronounced decrease in the rate of incor- 
poration of saturated fatty acids. 

INTRODUCTION 

A ~U]~I[BER OF -A~ETABOLIC changes take place 
in experimental diabetes whether induced 

with alloxan or through pancreatectomy. Simul- 
taneously with these changes the function of 
the peripheral nervous system is affected (1), 
and one functional alteration is shown sche- 
matically in Figure 1. The upper half repre- 
sents a normal rat, the lower a diabetic one. 
Electrical stimulation is applied simultaneously 
to the sciatic nerves from normal and diabetic 
animals. The progression of the recorded im- 
pulse in the diseased nerve lags behind that 
of the corresponding impulse on the normal 
side. This is indicated by the relative positions 

3 
Normal  

Diabetic 

FIG. 1. Conduction of electrically evoked impulses 
in sciatic nerves from normal (upper half) and 
diabetic (lower half) rats. The distance a volley 
of impulses has traveled at time intervals 1, 2, 
and 3 is given by the location of the numbered 
symbol 

Winner,  AOCS Bond Award. Presented at the 
AOCS Meeting, Cincinnati, October 1965. 

of the symboIs at time intervals labelled 1, 2, 
and 3. Such a slowing of nerve conduction 
velocity is also seen in human diabetes (2). 

In  order to investigate the reasons for the 
slower conduction, single nerve fibers were 
isolated from the sciatic nerve of diabetic rats 
and compared with normal nerve fibers (3). 
I t  was found that in the process of passage 
from node to node the impulse "leaked" out 
through each internode, thus delaying the 
excitation process. The "leakage" was due to 
a 70% decrease in the transverse resistance of 
the nerve fiber from the diabetic rat with no 
apparent change in the capacitance. Such a 
decrease in resistance could conceivably be due 
to alterations in myelin sheath composition. A 
study was undertaken of the composition and 
the lipid metabolism of nerve segments from 
alloxan diabetic rats to see whether any meta- 
bolic parallel to the pathophysiologic phe- 
nomenon described could be found. 

MATERIALS 

Stearoyl-1-1~ and oleoyl-l-l~C-CoA were syn- 
thesized from the radioactive acids by the 
method described by Goldman and Yagelos (4). 
The acids were purchased from Nuclear-Chicago 
as were the sodium acetate-l-~'C and the 
galactose-l-14C. Psychosine was prepared from 
crude eerebrin (Nutritional Biochemicals Corp.) 
by the procedure of Carter and Fuj ino (5). 

The rats were of the Sprague-Dawley strain 
from Holtzman Company. Alloxan was ob- 
tained from Distillation Products Industries, 
and was prepared and injected in citrate buffer 
as described by Klebanoff and Greenbaum (6). 
The induced diabetic state was evaluated weekly 
and animals selected on the basis of the criteria 
previously given (1). 

METHODS 
Experimental 

Nerves were quickly removed from the 
stunned animals and incubated in a Dubnoff 
shaker in Krebs Ringer-bicarbonate buffer at 
37.4C for 2-4 hr unless otherwise indicated. 
The gas phase was usually 95% Os + C02; 
in a few experiments room atmosphere was used. 
Radioactive precursors were added after 30 
minutes of preincubation. 
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Extraction of Lipids 

Immediately af ter  incubation the nerves were 
placed in a mortar  and ground with d:T ice. 
The pulverized material was transferred 
quantitatively and extracted according to Folch, 
Lees and Stanley (7). 

Fractionation of Lipids 

The peripheral  nerve extracts were frae- 
tionated on silieie acid columns prepared ac- 
cording to Hirsch and Ahrens (8) and using 
their stepwise elution scheme with hexane, 
diethylether and methanol. 

Cerebrosides were analyzed according to 
Kishimoto and Radin (9), i.e. af ter  extraction 
and d ~ i n g  of the lipids the cerebrosides were 
freed from cholesterol and phospholipids on 
Florisi l  columns and purified via mild alkaline 
saponification and passage through ion-exchange 
resins. Methyl esters of fa t ty  acids were ob- 
tained from the eerebrosides af ter  acid 
methanolysis and esterifieation with dimethoxy 
propane (10). Normal and hydroxy esters were 
obtained and were further  separated into 
saturated and unsaturated fractions af ter  
formation of the mercuric acetate addition 
products. 

Cerebroside8 were quantitated with a modi- 
fied anthrone method (11). 

Separation by TLC 

Thin-layer chromatography was perfol~led 
with the use of Adsorbosil as the adsorbent 
and a benzene-ethyl acetate (2:1) solvent 
system followed by chloroform-nlethanol-water 
(65:25:4).  The components were identified by 
comparison with migration rates of standard 
compounds (Applied Science Laboratories, 
Inc.) and by staining with ninhydrin, Dragen- 
dorff and the ammonium nlolybdate-perchloric 
acid reagents as outlined by Wager,  HSrham- 
mer and Wolff (12). Lyso compounds were 
tentatively identified from their reactions with 
rhodamine B (0.05% in ethanol) under normal 
and UV light (12) and 2,4-dinitrophenyl- 
hydrazine, 0.5% in 2N. HC1 was used for 
plasmalogens (13). Unstained zones were 
scraped from the plates, eluted with the ap- 
propr ia te  solvent and used for radioassay. 

Gas Chromatography 

Gas-liquid chromatography was used for  the 
analysis of fa t ty  acid methyl esters. A RESCO 
600 series gas chromatograph equipped with 
a strontium-90 detector was used. The columns 
were 6 f t  X ~ in. 0.D. stainless steel. Pack- 
ings used for fat ty  acid methyl ester analysis 
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were: a) 20% diethyleneglycol suecinate poly- 
ester coated on Chromosorb W, 80/100 mesh; 
and b) 5% SE-30 on Gas-Chronl RZ, 60/80 
mesh. Argon flow was 80-100 ml per minute; 
the detector temperature was 240C and the 
column temperature varied. 

The peaks were identified by comparison with 
standard nlixtures and from a semilogarithmie 
plot of retention times versus chain length. 

Radioactivity Determinations 

Radioactivity was determined with a Packard 
Tri-carb Scintillation Spectrometer, using the 
scintillation mixture described by Bray (14). 
The counting efficiency was approximately 50%. 
Quenching was explored systematically by 
internal-standard technique. 

RESULTS AND DISCUSSION 

The results of incubation of excised peripheral  
nerve segments from diabetic and normal 
animals are shown in Table I. The rate of 
synthesis of triglycerides, 3-fl-sterols, and the 
combined phospholipid and glycolipid fractions 
from aeetate-12~C is decreased in the nerve 
fragments from the diabetic rats, as compared 
to the normal  The triglyeeride fraction in 
peripheral  nerve is probably chiefly in the con- 
nective tissue (15), varies greatly between 
animals (16), and is less likely to contribute 
to the excitatory process except for  minor 
changes in external resistance. The depression 
in the synthesis of digitonin-precipitable sterols 
involves nlostly cholesterol; other 3-fl-sterols 
probably occur in relatively minor amounts. 
Changes in nerve sterol metabolism and content 
produced with inhibitors of cholesterol syn- 
thesis did not affect the nerve conduction velocity 
(17). The change in glyeolipids and phospho- 
lipids appeared nlost promising, and the in- 
corporation of acetate into these lipid sub- 
fractions from the normal and diabetic nerve 

TABLE I 

Total Radioactivity in Lipids f rom Sciatic Nerves of 
Normal and Diabetic Rats  After Three Hours  Incubation 

with Acetate-l-14C 

C o u n t s / m i n / g  
fresh tissue + S.D. 

Lipids Norinal Diabetic 

Triglycerides 1 4 5 0 0  -+- 1400 (21) 6 3 0 0  ~--_ 8 5 0  (18} 
3-fl-sterols 2400 +-- 450 ( 2 I )  1480 ~-270 (18) 

Phospho]ipids + 
g]ycolipids 7 3 0 0 •  850 (20) 3 7 0 0 ~ 4 2 0  (18) 

Incubation mixture :  Krebs-Ringer  bicarbonate 2.0 ml; 
glucose, 9 X 10 ~5I; potassium acetate. 1 X 10 83s Ace- 
tate 1-:4C, 8 X 10-~2r 

Atmosphere:  95% 0 2 + 5 %  002. 
Time:  3 hr at 37C. 
Number of animal~ given in parentheses. 



LIPID Su IN RAT ~ERIPI~IERAL ~ERVE 239 

TABLE I I  

Typical Distribution of Counts After Thin-Layer Chro- 
matography of Sciatic Nerve Lipids. P recu r so r :  

Acetate-] -~40 

Coun t s /min /g  
fresh tissue 

Lipid Normal Diabetic 

Plasmalogen 1250 930 
C E R E B R O S I D E S  3200 660 
Phosphatidyl ethanolamine 20 40 
Cerebroside sulfatidcs 300 250 
Phosphatidyl choline 2100 910 
Lysophosphatidyl ethanolamine 600 700 
Sphingomyelin 860 750 
Lysophosphatidyl choline 40 140 
Gangliosides 130 _a 

a Cannot be distinguished from background Incubation 
mixture :  See Table I. TLC on Silica Gel tl developed 
with chloroform/methano]/water: 65 /25 /4 .  

was determined. The lipids were separated on 
thin-layer chromatogran~s. Individual lipids 
were eluted and counted as shown in Table 1I. 
Although decreased rates of synthesis were 
noted in several fractions, the eerebrosides were 
studied first because of their significance as 
myelin lipids (18). 

The decreased synthesis of cerebrosides pre- 
sumably could reflect a decreased synthesis of 
the whole or part of the cerebroside molecule. 
It  seemed appropriate to make an in viva 
study of the cerebroside synthesis in young 
animals in which the rate would be at an 
optinmm (19). Diabetes was induced at the 
age ef  8 days. At 16 days these animals and 
nornml animals were injected intraperitoneally 
with either galactose-l-~'C or stearoyl-l-~C - 
CoA (Table I I I ) .  The amount of radioactivity 
incorporated into the cerebrosides from the 
two different precursors was measured. There 
were larger amounts of labelled stearoyl-CoA 
in the control nerve than in the nerve from the 
diabetic animal 12 hr after injection. No such 
difference was noted when radioactive galactose 
was used as precursor. The major difference in 
eerebroside synthesis between the normal and 

TABLE III 

Incorporation in Viva of Galactose-l-~C and Stearoyl 
1-~4C-CoA into Cerebrosides from Sciatic Nerves. Rats, 
16 Days Old. Diabetic Group Alloxanized on 8th Day 

Galactose-1-14C Stearoyl-l-14C-CoA 

Normal Diabetic Normal Diabetic 
Time after counts/  counts/  counts/  counts/  
injection rain/  ra in/  m i n /  nf in/  

Hours  f~ mole ~ mole /z mole ~ mole 

3 20 43 365 495 
6 92 67 882 574 

12 243 194 2045 690 
24 63 100 1640 600 

Intraperi toneal  injection of 
raM) 50 ]zC per kg. of body 
CoA (1.1 m C / m M )  50 /zC per 

galactose-l-14C (1.6 m C /  
weight, or stearoyl-l-14C- 
kg of body weight. 

NORMAL DIABET IC  
Fro. 2. Rate of synthesis of cerebroside fatty 

acids isolated from normal and diabetic sciatic 
nerves. The areas of the pie charts represent the 
rate of synthesis of total fatty acids; the segments, 
the rate of synthesis of the four groups of fatty 
acids: normal saturated, unsaturated and saturated 
and unsaturated hydroxy fatty acids. The de- 
crease in the saturated, normal fatty acid fraction 
is emphasized. 

the diabetic aninml could be attributed to a 
decrease in the rate of incorporation of fat ty 
acids. 

The cerebrosides in nerves from normal and 
diabetic rats were isolated after incubation 
with acetate-]-l~C in vitro, and tile fat ty acids 
were separated according to Kishimoto and 
Radin (9). The rate of incorporation into all 
the fatty acids, as well as the amount of' acetate 
taken up in each of four fractions was measured. 
The area of each circle in Figure 2 reflects the 
rate of synthesis in the nerves from the two 
kinds of rats. The segment representing rate 
of uptake into saturated, normal fatty acids is 
relatively much smaller in the diabetic animal. 

One possible explanation would be an in- 
ability on the part of the enzyme systems in 
the diabetic organism to incorporate saturated 
acids into cerebrosides. Support  for this in- 
terpretation is presented in Table IV. The 

TABLE I V  

Conversion of Acyl-1-14C-CoA to Cerebrosides 

Radioactivi ty of the 
recovered cerebrosides 

in counts/nfin 

Acceptor Acyl-CoA Normal Diabetic 

Psychosine Stearoyl-l-~C-CoA 1465 14 
Psychosine Oleoyl-l-14C-CoA 1300 1630 

Incubation Mixture:  Stearoyl-l-14C-CoA 0.2~ mole 
0.22 ~C or Oleoyl-l-14C-CoA 0.2~ mole ---- 0.20 ]zC; Tween- 
20 1 mg;  ATP 4 /z mole; Psychosine 1 rag; 500 rag. of 
sciatic nerve tissue was homogenized in l~irebs-Ringer 
phosphate buffer and centrifuged twice at 800 g. The 
supernatant  was made up to 2 ml with buffer and 
used. 
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system outlined by Brady (20) was used with 
cell-free extracts from either of the two kinds 
of sciatic nerves and psychosine as an acceptor. 
Stearoyl-l-~C-CoA or oleoyl-l-~'C-CoA was the 
radioactive precursor. 0nly negligible amounts 
of the CoA ester of the saturated acid were 
incorporated into cerebrosides in this system 
when the extract was prepared from a diabetic 
rat 's sciatic ner~,e. The uptake of unsaturated 
acyl-CoA was the same in both preparations. 

One theoretical interpretation of the des- 
cribed changes is diagrammed in Figure 3. 
Psychosine reacts with three out of four classes 
of fatty acids; however, a block of some type 
interferes with the formation of saturated 
cerebrosides. Whether or not this block in- 
voNes a psyehosine aeyl transferase is unclear 
since attempts to purify this enzyme have failed. 

I t  remains to be determined if the change 
described in our experimental model of diabetic 
neuropathy is related to and sufficient to ex- 
plain the alteration of the physiological prop- 
erties of the nerve. Erwin and Block (21) have 
pointed out that the length and the degree of 
unsaturation of the fatty acids influence the 
properties of lipid molecules. 

A biochemical parallel has recently been 
described in patients with Pelizaeus-Merzbach- 
er's disease (22). Analysis of brain tissues 
from autopsy material revealed diminished con- 
centration of eerebrosides (and sulfatides) 
associated with a deficit of long chain, un- 
saturated fatty acids. 

The importance of such shifts in fatty acid 
composition must be weighed against the more 
generalized effect of the diminution in acetic 

(~S2)12 

,~s 
HOHIC 

~S2~ 

? 
hexose 

BLOCK? 

o c  - CHOH - ( c~  2 )  - ( C S 2 )  

~r  

- } 

P s y c h o s i n r  

acyl 
t r a n s f e r a s e  

FIG. 3. Proposed location of block in cerebroside 
synthesis from psychosine and acyl-CoA esters. 

thiokinase activity described by Adams and 
Field (23) and the possible osmotic effect of 
the now well-recognized accumulation of sor- 
b~tol and fructose in nerves from diabetic 
anhuals (24,25). 
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The Synthesis of 14C- and  H-Labeled Glycerol Ethers 
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Departments of Biochemistry and Medicinal Chemistry, University of North Carolina, 
Chapel Hill, North Carolina, and The Medical Division, Oak Ridge Institute of Nuclear Studies, 
Oak Ridge Associated Universities, Oak Ridge, Tennessee 

ABSTRACT 

The racemic ~C- and '~H-labeled alpha 
and beta derivatives of oetadeeyl glycerol 
ether (batyI alcohol) and of hexadecyI 
glycerol ether (chimyl alcohol) of high 
specific activity were synthesized by treat-  
ing the appropr ia te  alkyl halides with a 
large excess of the potassium salts of iso- 
propylidene or benzylidene glycerol. By 
use of the trifiuoroacetic anhydride esteri- 
fication procedure, the labeled diesters of 
alpha and beta octadecyl and hexadecyl 
glycerol ethers were prepared.  The labeled 
monoesters of beta octadecyl and of beta 
hexadecyl glycerol ethers were isolated from 
the reaction mixtures by silieic acid col- 
umn chromatography. 

INTRODUCTION 

T 
HE ALKOXu GLYCEROL ethers make up a 
nonsaponifiable fraction found in both neu- 

tral  and phospholipid extracts. The major i ty  
of the alpha alkoxy glycerol ethers found in 
nature consist of alkyl ether chains of hexa- 
decyl (16:0--chimyl alcohol), octadecyl (18 :0- -  
batyl alcohol), and octadecenyl (18 : l - -selachyl  
alcohol) carbon units (1). 

Because of our interest in studying the me- 
tabolism of the ether bond, i t  became necessary 
to synthesize a number of radioactive glycerol 
ethers. Various types of reactions have been 
used for the organic synthesis of both labeled 
and nonlabeled glycerol ethers (2-9).  

This report  describes the preparat ion of :4C 
and ~tI-labeled glycerol ethers and their ester 
derivatives having high radiopur i ty  and high 
specific activities. 

RESULTS AND DISCUSSION 

We found that the best method for prepar-  
ing the labeled glycerol ethers was fronl the 
potassium salt of either isopropylidene glycerol 
or 1,3 benzylidene glycerol and the alkyl halides. 
Good yields of the labeled glycerol ethers were 
obtained using a modification of the procedure 
of Baylis and co-workers (2) (a large excess 
of the potassium salt and a longer reaction 
time). 

l W o r k  done in pa r t i a l  fulf i l lment  for  P h D  Degree ,  
D e p a r t m e n t  of Biochemis t ry ,  U n i v e r s i t y  of Nor th  Carolint~. 

In  the initial synthesis of DL-a-l-l'C-batyl al- 
cohol, the alkyl halide used was octadecyl-124C - 
iodide. Subsequently, it  was found that  the 
alkyl bromides yielded fewer breakdown prod- 
ucts, easier purification steps, and higher yields. 

A summary of the labeled free glycerol ethers 
synthesized and their physical constants is given 
in Table X. 

To determine the radiopur i ty  of each labeled 
preparation,  the compound was analyzed by 
thin-layer chromatography (TLC) in at least 
three different solvent systems. The TLC plates 
were then scanned at various sensitivities using 
a Packard Model 7200 Radio Chromatograph 
Scanner, or by prepar ing zonal scans (10). 

Using the procedure of Stegerhoek and Ver- 
kade (4), we prepared dipalmitoyl-a-batyl al- 
cohol which melted at 57-58C af ter  two re- 
crystallization from acetone at 0C. Thin-layer 
chromatography and silicic acid column chro- 
matography were used to resolve two compo- 
nents from the mixture. TLC [hexane: diethyl 
ether :acetic acid (90:10:1  v /v /v )  ] revealed a 
major component with an R~-0.90 and a trace 
component with an Rf-0.13. On silicie acid col- 
umns the major component (about 70%-80%) 
was eluted with benzene and concluded to be 
dipalmitoyl-a-batyl alcohol based on a melting 
point of 61C-02C, no infrared hydroxyl ab- 
sorption, and 2.07 equivalents of ester (11) 
per  molecule. The dipalmitoyI-a-batyl alcohol 
showed a decrease in melting point over a pe- 
riod of about four to five months (rap 61C- 
62C down to 57C-58C and finally to 53C-54C). 
Stegerhoek and co-workers (4) had mentioned 
tha t  these compounds  showed p o l y m o r p h i c  
change; our data confirm their findings. A 
separate paper  from this laboratory will dis- 
cuss in detail the infrared spectra and poly- 
morphisnl of glycerol ether derivatives. 

The chloroform eluate (nip 69C-70C) from 
the above mixture had 0.95 equivalents of ester 
(11) per  molecule, and infrared analysis showed 
an absorption peak at  3550 cm -~ (indicating 
the presence of an hydroxy group).  The second 
eolnponent was concluded to be monopahnitoyl- 
a-batyl alcohol. Carbon and hydrogen analy- 
sis for  the dipahnitoyl-a-batyl alcohol and the 
monopalmitoyl-a-hatyl alcohol were in agree- 
ment with the calculated values. The melting 
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point of the m o n o p a l m i t o y l - a - b a t y l  a lcohol  
(chloroform eluate mp 60C-70C) corresponded 
with that of the beta ester isomer reported by 
Stegerhoek and co-workers (4) (mp 69.5C- 
70C). Fur ther  infrared analysis demonstrated 
that the monopahnitoyl-a-batyl alcohol fraction 
is the fl-palmitoyl ester of a-batyl alcohol. 

We were unsuccessful in prepar ing micro- 
scale quantities of the diesters of the glycerol 
ethers from the acid chloride (prepared from 
the fa t ty  acid and thionyl chloride). An over- 
all yield of only 15%-20% could be obtained. 
More efficient esterifieation occurred by heating 
the fa t ty  acid and trifluoroacetic anhydride 
(0.25 mM scale) in chloroform under anhy- 
drous conditions. The mixed anhydride (12) 
formed was then esterified (72% yield) with 
the glycerol ether. 

The trifluoroacetie anhydride method of es- 
terification was used to prepare  a number of 
labeled esters of glycerol ethers. A list of 
these compounds and their physical constants 
is given in Table I I .  

The distribution of radioactivity and the chro- 
nlatogram of a typical labeled glycerol ether 
diester preparat ion af ter  column purification 
is shown in Figure 1. Pr ior  to column purifi- 
cation a-l-fl-l-l 'C-dipalmitoyl-a'-batyl alcohol, a 
trace of palmitic-l-14C-acid, fl-l-l~C-monopahni - 
toyl-a '-batyl alcohol, a-l-~C-monopalmitoyl-a "- 
batyl alcohol, and a trace of unidentified ma- 
terial (other than free glycerol ether) were 
found to be present in the mixture. Attempts  
to separate the alpha and beta monoesters by 
preparat ive TLC on a milligram scale were 
not successful. 

BXPERIMENTAL 
Materials 

Most of the solvents were Baker Analyzed 
quality. The commercial xylene was dried, re- 
distilled, and stored over sodium before use. 
Spectrograde chloroform with silica gel pre- 
servative was obtained from Matheson Coleman 
and Bell and spectrograde hexane was pur-  
chased from Fisher  Scientific Company. The 
unlabeled purified palmitic and stearic acids 
(pur i ty  99% or greater) were obtained from 
the I-Iormel Institute, University os Minnesota. 
D-batyl and D-chimyl alcohols were obtained 
from Western Chemical Industries Limited, La 
Pointe Pier, Vancouver, Canada. The isopro- 
pylidene glycerol was obtained from the Aldrich 
Chemical Company and distilled. 

The hexadecyl and octadecyl bromides and 
the triituoroacetic anhydride were Eastman 
white label chemicals. Gas-liquid chromatogra- 
phy (GLC) on ]2% ethylene glycol succinate 



~YNTI~ESIS 0,F ~C- AND ~-[-LABELED GLYCEI~OL ETt tERS  243 

o 

o 
o 

~o o=~ ~o:o~ ~o -'~ ~o :~  

o 

b-~ (DO 

m o  

77 

I I ~I I 
�9 I~., O �9 

t--- t--- 

t~ 

m. 

o ~ ~ o .~ 

LIPIDS,  

d 

to 

VOL. 1, NO. zi 



244 E . O .  OSWALD, CLAUDE ]=)IA~TADOSI, ~. ]~. ANDEtCSON AND ~RED SNYDEIr 

io,ooo 

,,, 8DOO 
I --  
D 
Z 

6,00C fE 
hi 
(3. 

q) 4,000 b- 
Z 

O (D 
2poc 

0 

m 

p 

h 

B 

b 

- - I  i 

(3, & 

c~  S 

SOLVENT FRONT ~ C 
O R I G I N  

~IG. ]. A radiochromatogram scan and tracing 
of a chromatogram of purified ad-~-l-~4C-dipalmi - 
toyl-a'-baty] alcohol. The solvent system used was 
hexane : diethy] ether : acetic acid (95.5 : 1 v/v/v). 
A, synthetic unlabeled fl-monopalmitoyl-a-batyl al- 
cohol (rap 69C-70C). .B, labeled dipahnitoyl-a- 
batyl alcohol. C, synthetic unlabeled dipahnitoyl- 
a-batyl alcohol. 

polyester at 190C demonstrated that the hexa- 
decyl bromide was 97% pure and that the 
octadeeyl bromide was 94% pure. 

The 1,3 benzylidene glycerol (rap 83C-84C) 
were prepared by the method of Piantadosi and 
co-workers (13) and the alkyl iodides by the 
procedure of Stegerhoek and co-workers (4). 

Labeled halides, isopropylidene 2-~H-glycerol, 
and the labeled fatty acids were purchased from 
New England Nuclear Corporation, Boston, 
Massachusetts. Unless otherwise stated, all of 
the labeled intermediates used for the syntheses 
were 99%-100% pure as determined by GLC 
and/or TLC. 

Chromatography 

Silicic Acid Columns. The silicic acid was 
washed with distilled water to remove fine par- 
ticles. After filtration and drying at 110C- 
120C for 48 hr, 10 g of the silicic acid was 
used to prepare columns (20 X 200 ram) hay- 
in good separation properties and a fast flow 
rate (2-3 ml/min).  

LIPIDs, VOL. 1, NO. 4 

Thin-Layer (TLC).  TLC plates were pre- 
pared with Silica Gel G, as described by Man- 
gold (14). All of the labeled compounds in 
Table I and I I  had R~ values identical to the 
corresponding unlabeled synthetic compound. 

Specific Activity Determinations 

The specific activities were determined by 
measuring the radioactivity of a known quan- 
tity of the labeled compounds with a liquid 
scintillation spectrophotometer (Packard Tri- 
carb Model 314EX) and were corrected for 
quenching by use of internal standards (10). 
The discriminator ratio method (15) was used 
for calculation of the radioactivity of each iso- 
tope in the double-labeled compound. The ef- 
ficiency of the ~C counting was 58-61%; for 
the sinmltar~eous counting of ~tt and 14C, the 
efficiency was 18% and 33%, respectively. 

Synthesis 

All of the synthetic procedures were carried 
out two or nmre times with unlabeled materials 
in order to standardize the yield and purity be- 
fore the actual labeled materials were used. 
The melting points were taken with a Fisher 
Johns melting point apparatus and have been 
corrected. The carbon and hydrogen analyses 
were performed by Spang Microanalytical Lab- 
oratory, Ann Arbor, Michigan. The infrared 
spectra were obtained with a Perkin Ehner 421 
recording infrared spectrophotometer. 

DL- -l-~tC-Batyl Alcohol [1-(octadecyloxy-l'- 
~C ) -2,3-propanediol]. 

Using a 30 ml reaction filter flask equipped 
with nmgnetic stirrer, reflux condensor, and 
CaCl~-P~O~ drying tube, 168 mg (4.30 mg atoms) 
of potassium metal in 5 ml of dry xylene was 
heated at 100C for ]5 rain with rapid stirring 
until the potassium was finely dispersed. Next 
507 mg (3.84 mM) of 1,2 isopropylidene glyc- 
erol in 5 ml of dry xylene was added slowly 
to the potassium. The mixture was then heated 
at 145C-150C for 2 hr under dry conditions 
until all of the potassium had reacted. Finally 
428 mg (1.12 raM) of octadecyl-12~C-iodide 
(1.00 me) in 7 ml of xylene was added quan- 
titatively and the reactants refluxed at 145C- 
156C for 72 hr. The cooled mixture was fil- 
tered to remove the potassium iodide and the 
filtrate collected in a 100 ml round bottom flask. 
After thoroughly washing the precipitate with 
spectrograde chloroform, the solvent of the 
combined filtrate was removed under reduced 
pressure. 

The oil (360 rag) was hydrolyzed using eth- 
anol : water : concentrated hydrochloric acid (75 : 
25:6 v /v /v ) (3 ) .  The precipitate was then ill- 
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tered, washed thoroughly with distilled water, 
and dried in vacuo over P~O~. 

The yellow precipitate (320 rag) was pur- 
ified by silicic acid column chromatography. 
The material was dissolved in about 5 ml of 
warn1 benzene and was applied to a 10 g silicic 
acid colunm. Three fractions were eluted and 
collected with the following solvents: fraction 
1--150 ml benzene; fraction I I - -150  ml chloro- 
form :benzene (72:25 v / v ) ;  and fraction I I I - -  
150 ml chloroform:methanol (2:1 v/v) .  The 
results of a typical experiment were as follows: 
fraction 1--13S.0 mg (halide and hydrocarbon 
breakdown products); fraction I I - -4 .5  mg 
(traces of fraction I) ; and fraction II I - -171.1 
mg (glycerol ether--44.0% yield), The total 
recovery from the column was 99-101%. 

The labeled a-batyi alcohol was reerystallized 
from two 5 ml-portions of speetrograde hexane 
at 0C. The purified glycerol ether was stored 
in spectrograde chloroform at --20C. The phys- 
ical constants for the glycerol ethers are given 
in Table I. 

DL-22H-a-l-~C-Chimyl Alcohol [1-(hexadeeyl- 
oxy-l'-~C)-2,3- (22H)-propanediol].  

The same procedure as described for the syn- 
thesis of a-batyl alcohol was used with the fol- 
lowing exceptions: 18.75 mg (0.14 raM) of 
isopropylidene-22H-glycerol (5.00 me) and 488 
mg (3.70 m3I) of unlabeled isopropylidene 
glycerol, and 320 mg (1.05 raM) of hexadecyl- 
12~C-bromide (2.00 nlc). The doubly labeled 
chimyl alcohol was obtained in a 72.2% yield. 

DL-fl-l-~*C-Batyl Alcohol [2-(octadecyloxy-l'- 
~C ) -1,3-propanediol]. 

The same procedure as described for the prep- 
aration of a-batyl alcohol was used with the 
following' exceptions: 688 mg (3.82 raM) of 
1,3-benzylidene glycerol (rap 83C-84C), 215 mg 
(0.65 raM) of octadeeyl-l-*~C-bromide (1.00 me), 
and 11S mg (0.35 raM) of unlabeled octadecyl 
bromide. After  hydrolysis the precipitate was 
washed with 20-30 nil 50% ethanol. After pur- 
ification by column chromatography, fraction 
I I I  (143.2 mg--43.0% yield) was recrystallized 
twice from hexane as described above. 

DL-fi-lJ+C-Chimyl AlcoT~t)l [2-(hexadecyloxy- 
l'2~C ) -1,3-propanediol]. 

The same procedure as described for the prep- 
aration of fi-batyl alcohol was used with the 
following exceptions: 160 mg (0.52 raM) of 
hexadecyl-l-~'C-bromide (1.00 me) and 145 mg 
(0.48 raM) of unlabeled hexadecyl bromide. A 
49.5% yield of labeled fl-chimyl alcohol was 
obtained. 

a-l-fi-l-~4C-Dipalmitoly-a'-Batyl Alcohol [1,2- 
(dihexadecanoate-l'-*+C) - 3- (octadecyloxy) pro- 
pane]. 

The following' reactants were placed in a 
10 ml reaction filter flask equipped with mag- 
netic stirrer, reflux condensor, and CaCI~-P~O~ 
drying tube: 25.6 mg (0.10 m ~ )  of palmitie- 
1-*~C-acid (1.00 me), 102.4 mg (0.40 raM) of 
unlabeled palmitic acid, 0.10 ml (0.71 raM) of 
trifluoroacetic anhydride and 0.30 ml of spee- 
trograde chloroform. The flask was heated un- 
der dry conditions with stirring for 2 hr at 45C- 
50C. After 2 hr 86.0 mg (0.25 mM) of unla- 
bled D-batyl alcohol (rap 70C-71C) in 1.70 ml 
of spectrograde chloroform was added. The re- 
action was continued at 45C-50C for 20 hr. 
The reaction mixture was cooled and the chloro- 
form was renmved by a steam of nitrogen. The 
semisolid was stirred with three 3-nll portions 
of 20% Na~CO3, then 5 ml of distilled water, 
next with three 3-ml portions of 0.5N I-I2SO, 
and finally with five 4-ml portions of distilled 
water. The white precipitate was filtered, dis- 
solved in 5 ml of spectrograde chloroform, and 
then stirred with 5.0 g of Amberlite IR-45 ion 
exchange resin for about 15 rain. The resin 
was filtered and the filtrate was collected in a 
30 ml filter flask. The resin was thoroughly 
washed with chloroform to remove all traces 
of the glycerol ether diester. The combined ill- 
trates were stirred with 5.0 g of Amberlite 1R-45 
resin. After filtration the solvent was removed 
under ,'educed pressure at 40C. This material 
was dried in vacuo over P:06. The mixture 
(196.3 rag) contained the labeled diester, traces 
of fatty acid, and the monoesters. 

The precipitate (196.3 rag) was dissolved in 
warm hexane and applied to a 10 g silicic acid 
column. Four  fractions were eluted and col- 
lected with the following solvents: fraction 1 - -  
150 ml of hexane; fraction II--160 nfl of 
hexane:benzene (80:20 v / v ) ;  fraction I I I - -  
150 nfl of benzene; and fraction IV--100 nil 
of diethyl ether. Fractions I and 1I contained 
less than 10 mg of nonpolar contaminates that 
may have been formed from the fatty acid. 
Fraction I I I  contained 144.0 mg of the labeled 
diester (69.0% yield) and fraction IV (43.5 
rag) contained the remaining nmre polar con- 
stituents. The total recovery from the column 
was 99%-100%. After  recrystallization from 
two 5-ml portions of acetone at 0C, 140.4 mg 
of the labeled glycerol ether diester in spec- 
trograde chloroform was stored at --20C. Data 
obtained for the labeled esters of the glycerol 
ethers are summarized in Table :II. 

a_l-fi-l-~C-Dipalmitoyl-a~-Chimyl Alcohol [1,2- 
(dihexadecanoate-t'-~*C) -3- (hexadecyloxy) -pro- 
pane]. 

The sanle procedure as described for the syn- 
thesis of dipalmitoyl-a-batyl alcohol was used 
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with the fol lowing except ions:  10.9 mg (0.04 
raM) of palmitie-l-:~C-acid (1.00 me) ,  117.1 mg 
(0.46 raM) of unlabeled palmit ic  acid, and 79.0 
mg (0.25 raM) of B-ehimyl alcohol (rap 62C-  
63C). A 72.5% yield (143.5 rag) of  the labeled 
diester was obtained. 

a-l-d-l-~C-Distearoyl-fl-Batyl Alcohol [1,3- 
(dioctadecanoate-Y-:~C) -2- (octadecyloxy) p ro-  
pane] .  

The same procedure  as described above :{or 
the a-ether diester  synthesis  was used with the 
fol lowing except ions:  5.3 mg (0.02 raM) of  
stearic-12~C-acid (1.00 me),  ]35.7 n:g (0.48 raM) 
of  mflabeled DL-fl-batyI alcohol (rap 70.5-71.5C). 
Frac t ions  I, I I ,  and I I I  were collected as pre-  
viously described;  in addi t ion f rac t ion  I V - - 1 5 0  
ml of hexane :diethyl  e ther  (90:10 v / v ) ,  f rac-  
t ion V - -150  ml of hexane :diethyl  ether  (80:20 
v / v ) ,  and f rac t ion  u  ml of diethyl e ther  
were eluted and collected. F rac t ion  I I I  con- 
ta ined 104.6 mg (47.5% yield) of the labeled 
diester ;  f rac t ion  I V - - ( 3 3 . 6  rag) contained traces 
of  the diester, acid, and  monoester  ; f r ac t ion  u  
(53.6 rag) conta ined the labeled monoes ter ;  and  
f rac t ion  V I - - ( 1 0 . 2  rag) contained the ma jo r  
por t ion  of a very  polar  contanfinant  with traces 
of the monoester.  

a - l - ~ C - M o n o s t e a r o y l - f l - B a t y l  A l coho l  [1- 
( monooctadecanoate-Y-: 'C ) -2- (o c t a d e  c y l o x y -  3 
p ropano l ] .  

F rac t ion  V- -53 .6  rag (34.4% yield) isolated 
f rom the labeled distearoyl fl batyl  alcohol p rep -  
arat ion was recrystal l ized twice f rom X-ml por-  
t ions of acetone at  0C. 

a-l-a'-l-~C-Dipalmitoyl-fi-Chimyl Alcohol [1,3- 
(dihexadecanoate-Y-:~C) -2- (hexadecyloxy) -pro-  
pane] .  

The same procedure  as described fo r  synthe-  
sis of distearoyl fl-batyl alcohol was used with 
the fol lowing except ions:  27.5 mg (0.11 raM) 
of  palmitic-l-:~C-acid (1.00 mc) ,  100.5 mg (0.39 

raM) of unlabeled palmit ic  acid, and  79.0 mg 
(0.25 raM) of unlabeled DL-fl-ehimyl alcohol 
(mp 62.5C-63.5C). A 51.7% yield of the la- 
bled diester w a s  obtafimd. 

a-l-~*C-Monopalmitoyl-fl-Chimyl Alcohol, 1- 
(monohexadecanoate- l ' -~C)-2-  (hexadecyloxy)-3-  
propanol .  

F rac t ion  V (59.2 rag, 42.5% yield) f rom the 
dipalmitoyl-fl-chimyl alcohol p repa ra t ion  was 
twice recrystal l ized at  0C f r o m  acetone. 
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Pyrolysis Chromatography of Lipids. I. Mass Spectrometric 
Identification of Pyrolysis Products of Hydrocarbons ~ 
Ralph T. Holman, Manfred Deubig and Herbert Hayes, 
University of Minnesota, The Hormel Institute, Austin, Minnesota 

ABSTRACT 

The products of pyrolysis at  600C of 
normal paraff• C~o-C~, 2-methyl octadec- 
ane, 4-methyl octadecane, 6-methy] octadec- 
ane, cyclohexyl decane, cyclopentyl deeane, 
2,2,4,4,6,8,8-heptamethyl nonane, pristane 
and phytane were studied by means of a 
pyrolysis gas chromatograph directly cou- 
pled to a mass spectrometer, n-Paraffins 
y ie ld  a homologous  ser ies  of  n-olefins.  
Branched paraffins yield two homologous 
series, one of n-olefins and one os branched 
olefins. The n-olefin corresponding to the 
position of the branch is not formed. In-  
terpretation of pyrolograms is similar in 
p r i n c i p l e  to the i n t e r p r e t a t i o n  of  mass  
spectra. 

INTRODUCTION 

I N C E  T/-IE W O R K  O f  Davison, Wragg and 
Slaney (1) in 1954, pyrolysis chromatog- 

raphy of synthetic polymers and high melting 
compounds (2) has become a routine method 
for their identification. The thermal fragmen- 
tation of a polymer causes fission at  the weak 
bonds in the molecule and results in a complex 
cracking pat tern which may be used as an em- 
pirical "fingerprint" to identify the parent  
compound. Recently pyrolysis gas chromatog- 
raphy has also been applied to the identifica- 
tion of volatile compounds, such as hydrocar- 
bons (3), alcohols (4) and terpene acetates 
(5,6), employing infrared and ultraviolet spec- 
troscopy as additional means of identification. 
Liddicoet and Smithson (7) have very recently 
applied pyrolysis chromatography to the qual- 
itative identification of surfactants in the em- 
pirical fashion. 

Our intent is to identify the products of 
pyrolysis of lipids with more certainty by em- 
ploying a pyrolysis chromatograph directly cou- 
pled to a mass spectrometer. The combination 
of retention time data with molecular weight 
and mass spectra serves to identify nmre ~ully 
a pyrolysis fragment than either observation 
alone. This procedure should ultimately lead 
to the determination of unknown lipid struc- 

1 P r e s e n t e d  at  the  S y m p o s i u m  on " M a s s  Spec t rome t ry  
of L i p i d s , "  A O C S  Cinc inna t i ,  October  1965.  

tures by pyrolysis chromatography. }Iydrocar- 
bons were chosen for  the initial explorato~T 
study because their pyrolysis products would 
be simpler to interpret  than what might be ex- 
pected from more complex lipids. 

M A T E R I A L S  AND METHODS 

The hydrocarbons used in this study were 
found to be more than 98% pure by gas chro- 
matographic analysis. Normal paraffins and 
cyclopentyt decane and eyclohexyl decane were 
obtained from the American Petroleum Insti-  
tute. Pr is tane  and isomeric methyl octadeeanes 
were received front N. A. S;4rensen of the :Nor- 
wegian Technical University, Trondheim. Phy- 
tune was obtained from L. I.  Smith of this 
University and 2,2,4,4,6,8,8-heptamethyl nonane 
from Aldrieh Chemical Co. 

Pyrolysis of the hydrocarbons was accom- 
plished by injection of the neat sample into 
a Pyrex glass chamber 2 • 90 mm, electrically 
heated so that the exit temperature was 600C. 
The pyrolysis unit, shown in Figure 1, replaced 
the inlet por t  of an otherwise conventional 
Perkin Elmer model 800 gas chromatograph. 
As the temperature of pyrolysis was increased, 
the yield of products was increased and above 
780C the pyrolysis was complete, since no orig- 
inal sample emerged from the gas chromato- 
graph. However, above 600C the pat tern os 
pyrolysis products became more complex by the 
formation of secondary and rearrangement re- 
action products. At  a flow rate of 30 ml/min 
through the pyrolyzer,  the residence time in the 
heated zone was 0.6 seconds. The sample size 
varied from 0.5 to 1.0 ~l, and the yield of' 
pyrolysis products varied from 50 to 80%, de- 
creasing with increased sample size. 

He 

f 

FIG. 1. Pyrolysis chamber constructed of Pyrex 
glass and substituted for the inlet port of a con- 
ventional gas chromatograph. 
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The effluent f rom the  column was admi t t ed  
to a B i e m a n n  hel ium sepa ra to r  (8) consis t ing of 
a n  in te rna l  s in tered  glass tube  8 X 190 m m  and  
a concen t r i c  g lass  j acke t  e v a c u a t e d  to 1 X 10 ~ 
T o r r  by  a vacuum p u m p .  The s e p a r a t o r  
was connected by  a hea ted  I m m  I.D. heavy  
wall  glass t ub ing  to the  in le t  p ipe  of a 
H i t ach i  P e r k i n - E l m e r  R M U 6 D  nmss spectro-  
meter.  Bo th  the  in le t  and  the  exit  of  the  he- 
l ium s e p a r a t o r  were const r ic ted  by  capi l lar ies ,  
the  l a t t e r  be ing  of  such a d iamete r  t h a t  i t  
passed 235 ml a r g o n / m i n  a t  a p ressure  dif-  
f e ren t i a l  of 15 psi.  W i t h  the  hel ium pressu re  
on the GLC column a t  18 psi,  the  flow t h r o u g h  
the column was 30 m l / m i n  measured  u n d e r  at-  
mospher ic  pressure .  W h e n  the  column was 
connected t h rough  the hel ium s e p a r a t o r  to the  
mass spectrometer ,  the ana lyzer  p ressu re  was 
in the  r ange  of  5 • 10 -~ to 1 • 10 -s Torr ,  com- 
p a r e d  wi th  a po ten t i a l  vacuum of 3 • 10 -~ T o r r  
when the  column was removed  and  the  in le t  
to the hel ium sepa ra to r  was plugged.  U n d e r  
the  condi t ions  of ope ra t ion  the  ra t io  of  the  
in tens i t ies  of  the  hel ium peaks  to the  base 
peaks  of  the mass  spec t ra  of  average  chromat -  
ograph ic  components  va r ied  f rom 1 to 10. 

The gas chromatographic  column used to sep- 
a ra t e  the p roduc t s  of pyro lys is  was  a 1/s in. • 
6 f t  a l u m i n u m  tub ing  packed  wi th  20% Apiezon  
L on Gas-Chrom P 100-120 mesh. The  first 
8 in. of the  column were packed  wi th  uncoa ted  
s u p p o r t  to avoid expos ing  the  Apiezon  L to 
hel ium a t  600C as i t  emerged f r o m  the  pyro -  
lyzer. The final 6 in. of  the  colunm were 
packed wi th  uncoa ted  s u p p o r t  to absorb  the  

bleed f rom the  colmnn. The usual  t e m p e r a t u r e  
p r o g r a m  was f rom 40 to 240 C a t  6C/nl in .  A t  
this  ra te  the Cls compounds  a p p e a r e d  before  
the end of  the  t e m p e r a t u r e  p rog ram.  P re l im-  
i na ry  studies of the  pyro lys is  and  the  GLC 
separa t ion  of  p roduc t s  f rom each subs tance  were 
p e r f o r m e d  on an  ident ical  column in an  F & M 
model S10 gas ch roma tog raph ,  and  the  best  
condi t ions found  were dupl ica ted  wi th  the  gas  
c h r o m a t o g r a p h  mass spec t romete r  hookup.  

The mass spectra of emerg ing  substances  
were scanned a t  80 eV a t  a ra te  of 9 seconds 
fo r  m / e  1 to 300. The electron mul t ip l i e r  was 
opera ted  a t  1.5 to 3 kv  and  a n  a t t enua t i on  of  
100 (sens i t iv i ty  10) .  The ioniza t ion  chamber  
was held a t  230C. The exit  sl i t  of  the  source 
was 0.02 mm and  the  collector sl i t  0.3 ram. 
Spec t ra  were recorded wi th  a Honeywel l  2508 
Visicorder .  F o r  the r a p i d  scan a 10 t~f filter 
was employed across the i n p u t  s ignal  to the  
Vis icorder  to minimize  noise. The  source was 
equ ipped  wi th  a to ta l  ion mon i to r  electrode, 
the s ignal  f rom which was amplif ied by  a 
Xea th l ey  P i eoammete r  and  d i sp layed  on a s t r ip  
cha r t  recorder.  Thus  the  to ta l  ion mon i to r  
served as the  detector  f o r  the  gas  chromato-  
g r a p h  and  no t ime lag between GLC response  
and  mass  spec t ra  existed. A r ep resen ta t ive  
pyrolys is  ch roma tog ram r u n  wi th  the  gas chro- 
m a t o g r a p h  mass spec t romete r  hookup  is shown 
in F i g u r e  2. The b roadened  por t ions  of  the  
curve indicate  the  t imes d u r i n g  which nlass spec- 
t r a  were recorded.  The gas  ch roma tog raph ic  
curve was the response  f rom the  to ta l  ion mon-  
i to r  d isp layed  on a s t r ip  cha r t  recorder .  
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FIG. 2. Tracing from the total  ion monitor during the pyrolysis-gas chromatography of 4-methyl 
octadecane. The broadened portions of the tracing represent those intervals during which mass spec- 
t ra  were recorded. Abscissa: t ime; ordinate:  intensity of response of the total  ion monitor. 
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Data are presented in the form of "pyrolo- 
grams," bar graphs in which the abundance 
of each component of the chromatogram is 
plotted against the equivalent chain length, 
ECL (9), calculated from nornml paraffin stan- 
dards. The proportion of each component to 
the total products of pyrolysis is shown by the 
height of the bar, as calculated from area per- 
cent of the pyrolysis ehromatogram measured 
in the F & M instrument, l~ragments of 4 
carbons or less were present in roughly the 
same proportions as were the longer hydrocar- 
bons, but were not separable by the conditions 
employed. Their yield was influenced by tem- 
perature variations more than the yields of the 
longer chain compounds. Since the considera- 
tion of these short chain compounds was un- 
necessary for the interpretation of structures 
of the parent substances, they were deemed of 
no interest and were not included in the total 
pyrolysis products in the above calculations. 
The excess unpyrolyzed starting material is de- 
picted by a final bar in the pyrologram, and 
the height of this bar has no quantitative mean- 
ing. The ECL values were all calculated from 
data gathered on the Apiezon L column in the 
F & M instrument, and are presented on a 
scale based on even-chain nornml paraffins as 
standards. 

RESULTS AND DISCUSSION 
n-Octadecane is pyrolyzed to produce the en- 

tire series of n-olefins from C~7 down to C~ 
(Fig. 3). Quite comparable results were ob- 
tained with the pyrolysis of n-decane, n-dodec- 
ane, n-tetradeeane and n-hexadecane. In  all 
instances, the pyrosis of n-paraffins yielded 
the complete series of n-olefins containing num- 
bers of carbon atoms equal to or less than the 
n-paraffin pyrolyzed. The identity of the prod- 
uets was deduced from their ECL values and 
verified in each instance by interpretation of 
their mass spectra, which revealed the expected 
molecular weights and the characteristics of 
n-olefins (10). ]qowever, the mass spectra do 
not permit location of the double bonds. The 
olefins from the seission of saturated hydro- 
carbons are largely 1-olefins (3). 

Isomeric methyl octadeeanes (11) were found 
to yield two series of homologs of olefins, one 
normal and one branched. The nomml series 
extends as far as the number n of carbons in 
the longest branch of the molecule. The next 
member, corresponding to the carbon besring 
the methyl group, is present only in traces. 
The member, n d-2,  is again present repre- 
senting a straight chain compound formed by 
the loss of the second largest branch. Subse- 

n-OCTADECANE 

penfadecene 

EQU~VAL:ENT CHAINLENGTH, APIEZON �9 

2-METHYL OCTADECANE 

- -  c - e c ~ - d c  
/ ~1 

/ /C 1 

II 1 
,I 

EQUIVALENT CHAINLENGTH, APIEZON L 

l~ze. 3. Pyrolograms of n-oetadeeane and 2-methyl 
octadecane. Dashed bars represent branched 
substances. 

quent members of the n-olefin series are absent 
except for the final one formed by the loss 
of the methyl group. In  the ease of 2-methyl 
oetadecane (Fig. 3), scission of the bond be- 
tween carbons 1 and 2 or between carbon 2 
and the methyl carbon yields heptadecene. How- 
ever, n-hexadecene is not produced from 2- 
methyl octadecane because both the bonds men- 
tioned above must be broken to produce it, 
indicating that scission of two bonds is un- 
likely. Scission of the bond between carbons 
2 and 3 yields pentadecene, and seission of sub- 
sequent bonds yields all the shorter chain n- 
olefins. Each possible scission in the straight 
chain end of the molecule produces a branched 
olefin, and the presence of all members of this 
series and the normal series with 6 or more 
carbon atoms was verified by mass spectrom- 
et~T. Each branched olefin had a mass spectrum 
typical of a 2-methyl hydrocarbon and each 
had the molecular weight and typical spectrum 
of an olefin. Although it is contrary to Geneva 
nomenclature, pyrolysis products of branched 
hydrocarbons will be referred to in respect to 
the position of the branch rather than that of 
the double bond because the position of the 
double bond is not known, whereas, the refer- 
ence to the original branch position clearly 
points out the relationship of a pyrolysis prod- 
uct to its parent compound. 
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4-Methyl octadccane (Fig.  2 and 4) produces 
all n-olefins up through C~. n-Pentadecene is 
not produced by pyrolysis because two bonds 
are not simultaneously broken, but n-hexadecene 
is formed by breaking the bond between car- 
bons 3 and 4. n-Octadecene is formed by loss 
of the methyl group. The smallest branched 
olefin which may be produced by scission of 
one bond has 6 carbon atoms. The smallest 
branched olefin identified was 3-methyl hexene, 
presumably formed by scission of the bond be- 
tween carbons 6 and 7 of the right end of the 
molecule as drawn in Figure  4. Scission of 
each successive bond beyond 6-7 should pro-  
duce a 4-methyl olefin in a complete series up 
to 4-methyl heptadecene. In  addition, i f  bond 
2-3 is broken a 2-methyl hexadecene should 
be formed. All  the anticipated compounds were 
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Fro. 4. t)yrolograms of 4-methyl octadecane and 
6-methyl octadecane. Dashed bars represent the 
branched products. 
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demonstrated in the pyrologram and were ver- 
ified by mass spectrometry. 

6-Methyl octadecane yielded an interrupted 
series of n-olefins which is interpreted in the 
same manner as above. Scission of bonds in 
the longest branch of the molecule yield n-olefins 
whose maximum chain length is 12 carbons. 
Scission at bond 5-6 produces n-tetradecene. 
Loss of the methyl group yields oetadecene. 
Scission at the 6-7 bond yields 2-heptene. 
Branched olefins formed by breaking a single 
bond should have a minimum of 8 carbon atoms 
and should exist in an unbroken series np to 
6-methyl heptadeeenc. All these compounds ap- 
pear  in the pyrologram and were verified by 
their mass spectra. In  addition, a branched 
pentadecene appeared with ECL value of 14.85. 
I ts  mass spectrum suggests that  i t  is 3-methyl 
tetradecene, formation of which would require 
a rearrangement from the anticipated 2-methyl 
tetradecene. 

Cyclohexyl decane should yield normal olefin 
fragments up through C1o and the whole range 
of cyclohexyl olefins less than 16 carbon atoms. 
The pyrologram shown in Figure  5 agrees with 
this prediction. Unfortunately in this experi- 
ment the early members of the series lower 
tbau C7 did not separate well and their struc- 
tures could not be confirmed by their mass 
spectra. However, the ECL values determined 
in the F & M instrument indicated the assign- 
ments shown in the pyrologram. In addition 
to the expected components, a small amount 
of n-undecene was detected, indicating some 
rupture of the eyclohexyl ring. 

Cyc~opentyl decane was also subjected to py- 
rolysis, but no m a s s  spectra were measured on 
its products. However, the pyrolysis pat tern 
was quite parallel  to that found with cyclo- 
hexyl decane. The entire series of cyclopentyl 
olefins up to C1~ were observed, n-Olefins up 
through C1o plus a small amount of C~ were 
found exactly analogous to the pyrolysis of 
of cyclohexyl decane. 

2,2,d,4,6,8~$-tIeptan~ethyl non ane pyrolyzed 
to yield principal  fragments corresponding to 
rupture of bonds adjacent to methyl branches. 
Thus fragmentation at bonds 2-3 and 7-8 
yielded isobutene as 50% of the pyrolysis prod- 
ucts (Fig.  5). Loss of one of the nine methyl 
groups yielded multibranched fragments hav- 
ing 15 carbon atoms, tool wt 210. Seission at  
bond 3-4 yields a C~ fragment of tool wt 154. 
Breaking bond 4-5 yields two C8 fragments, 
both of tool wt 112. ICupture of bond 5-6 
yields C~ and C~ fragments of mol wt 98 and 
126. Scission at bond 6-7 yields C~ and C~ 
fragments of mol wt 154 and 70. In  any of 
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:FIG. 5. Pyrolograms of cyclohexyl decane and 
2,2,4,4,6,8,8-heptamethyl nonane. The numerals by 
each bar are the molecular weights nmasured by 
spectrometry. 

these scissions, the locus of the double bond ~ 2c 
formed may be in more than one place, giving 
rise to isomers. Such multiplicity of fragments ~ J-~ 
of equal mass was observed in the major prod- 
nets of fragmentation and may also explain ~ 
some of the less abundant unidentified prod- 
ucts. Perhaps the most revealing aspects of 
the pyrologram are the absence of principal "~ 
fragments of mass 196 and 182 indicating the 
two methyl groups on either carbons 2 or 8, 
and the occurrence of minor fragments of ~nass 
140, indicating the methyl group on carbon 6. 
The absence of a major fragment of mass 84 
suggests the difficulty of forming a fragment 
of 6 carbons from either end of the molecule, 
thus indicating branching on carbons 4 and 6. 

Pris tane ,  or 2,6,10~14-tetra.methyl pentadec-  m 

ane, is one of the naturally-occm'rblg poly- 
methyl hydrocarbons (12) and it has a sym- 
metrical molecule. Cleavage of any of the four 
terminal methyl groups from the Inoleeule 
should produce 2,6,10-trimethyl pentadecene. 
Because loss of two methyl groups from one 
end of the molecule is unlikely, 2,6,10-trimethyl 
tetradeeene should not occur. Seission of the 
bonds between carbons 2 and 3 or carbons 13 
and 14 should produce 2,6,10-trimethyl ~ridec- 
ene. Removal of 4 carbons and 5 carbons from 

one end of the moIecule should yield 2,6,10- 
trimethyl dodeeene and 2,6,10-trimethyl nndee- 
ene, respectively. Rupture of the bond between 
carbons 5 and 6 (or 10 and 11) should yield 
two isomers o f  2 ,6-dimethyl  undecene. :Forma- 
t ion of a 2,6-dimethyl decene should not occur. 
Dimethyl olefins of 10, 9 and 8 carbon atoms, 
but not of 7 carbon atoms, should be formed. 
In  the main, the pyrologram of pristane agreed 
with these predictions (Fig. 6). However, two 
C7 and two C~ branched olefins were observed 
as well as some C1~ branched olefin. However, the 
absence of C17 olefin, the near absence of C~2 
olefin, and the proportionately small amount of 
C~ olefin indicate the positions of methyl groups 
in positions 2, 6 and 10, analogous to the behav- 
ior of monomethyl octadecanes and 2,2,4,4,6,8,8- 
heptamethyl nonane. Our observations on the 
structure of pristane agree with the formula 
proposed by S#rensen and S~rensen (12). 

Phy tane ,  or 2 f i ,10 ,14- te tramethyl  hexadecane,  
is formed by the reduction of phytol. Phytane 
has one carbon atom more than pristane, giving 
it a terminal ethyl group. This asymmeh T of 
the structure makes possible the forumtion of 
a continuous series of fragments, and all frag- 
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:Fro. 6. Pyrolograms of pristane and phytane. 
Solid bars are products from pristane. Dashed 
bars are products unique for phytane. Numerals 
indicate molecular weights measured by mass 
spectrometry. 
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ments from C~ through C~ were observed and 
measured (Fig. 6). The molecular weights given 
beside each fragment in the chart were verified 
by mass spectral measurement. In  :Figure 6 
those fragments shown by solid bars correspond 
to those formed from pristane, for one end of 
the phytane molecule is identical to that of 
pristane. The dashed bars indicate those frag- 
ments not found with pristane and thus as- 
signable to the right end of the molecule as 
shown in the chart. Considering the latter~ the 
fragment of mol wt 238 represents the loss of 
the isopropyl group from phytane. Loss of 
isopropyl from pristane yields a frsgment of 
224. Loss of the isobutyl fragment i t em pris- 
tane leaves a mass of 224. Rupture of bonds 
4--5 or 13-14 could yield C~ fragments of 210, 
both of which were observed and nmasured. 
Seission at bond 5-6 yields C6 and C~ frag- 
ments of reel wt 84 and 196. Scission at bond 
6-7 yields C= and Cs fragments of 168 and 
112. Fragmentation at 9-10 yields two C~ frag- 
ments of 126, and at 10-11 masses of' 182 and 
98 (C~ and C~). Thus the principal predictable 
fragments from as complex a molecule as phy- 
tane were observed and confirmed to be present 
among its pyrolysis products. 

DISCUSSION 
This investigation of p.ln'olysis has concen- 

trated on the effects of branching upon the 
products produced, and has demonstrated that 
with aliphatie branched compounds the struc- 
tures can be readily deduced from the pyrolo- 
grams. To a considerable degree, the interpre- 
tation of pyrolograms is similar to the inter- 
pretation of mass spectra. In  the pyrologram 
one deals with complete molecules and in mass 
spectra with ions of fragments, but in both the 
interpretations involve scissions of carbon to 
carbon bonds. The dissociation energies of car- 
bon-carbon bonds in a straight chain are in the 
order of 75-80 kcal per reel, whereas those of 
bonds to a carbon bearing a branch are 70 
keal per me1 (13). Hence, bonds adjacent to 
branches in molecules are nmre easily ruptured 
whether the energy of activation is thermal or 
bombardment by electrons. In  the mass spec- 
trometer, the conditions are such that molecules 
are widely separated under high vacuum, and 
molecules highly energized by electron bombard- 
meat at 80 eV cannot dissipate that energy by 
collision with other nmlecules. Therefore, they 
fragment one or nlore times each, and in all 
possible ways. In  the pyrolysis, the much lower 
energy level imparted to the nmleeules is suf- 
ficient to disrupt only the weak bonds, and the 
energy is rapidly dissipated to surrounding he- 
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lium molecules. The radicals produced by scis- 
sion of carbon-carbon bonds expel hydrogen 
atoms to yield olefins. The hydrogen atoms may 
react with each other or with the column pack- 
ing. Evidence for the presence of hydrogen 
gas was seen in the mass spectra of the re- 
solved products which emerged first from the 
column. 

If  the pyrolysis is conducted near 600C the 
only products produced from paraffins are ole- 
fins. No evidence was seen for the products of 
disproportionation, dienes and saturated hydro- 
carbons. Hence, the pattern or spectrum of 
substances, produced from a hydrocarbon mole- 
cule is kept as simple as possible--two olefin 
molecules from each possible nmde of scission 
of the paraffin molecule. Thus, from a 20 car- 
bon eompound one deals with a maximum of 
38 possible fragments, some of which may be 
duplicates. However, in a mass spectrometer, 
the number of fragments measurable is much 
greater. The yield of a pyrolysis product gen- 
eral ly  decreases with increase  in molecular  
weight of the product; that is, the yield of 
butene from octadecane is greater than the 
yield of tetradecene. However, the yields of 
the higher fragmentation products are sufficient 
to allow their measurement and identification. 
The decrease in yield of fragments with in- 
creasing mass per charge in a high energy mass 
spectrum is much more drastic, suggesting that 
secondard fragmentation in pyrolysis occurs to 
a much lesser degree than in the mass spectro- 
meter. The location of the branch in the mole- 
cule is deduced by the low proportion or ab- 
sence of nmmbers of the honlologous series of 
products corresponding to the position of the 
branch. The adjacent members of the series 
are usually present in higher proportions, in- 
dicating the relative ease with which the bonds 
to a era'ben bearing a branch can be broken. 
This reasoning is analogous to the hltelqoreta- 
tion of mass spectra of branched compounds. 

Aside from simplicity in inteI33retation of re- 
sults, pyrolysis chromatography offers the ad- 
vantage of simple equipment. All that is re- 
quired is a gas chromatograph and a pyrolysis 
unit  which can be fabricated in most labora- 
tories from Pyrex glass. The gas chromatograph 
should preferably be capable of temperature 
programming if high molecular weight sub- 
stances are to be examined. 

Examination of substrances by pyrolysis chro- 
matography coupled to a mass spectrometer 
yields a more positive identification of the frag- 
ments, for their molecular weights can be de- 
termined precisely, and often their structures 
can be deduced, identifying substructures of 



PYROLYSIS ~HR0iViATOGI~API-Iu O~ LIPII)S. I 253 

the parent substance. This technique should ex- 
tend the molecular range which can be admitted 
to a mass spectrometer .  Complex molecules 
which have insufficient vapor pressure for ex- 
amination by mass spectrometer can be con- 
verted to more volatile pyrolysis products which 
yet retain some of the features of the original 
structure. In  some mass spectrometers pyroly- 
sis can be performed on high molecular weight 
samples and the spectra obtained are those of 
mixtures, ttowever, with pyrolysis-chromatog- 
raphy-mass spectrometry, the mass spectra are 
measured upon ind iv idua l  components  and  
should be easier to interpret. 

The present study has attempted to reduce 
the empiricism of pyrolysis chromatography 
by identifying the products of pyrolysis via 
mass spectrometry. With the information so 
gained, the products of pyrolysis of hydrocar- 
bons can now be predicted, and their structures 
may be deduced with more certainty than was 
possible from previous "fingerprint" patterns. 
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Effect of Diet Handling on Nutritional 
Studies with Used Frying Fats 
J. Craig Alexander, 2 The Procter & Gamble Company, 
Miami Valley Laboratories, Cincinnati, Ohio 

ABSTRACT 
A four-week experiment to study the 

significance of carehd diet handling was 
carried out with weanling rats  fed purified 
rations containing 15% of various fats. 
Fresh soybean oil was the fa t  in the con- 
trol diet and the other fats, which had 
been used to prepare  food by a commercial- 
type deep-frying operation, were soybean 
oil, par t ia l ly  hydrogenated soybean oil with 
iodine value (I.V.) 70, par t ia l ly  hydrogen- 
ated soybean oil with I.V. 108, and cotton- 
seed oil. A purified diet was fed ad libitmn. 

Treatment of the dietary groups in re- 
gard to preparat ion and handling of the 
rations proved to be highly significant. 
That is, as opposed to weekly mixing and 
twice weekly feeding of the diets, daily 
preparat ion and feeding along with the use 
of antioxidants and refrigeration of the 
ingredients resulted in a much superior 
growth rate and a higher efficiency of feed 
conversion. Since this very significant re- 
sponse became apparent  in less than four 
weeks, the importance of careful handling 
to minimize secondary effects within the 
diet nmst be emphasized. The fresh soy- 
bean oil control, and aI1 of the used f ry ing 
fats gave similar results. 

INTRODUCTION 

T HERE IS ALWAYS A QUESTION i n  nutri t ional  
experiments whether a par t icular  compo- 

nent of the diet being studied is cmnpatible 
with other ingredients. Also, once the diet is 
prepared, is special care needed to prevent or 
reduce deterioration ? I t  was felt  that  in order 
to do meaningful experiments with fats which 
had been exposed to heat, such as in the prep-  
aration of fried foods, an investigation of diet 
handling conditions was desirable. 

Literature reports have indicated vitamin de- 
struction due to oxidized fat. Among these, 
Barnes et al. (1) found that a biotin deficiency 
was caused by the oxidation of biotin synthe- 
sized in the intestine, when rancid fa t  was in- 
eluded in the diet. t to lman (2) reported the 

1Presented at the AOCS Meeting, Toronto, Ontario, 
October 1962. 

Present address: Department  of Nutrition, University 
of Guelph, Guelph, Ontario, Canada. 

destruction of vitamin A in the presence of 
oxidized fa t ;  before 10% of linoleate carrier 
was oxidized, vir tually all of the vitamin was 
gone. Wit t ing and co-workers (3) stated that 
dietary riboflavin and pyridoxine levels were 
factors in the nutrit ional behavior of thermally 
oxidized fats. Excess riboflavin seemed to be 
of special value. Therefore, i t  is possible that 
much of the effect in feeding studies where 
depressed growth has been seen may have re- 
suited from improper  handling of the diets, 
with consequent oxidation reactions of the fats 
resulting in products which can lead to sub- 
sequent damage to other dietary nutrients. 

Based on these and other observations of de- 
terioration with laboratory-heated fats, i t  has 
been implied by some investigators that similar 
changes may occur in fats used for  commercial 
deep-frying of foods. However, Keane et al. 
(4) found no deleterious effects from commer- 
cially-used frying oils, and stressed the value 
of a nutri t ionally adequate diet. 

I recognize that fats can be damaged by 
heating and oxidation, and that under extreme 
conditions these changes may result in impaired 
growth when the abused fats are fed at  high 
levels to animals. In  most studies reported, 
however, the conditions of lahoratory heating 
were nmch more drastic than usage conditions 
adopted in commercial practice, and extrapola- 
tion of such results is unwarranted. Commercial 
f ry ing conditions may vary greatly from lab- 
oratory heating depending on the operation. 
Variables include the quantities and type of 
foodstuffs and moisture, as well as deviations 
in turnover rate and agitation during, the heat- 
ing process. 

Poling et al. (5) studied the nutritional value 
of fats after  use in eommereial deep-fat  frying. 
No mention was made of how the diets were 
handled from the standpoint of frequency of 
mixing, and storage conditions. They showed 
that unsaturated fats, which had been damaged 
in the laboratory by long heating at  high tem- 
peratures under oxidative conditions, reduced 
ene rgy  va lues  and caused inc reases  in l iver  
weights. In  contrast to the laboratory heated 
fats, they found that  the major i ty  of the com- 
mercially used fa t  samples showed no impair-  
ment in nutrit ional values. Slight increases in 
liver weights were observed. 
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Many papers in this field do not define the 
feeding conditions other than to list the diet 
ingredients, and to indicate ad libitum feeding 
(6-10). Therefore, there is a lack of informa- 
tion on how important actual feeding techniques 
are in nutritional studies with used fats. In  
view of this, a rat experiment with careful 
diet handling and special feeding techniques 
was undertaken to study their effects on growth, 
feed efficiency and fat utilization. The fats 
were prepared by a controlled commercial-type 
deep-frying process typical of the industry. 

EXPERIMENTAL 
Fats Studied 

To prepare each of the four used fats for 
the feeding study, a Toastmaster Fryer  was 
charged to capacity with 15 lb of fat, heated 
and thermostatically controlled at 182C. There 
were 10 f~Tings per day for 5 consecutive 8-hr 
days to give a total of 50 fryings during 40 
hr of heating. Eaeh frying consisted of 1.5 
lb of French-fry potatoes (6 rain) followed by 
1.5 lb of breaded shrimp (3 rain) and then 
0.85 lb of onion rings (2 rain). The kettle was 
allowed to recover to the 182C temperature each 
time before the new food was fried. Approxi- 
mately 3 lb of fresh fat was added to the fryer 
daily to maintain the charge. 

Fleisehman et al. (11) stressed the point that 
poorly-controlled heating during frying can 
cause much more extensive chemical changes 
in fat than occurs during carefully controlled 
conlmercial frving. 

All of the following experimental fats were 
refrigerated until they were mixed into the ra- 
tions: 1) fresh soybean oil; 2) used soybean 
oil, I.V. 130 and 117; 3) used soybean oil, I.~7. 
108 and 101; 4) used soybean oil, I.V. 70 and 
74; 5) used cottonseed oil, I.V. 107 and 100. 
The iodine values were obtained before and after 
the fats were used for frying. Sample i was 
not heated, and samples 3 and 4 were partially 
hydrogenated. 

1%eding Method 

Weanling nmle rats of the ttoltzman strain 
were housed in individual cages with screen- 
wire floors in a roon~l maintained at 74 +--2F 
and 50 • 5% relative humidity. They all were 
given P u r i n a  Labora to ry  Chow pel le ts  for  
three days. At this time the 150 animals were 
distributed randomly into 10 groups of 15 an- 
imals each on the basis of litter and body 
weight. The experimental diets shown in Ta- 
ble I were fed ad libitum for 4 weeks. Distilled 
water was also provided ad libitum. Soybean 

T A B L E  I 

Composi t ion of Diets  

Ing red ien t s  Per  cent by weight  

Casein 27.0 
Sucrose 44.0 
3r mix ture  in  sucrose ~ 5.0 
V i t amin  mixture  in soybean oil h 2.0 
Salt  mix tu re  U.S .P .  X I V  e 4.0 
Cellu F lour  3.0 
l~at 15.0 

a F u r n i s h e d  the fol lowing in  mg per  100 g of r a t i o n :  
0.3 menadione,  0.4 th iamine,  0.5 r ibof lavin ,  2.0 niacin,  
2.0 calcium pantothenate ,  0.4 pyridoxine,  0.025 biotin, 
300 choline chloride, 200 inositol,  10 ascorbic acid, and  
10 paraaminobenzoic  acid. 

b F u r n i s h e d  the fol lowing per  100 g of r a t i o n :  1,200 
t .U .  v i t a m i n  A, 1,200 I .U .  v i t a m i n  D~, and  14.7 1.U. 
v i t am in  E as D-a-tocopheryl acetate. 

c Nu t r i t i ona l  Bioehemieals  Corporat ion,  Cleveland, Ohio. 

oil was used as the carrier for the fat-soluble 
vitamins, and as such supplied an adequate 
level of essential fat ty acid. 

Each of the five fats was studied under two 
different conditions of diet handling as follows: 

A. Diets were prepared weekly, not refriger- 
ated, and fed only twice a week. 

B. Diets were prepared and fed daily. In  
this ease, enough basal diet, minus fat, 
to last a week was mixed and reh'igerated. 
Fat-soluble vitamins in soybean oil as well 
as the experimental fats were added to 
the basal during the daily preparation. 
The fats for these diets were protected 
with 70 ppm of added antioxidant (BHA 
and BHT).  

Data Obtained 

During the four-week experiment, records of 
body weight gain and feed consumption were 
kept. For the last ten days feces were collected 
from ten rats from each dietary group. Total 
fecal fatty acids were determined by the method 
of Hoagland and Snider (12). The vaInes for 
fat absorbability were calculated on the basis 
of total fatty acid in both the diet and feces. 
Caloric efficiency data were calculated. 

Most data were analyzed statistically includ- 
ing analysis of variance and the Tukey "d test" 
for mininmm significant difference as described 
by Seheffe (13). For  any two means to be 
significantly different, the variance between the 
two must exceed the mininmm significant dif- 
ference value given. 

At the end of the feeding study the rats were 
killed, autopsied, and inspected for gross path- 
clog T . ' T h e  livers were reuloved and weighed. 

RESULTS A N D  DISCUSSION 
The values for feed consumption (Table I I )  

on an individual dietary group basis did not 

I~it-~1)s. VoL I, No. 4 
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TABI~E II 

Feed  Consumpt ion ,  W e i g h t  Gain ,  G r a m s  of G a i n  P e r  G r a m  of Feed,  F a t  Absorbab i l i ty  and  Calor ie  Efficiency a 

D i e t a r y  f a t  b 

A v e r a g e  va lues  e 

G r a m s  of g a i n  
pe~ g r a m  Calor ies  l )er  

Feed  ea t en  d W e i g h t  g a i n  e of feed f F a t  absorbed g g r a m  g a i n  h 

A B A B A B A B A B 

g g g g g g % % 

8 B O  (con t ro l )  361 .3  358 .9  177 .6  1 9 2 . 6  .49 .54 94 .4  94 .9  11.9 9 .6  
U s e d  S B O  ( I , V .  1 3 0 )  3 5 7 . 5  3 7 7 . 5  179 .9  2 0 5 . 0  .50 .54 92.3  92 .7  10.9 9.2 
Used  S B O  ( I , V .  1 0 8 )  356 .7  3 7 6 . 4  183 .1  198 .2  .51 .53 90.2  91 .5  10.7  9.5 
Used  S B O  ( I , V .  70)  357 .2  3 6 9 . 7  173 .3  196 .1  .49 .53 88.0 89.0  11.1 9.2 
Used  CSO ( I . V .  1 0 7 )  367 .7  3 7 2 . 4  180 .9  198 .3  .49 .53 87.9 90.3  11 .4  9.4 

A v e r a g e  for  t r e a t m e n t s  360 .1  3 7 1 . 0  179 .0  198 .0  .50 .53 90 .6  91 .7  11.2 9.4 

a F o r  s t a t i s t i ca l  eva lua t i on  P ~ 0 .05 .  
b S B O  = soybean oil  and  CSO =- cot tonseed oil.  
e A = diets  p r e p a r e d  week ly  and  fed twice  a week.  D = diets  p r e p a r e d  and  fed dai ly.  
d Di f fe rences  a re  no t  s t a t i s t i ca l ly  s ign i f ican t .  
e Di f fe rences  a re  s i gn i f i can t  w h e n  they exceed the d va lue  of 15 .2 .  
f Di f fe rences  a re  s ign i f i can t  when  they exceed the d va lue  of .03.  
g Di f fe rences  a re  s ign i f i can t  when  they exceed the  d v a l u  eof 1.7.  
h Calor ies  ea t en  ( m i n u s  those in  u n a b s o r b e d  f a t )  wh ich  w e r e  needed for  each g r a m  of we igh t  ga in .  Differ-  

ences a re  s ign i f i can t  w h e n  they exceed the d va lue  of 1.6.  

vary significantly by statistical analysis, eithei' 
as a result of the type of dietary fat  or con- 
dition of handling. However, whenever used 
fats were fed the animals tended to eat ~Lore 
with daily feeding (category B). 

Weight gain results are also in Table II .  
Within a feeding category, A (weekly) or B 
(daily), all fats performed alike. However, 
there was a nmch greater gain in weight by 
the animals fed daily, as seen in column B. 
In  this respect, the combined treatment effect, 
indicated by "average for treatments" was highly 
significant by statistical analysis. Figure 1 is 
presented to illustrate the percentage increase 
in the rate of weight gain due to special handl- 
ing and daily feeding. The points were plotted 
at the end of each week, and are representative 
of the gain during that week. By the slope of 
the curve it is evident that by far the greatest 
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FlC. 1. Increase in rate of weight gain per week 
due to daily preparation and feeding of the diet, 
as opposed to weekly preparation and twice-weekly 
feeding [(Gain of B • 100/Gain of A)--100]. 
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benefit was recorded during the fourth week. 
Because of the definite trend as the experiment 
progressed, from a longer study one should ex- 
pect a greater effect than this 30% increase 
in weight due to special handling of the diets. 

In  general, on an individual fat basis (Table 
I I )  efficiency was improved significantly by 
daily feeding, and the over-all effect of the 
treatment was statistically significant. Within 
each diet-handling category (A or B) there was 
no difference as a result of feeding the various 
fats. 

The fresh soybean oil was absorbed better 
than any of the used fats (Table I I ) .  Further- 
more, among the used frying fats values for 
the last two samples (soybean oil I.V. 70, and 
cottonseed oil I.V. 107) were especially low 
compared with the absorbability values for the 
fresh soybean oil. Dietary calories required per 
gram of body weight gain were calculated with 
allowance for the absorbability of each fat. 
These values in Table I I  show clearly an over- 
all economy in growth response from careful 
diet handling and daily feeding (category B). 

No difference in liver weights due to the type 
of fat was noted (Table I I I ) .  Nevertheless, 
daily preparation of the diet (B) as opposed 
to weekly preparation (A) resulted in distinctly 
heavier livers for all rats fed the used fats. 
These values reflected the heavier body weight 
found for the groups fed daily. Conversion of 
the data to the basis of grams organ weight 
per kilogram body weight eliminated any dif- 
ference. This is shown by the average for treat- 
ments. At gross autopsy no abnormalities were 
observed in any of the rats. 

There was no evidence that the used fats 
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TABLE I I I  

Liver Weights 

Average values b 

Grams/ 
Weight kilogram 

per animal body weigh~ 

Dietary fat a A B A B 

g g 

SBO (control) 13.7 13.6 56.2 53.4 
Used SBO (I.V. 130) 13.0 15.0 55.9 56.9 
Used SBO (I.~V. 108) 14.1 15.0 57.3 56.5 
Used SBO (I.~V. 70) 13.1 15.2 55.1 58.6 
Used CSO (I.Xd. 107) 13.9 14,7 57.9 56.7 

Average for treatments 13.6 14.7 56.5 56.4 

a SBO~ soybean oil and CSO ~ cottonseed oil. 
b A ~ diets prepared weekly and fed twice a week. 

B ~ diets prepared and fed daily. 

consumed  in  these  diets were  toxic  to the  an i -  
mals.  This  is in  conf i rmat ion  of  r e su l t s  re-  
p o r t e d  by  o the r s  (4 ,5,14-16)  w i t h  f a t s  "used 
u n d e r  p rac t ica l  condi t ions  such  as r e s t a u r a n t  
f r y ing .  On the o the r  hand ,  used  f r y i n g  f a t  in  
niy r a t  diet dep re s sed  g r o w t h  and  lowered  the  
efficiency of  feed convers ion  un less  specia l  han -  
d l ing  condi t ions  were  employed  to p ro t ec t  the  
r a t i o n  aga in s t  ox ida t ion  effects. Lea  (17) has  
emphas i zed  tha t  since f a t  ox ida t ion  has  a de- 
s t ruc t ive  effect on v i t a m i ns  (A,  E ,  X ,  C a n d  
severa l  of  the B g r o u p )  oxidized f a t  tox ic i ty  
is l ikely to be compl ica ted  by  v i t a m i n  deficiency 
or  increased  v i t a m i n  r e q u i r e m e n t .  W i t h  the  in-  
f e r i o r  r e su l t s  f r o m  a weekly  m i x i n g  a n d  twice-  
weekly  f eed ing  r e g i m e n  in the  c u r r e n t  s tudy ,  
v i t a m i n  deficiencies in the  an i m a l s  were  sus -  
pect .  Indeed ,  p r e l i m i n a r y  tes ts  in  these  l abo ra -  
tor ies  have  s h o w n  tha t  severa l  of  the  B v i t a m i n s  
inc lud ing  biot in,  r ibof lavin ,  calc ium p a n t o t h e n -  
ate, p y r i d o x i n e  and  inosi tol  a r e  involved.  

Resu l t s  f r o m  feed ing  e x p e r i m e n t s  wi th  ra -  
t ions  h igh  in r ead i ly  oxidizable  c o m p o n e n t s ,  such  
as  ce r ta in  fa t s ,  m a y  be n l i s lead ing  un le s s  special  
care is t aken  to p r o t e c t  the  d i e t a ry  i ng red i en t s  
f r o m  s e c o n d a r y  effects due to oxidat ion .  The 
l eng th  o f  t ime the  r a t i o n  r e m a i n s  in  the feeder  
(even j u s t  a f ew  days )  can be critical.  
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Phospholipase A Properties of Several Snake Venom Preparations 1 
L. J. Nutter and O. S. Privett, University of Minnesota, The Hormel Institute, Austin, Minnesota 

ABSTRACT 

The hydrolytic properties of the venoms 
of seven species of snakes, Crotalus ada- 
manteus~ A~cistrodon co~tortrix~ Naja 
naja~ Bothrops atrox~ Ophiophagus han- 
nah~ Crotalus atrox and Vipera russell, 
were studied with purified lecithins and 
mixtures of lecithins of known fatty acid 
and class composition as substrates. 

The relative rates of hydrolysis of the 
fatty acids by the above venoms were 
studied by analysis of the products of the 
reaction at intervals during the course of 
the reaction. Of the seven venoms studied, 
that of Ophiophagus hannah was the only 
one which did not give some degree of 
preferential rate of hydrolysis of individual 
fatty acids. 

In  general, saturated fatty acids were 
liberated faster than unsaturated fatty 
acids; differences in the rates of the hy- 
drolysis of individual saturated and nn- 
saturated fatty acids were also observed. 
Individual classes of lecithin were also hy- 
drolyzed at different rates. For  the deter- 
mination of the distribution of the fatty 
acids between the a- and fl-position of lec- 
ithin, the reaction should be carried to 
completion. I f  the reaction requires a pro- 
longed time to go to completion, it should 
be carried out nnder nitrogen to prevent 
autoxidation. 

INTRODUCTION 

V ARIOUS FACTORS that influence the hydro- 
lysis os lecithins by phospholipase A, 

which specifically hydrolyzes the fatty acid in 
the fl-position (1-3), have been studied ex- 
tensively (4,5). However, there are a number 
of aspects of the reaction which have not been 
clearly defined. Quantitative conversion of 
lecithin to fatty acids and lysolecithin is not 
generally attained and there is some evidence 
that different fatty acids may be hydrolyzed 
at different rates. In  regard to the latter, it 
has been observed that hydrogenated lecithin is 
generally more difficult to hydrolyze than un- 
saturated lecithins (4). Moore and Williams 
(6) developed a method for the determination 
of the lecithin classes on the basis that they are 

1 Presented  a t  the AOCS ]Y[eeting, Oincinnat i ,  October 
1965. 

hydrolyzed at different rates. The above factors 
are very important for the quantitative deter- 
ruination of the distribution of fatty acids 
between the a- and fi-positions of lecithin via 
phospholipase A hydrolysis and are the sub- 
ject of this investigation. 

M A T E R I A L S  AND METHODS 

The venoms of the following species of 
snakes were obtained from the Ross Allen 
Reptile Institute, Silver Springs, Florida : 
Crotalus adamanteus~ Ancistrodon contortrix~ 
Z~'aja naja~ Bothrops atrox~ Ophiophagus han- 
nah, Crotalus atrox and Vipers russeli. 

Egg lecithin was prepared from fresh hen 
eggs, soybean lecithin from a commercial sans- 
ple obtained from Nutritional Biochemicals 
Corporation, and safflower lecithin from a crude 
preparation supplied to us by John Kneeland 
of the Pacific Vegetable Oil Company. The 
lecithins were purified by DEAE cellulose and 
ammonium silicate column chromatography as 
described by Rouser et al. (7). The neutral 
]ipids were separated first by fractionation of 
the crude preparations in 2 gram batches on a 
3.0 • 37 em column of DEAE cellulose by 
elution with chloroform. After the neutral 
lipids were separated, the lecithin was eluted 
with a 9:1 (v/v) ratio of chloroform :methanol. 
The lecithin preparations obtained from the 
DEAE column were purified by passing them 
through an ammonium silicate column (3.0 X 
40 cm). Materials of lower polarity than 
lecithin were eluted first with chloroform: 
methanol ( 4 : l , v / v )  containing 0.5% water. 
The lecithin was then eluted by increasing the 
amount of water in this solvent to 1.5%. The 
composition of the eluate was analyzed by TLC. 
All fractions containing pure lecithin were com- 
bined. No impurities could be detected in the 
final preparations by two-dimensional TLC (8) 
or infrared spectral analysis which was used 
to confirm the identity of each product. 

Samples of fully hydrogenated lecithins were 
prepared by catalytic hydrogenation of samples 
of the isolated lecithins in a mixture of ethyl 
ether:alcohol (3:7) with a platinum catalyst at 
room temperature and 50 lb pressure. The final 
products were purified by the silicic acid-silicate 
water chromatographic technique described by 
Rouser (7). This technique provided the most 
effective means for removal os the catalyst. 
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Completeness of the hydrogenation was deter- 
mined by GLC analysis of the constituent fatty 
acids. No unsaturated fatty acids could be 
detected in any of the final products. 

Phospholipase A hydrolysis was carried out 
under the conditions described by Robertson 
and Lands (9) with several modifications in 
the work-up of the products of the reaction. 
The reaction was carried out on 5 to 50 mg of 
lecithin dissolved in 5 nfl of ethyl ether. To 
this solution was added 100 t~l of snake venom 
solution which consisted of 5 mg of venom and 
0.4 #moles of CaCI~ per ml of tris buffer at 
pH 7.5. The reaction was usually carried out 
in a 10 ml volumetric flask at 20C in an inert 
atmosphere (by purging the solutions with 
nitrogen) and with vigorous stirring by means 
of a magnetic stirrer. 

At predetermined times the reaction was 
stopped by the addition of about 10 ml of 
methanol to the reaction mixture in a 50 ml 
Erlenmeyer flask. Approximately 5 g of 
anhydrous sodium sulfate was added to this 
solution maintained under an atmosphere of 
nitrogen. After 30 rain the solution was de- 
canted and the sodium sulfate was washed twice 
with 20 ml portions of distilled chloroform. The 
solutions were combined, reduced to a volume 
of about 0.5 m l a n d  applied to a 20 • 20 cm 
chromatoplate coated with chloroform-extracted 
Silica Gel G. The products of the reaction, 
lysolecithin, fatty acids and unreacted lecithin 
were separated with chloroform :methanol :water 
(70:30:3) and scraped from the ehromatoplate 
into ampules (test tubes with a constricted neck 
for sealing) containing a small known amount 
(1 to 5 rag) of methyl pcntadecanoate which 
served as an internal standard in the sub- 
sequent analysis. Esterification was carried out 
with dry met.hanolic HC1 (6%, W / W ) .  The 
sealed ampules containing about 3 ml of this 
reagent were heated in a boiling water bath 
for 2 hr after flushing them with nitrogen. 
The crude methyl esters were recovered by 
extraction with ethyl ether:petroleum ether 
(1:1) by the usual method and analyzed by 
gas-liquid chromatography (GLC). The per- 
cent hydrolysis for the reaction was determined 
by comparing the percent of internal standard 
(methyl pentadecanoate) to the total fatty 
acid composition of each fraction. 

The GLC of methyl esters was carried out 
with an F&M Model 600 flame ionization instru- 
ment equipped with a 7 f t  • 1~ in. column 
packed with 15% ethylene glycol succinate 
polyester on Chromosorb W at 185C. The fatty 
acid composition was dete~fined directly from 
the proportionalities of the peak areas. 

RESULTS AND DISCUSSION 

The importance of conducting the hydrolysis 
of lecithins with phospholipase A in an inert 
atmosphere is indicated by a TLC analysis of 
the products of the reaction shown in Figure :l. 
When the reaction was carried ou~ in the 
presence of atmospheric oxygen, artifacts were 
formed which could be detected by TLC. One 
such substance had an R~ of about 0.9 (Fig. 1) ; 
polar material was also formed which was 
difficult to separate from lysolecithin. Arti- 
facts apparently arise from autoxidation be- 
cause they may also be detected in the chemical 
hydrolysis of lecithin if the reaction is not 
carried out in an inert atmosphere. The amount 
of the artifacts may be small with highly active 
venoms, but when an hour or more is required 
to complete the hydrolysis, it should be con- 
ducted under an atmosphere of nitrogen to 
prevent autoxidation. 

Analysis of the products at partial and com- 
plete hydrolysis of various samples of lecithin 
with the seven different venoms (Table I)  
showed that the composition of the fatty acids 
released in the reaction varied considerably with 
the degree of hydrolysis with all venoms except 

F1G. 1. Thln-layer chromatography of the prod- 
ucts of the partial hydrolysis of lecithin with the 
venom of Crotalus ada~anteus in the presence 
of air:  A, indicates ar t i fact ;  B, fa t ty  acid; C, 
unhydrolyzed lecithin; D, ]ysolecithin. 
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TABLE I 

Hydro lys i s  of Lec i th ins  
(Composi t ion of L ibera ted  F a t t y  Acids)  

Naja Bothrops Ophiophagus Crotatus Vipera Crotalus Ancistrodan 
Venom naja atrox hannah atrox russell adamanteus contortri~ 

48.9% 44.0% 37.4% 37.4% 34.4% 47 .8% 37.9% 
H E  in  H E  in  H E  in  H E  in H E  in H E  in  H E  in  

Lec i th in  safflower safltower safflower safflower soybenn soybean soybean 

% 
Hydrolys is  48,0 100 21.8 100 37,1 100 30.0 100 32,0 100 43.4 100 24.7 106 

1 6 : 0  5.6 3.2 4,6 2,4 2,7 2.5 2.8 2.3 2.4 1,2 3.2 2.3 3.1 1.5 

1 8 : 0  64.4 48,8 62,7 41,0 35.6 31.2 38.3 31.7 48.6 27.9 58.4 43,5 60.9 30.1 

18 :1  4.9 8.7 3,8 7.2 7.7 8.9 7.9 8.0 6.6 ' 8 . 6  5.2 6.6 4.4 8.2 

1 8 : 2  20.5 36,0 23,9 45.8 51.3 54.3 47.5 54.6 34.4 54.8 26.9 40.3 23.0 50.9 

2 0 : 0  4.6 3,3 5,0 3,6 2.7 3.1 3.5 3.4 4.3 2.5 4.3 3.7 5.9 4.4 
18 :3  . . . .  3.6 5.0 2.0 3.6 2.6 4.9 

HE-- - -hydrogenated  egg leci thin  

Ophiophagu3 hannah. In  the early stages of the 
hydrolysis the proportions of the saturated 
fatty acids in the liberated acids were generally 
highest, and that of the unsaturated fatty acids 
the lowest. As the reaction proceeded the 
concentration of the unsaturated fatty acids 
increased. The general pattern is shown more 
clearly in Table I I  by analyses made at several 
stages in the hydrolysis. The results with 
Ophiophagus hannah are also shown in Table 
I I  for comparison. Moore and Williams (6) 
made a similar observation on the analysis of 
the conlposition of the fatty acids released at 
several stages in the hydrolysis of egg lecithin 
by Crotalus adamanteus. These workers attri- 
buted the increase in the saturated fatty acids 
to a selective hydrolysis of the a-unsaturated-fl- 
saturated class on the assumption that the a- 

8aturated-fl-saturated class was not attacked in 
the early stages of the hydrolysis. In  the above 
experiments (Tables I and I I )  mixtures of 
hydrogenated and natural lecithin8 were em- 
ployed in order to have a sample that contained 
an appreciable amount of the disaturated type. 
In  accordance with the observation of Long 
and Penney (4), hydrogenated lecithin alone 
was hydrolyzed very slowly. When hydro- 
genated lecithin was mixed with a natural  
lecithin as in the above experiments, the rate 
of hydrolysis was not decreased, however, and 
these mixtures were hydrolyzed at about the 
same rate as the natural lecithins. 

Since the concentration of the fatty acids 
may influence the rate at which they are hy- 
drolyzed, the specific reaction rate of the hy- 
drolysis of the major fatty acids was determined 

T A B L E  I I  

Composit ion of L ibera ted  Fa t ty  Acids 

Bothrops atrox 
(44 .0% hydrogenated  egg in  safflower) 

% 
Hydrol-  

ysis 1 6 : 0  1 8 : 0  18 :1  18 :2  2 0 : 0  

6.0 5.4 61,5 4,4 23.5 5.2 

21.8 4.6 62,7 3,8 23.9 5.9 

85.5 3.1 50,3 6.5 35,6 4.5 

95.2 2.6 42.4 6,2 45.2 3.6 

Complete 2.4 41.0 7.2 45.8 3.6 

Vipera russell 
(34 .4% hydrogenated  egg in soybean) 

To 
Hydrol-  

ysis  16 :0  1 8 : 0  18 :1  18 :2  2 0 : 0  18 :3  

32.0 2.4 48.6 6.6 34.4 4.3 3.6 

59.1 1.9 36.3 7.7 45.9 3,3 4.8 

77.6 1.7 35.7 8.3 46.8 3.2 4.4 

Complete 1.2 27.9 8.6 54,8 2.5 5.0 

Crotal~ts adamanteus 
(47 .8% hydrogenated  egg in  soybean) 

% 
Hydrol-  

ysis  1 6 : 0  1 8 : 0  18 : ]  18 :2  2 0 : 0  18 :3  

20.2 4.2 52.6 5.1 31.9 4.4 1.7 

43.4 3.2 58.4 5.2 26.9 4.3 2.0 

56.4 3.2 54.7 5.2 30,4 4.2 2.3 

89,6 2.3 40.9 6.6 42,9 3.9 3.5 

Complete 2.3 43.5 6.6 40.3 3.7 3.6 

Ophiophagus hannah 
(37 .4% hydrogena ted  egg in safflower) 

% 
ysis 

Hydrol-  1 6 : 0  1 8 : 0  18 :1  18 :2  2 0 : 0  

6.2 3,7 30.7 9.1 54.1 2.4 

18.4 3.2 33.1 7,9 52.9 2.9 

37.1 2.7 35.6 7.7 51.3 2,7 

81.9 2.2 32.7 8.3 53.6 3.2 

Oomplete 2.5 31,2 8,9 54.3 3.1 
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from the plot of the extent of hydrolysis vs. 
the log of tbe concentration of each of the 
fatty acids. This plot conformed to the kinetics 
of a first order reaction and the specific rate 
was determined from the slopes of these rela- 
tionships (Table I I I ) .  The results showed that 
with these samples of lecithins the saturated 
fatty acids were liberated faster than the un- 
saturated fatty acids and in the order of 
16:0 ~ 18:0 ~ 20:0. The rates of the hydro- 
lysis of the different unsaturated fatty acids 
were about the same in these experiments. In  
some experiments the relative rates of hydrolysis 
of the unsaturated fatty acids appeared to fol- 
low the degree of unsaturation, but the differ- 
ences were not great enough to be considered 
significant. Although this pattern of rates of hy- 
drolysis of the individual fatty acids was com- 
mon to all the venoms in Table I, except for 
Ophiophagus hannah, judging from the com- 
parison of the changes in the fatty acid 
composition at various stages in the hydrolysis, 
different patterns may be expected from phos- 
pholipase A enzymes from different sources and, 
perhaps, with different lecithin substrates. I t  
is plausible that tile major pathway for the 
synthesis of lecithins of particular structure 
involves specific phospholipase A enzymes act- 
ing in concert with specific acyl transferase 
enzymes in accordance with mechanism proposed 
by Lands and Har t  (10). Accordingly, one 
may expect to find phospholipase A enzymes 
having little or no specificity such as that in 
the venom of Ophiophagus hannah, as well as 
those which exhibit specific properties. 

Since the venom of Ophiophagus hannah 
does not exhibit a preferential rate of hydro- 
lysis of the individual fatty acids and it is 
highly active, the fastest acting of those tested, 
it is ideally suited for the analytical determina- 
tion of the distribution of the fatty acids 
between the a- and fl-positions of the lecithins. 

In  order to illustrate the error that may be 
encountered in the determination of the distri- 
bution of the fatty acids between the a- and 

T A B L E  I I I  

Specific React ion Ra tes  of the Hydro lys i s  e l  F a t t y  Acids 

34 .4% Hydro-  44 .0% :Hydro- 
genated  egg genated  egg 

Fa t ty  acid in  soybean in  safliower 

Vipera russeli Bothrops a~rox 
1 6 : 0  1.20 1.20 

1 8 : 0  1.14 1.08 

2 0 : 0  1.13 1.04 

18 :3  .65 .... 

1 8 : 2  .55 .58 

18 :1  .63 .57 

fl-position of lecithins when the reaction is not 
carried to completion with venoms which exhibit 
a preferential rate of hydrolysis of the in- 
dividual fatty acids, the results of the hydro- 
lysis of samples of lecithin with Crotalus 
adamanteus at 43% and complete hydrolysis 
is shown in Table IV. In  these experiments 
the distribution of the fatty acids in the a- 
and fl-positions was determined independently 
as follows : 

100 • % in liberated acids 
% in fl-position ---- 2 • % in original lecithin 

100 • % in lysolecithin 
% in a-position 

2 • % in original lecithin 

The results in Table IV show that at 43% 
hydrolysis an appreciable error is encountered 
in the determination of the percent of distri- 
bution of the fatty acids between the a- and 
fl-positions with Crotalus adamanteus, as 
evidenced by the discrepancy in calculated 
values for the percent distributed between the 
two positions which should add up to 100. 
Furthermore, the error from results based Oll 
the analysis of the liberated fatty acids is in 
the opposite direction to that determined on the 
basis of the fatty acid composition of lysole- 
cithin. In  contrast to the venom of Crotalus 
adamanteus~ that of Ophiophagus hannah gave 
values that agreed close to 100% recovel T 
within limits of the experimental error at all 
stages in the hydrolysis (Table IV).  

Since Moore and Williams (6) proposed 
that differences in the rates of the hydrolysis 

T A B L E  I V  

De te rmina t ion  of the Pe rcen t  D i s t r i bu t ion  of 
Fa t ty  Acid Between a- and f~-Positions 

Crotal~ts adamanteu~ 
(47 .8% hydrogena ted  egg' in  soybean) 

43 .4% :HydroIysis 100% Hydrolys is  

a ~ - ~ -  a~ -~ -  
~-pos a-pos pos fl-pos a-pos pos 

16 :0  7.8 122.7 130.5 5.2 94.6 99.8 

18 :9  95.7 38.5 134.2 68.4 31.7 1O0.1 

18:1  3 6 : 6  30.5 67.1 53.2 47.6 100.8 

18 :2  37.9 27.7 65.6 59.4 40.4 99.8 

20 :0  82.7 ...... 82.7 77.1 22.9 100.0 

18 :3  26,3 28.9 55,2 50.0 50.0 100.0 

Ophiopagus hannah 
(37 .4% hydrogenated  egg in sai l%wet) 

37 .1% :Hydrolysis 100% Hsdro lys i s  

16 :0  6.9 93.9 100,8 5.4 94.7 1O0.1 

1 8 : 0  69.5 31.0 100.5 65.5 34.2 99.7 

18 :1  47.0 54.8 101.8 60.1 41.3 101.3 

18 :2  57,4 41.9 99.3 62.1 38.1 100.2 

2 0 : 0  77.8 19.4 97.2 70.5 27.3 97.8 
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of  the  f a t t y  acids m ay  be re la ted to differences 
in the  ra tes  of  hydro lys i s  of  the  classes of  
lecithin, we determined,  in one exper imen t ,  the  
relat ive a m o u n t s  of  the  different  classes in the  
un reac t ed  leci thin r e m a i n i n g  a t  va r i ous  s t ages  
o f  the hydrolys is .  Should  any  differences exis t  
in the  class composi t ion  of  the  un reac t ed  
leci thin in such an  exper iment ,  i t  would  indicate  
t ha t  the  classes were be ing  hydro lyzcd  a t  dif -  
f e r en t  ra tes .  The  resu l t s  (Table  u  showed 
tha t  tlle class composi t ion  was  different  a t  the  
va r ious  s tages  in the  react ion when  the v e n o m  
of  C r o t a l u s  a d a m a n t e u s  which hydro lyzed  the  
f a t t y  acids a t  different  ra tes  was used.  Thus  
the  different  classes were hydro lyzed  a t  dif-  
f e r en t  ra tes  in accordance  wi th  the  observa t ions  
of Moore an d  W i l l i a m s  (6) .  

However ,  in con t ras t  to the  resul ts  obta ined  
by Moore an d  Wi l l i ams  (6) ,  the resu l t s  in  
Table V showed tha t  the  d i s a tu ra t ed  class ap-  
pea red  to be hydro lyzed  the  fas tes t .  The hy-  
drolysis  of  this  class was so slow in Moore 
and  Wi l l i ams '  cxperime~lts which were carr ied 
out  on egg lecithin, they  p r e s u m e d  tha t  no 
s ignif icant  a m o u n t  of  hydro lys i s  of this  class 
occurred in the ear ly s t age  of  the react ion and  
based the i r  me thod  fo r  the  de te rmina t ion  of  
class composi t ion  on th is  premise .  Since egg 
leci thin conta ins  on a very  small  a m o u n t  of  the  

TABLE V 

Analysis of Unreacted Lecithin at Warious Degrees 
of Hydrolysis with Crotalus adamanteus 

(47.8% hydrogenated egg in soybean lecithin) 

Type % Hydrolysis 
a fl zero 43.4 89.6 

S S 48.6 19.0 31.4 
U S 0.8 2.O O.7 
S U 17.0 67.4 53.1 
U U 33.6 11.6 14.8 

S and U ~ saturated :lnd unsatura ted fatty acids, 
respectively. 

d i sa tu ra t ed  class ( S S ) ,  it a p p e a r s  tha t  the  
difference in our  resu l t s  p robab ly  can be ex- 
p la ined  on the basis  of  a concent ra t ion  effect 
( the  sample  used in our  e x p e r i m e n t  conta ined  
48.6% of the  d i sa tu ra t ed  c lass) .  However ,  a s  
po in ted  out  by Moore  and  Wi l l i ams ,  m a n y  
expe r imen t s  would have  to be ma de  on p u r e  
lecithin classes to define the  precise  kinet ics  
of  the react ion.  Also, s ince the ra te  of  hy-  
drolysis  of  the  d i s a tu ra t ed  class is muc h  f a s t e r  
in m i x t u r e s  t h a n  alone, the  k ine t ics  of  the  
hydro lys i s  of  a m i x t u r e  of  classes as  f o u n d  
in n a t u r a l  leci thin would be exceedingly  com- 
plex.  Regard less ,  it  a p p e a r s  t ha t  since the  
ind iv idua l  f a t t y  acids m a y  be hydro lyzed  a t  
dif ferent  ra tes  and  the  ra te  of  the  reac t ion  
is re la ted  to concent ra t ion ,  it is doub t fu l  t ha t  
there  is a ny  s imple  re la t ionsh ip  be tween the 
r a t e  of  hydro lys i s  of  the ind iv idua l  f a t t y  acids 
and  the lecithin classes t ha t  can be used fo r  
the quant i f ica t ion of the lat ter .  
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Stereochemistry of  .-Parinaric Acid from Impatiens edgeworthii 
Seed OiP 
M. O. Bagby, C; R. Smith, Jr., and I. A. Wolff, Northern Regional Research Laboratory, = 
Peoria, Illinois 

ABSTRACT 

a-Parinarie acid is a major constituent 
fatty acid (48%) from Impatie~ts edge- 
worthii Hook F. seed oil. Partial hydrazine 
reduction of the tetraene gave products 
which permit defining the stereochemistEg 
of a-parinarie acid. Igs structure is cis-9, 
trans-11, tra~ts-13, cis-15-octadecatetraenoic 
acid. The tetraene readily reacts with 
maleie anhydride to give the Diels-Alder 
product with no trans-unsaturation. The 
formation of this adduct is contrary to 
previous reports. 

INTRODUCTION 

F ~RST REPO~'S~ in 1933 to be a constituent of 
the seed oil Parinarium laurinum of the 

Rosaceae family (1), a-parinarie acid was 
initially considered a geometrical isomer of 
eleostearic acid. Two years later Farmer and 
Sunderland (2) designated it as a 9,11,13,15- 
octadecatetraenoie acid. Since then, numerous 
members of the genus Impatiens of the 
Balsaminaceae family have been reported to 
contain ~-parinaric acid (3,4). 

During the more than 30 years that a- 
parinaric acid has been known, efforts to learn 
its stereochemistI T have been frustrated (5,6). 
Both Riley (5) and Kaufmann and Sad (6) 
failed to obtain Diels-Alder adduets by reaction 
with maleie anhydride. Kaufmann and Sud 
concluded that trans-double bonds could not 
be adjacent. 

Impatiens edge~vorthii Hook F. seed oil, not 
previously studied, has 48% of a-parinarie 
acid. This communication defines the stereo- 
chemistry of a-parinaric acid isolated from 
I. edgeworthii seed oil. 

PROCEDURES AND DATA 

General Methods 

Gas-liquid chromatographic (GLC) analyses 
were carried out with a Burrell Kromatog K-5, 
and the retention values were treated as 
described by Miwa et al. (7). Free acids were 
identified by comparing retention times of 

l t tonorable N:ention, AOCS Bond Award. Presented 
at the AOCS meeting, Cincinnati, Ohio, October 1965. 

2 No. Uti l iz .  Res .  Day. Div., ARS, USDA. 

observed peaks with those of components of a 
standard mixture. Quantities are reported as 
area percent. Infrared spectra were determined 
on carbon disulfide solutions with an Infraeord 
Model 337 speetrophotometer; ultraviolet spec- 
tra, on isooctane solutions with a Beckman 
DK-2A far ultraviolet spectrophotometer; and 
melting points, on a Fisher-Johns block. Ex- 
tractions and most reactions were perfm~ued in 
a nitrogen atmosphere either in the dark or in 
flasks wrapped with aluminum foil. Most prod- 
nets were maintained as petroleum ether solu- 
tions during storage or transfer manipulations. 

Preparation of Mixed Methyl Bsters 

[. edgeworthii seed was flaked in a roller mill, 
and the resulting flakes were immediately im- 
mersed in pentane-hexane (bp 33-57C). The 
oil was removed by extraction in a Soxhlet 
apparatus. 

I. edge~vorthii seed oil (13.7 g) in ca. 2 
liters of pentane-hexane was stirred 20 hr with 
]00 ml of 2 iV ethanolie potassium hydroxide at 
room temperature. Water (100 ml) and ethyl 
ether (600 ml) were added, and the mixture 
was chilled in an ice bath. Free acid liberated 
by dropwise addition of N hydrochloric acid 
during nitrogen agitation was taken up in the 
organic phase. The aqueous phase was further 
extracted with two 250-rnl portions of ethyt 
ether. The combined ethereal solution was 
washed with water and then dried over sodium 
sulfate. Almost all the solvent was removed at 
room temperature under a stream of nitrogen. 
The fatty acid concentrate was esterified by 
reaction with diazomethane (8). 

GLC analyses gave the relative amounts of 
esters with retention characteristics like those 
of common esters, and ultraviolet analyses pro- 
vided the amount of tetraene present. Table 
I shows the composition of the total ester 
mixture based on GLC and ultraviolet analyses. 

Isolation of Methyl a-Parinarate 

The mixture of esters was fractionated by 
countereurrent distribution (CCD) in a 200- 
tube Craig-Post apparatus with the solvent 
system hexane-aeetonitrile. The esters were 
divided among the first 10 tubes of the ap- 
paratus, and 10 ml of upper phase was added 
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T A B L E  I 

Composi t ion of Wate r - Inso lub le  Acids  f r o m  
Impatiens egogeworthii Seed Oil 

Es te r ,  Es te r ,  
T y p e  of acid  % Type  of acid % 

1 4 : 0  t race  1 8 : 2  6 
1 6 : 0  5 18 ;3  26 
1 8 : 0  3 1 8 : 4  conj. 48 a 
1 8 : 1  11 

a Co n juga t ed  t e t r aene  w a s  de t e rmined  by ultraviolet 
ana lyses  by  u s i n g  k m a x  302.5 m/~ E~% 2560 equal  1 0 0 % .  

1era 

at each transfer stage. After 190 transfers, 
upper phase was decanted into a fraction col- 
lector combining 4 transfers per fraction until 
990 transfers had been made. Solvent was 
removed, in vaeuo, from selected fractions to 
give the weight distribution plot shown in 
Figure I. 

Samples were taken at either side of the 
expected position of the tetraene peak to locate 
the peak and still conserve and preserve sample. 
With the exception of 870 through 873, trans- 
fers 634 through 906 were combined and stored 
in the dark as a 0.2% hexane solution at --18C. 
A sample taken after 6 weeks' storage had 
infrared and ultraviolet spectra like that of 
the initial preparation. 

Spectral Data 

Methyl Ester. The infrared spectrum of the 
tetraene in carbon disulfide solution has char- 
acteristic absorption at the 10-11 /x region 
(10.08 S, 10.30 W, 10.53 M, 10.74 W, and 
10.88 t~W). The ultraviolet spectrum of the 
tetraene has maxima at 278.5, 289.5, 302.5, 
and 317 m~ with EI~o~ = 870; 1,690; 2,560; 
and 2,240, respectively. 

Impatiens Oil. The ultraviolet spectrum of 
I. edgeworthii seed oil has maxima at 280, 290, 
303.5, and 318 m~ with EI~,  = 410; 800; 
1,230; and 1,100, respectively. The infrared 

100 

a / \  
~ / \ / \  / \  ~5o 

I k~ \ 25 

0 ~ I I I @ I % 
190 300 450 600 750 900 

Transfer Number 
]~'IG. 1. Countereurrent distribution of methyl 

esters from Impatiens edgeworthii seed oil. Dashed 
portion of the plot is an estimate based on 
recovery. 
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spectrum of the oil in carbon disulfide has 
absorbance at 10.09 S, 10.32 W, and 10.53 M, 
and 10.75 t~W. 

Hydrogenation Studies 

Impatiens Oil. A portion of the oil (0.179 g) 
was reduced as an ethanol solution in the 
presence of a platinum catalyst. A portion of 
the saturated oil was transesterified in 3 ml 
of methanol containing 2% of sulfuric acid. The 
esters were isolated in the usual manner, and 
GLC analyses showed 4.8% of methyl palmitate 
and 95.2% of methyl stearate. Some of the 
saturated oil was saponified; then the solvent 
was removed from the alkaline solution, and the 
remaining solid was chilled, covered with ethyl 
ether, and acidified with hydrochloric acid. 
Acetic acid was found in the ethereal solution 
by GLC analyses. 

Methyl a-Parinarate. Pure methyl a- 
parinarate (0.094 g) was hydrogenated in 
ethanol with a platinum catalyst. The ester 
absorbed 3.9 mole equivalents of hydrogen to 
yield a white solid melting at 34.5-36.00. GLC 
analyses indicated 9 7 + %  of methyl stearate 
and about 2% of methyl "oleate." 

Oxidation of a-Parinarate 

A portion (0.41 g) of the tetraene was 
oxidized with permanganate-periodate accord- 
ing' to the method of yon Rudloff (9). The 
resulting cleavage products were extracted with 
six 150-ml portions of ethyl ether. The ecru- 
blued ether extract was dried over sodium sul- 
fate. Solvent was removed in vacuo at 0 C. A 
free acid sample was shown by GLC analysis 
to contain propionie and acetic acid (4:1). 
The acetic acid is probably the result of over 
oxidation. The remainder of the cleavage 
products was esterified with diazomethane. 
Solvent was removed in vaeuo to leave 0.313 g 
of esters. GLC analyses indicated 90% of 
dimethyl azelate, 2% of dimethyl suberate, and 
lesser amounts of other products of shorter 
retention times. 

Partial Hydrazine Reduction 

A portion of the methyl a-parinarate (2.09 g) 
was reduced with hydrazine as previously des- 
cribed for the reduction of a-eleostearic acid 
(10). Aliquots were removed at predetermined 
time intervals to evaluate the progress of the 
reduction (Fig. 2). For  ultraviolet determina- 
tions, arbitrarily selected e-values were used for 
calculating conjugated diene (28,300), con- 
jugated triene (47,000), and conjugated tetraene 
(74,400). SinGe the tetraene gives rise to a 
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FIG. 2. Hydrazine reduction of Impatiens edge- 
tetraene as estimated by ultraviolet 

peak at about 279 ~ll~ which overlaps the triene 
peak at 270 mt~, an empirical correction was 
applied in the determination for conjugated 
triune. The correction factor, optical density 
apparent triene--0.18 X optical density of the 
tetraene peal( at 317 mt~ = optical density of 
corrected triene, was deduced by determining 
the absorbance at 270 n~tL for various con- 
centrations of pure tetraene and relating the 
absorbance changes at 270 m> to the absorbance 
of the seconda~T peak for tetraene at 317 m/z. 

rractionation of ttydrazine-Redueed Products 

Methyl esters (1.926 g) of the hydrazine 
reduction product obtained after 15.5 hr were 
fraetionated by CCD as described previously. 
The esters were added to tube 0 with 10 ml 
of hexane and 40 ml of acetonitrile. At each 
transfer, 10 nfl of equilibrated hexane was 
added to tube 0. After  200 transfers the upper 
phase was decanted into the fraction collector 
combining 2 transfers per fraction. Solvent was 
evaporated from selected fractions, and the 

I f8:O lB:l 18:2 18:3 18:4 = 
l 260 300 385 490 710 

15J-- ~r i r i 18:4760 Conj. 

| ~ 57% ~<~ 100% 92% _0~-~ 107% 
.,,,; 

200 300 400 500 600 
Transfer Number 

FIG. 3. Countercurrent distribution of a hydra- 
zine-reduction product mixture from hnpatiens 
edgeworthii tetraene. The numerals across the 
top indicate the position of expected maxima for 
nonconjugated fatty acid methyl esters. Fractious 
A, B, C, and D refer to selected fractions on which 
detailed spectral data were obtained. The per- 
centages are approximate anlounts of conjugation 
as determined by ultraviolet spectroscopy. 

T A B L E  I I  

Spectral  Da ta  on Selected Oountercur ren t  D i s t r i bu t ion  
F rac t ions  f rom Hydrazine-Reduced Tetraene a 

Major  chromaphore  

Sample des igna t ion  Ultraviolet 

Frac t ion  Trans fe r  :No. I n f r a r e d  max. e 

.& 360 trans,trans 231.0 18,800 
B 400 cis,trans 231.5 27,400 
C 480 cis,trans,trans 268.5 43,000 
I) 540 cis,trans,tr~ns 268.5 50,100 

a See Fig.  3. 

residues were weighed to give the data shown 
in Figure 3. Spectral analyses of selected 
fractions are summarized in Table II .  

Maleie Anhydride Adduct of Methyl 
a-Parinarate 

Preparation. The tetraene (0.057 g) was 
refluxed 2 hr with 5 ml of benzene and 0.049 g 
of maleic anhydride. Solvent was removed 
in vacuo. The product was dissolved in ethyl 
ether, washed with four 50-ml portions of 
water, and dried over sodium sulfate. Ether 
was evaporated in vacuo to give 0.067 g of 
product. Absorption bands at 5.39 and 5.64 /z 
(anhydride carbonyl) showed the presence of 
adduct, and ultraviolet spectral analysis showed 
about 32% of tetraene. After  trituration with 
pentane-hexane, 0.027 g of insoluble purified 
adduet was obtained. The infrared spectrum 
of the purified adduct showed no trans- 
unsaturation. Adduct formed in a similar 
manner darkened while being dried in an 
Abderhalden apparatus. Elemental analyses of 
the product gave values about 2% low with 
respect to calculated carbon. Additional adduct 
was prepared, and the product was hydro: 
genated with a platinum catalyst. The saturated 
adduet was isolated from hydrogenated starting 
materials by chromatography on a silica colunm. 

Anal. Calcd. for C~:,H~O~: C, 70.01; H, 9.71. 
Found: C, 70.38; H, 9.68. 

Oxidation. The tetraene Diels-Alder product 
was ozonized in methanol essentially by the 
procedure of Ackman et al. (11). The bulk of 
the fornfic acid solvent from the peracid cleav- 
age of the ozonides was removed by distillation 
through a fractionating column. GLC analyses 
of the free acids showed propionic and fornfic 
acids. Methyl esters of the cleavage products 
gave GLC peaks corresponding to dimethyl 
azelate (90%), dimethyl suberate (5%), and 
lesser amounts of products with shorter reten- 
tion times. 

trans, trans-Diene Concentrate 

Isolation. Transfers 372 through 379 and 
382 through 389 from CCD of hydrazine- 

LtPIDS, VOL. 1, NO. 4 
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reduction products (Fig. 3) were combined to 
give 0.104 g. As evidenced by infrared spec- 
troscopy, a trans, trans-eonjugated diene fraction 
(0.016 g) was isolated by crystallization from 
acetone at --70C. 

Cleavage. The trans,trans-conjugated diene 
was oxidized with permanganate-periodate in 
30% t-butanol (9). The fragments obtained 
correspond to those expected from cleavage of 
the mixture shown in Table I I I .  

cis, trans-Diene Concentrate 

Isolation. Transfers 392 through 399 from 
CCD of hydrazine-reduction products (Fig. 3) 
were combined to give 0.037 g of a mixture of 
dienes. The fraction had an infrared spectrum 
like that of a mixture of cis,trans- and trans, 
trans-conjugated dienes. The residue was re- 
acted 3 hr with maleic anhydride as above to 
yield 0.044 g. A portion of the reaction pro- 
duct (0.034 g) was fractionated on a silica gel 
column with hcxane-ethyl ether (49:1). A 
nonadducted fraction (0.010 g) was obtained, 
k max 233 m/~, e = 25,200. The infrared 
spectrum of the nonadduct indicated cis,trans- 
conjugated dienc with ca. 10% of trans,trans- 
conjugated diene (12). 

Cleavage. The cis~trans-conjugated dienc was 
oxidized with permanganate-periodate as pre- 
viously described. The cleavage fragments cor- 
respond to those expected from oxidation of the 
mixture shown in Table I I I .  

Preparation of a-Parinaric Acid 

A portion of the methyl a-parinarate hexane 
solution (30 ml) was stirred overnight at room 
temperature with 5-ml of 2N ethanolic potas- 
sium hydroxide. The saponification mixture was 
worked up as described for the saponification 
of Impatiens oil. Solvent was removed in vacuo 
to yield 0.072 g of a-parinaric acid. Its in- 
frared spectrum at the 10-11 /, region is like 
that of the methyl ester, except the bands at 
10.53, 10.74, and 10.88 t* are superimposed on 
the broad medium intensity OH delta'marion 
(out of plane) band from the earboxyl group 

T A B L E  I I I  

Composi t ions  of Dienes  f r o m  t t y d r a z i n e  l~eduction a 

trans,trans cis,trans 
I s e m e r  v/v v/v 

9,11 12 39 
9,13 .... 4 
9,15 5 

11,13 ~ 14 
11,15 1 
13,15 ~6 35 

a D e t e r m i n e d  by GLC analy~es of ox ida t ive  c leavage  
f r a g m e n t s .  
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(13). The absorbance of the band at 10.08 /, 
gave K = 1.44. 

Attempts to obtain the melting point of a- 
parinaric acid between microscope cover slides 
emphasize the reactivity of this acid. When 
heating a-parinaric acid at our usual rate, ca. 
2 to 3C per rain, softening occurred at 60C. 
As the temperature continued to rise, the ap- 
pearance of the sample changed to indicate ap- 
parent resolidification. At about 130C, the 
sample became bright yellow, but it darkened 
at higher temperatures. A fresh sample, placed 
on the melting point block at 55C and rapidly 
heated, melted at 65-70C. Upon standing over- 
night under nitrogen purge, a-parinaric acid 
gave a hard lump with no appreciable solubility 
in carbon disulfide. Even at a high rate of 
heating, this hard material failed to melt at 
temperatures up to 200C. The infrared spec- 
trum of the tetraene artifact as a Nujol mull 
had little absorption in the 10-11 /, region. 

DISCUSSION 

Pure conjugated tetraene from Impatiens 
edgeworthii seed oil was isolated as its methyl 
ester by CCD. I t  readily absorbed 4 mole 
equivalents of hydrogen to give methyl stearate; 
thus, a normal C-18 skeleton was indicated. 
Oxidative cleavage of the ester gave fragments 
indicating that the unsaturation is in the 
9,11,13,15-positions. Comparing absorbance for 
the band at near 10.1 t* (K = 1.44) with the 
absorbance values summarized in Table IV 
(14) indicates the presence of 2 trans-double 
bonds in a conjugated system. To determine 
the configuration of each double bond, the 
tetraene was partially reduced with hydrazine. 
The resulting mixture was resolved according 
to unsaturation by CCD. Spectral analyses of 
selected fractions, summarized in Table II ,  
indicate that the two trans-double bonds are 
adjacent. This finding is contrary to the report 
by Kaufmann and Sud (6) on their studies 
w~th parinaric acid from other Impatiens 
species. 

Kaufmann and Sud proposed that a-parinaric 
acid has one of the three possible structures in 

T A B L E  I V  

I n f r a r e d  Absorbance  Va lues  of K n o w n  Con juga t ed  Acids  

E s t e r  Double  bond  conf igura t ion  K a 

P u n i c a t e  cis,trans,cis 0.52 
D iene  cis,trans 0.495 
a-Eleos teara te  cis,trans,trans 1.68 
D iene  trans,trans 1.43 
~-Eleos teara te  trans,trans,trans 2.39 

a Va lues  de te rmined  for  abso rbance  m a x i m a  at  n e a r  
10.1 ~ (14). 
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which no two trans-double bonds could be 
adjacent. The spectral evidence from the pres- 
ent study provides for  two structural pat terns;  
i.e., trans, trans,cis, cis or cis, trans,trans,cis for 
configuration of the double bonds. The con- 
jugated trienes, which could result from par t ia l  
reduction of these two possible structures, can 
be easily identified by infrared spectroscopy. 
The spectrum of a cis, eis,trans-conjugated triene 
isomer has been reported (15), and Tolberg 
et al. (14) have published the spectrum of a 
cis, trans,trans-conjugated triene. We have 
evidence for only the cis,trans, trans- (trans, 
trans,cis-) conjugated triene (Table I I ) ;  there- 
fore, provided hydrazine reduced the double 
bond in a manner analogous to a-eleostearic 
acid (10), the parent  tetraene has the cis~trans, 
trans,cis-configuration of double bonds. This 
structure is further  supported by data in Table 
I I I  obtained by cleaving concentrates of trans, 
trans- and cis,trans-conjugated dienes. Con- 
clusive proof  of configuration was obtained by 
prepar ing the maleic anhydride adduct of the 
tetraene. Other authors (5,6) have reported 
attempts to prepare  maleic anhydride adducts 
from a-parinaric acid, but they were not suc- 
cessful. The infrared spectrum of the Diels- 
Alder product showed no trans-unsaturation. 
Cleavage fragments from oxidation of the ad- 
duct were those expected for  a product formed 
by adduction across the two central double 
bonds. Therefore, a-parinaric acid is cis-9, 
trans-ll,trans-13,cis-15-octadecatetraenoic acid. 

The hydrazine reduction of the tetraene 
proceeds essentially as it  did with a-eleostearic 
acid (10). The bulk of the products were 
conjugated; however, evidence was obtained for  
the presence of some nonconjugated products. 

The presence of acetic acid as a triglyceride 
constituent in I. edge,worthii seed oil is in ac- 
cord with studies of seed oils from other 
Impatiens species (4). The infrared spectrum 
of a-parinaric acid from the current study is 
similar to the spectrum reported by Kaufmann 
and Sud (6) for  impatienic acid. This acid 
was reported to isomerize to a-parinarie acid 
on standing overnight. This transformation 
was evidenced by spectral analyses and melting 

point data. Our attempts to repeat  this iso- 
merization phenomenon resulted in complete 
loss of a-parinaric acid during the overnight 
storage to give an intractable solid. The 
infrared and ultraviolet spectra of methyl 
a-parinarate  were unchanged when stored in 
solvent and protected from light. 

In  recent publications Takagi (16) described 
studies with the tetraene from Parinarium 
laurinum of the Rosaceae family. Using the 
hydrazine approach, he obtained results similar 
to ours. Therefore, the a c i d  from both P. 
laurinum and I. edgeworthii seed oils is identi- 
cal. TheSe findings are in accord with the 
theory recently advanced by Gunstone (17) for 
the possible biosynthesis pathway to conjugated 
polyenes. 

A C K N O W L E D G M E N T S  

Gas-liquid chromatographic analyses by J'. W. Rage- 
mann. Microanalyses by Mrs. Clara MeGrew. Transla- 
tion of reference 16 by Dr. T. K. Miwa. 
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Keto Fatty Acids from Cuspidaria pterocarpa Seed Oil 
C. R. Smith, Jr., Northern Regional Research Laboratory, = Peoria, Illinois 

ABSTRACT 

The seed oil of  Cuspidaria pterocarpa 
contains three keto fatty acids with un- 
usually long carbon chains: 15-oxo-cis-18- 
tetraeosenoic (5.4%), 17-oxo-cis-20-hexa- 
cosenoic ( 13.4% ), and 19-oxo-cis-22- 
octacosenoic (3.3%) acids. These acids 
were isolated by countercurrent distribution 
of the corresponding methyl esters. Their 
structures were established by oxidative de- 
gradation, by reduction to known com- 
pounds, and by nuclear magnetic resonance 
and infrared spectra. 

INTRODUCTION 

F ATTY ACIDS CONTA1NIlqG ketone functions are 
rarities in natural lipids of plant origin. 

Apparently, the only ones whose complete 
structures have been recorded in the literature 
previously are 4-oxo-cis-9,trans-ll~t~a~s-13- 
octadeeatrienoic (a-lieanic) and 9-oxo-trans-lO, 
trans-12-octadecadienoic acids. The former is a 
major constituent of Brazilian oitieiea oil (1). 
The latter of these two was found recently as a 
minor constituent of Dimorphotheca seed oil 
(2). 

Prelilninal 7 investigation of seed oil of 
Cuspidaria pterocarpa (Chain.) DC. (family 
Bignoniaeeae) suggested the presence of three 
keto fatty acids. The present paper describes 
the isolation and structural elucidation of these 
keto acids. The structure of one has been re- 
ported in a preliminary comnmnication (3). 

~.XPERIMENTAL PROCEDUI~ES AND 
RESULTS 

General Methods 

Esterifications and transeste~ifications were 
carried out as follows, except where otherwise 
specified: Samples were refiuxed i hr in a 
large excess of methanol containing 1% sul- 
furic acid (v/v).  In each case, resulting nlix- 
tures were diluted with water, chilled in an ice 
bath, and theu extracted repeatedly with 
petroleum ether (bp 30C-60C). Combined ex- 
tracts were dried over sodium sulfate and eva- 
porated in vacuo. 

Gas-liquid chromatographic (GLC) analyses 
were carried out exactly as described by Miwa 

1 P r e s e n t e d  a t  the  A O C S  Meet ing,  Los. Angeles ,  April 
1966.  

~No. Uti l iz.  Res.  Dev.  Div. ,  A R S ,  U S D A .  

and co-workers (4), including the use of ap- 
paratus and detector described. 

Thin-layer chromatography (TLC) was per- 
formed on plates coated with Silica Gel G 
(according' to Stahl) with the solvent system 
hexane-diethyl ether-acetic acid (80:20:1). 

Infrared (IR) spectra were determined with 
a Perkin-Elmer Model 337 instrument, on 1% 
solutions in carbon tetrachloride. Nuclear 
magnetic resonance (NMR) spectra were ob- 
tained with a Varian A-60 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 Cuspidaria ptero- 
carpa (Chain.) DC. (13.87 g) were extracted 
overnight in a Soxhlet apparatus with petroleum 
ether (bp 30C--60C). Upon evaporation of 
solvent, 7.87 g of oil was obtained. Its IR 
spectrum showed a double carbonyl peak having 
a strong maximum at 1740 em -1 (ester) and a 
weaker one at 1720 cm -1 (ketone). 

A 3.21 g portion of the oil was converted to 
a mixture of methyl esters by transesterification ; 
a yield of 3.12 g of methyl esters was obtained. 
Their IR spectrum was very similar to that of 
the oil in the carbonyl region. The esters had; 
the following composition (expressed as wt %) : 
C1~, 2.6; C1,, 68.3; C~o, 5.2; C~, 0.9; C:~ keto, 
5.4; C:~ keto, 13.4; and C~8 keto, 3.3. I t  became 
apparent from the anmunt of C~ keto ester 
isolated subsequently tbat the value obtained 
by GLC for this cmnpound was considerably 
too low. Consequently, the weight percentages 
indicated here for the various components have 
been corrected on the basis of estimates of the 
anmunts of keto esters in fractions obtained by 
countereurrent distribution. 

In  order to determine whether acid-catalyzed 
transesterifieation appreciably altered the conl- 
position of Cuspidaria oil, methyl esters also 
were prepared by two other procedures: 
Cuspidaria oil was saponified by stirring 24 
hr with 1 N ethanolie potassium hydroxide at 
ambient temperature under a nitrogen atmo- 
sphere. A portion of the free acids thus ob- 
tained was esterified with diazomethane. 
Another portion was esterified with 1% meth- 
anolic sulfuric acid. The three ester prepara- 
tions were essentially identical as judged by 
TLC, GLC, and IR. Only 1.4% of unsaponifi- 
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ables was found in the oil. Consequently, the 
acid-catalyzed transesterification method was 
chosen for large-scale preparation of methyl 
esters from Cuspidaria oil because of' its 
simplicity. 

Countercurrent Distribution of Methyl ~sters  

Countercum'ent distribution (CCD) of 
Cuspidaria mixed methyl esters was carried out 
with an acetonitrile-hexane system by the gen- 
eral procedure of Scholfield e t a ] .  (5). An 
]1.01 g portion of the mixed esters was divided 
among the first 6 tubes of a 200-tube Craig- 
Post apparatus. Ten milliliters of upper phase 
and 40 ml of lower phase were used through- 
out the distribution. After the 200 fundamental 
transfers had been completed, upper phases 
were decanted into a fraction collector; four 
transfers were combined in each tube. Ap- 
parently the entire starting sample emerged 
from the apparatus by the time 600 transfers 
had been applied. The three keto esters formed 
three discrete peaks, satisfactorily resolved 
from one another. Unfortunately, however, 
these three coincided with peaks formed by 
esters of common fatty acids that were present 
in larger amounts--oleate, linoleate, and lin- 
olenate. Results of GLC analyses of esters from 
seiected CCD tubes are given in Table I. 
Concentrates of the individual keto esters suit- 
able for isolation of more highly purified 
compounds for characterization were obtained 
by combining contents of appropriate tubes. 

T A B L E  I 

Composi t ion of CCD Frac t ions  
(Resul t s  est imated by GLC and expressed as area percent)  

Tube % Keto % NomKeto 
number  a Trans fe r s  b esters c esters a 

20 280 0.7 C.zs 11.2 C16, 14.2 ClsS , 
38.5 Ce0, others 

25 300 9.6 C2s 13.6 CI6S, 72.2 Cls 
(Mostly ClsI ) ,  3.7 Ceu 

30 320 16.7 C2s, 1.0 C,2s 16.3 016S, 73.9 Cls 
(Mostly ClsI) ,  3.2 C2o 

35 340 13.4 C2s, 18.9 C2a 54.8 Cls I, 31.4 Cls I I  
40 360 44.0 Ca~ 55.3 Cls I I  
50 400 32.4 C26 66.4 C~sII 
55 420 30.8 C2~, 2.1 C~4 66.0 C~sIl 
60 440 12.2 C26, 31.8 C~4 51.7 Cls I I  ~- C l s I I I  
65 460 0.3 C26, 44.9 C o~ 54.3 C~sIII 
70 480 36.9 C2~ 62.8 C i s I I I  
80 520 22.8 C24 77.3 C l s I I I  
90 560 16.5 C~r 83.0 C l s I I I  

a Numbers  of tubes  used to collect decanted upper  
phases. Fou r  were combined in each tube. 

b Number  of t r ans fe r s  completed when uppe r  phase  
was in t roduced  into the tube indicated.  

c The indica ted  percentages are subject  to error,  
especially in  the case of the C~s keto ester (see tex t ) .  

~l Where  indica ted  the symbols have  the fo l lowing 
s ignif icance:  S = S a t ~ r a t e d ;  I~- -one  double bond ;  I 1 =  
t w o  double bonds ;  I I I  = t h r e e  double bonds. 

Isolation and Preliminary Characterization 
of Keto Esters 

The individual keto esters were isolated by 
low-temperature crystallization. The hexane 
solutions of mixed esters that resulted from 
combining CCD fractions were reduced con- 
siderably in volume and then stored at --18C 
for 3 days. The resulting mixtures were then 
filtered with conventional Biichner funnels at 
the same temperature; collected products were 
washed with a small amount of cold solvent. 

C~-Keto Ester (Ib). Low-temperature crys- 
tallization of material from CCD tubes 41-54 
afforded 1.12 g of C~-keto ester (Ib),  mp 
41.5~13.5C. When 0.049 g of this was recrystal- 
lized from methanol, 0.018 g was provided, mp 
44-45C. Ib had strong IR maxima at 1720 and 
1745 cm 1. With platinmn oxide catalyst, Ib 
consumed 1.1 moles of hydrogen in ethanol 
solution. The NMR spectrum of Ib is sum- 
marized in Table I I  and Figure 1. 

Anal. Caled. for C.2~H.~00~ (422.67) : C, 76.7; 
I-I, 11.9. Found:  C, 76.6; H, 12.0. 

C~-Keto Ester (In). Low-temperature crys- 
tallization of esters from CCD tubes 66-79 
(Table I) provided 0.349 g of In, mp 35-37.5C. 
Recrystallization of 0.080 g of this product from 
aqueous methanol afforded 0.061 g of Ia, mp 
40.0-40.5C. Its NMR spectrum is summarized 
in Table II .  

Anal. Caled. for C2~H~O:~ (394.62) : C, 76.1; 
I-I, 11.8. Found:  C, 75.6; H, 11.5. 

C~-Keto Ester (Ic). An 0.214 g portion of 
1c was obtained by low-temperature crystal- 
lization of esters from CCD tubes 21-29 (Table 
I) ,  mp 47C-49C. RecITstallization of 0.035 g 
of this product from methanol provided 0.033 
g of Ic having mp 50.0-51.5C. Its NMR spec- 
trum is summarized in Table II .  

Anal. Cab& for C~H~.~O~ (450.72) : C, 77.3; 
H, 12.1. Found:  C, 76.8; I-I, 11.9. 

Sodium Borohydride Reduction of  
C~-Keto Ester 

An 0.200 g portion of Ib was dissolved in 
30 ml of methanol; a solution of 0.6 g of sodium 

T A B L E  I I  
NMR Spectra of Cuspidaria Keto Es te rs  

7 -u  Number  of protons 

Ass ignment  ppm I a  Ib  Ic  

CI-I3, t e rmina l  9.12 3 3 3 
CH2, shielded 8.73 28 32 36 
CI-I~, a to carbonyl or 7.62 10 10 10 

double bond 
OCI-I 3 6.33 3 3 3 
Olefinic I4 4.63 2 2 2 

Total  protons 46 50 54 
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Fro. 1. NMR spectrum of C~..-keto ester (Ib). 

borohydride in 20 ml of methanol was added. 
After the initial vigorous reaction had subsided, 
the mixture was refluxed 4.5 hr under a nitrogen 
atmosphere, acidified with hydrochloric acid and 
then extracted repeatedly with petroleum ether 
(bp 30-60C). Combined extracts were dried 
over sodium sulfate, and then evaporated. The 
resulting residue was reesterified since IR in- 
dicated some hydrolysis of the carbomethoxy 
grouping. The crude product, 0.211 g, had 
mp 3642C. Two recrystallizations from aqu- 
eous methanol afforded 0.018 g of ester IIb,  mp 
4647C. The IR spectrum of I Ib  showed max- 
ima at 1740 em -~ (ester) and 3635 cm -~ (OH).  

Anal .  Caled. for C~tt.~O~ (424.69) : C, 76.4; 
H, 12.3. Found:  C, 76.5; I-I, 12.5. 

Reductive Deoxygenation of C~-Keto Ester 

An 0.106 g portion of Ib was hydrogenated 
at ambient temperature in 20 ml of methanol 
with platinum oxide catalyst. The saturated 
product, I I Ib ,  was reclTstallized twice from 
methanol; 0.039 g having rap 70.0-70.5C was 
obtained. 

Anal .  Calcd. for C~H~O~ (424.69) : C, 76.4; 
H, 12.3. Found:  C, 76.7; H, 13.0. 

Saturated keto ester I I Ib  was reduced with 
sodium borohydride essentially as was Ib. The 
reduction product was subjected to hydrogen 
iodide-phosphorus reduction by the general 
procedure of Meakins and Swindells (6). An 
0.071 g portion of saturated hydroxy ester was 
refluxed 18 hr with 5 ml of hydriodic acid and 
50 mg of red phosphorus. The mixture was 
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diluted with water and extracted repeatedly 
with petroleum ether. Combined extracts, after 
having been dried with sodium sulfate , were 
evaporated. The oily residue was refluxed 4 
hr with 0.20 g of granular zinc, 1 ml of hy- 
drochloric acid, and 5 ml of methanol. The 
reduction product (IVb) was isolated by ex- 
traction with petroleum ether. Evaporation of 
combined extracts afforded 0.018 g having mp 
57-59C. Two recrystallizations from methanol 
provided a sample of IVb having rap and 
mixed mp 61.5~-62.0C (lit. mp 62C (7)).  A 
mixture of ester IVb and an authentic specimen 
of methyl hexaeosanoate was not resolved dur- 
ing GLC. 

Permanganate-Periodate Oxidation of 
Keto Esters 

Each of the three esters was oxidatively 
cleaved by von Rudloff's permanganate- 
periodate method, specifically the modification 
in which t-butyl alcohol is used as a cosolvent 
(8). Each yielded hexanoie acid as the only 
monobasic acid cleavage product, as deternlined 
by GLC. 

An 0.126 g portion of Ib yielded 0.]41 g 
of oxidation products. Two recrystallizations 
from benzene afforded 0.069 g of ~,-keto acid 
Vb, mp 123-124C. Vb was obtained as a free 
acid because the strongly alkaline conditions 
during the workup hydrolyzed the ester 
grouping. 

Anal .  Calcd. for C~H~O~ (356.49) : C, 67.4; 
H, 10.2. Found C, 67.4; H, 10.3. 
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1The chain length of each compound is 
indicated in the text by letter, thus: 
a, n = 13; b, n = 15; c, n = 17j 

CH2--CH2 0 
] ~CH--ICH2)n--~--OH 

o//C 0 TI 

l ~ :  NaBH4 
H2504 

0 0 0 0 
II II II II 

CH3ICH2J4C--OH + HO-C--CH2CH2--C--ICH2).--C-OH 

t ' .,or/lot o, 
CH3{CH2)4CH--CH--CH2CH2C--[CH2)n--C--OCH3 

II II II 
CH3ICH2)8--C--OH + HO--C--ICH2)n--C--OCH3 

0 0 0 
II II il 

CH3[CH2)7--C--OH + HO--C--ICH2)n_I--C--OCH3 

0 0 , ~ r  OH 0 
II IL I II 

CH3~ICH2)8-C--ICHe)n--C--OCH3 CH3ICH2]4CH=CH-CH2CH2--CH--ICH2Jn--C--OCH3 
1T[ 11 

CrO3/HOAc ~ 
0 �9 0 0 OH 0 

I 11 
CH3 [CH2IB--CH--[CH2In--C--OCH3 

n/HCI 0 

CH3--ICH2In§ 

FIG. 2. Flow sheet and reaction scheme. 

Vb was converted to a methyl ester for 
determination of IR spectrum; this showed 
maxima at 1720 (ketone) and 1745 em -1 (ester). 

An 0.137 g portion of Ia yielded 0.143 g 
of oxidation products. Two recrystallizations 
from benzene provided 0.073 g of 4-oxo- 
octadeeanedioic acid (Va), mp ]22-123C. 
Elementary analyses of Va were not obtained 
owing to the accidental destruction of the 
analytical sample. 

Oxidation of 0.088 g of C~s-keto ester pro- 
vided 0.065 g of oxidation product. This 
product was recrystallized from benzene-hexane, 
and 0.034 g of 4-oxodoeosanedioie acid (Vc), 
mp 119.5-121.0C, was obtained. 

Ana~. Calcd. for C~H4oO~ (384.54) : C, 68.7; 
It ,  10.5. Found:  C, 68.2; H, 10.4. 

Conversion of ~-Keto Acids to ~-Lactones 
Each of the three ~,-keto acids (Va, Vb, and 

Vc) was reduced with sodium borohydride in 
methanol. The reduction products were lac- 
tonized by treatment with aqueous mineral acid. 

The following example is typical of the pro- 
cedure used : 

Sodium borohydride (0.270 g) dissolved in 
15 ml of methanol was added to 0.036 g of Vb 
dissolved in 10 ml of methanol. After the 
vigorous initial reaction subsided, the mixture 
was re~luxed 2 br, and then diluted with water, 
acidified with hydrochloric acid, and extracted 
with ethyl ether. The crude product thus iso- 
lated was refluxed 4 hr with 1% aqueous 
sulfuric acid. Extraction with ethyl ether and 
evaporation provided 0.032 g of 4-hydroxydo- 
cosanedioie acid lactone (VIb).  Recrystal- 
lization from benzene-hexane provided 0.023 g 
of u  mp 95.0-95.5C. The IR spectrum of 
VIb showed maxima at 1720 cm -1 (carboxylic 
acid) and ]775 cm -1 (7-1aetone.) 

Anal. Calcd. for C~oH~O, (340.49) : C, 70.5; 
H, ]0.7. Found:  C, 70.2; It ,  10.6. 

Chromium Trioxide Oxidation of Keto Esters 

Each of the three keto esters--Ia, Ib, and 
Ic--was hydrogenated preparatively, and then 
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cleaved with chromium trioxide-acetic acid as 
described by Meakins and Swindells (6) with 
some modifications. The following will serve 
to illustrate : 

Ester I I Ib  (0.028 g) was stirred 1 hr at 
ambient temperature with a solution of 0.35 g 
of chromium trioxide in 2.5 ml of acetic acid 
and 0.3 ml of water. Then the mixture was 
diluted with water and extracted with ethyl 
ether. The combined extracts were dried over 
sodimn sulfate, and then distilled with a short 
u  column to remove solvent. The residue 
was esterified and examined by GLC. C~ and 
C~o monobasic esters were found together with 
C~, and C~ dibasic esters. A considerable num- 
ber of other degradation products were also 
present; these appeared to be derived mainly 
from the dicarboxylic acids. 

I I I a  and I I I c  likewise yielded nonanoate and 
decanoate as degradation products when treated 
in the nmnner just outlined. In addition, the 
C~ ester yielded C~, and C~ diearboxylic acids, 
and the C:~ ester afforded C~ and C~ dicar- 
boxylic acids as cleavage fragments. 

DISCUSSION 

Ester Ib contains an unconjugated carbonyl 
group, since its IR  spectrum shows a maxinmm 
at 1720 cm -~ in addition to the one due to the 
ester group (1745 cm ~). The reduction of 
keto ester Ib to methyl hexacosanoate shows 
that Ib must possess a normal C._,o carbon skele- 
ton. The NMR spectrum of Ib is in full accord 
with this conclusion since it shows only one 
C-methyl group. Ib must contain one double 
bond, since it consumes one molar equivalent 
of hydrogen and yields two acidic fragments 
when oxidized with permanganate-periodate. 
The IR spectrum of Ib shows that this double 
bond is cis. Its NMR spectrum (Fig. 2) shows 
but two olefinic p ro tons  (4.65~), and thus 
indicates but one double bond. The formation of 
hexanoic acid as one product of permanganate- 
periodate oxidation of Ib indicates that the 
double bond must be six carbons from the end 
of the chain--i.e, in the A "-~ position. The other 
fragment from the oxidative degradation, keto 
acid Vb, nmst be a T-keto acid since it can be 
reduced to a y-lactone. This observation in- 
dicates that the double bond and oxygen func- 
tion of Ib must have a 1,4-relationship. Our 
inference is supported by the results of 
chromium trioxide oxidation of saturated ester 
I I Ib ,  since both lines of evidence place the 
oxygen function at C-17. As expected, Ib 
underwent facile reduction to unsaturated hy- 
droxy ester I Ib  in the presence of sodium 
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borohydride. Thus Ib must be an ester of 17- 
oxo-cis-20-hexacosenoie acid. 

The structural elucidation of the C~ and C~ 
keto acids (Ia and Ic) followed the same gen- 
eral scheme. Oxidative cleavages showed that 
each contains one double bond and that it has 
the same position relative to the keto group 
and the terminal methyl group as does the 
double bond in Ib. The NMR spectra of the 
three keto esters are very similar and indicate 
that all have only one C-methyl group and one 
olefinic bond. All three spectra are characterized 
by a signal at 7.62r. According to Hopkins (9) 
this chemical shift is associated with methylene 

O 
II 

protons in the grouping -CHzCH-CH,CH2-C- .  
The NMR spectra of the three differ only in 
the number of shielded methylene protons found 
(8.73r). Thus Ia must be 15-oxo-cis-18- 
tetracosenoie acid, and Ie is 19-oxo-cis-22- 
oetacosenoic acid. 

The smooth oxidation of keto esters Ia, Ib 
ant] Ic by permanganate-periodate to afford 
hexanoic acid and y-keto acids could not have 
been anticipated with certainty, since cases have 
been encountered in which the formally ex- 
pected cleavage products of  long-chain com- 
pounds have been destroyed by this reagent 
(10,11,12). von Rudloff recently reported that 
2,5-hexanedione is oxidized appreciably on pro- 
longed treatment with permanganate-periodate 
(13). 

The chromium trioxide-acetic acid cleavage 
method appears to be less satisfactory for these 
C2~ to C,~s acids than for those in the C~ to C~o 
range. Undesired degradation products were 
more numerous and were formed in larger 
amounts than with shorter-chain acids. 

The cause of the error in values for the C.~ 
keto ester in GLC analyses of mixtures and of 
methyl esters is not known; it may be low 
detector response and/or  nonquantitative elu- 
tion from the column. Since GLC analyses were 
applied to CCD fractions, the values in Table 
I are unavoidably subject to some error. At 
present, we do not h a v e n  satisfactory method 
for determining the C~ keto ester in lipid 
nfixtures. 

The keto acids of Cuspidaria pterocarpa seed 
oil combine two features rarely found in lipids 
of higher plants--ketone functions together with 
chain lengths longer than C~. Their biogenetic 
origin presents an interesting problenl for 
speculation. The co-occurrence of these homo- 
logs, differing only in the number of methylene 
groups between the keto and carboxyl functions, 
suggests that the three have the same direct 
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p r e c u r s o r .  H o w e v e r ,  e i t h e r  t h e  d o u b l e  b o n d  

o r  t h e  c a r b o n y l  f u n c t i o n  c o u l d  b e  i n t r o d u c e d  

a f t e r  t h e  c a r b o n  c h a i n  a l r e a d y  h a d  b e e n  e l a -  

b o r a t e d .  T h e r e  is  n o w  e v i d e n c e ,  i n c i d e n t a l l y ,  

t h a t  o l e i e  i s  t h e  d i r e c t  p r e c u r s o r  o f  r i c i n o l e i c  

a c i d  ( 1 4 , 1 5 ) .  

S e e d  o i l s  o f  C O u l p a r a t i v e l y  f e w  s p e c i e s  i n  t h e  

f a m i l y  B i g n o n i a c e a e  h a v e  b e e n  s t u d i e d .  S o m e  

t h a t  h a v e  b e e n  e x a m i n e d  a r e  s o u r c e s  os  u n u s u a l  

a c i d s ;  m a n y  o f  t h e s e  h a v e  c o n j u g a t e d  u n s a t u r a -  

t i o n  ( 1 6 , ] 7 ) .  ~To c o n s i s t e n t  p a t t e ~ m  o f  f a t t y  

a c i d  c o m p o s i t i o n  o f  s e e d  o i l s  i s  a p p a r e n t  i n  

t h i s  f a m i l y .  
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GLC analyses by J. V~ T. H a g e m a n n  and  R. Klei- 
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Barclay,  USDA, Beltsville, :~r 
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Isolation and Characterization of Glycerides in Human Hair 
kipids by Thin-Layer and Gas Chromatography 
Eric J. Singh, Leon L. Gershbeln and Hugh J. O'Neill, ~ Biochemical Research Laboratories, 
Northwest Institute for Medical Research, Chicago, Illinois 

ABSTRACT 

Techniques for  the quantitative analysis 
of hair lipids using thin-layer chroma- 
tography (TLC) together with a proximate 
analysis of components in one sample de- 
duced by these criteria are presented. 
Mono-, di- and triglycerides were separated 
by TLC using Silica Gel G as adsorbent. 
The chromatoplates were developed with 
98% acetone ~- 2% petroleum ether. Glyc- 
erides moved with the solvent front. The 
requisite portions were scraped off the 
plates and extracted with acetone and ether. 
Fur ther  TLC, limiting the nfigration of 
triglyeerides and diglycerides was afforded 
by use of 95% ethanol as solvent in one 
direction while monoglycerides moved with 
the solvent front. Fo r  the separation of 
monoglycerides, chloroform was used as 
solvent in a second direction. Reference 
standards and several mixtures were run 
simultaneously and the spots identified by 
charring with concentrated sulfuric acid 
containing dichromate. Additional check- 
ing was affected by IR spectra. F o r  deter- 
ruination of glyceride composition, methyl 
esters of the component fat ty  acids were 
prepared by transesterification and sub- 
mitted to gas chromatography. Comparison 
of the levels of each of the constituent 
fa t ty  acids showed no renmrkable dif- 
ferences between the three classes of glyc- 
erides in one hair l ipid pool. Although 
certain discrepancies in the amounts of a 
few fa t ty  acid components nfight be con- 
strued for one pool of lipids from hair  of 
white full-headed men (WF-9A)  in con- 
trast  to findings with two Negro pools, 
no unequivocal conclusions can be drawn 
presently. 

The speed and versatili ty of thin-layer chro- 
matography (TLC) and its abili ty to resolve 
compounds with minor differences in chemical 
structure, make it especially valuable as an 
analytical technique for  the quantitative analy- 
sis of human sebum or hair  lipids. 

The complexity of the mixture of fa t ty  acids 
in the human skin surface lipids has been known 

1Address:  Illinois Insti tute of Technology Research 
Institute, Chicago, Ill. 

since the gas chromatographic investigation of 
James and Wheatley (1). Other studies also 
have substantiated the presence of straight and 
branched chain, odd- and even-carbon numbered 
as well as mono- and dienoic acids (2-7).  A 
TLC method has also been described by Kauf-  
mann and Viswanathan (8) for  the separation 
of free cholesterol, esters and squalene of human 
sebum and scalp lipids. Bey (9) applied 
column, TLC and gas chromatographic methods 
to lipids removed from soiled or worn clothes. 
F o r  general properties of sebmn, the reader is 
referred to the reviews of Rothman (10) and 
2r et al. (11). 

In  the present investigation, methods were 
selected for  the separation of the major  com- 
ponents from adult  human male sebmn or hair 
lipids directly by TLC, greater emphasis being 
directed to the isolation of the glyeerides and 
analysis of their component fa t ty  acids by gas 
chromatography. A comparison was then made 
of the glyceride contents and of the distribution 
of fa t ty  acids in lipids pooled according to 
race and scalp condition. 

MATERIALS AND METHODS 

LilJid Samples and Reagents 

t{air  cuttings were carefully collected and 
pooled from adult  Negro-full-headed and bald- 
ing (CF and CB) and white full-headed males 
( W F )  who abstained from the use of hair 
dressings. These were extracted with redistilled 
petroleum ether (b 30-60C) according to the 
procedures presented earlier (12,13). 

All  reagents were of high or analytical grade. 
Solvents were redistilled, and several, especially 
acetone, were purified by passage through a 
column of almnina. Silica Gel G was used in 
TLC and all requisite solvents were checked for 
any discolored fronts. In  this conjunction, 
Rouser et al. (14) showed that  great care must 
be exercised in TLC of lipids, wide variations 
in their migration being encountered depending 
on amount and type of gel preparat ion and on 
the methods of activation and cooling plates. 
The cleansing of the plates is also of prime 
importance (15). 

TLC Procedures 

Method 1. Plates measuring 20 • 20 • 0.4 
cm were coated with Silica Gel G at  a thickness 
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of 0.25 mm (16). The plates were dried at 25C 
for 16 hr, heated in an oven at 110C for 30 
rain and stored over anhydrous silica gel. The 
lipid sample in ether was introduced in volmnes 
of 5-10 td on the starting line 2 cm from the 
edge of the plate and development carried out 
at 20C in a chamber (17) saturated with 98% 
acetone -4- 2% petroleum ether. The solvent 
was allowed to ascend 15 cm from the starting 
point. Staining of spots was affected by 
charring with concentrated sulfuric acid- 
dichromate mixture. In this way, four spots 
resulted as shown in Figure 1 for Pool CF-9A. 

. . . . . .  j ] ~ -  - - .  

g I  
SAMPLE 

98" / ,  ACETONE 4- 
2" / ,  PETROLEUM ETHER 

I PHOSPHOLIPIDS 
FREE FATTY ACIDS 

]2][ $O~ALENE + WAX ESTERS + NON-FREE FATTY ACIDS 
Z~ CHOLESTEROL + MONOGLYCERIDES § DIGLYCERIDES 

+ TRIGLYCERICES + HYDROCARBONS 

/ 
START ~ g 

CHLOROFORM 

2rid DIRECTION 

TRIGLYCERIOE 
3~ DIGLYCERIDE 
]~Z MONOGLYCERIDE 
][I~E CHOLESTEROL 
~E HYDROCARBONS 

�9 BUTANOL SATURATED 
WITH WATER 

I WAX ESTERS 
NON-FREE FATTY ACIDS 
SQUALENE 

FIG. 1. Upper- TLC of human hair lipids em- 
ploying silica gel G and developed with 98% 
acetone + 2% petroleum ether (Method 1). The 
spots were visualized by charring with sulfuric 
acid-dlchromate mixture. Middle- :Resolution of 
Fraction (IV) into :f• sub:fractions (V-IX, in- 
elusive) by two-dimensional TLC. The plate was 
developed with 95% ethanol in the :first direction 
and chloroform in the second. Lower- Separation of 
Fraction ( I I I )  by TLC using butanol saturated 
with water as developing medium and leading to 
lhree spots as designated, squalene occurring in 
Fraction (XII) .  

With the charred spots as reference, the respec- 
tive portions were carefully scraped from the 
plates and the four adsorbent pools stored at 
0C until further processed. Each was re- 
peatedly eluted with suitable solvents, filtered 
by centrifugation or through sintered glass and 
concentrated at 25-30C or lower. In order to 
minimize atmospheric oxidation and deteriora- 
tion, a nitrogen atmosphere was employed and 
generally complete removal of solvent was 
avoided until analysis. This was especially true 
of Fraction I, or the phospholipids; the solvent 
mixture in this case contained chloroform: 
methanol (1:1 by volume). Fractions I I  and 
I I I  were extracted from the gel with ether and 
acetone as well as ether, respectively; for spot 
IV, acetone was employed. 

The components of Fraction IV from the 
above method were further resolved by two- 
directional TLC as shown in Figure  1. The 
plates were first developed with 95% ethanol 
and in the second direction, chloroform com- 
prised the medium. In this way, five spots 
(V t o  IX, inclusive) occurred and these were 
eluted with acetone and ether. Fo r  the separa- 
tion of squalene, wax esters and non-free fatty 
acids, Fraction I I I  from the initial TLC sep- 

SOLVENT FRONT . . . . . . . .  ~ . . . . . .  

ic 

eb 
W(]  

BUTANOL SATURATED 
WITH WATER 

O. WAX ESTERS + WAX ALCOHOLS 
b. FREE FATTY ACIDS 
C. TRIGLYCERIDES 
d, CHOLESTEROL + SQUALENE + MONOOLYCERIOES 

+ OlGLYCERIDES § HYOROCARBONS 

T . . . . . . . . . .  g [ 
i ~ CHLOROFORM 

Ii rIB h Ist DIRECTION 
I 
I 
I 
I 
I 

I e �9 STARTING 
POINT I 

95* /~  ETHANOL 
9 
End DIRECTION 

e. MDNOGLYCER)DES 
f. DfGLYCERIDES 
g. SOUA L EN'E 
h. CHOLESTEROL 

HYDROCARBONS 

FrG. 2. Upper- TLC resolution of hair lipids 
into four fractions by Method 2, the plates being 
developed with water-saturated butanol. Lower~ 
Further separation of Fraction (d) by two- di- 
mensional TLC. The solvents were chloroform and 
95% ethanol in the first aud second directions, 
respectively. 
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aration was also resubmitted to chromatography 
and the plates developed in butanol saturated 
with water. Fractions X, XI and XII  resulted 
on elution of the adsorbent portions with ace- 
tone and ether (Fig. 1). 

Method 2. The above procedure was modi- 
fied in that the chromatoplates were first de- 
veloped with water-saturated butanol, four 
fractions being produced (a-d, inclusive; Fig. 
2). The location of phospholipids was not 
unequivocal. Further resolution of Fraction 
(d) into five subfraetions (e-i, inclusive) was 
afforded by two-dimensional TLC, chloroform 
being used in the first, and 95% ethanol as 
developing medium in the second direction. All 
fractions were exhaustively eluted with acetone 
and ether. Lipid samples weighing 2-2.5 g 
were processed employing Methods 1 and 2. 

Transesterifieation of Glycerides 

The glycerides were transesterified by reflux- 
ing with sodium methoxide in methanol for 30 
rain by the method of Luddy et al. (1S). The 
mixture was cooled, the excess methoxide neu- 
tralized with 30% acetic acid and the methyl 
esters removed with hexane. The extract was 
washed three times with 10% ethanol and the 
hexane removed under nitrogen. Gas chroma- 
tographic analyses were perfomned directly on 
the ester mixtures and on aliquots hydrogenated 

T A B L E  I 

Prox imate  Analysis  of H a i r  L ip ids  Pooled from Whi te  
and  Negro Men (C-W-9) 

Component  Wt.  % 

Phosphol ip ids  8.0 
Free fa t ty  acids 12.3 
Triglycer ides  24.1 
Diglycer ides  11.8 
l~[onoglycerides 2.3 
Cholesterol 2.6 
Squalene 14.3 
Wax  esters 1.4 
Hydrocarbons  5.6 
Wax  alcohols, non-free fa t ty  acids and  

unde te rmined  components 16.6 

in a Parr  low pressure apparatus at 25C in the 
presence of Adams (platinum oxide) catalyst. 

Gas Chromatography 

All analyses were carried out on a Barber 
Colnmn model 10 gas chromatograph employ- 
ing the radium ionization detector. The two 
U-shaped borosilicate columns measured 8 ft • 
~,~ in. and contained 15% diethylene glycol 
suceinate and 5% SE-30 on Gas-Chrom P (60- 
80 mesh), respectively. The samples were 
dissolved in the least amount of ether and 
volumes of 5 tL1 injected. The column, injection 
and detector temperatures were 190C, 225C and 
240C, respectively. The argon inlet pressure 
was adjusted to 20 lb to maintain an exit flow 

T A B L E  I I  

Fa t ty  Acid Dis t r ibu t ion  Among Mono-, Di- and Tr ig lyeer ide  Frac t ions  
Isola ted by Thin-Layer  Chromatography  a 

Re~-ative Te~)tative 
carbon fa t ty  acid 

number  b ident i f icat ion 

Fa t ty  acids (Area % )  

Mono- Di- 
glycerides glycerides 

Tr i  
glycerides 

CF-26A CF-26A CF-26A CB-44A WF-9A 

8.0 n-Octanoic 1.6 
9.0 n-Nonanoic 1.5 
9.6 Cle~-Branched 1.5 

10.0 n-Decanoic 0.8 1.5 
10.6 Clo-Monounsaturated 1.4 
11.0 n-Undecanoic  0.5 0.7 
11.5 012-Branched 1.6 
12.0 n-Dodecanoic 1.9 2.2 
12.4 C12-Monounsaturated 0.6 0.8 
13.0 n-Tridecanoic 0.9 0.3 
13.7 C14-Branched 1.4 1.3 
14.0 n-Tetradecanoic 9.5 10.2 
14.5 Cl~-Monounsaturated 5.0 6.1 
14.8 C~a-Diunsaturated 
15.0 n-Pentadecanoic  7.9 7.2 
15.5 C~-Branched 1.4 2.7 
16.0 n-Hexadecanoic 24.3 23.8 
16.2 Q6-:Yionounsaturated 10.3 11.4 
17.0 n-HepteAecanoic 3.4 2.4 
17.4 Cls-Branched 2.8 2.6 
18.0 n-Octadecanoic 8.8 7.7 
18.3 Cls-Monounsaturated 11.6 12.2 
20.0 n Eieosanoic 7.3 

0.2 5.1 1.2 
0.4 3.7 0.8 

0.4 1.2 1.0 
0.3 0.7 
0.3 
0.3 0.9 
1.6 1.3 2.5 
0.3 
O.7 0.4 
1.1 1.2 

10.4 10.5 8.6 
5.9 2.8 4.6 

0.7 
9.4 8.7 4.0 
3.3 3.5 4.8 

25.2 23.2 15.1 
12.1 14.2 23.5 

2.8 2.4 3.6 
1.6 2.4 3.9 
9.6 6.7 3.6 

11.1 13.0 18.3 
2.8 

a For  the source of adul t  male ha i r  l ip id  pools, the codings C, 
full-headed and  balding', respectively. 

b Based  on separa t ion  on :DEGS co]urn11 as described in  the text. 
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TABLE I I I  

Summary  of Fatty Acid Distribution Among Mone-, Di- and Triglyceride 
Fractions of Several H a i r  Lipid Pools 
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Relative fat ty acid distribution (area % ) 

Total n-Saturated acids Branched 
Lipid 

Glyceride Fraction Pool ~ Even Odd Chain Unsatura ted  

Mono- CF-26A 54.2 12.7 5.6 27.5 
Di- CF-26A 45.4 12.1 9.7 31.9 
Tri- CF-26A 50.2 13.6 6.3 29.7 
Tri- CB-44A 48.0 14.8 5.9 30.7 
Tri- WF-9A 32.0 8.8 10.8 47.1 

a For the source of adult male hai r  lipid pools, the coding C, W, F, and B refer to Negro, white, 
fu~Lheaded, and balding, respectively. 

rate of approximately 72 ml/min. Qualitative 
characterization of the peaks was based on 
relative carbon number (15) as compared to 
known mixtures supplied by Applied Science 
Laboratories, Inc. Peak areas were corrected 
for relative response as compared to the C~ 
(methyl palmitate) peak. 

RESULTS AND DISCUSSI01~ 

The application of TLC-Method 1 is il- 
lustrated by the proximate analysis given in 
Table I for hair lipids pooled from adult male 
white and Negro subjects. Known reference 
mixtures, including glycerides from Distillation 
Products Industries, were chromatographed side 
by side with sebum in order to verify spot 
location. Each of the moieties of Table I was 
~seertained by direct gravimetric analysis. The 
amount of mono-, di- and triglycerides in- 
creased greatly in the order stated, the respec- 
tive levels being 2.3, 11.8 and 24.1 wt %. 
Infrared spectroscopy was also used for pre- 
limina~T identification of the glyceride fractions 
isolated by the two TLC methods described 
above. 

The composition of fatty acid methyl esters 
obtained by transesterification of triglycerides 
from Negro balding and full-headed male hair 
iipids (CB-44A and CF-26A) and from full- 
headed white men (WF-gA) are presented in 
Table II.  Acids below C1~ were rather low in 
yield, totals of 11.3, 5.6 and 8.7% occurring 
in the CB, CF and W F  pools, respectively; 
these were normal or straight chain except for 
two branched components (Clo-C~) in both the 
C~ and W F  mixtures. The occurrence of the 
remaining fatty acid peaks was essentially the 
same for all three pools. Thus, although the 
n-C~ ranged 8.6-10.5% for the three, the 
levels of n-C,~ and n-C~ were rather similar 
for both CB and CF (n-C~,~: 23.2 and 25.2%; 
n-C~: 6.7 and 9.6%) but in marked contrast to 
W F  (n-C~: 15.1%; n-C~: 3.6%). The dif- 
ferences are further reflected in the data sum- 

marized in Table I I I .  I t  will be noted that the 
unsaturated fatty acids range higher in the W F  
pool. In  fact, the over-all yields of saturated 
and unsaturated C1~ as well as C~s acids were 
virtually the san~e for the three pools, except 
that the unsaturated moieties occurred at higher 
levels in WF. Before unequivocal conclusions 
can be advanced, further triglyceride pools must 
be processed according to the categories and 
the data submitted to statistical analysis, studies 
of which are currently in progress. In  this 
conjunction, it is known that the free fatty 
acid content of sebum or hair lipids can rise 
on storage due in large measure to hydrolytic 
cleavage. Such changes will obviously affect 
the ester and glyceride distribution. 

The fatty acid findings on transesterification 
of the mono-, di and triglyeerides of Pool 
CF-26A (Tables I I  and I I I )  are worthy of 
comment. The percentage composition of the 
acids was nearly the same for each mixture 
except possibly for a rather minor decrease in 
the level of unsaturated acids of the mono- 
glycerides. I t  should he mentioned that the 
results reported in the tables are relative 
quantities (corrected area percentages) identi- 
fied i n  the gas chromatographic tracings and 
not necessarily the actual weight percentages. 
However, since each TLC fraction represented 
a purified glyceride cut and as no appreciable 
quantities of fatty acids less than Ca or greater 
than C~o were found, the values reported are 
close approximations to the total weight per- 
centage in each fraction. 
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An Ethanolamine Plasmalogen Artifact Formed by Acetone 
Extraction of Freeze-Dried Tissue ~ 
F. M. Helmy and M. H. Hack, Department of Medicine, Tulane University 
School of Medicine, New Orleans, Louisiana 

ABSTRACT 

Extrac t ion  of freeze-dried tissues by ace- 
tone results  in the in vi tro product ion  
of  an acetone derivative (imine) of  the  
ethanolamine phosphat ides .  Some o f  the 
proper t ies  of  the acetone imine of ethanol- 
amine plasmalogen are  discussed. 

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

T H E  CItRO~IATOGRA~[S o f  o u r  ~ r s t  extrac t  of 
cat p lacenta  revealed a large plasmalogen 

positive spot  (Ira) above the phosphat idyI  eth- 
anolauliue (Fig.  l )  which was subsequently iso- 
lated f ree  of  phospha t idy l  e thanolamine f rom 
a silicic acid column. W e  were, however,  un- 
able to detect  (Ira) in chloroform-methanol  
extracts  f rom 12 other  eat  p lacenta  samples 
nor  in similar  extracts  f rom human, dog or  ra t  
placenta.  

Acetone extracts  p r epa red  f rom freeze-dr ied 
rat  kidneys, fo r  the purpose  of  chromatograph-  
ically examining the neutra l  l ipid fract ion,  re- 
vealed a high relative p ropo r t i on  of the (Ira) 
plasmalogen as did the ch lo ro fo~ l -methano l  
s o l u b l e  f r a c t i o n  o f  t h e s e  a c e t o n e  e x t r a c t e d  
kidneys. 

This communication is a r epo r t  of our  ob- 
servations of this mater ia l  (Ira) which appea r s  
to be the imine derivative of e thanolamine 
plasmalogen-acetone.  

PROCEDURE AND DATA 

Ext rac t s  fo r  chromatographic  analysis,  of  the 
tissues listed below ~ were p r epa red  f rom freeze- 
dried and f rom wet  f resh  tissue using 20 ml 
of acetone a n d / o r  ch lo roform:methano l  per  
gram dry weight  of  t issue or the equivalent 
volume fo r  the wet  tissue assuming i t  to be 
80% water.  A chloroform soluble f rac t ion was 
obtained f rom the ch lo ro fo rm:methano l  ex- 
t racted wet tissues by the procedure  of  ]%Ich 
et al. (1).  

Chromatograms of these various extracts  were 
made on silieic acid impregna ted  filter p a p e r  

�9 This investigation was supported by USPHS Grants 
5 RO1 AM 9088 and T1HE 5133. 

2 Kidney of rat, eat, dog, rabbit, guinea pig and snake; 
placenta of rat, cat, dog, rabbit and man; brain of mouse 
and guinea pig; erythroeytes of dog" and man; ovary and 
uterus of rat; liver of rat and heart of dog and man. plasma] positive. 
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FIG. 1. Chromatographic analysis of the first 
cat placenta extract showing an unusually large 
proportion of the ethanolamine imine plasmalogen 
( I ) .  Lecithinase A from snake venom (s.v.) hy- 
drolyzed the imine as well as the natural glycer- 
ophosphatidcs with the production of the corre- 
sponding ]ysocompounds. Neutral lipid (NL),  car- 
diolipin (CL), ethanolamine imine phosphatide 
( I ) ,  phosphatidyl ethanolamine (PE) ,  phospha- 
tidyl choline (PC), and sphingomyelin (S) are 
clearly shown in the chromatograms at the ]eft ;  
LI, LPE,  LPC, in the chromatograms at the right, 
are the corresponding ]ysophosphatides produced 
by the action of the snake venom. The chromato- 
gram was developed in a solvent system consisting 
of 2, 6-dimethyl-4-heptanone �9 pyridine : methanol : 
water (150- 75: 10: 12). The 11pids were visualized 
by the plasma] reaction and counterstained with 
rhodamine 6G, only I, PE, LI  and LPE were 
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(S & S 2043b), identification of the resolved 
lipids was accomplished by the aid of multiple 
spot-tests and authentic phosphatide samples 
run concurrently (2,3). The most useful spot- 
tests for the purposes of this report were the 
plasmal and ninhydrin reactions. Production 
of the lysophosphatides was accomplished, in 
situ, on the paper chromatograms using an 
aqueous snake venom preparation for the source 
of lecithinase A (3). 

Acetone (1) and chloroform:methanol (2) 
extracts were dried over nitrogen at 40C and 
dissolved in chloroforln for fractionation on 
silicic acid columns containing" 2 g of silieic 
acid (G. Frederic Smith Co.). Elution of the 
neutral lipids and the various phosphatides was 
done by successive additions of chloroform, 
chloroform : methanol (95:5),  and chloroform : 
methanol (90 : 10). Five-milliliter fractions were 
collected and examined by paper chromatogra- 
phy as above. 

The paper chromatographic analysis revealed 
that the acetone extracts obtained from all of 
the freeze-dried tissues contained (Ira) evident 
on the ehromatogram as a spot above ethanol- 
amine plasmalogen and below cardiolipin and 
which could not be demonstrated in any of the 
other extracts (Fig. 2). Spot-test analysis 
showed that (Ira), unlike ethanolamine plas- 
malogen, was only ninhydrin positive after 
heating the sprayed chromatogram at 100C for 
2 min (Fig. 3). The leeithinase A product of 
(Ira) similarly showed the same ninhydrin char- 
acteristic (Fig. 3) in contrast to the rapid re- 
action of phosphatidyl ethanolamine and lyso- 
phosphatidyl ethanolanfine (and their respective 
plasmalogen analogs) at room temperature. 
Im was eluted from the silicic acid columns 
by chloroform:methanol (95:5) coming off 
after cardiolipin and before phosphatidyl cth- 
anolamine and could be obtained only from the 
various acetone extracts from freeze-dried tis- 
sues as described above. A good yield of (Ira) 
could only be obtained following treatment with 
acetone for at least 1S hr and never from 
acetone extracts prepared from wet tissue. In  
every tissue the relative proportion of phos- 
phatidyl ethanolmine and (Ira) was similar, 
i.e., about 10:1 as shown in Figure 2. 

We, at first, believed that (Ira) was the 
nlonomethyl derivative of ethanolamine plas- 
malogen. Monomethyl phosphatidyl ethanola- 
mine (a synthetic preparation of high purity 
was kindly supplied by Dr. Erich Baer) also 
required heating in order for the ninhydrin 
color reaction to occur: this possibility, how- 
ever, was eliminated since the Rf of monomethyl 
phosphatidyl ethanolanline in the tetrahydro- 
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FIG. 2. This chromatogram was prepared from 
freeze-dried rat kidney extracted by acetone, I, 
followed by chloroform methanol, 2; 3 is a chloro- 
form:methanol extract of freeze-dried rat kidney. 
Neutral lipid (NL) and imine (I) are the princi- 
pal lipid components of the acetone extract. By 
comparison with the total lipid extract 3 there is 
a diminution in the amount of (PE) as imine 
to the acetone extract, (PI) is phosphoinositide. 
Developed in tetrahydrofuran: 2, 6-dimethyl-4- 
heptanone : water (150 : 20 : 14) and stained by the 
plasmal reaction and rhodamine 6G. Only I and 
PE were plasmal positive. 

furan solvent system was significantly less than 
phosphatidyl ethanolamine. Nevertheless the 
ninhydrin property did suggest that (Ira) was 
an N-substituted analog of phosphatidyl eth- 
anolamine. When a nfixture of the (Ira) and 
ethanolamine plasmatogen, obtained from a 
silicic acid column fractionation (similar to that 
shown in Fig. 3) was hydrolyzed by IN I-IC1 
and water-soluble hydrolysis products examined 
by both a) a Technicon amino acid analyzer 
and b) chromatography of the dinitro-fluoro- 
benzene derivatives only ethanolamine could be 
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FI(~. 3. This chromatogram was made from a 
chloroforui:methanol (95 :5)  eluate obtained by 
silicic acid column chromatography of the ace- 
tone extract of freeze-dried dog kidney. Af ter  
put t ing  the four samples on the paper, leeithinase 
A from snake venom was applied at  2 m~d 3. 
The ehromatogram was run in the te t rahydrofuran 
system as in Figure 2. The lef t  half  of the chro- 
matogram was stained by the plasmal reaction and 
the r ight  half  by ninhydrin. The imine ( I ) ,  eth- 
anolamine plasmalogen ( P E )  and their correspond- 
ing lysoeompounds (LI )  and ( L P E )  were positive 
by the plasmal reaction. PE  and L P E  were posi- 
tive for ninliydrin at  rooni temperature ; heat (100C 
for 2 rain) was required to produce ninhydrin 
staining of the imine (A) and lyso imine (LA). 

detected. I t  was the re fore  p robab le  t h a t  t h r o u g h  
reac t ion  with acetone we had  conver ted  a por -  

t ion  of the t issue e thano lamine  p lasmalogen  
( and  p r e s u m a b l y  the  p h o s p h a t i d y l  e thanola-  
nfine also) into an  imine. The fa i lu re  to 
demons t ra t e  ( I ra )  in  ex t rac t s  of  wet  t issue 
p robab ly  implies the  necessi ty f o r  anhydrous  
condi t ions sinee imine  f o r m a t i o n  is a dehydra-  
t ion reac t ion  and  t ha t  u n d e r  the  condi t ions  of 
our  ext rac t ions  tile reac t ion  equi l ib r ium did not  
p e r m i t  niore t h a n  10% imine forn la t ion .  I n -  
deed, add i t ion  of  w a t e r  to ex t rac t s  con ta in ing  
the acetone der iva t ive  ap p ea r s  to force the  re- 
act ion slowly to the  le f t  wi th  the  r e a p p e a r a n c e  
of  e thano lamine  p lasmalogen.  

A l though  the phospha t ides  a re  considered to 
be insoluble in acetone, i t  is a p p a r e n t  f rom the  
eh romatograms  t h a t  n o t  only  p h o s p h a t i d y l  eth-  
anolamine,  an d  especial ly the  acetone der iva-  
tive, are  soluble in  acetone bu t  also a s ign i f -  
icant  f rac t ion  of  the p h o s p h a t i d y l  choline (e l  
Fig.  2).  W e  found  t h a t  (Ira) is even soluble 
at  - -20C both  in acetone and  in ethanol.  W e  
expect  t h a t  this  is the  exp lana t ion  fo r  the  
acetone soluble phospha t ides  of  e ry throeytes  re- 
po r t ed  by  H a n a h a n  (4) where  the p r e d o m i n a n t  
pho s p h a t i d e  is p h o s p h a t i d y l  e thanolamine .  P re -  
smnably  the  first eat p lacen ta  ex t rac t  had  in-  
adve r t en t ly  been made  wi th  a ch lo ro fo rm:  
methanol  mix tu re  con ta in ing  acetone. Tet ra-  
h y d r o f u r a n  conta in ing  only 10% acetone is an  
effective l ipid solvent  and  shows the usual  p ro -  
por t ion  of the imine plasmMogen.  P h o s p h a t i d y l  
e thano lamine  and  (Ira) could be resolved on 
p a p e r  eh romatograms  by  2, 6-dimethyl-4 hep-  
t anone  : py r id ine  : me thano l  : wa te r  (150 : 75 : 10 : 
12) and  by 2, 6-dimethyl-4  h e p t a n o n e  :me thano l  : 
d ich!oroethane :water  ( 1 0 0 : 4 0 : 1 5 : 5 )  bu t  no t  by  
2, 6-d imethyL4 h e p t a n o n e : a c e t i c  a c i d : w a t e r  
( 1 0 0 : 4 0 : 7 ) .  
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Quinones and Quinols as Inhibitors of Lipid Peroxidation 
A. Mellors and A. L. Tappel, Department of Food Science and Technology, 
University of California, Davis, California 

ABSTRACT 

The influence of biological quinonoid 
compounds upon oxidative polymerization 
of lipids has been compared with that of 
simple quinones and antioxidants. A new 
procedure for  the accelerated production 
and measurement of oxidative polymeriza- 
tion was used for this comparison. The 
biological quinones were found to be 
relatively ineffective as retarders of oxida- 
tive polymerization. Heme-catalyzed lipid 
peroxidation, as measured by oxygen up- 
take, was inhibited by ubiquinone and 
uhiquinol, both having about one fourth 
of the antioxidant capacity of a-toeopherol. 
The peroxidation of mitochondrial l ipid 
in vitro was inhibited by the presence of 
exogenous ubiquinone indicating that this 
cor~pound may contribute towards the 
protection of the organelle in vivo. 

INTRODUCTION 

T HE UBIQUINONES are widely distributed in 
nature and much interest has centered on 

their part icipation in biological oxidation- 
reduction reactions (1). In  addition certain 
ubiquinones and their heterocyclic derivatives, 
ubichromenols and ubichromanols, have been 
found to alleviate the symptoms of vitamin E- 
deficiency in some species (2). However, little 
is known about the ability of these compounds 
to act as antioxidants, despite the well-known 
antioxidant properties of quinols and the ex- 
tensive use of quinones in polymer technology 
as inhibitors of free radical polymerization of 
unsaturated monomers (3). The present study 
considers the effects of quinones and quinols 
on lipid peroxidation. In  particular,  the role 
that ubiquinone might play in contributing 
towards the ability of the mitoehondrion to 
resist l ipid peroxidation is examined. 

PROCEDURES AND D A T A  
Oxidative Polymerization 

Commercial grade linolenic acid (Mann Re- 
search Labs.) was polymerized by oxidation at 
elevated temperature. Seven milliliter aliquots 
of this oil, containing 10 -~ M benzoquinone, 
hydroquinone, a-tocopherolquinone, ubiquinone- 
6, menadione, a-tocopherol dimer [prepared by 
the alkaline ferricyanide oxidation of a- 

toeopherol (4)] ,  a-tocopherol and butylated 
hydroxytoluene (BHT),  were polymerized 
within Ostwald-Cannon-Fenske viscosimeters 
(size 400) by heating these in a waterbath at  
50C, 70C and 90C and passing oxygen through 
each viscosinleter at  the rate of 500 ml/min. 
The increase in viscosity of each sample was 
measured at intervals over 4-6 hr  and com- 
pared with the increase in viscosity of controls 
containing only linoleMe acid. Under these 
conditions oxidative polymerization is a func- 
tion of temperature and oxygen flow rate and 
both must be uniform for all samples. Table 
I compares the effect of these compounds on 
oxidative polymerization at the three tempera- 
tures used; 50C, 70C and 90C. 

Manometric Measurements 

The effect of ubiquinone-6 and nbiquinol-6 
upon the heine-catalyzed peroxidation of methyl 
linolenate was studied by manometric measure- 
ment of oxygen uptake. The quinol was pre- 
pared from the quinone by reduction using 
sodium borohydride in ethanol, acidification 
with 1 N HC] and extraction into light petro- 
leum ether. The reaction mixture, I ml per  6 
ml Warburg  flask, consisted of 10% methyl 
linolenate in ethanol containing 2 • 10 6 M 
hemoglobin and 10 -: M ubiquinone-6 or 
ubiquinol-6. In  similar flasks 10 ~ M a- 
tocopherol replaced ubiquinone-6. Controls 
contained no ubiquinone-6 or a-tocopherol. The 
reaction mixture was shaken at 37C in oxygen. 
Table 11 shows the effect of these compounds on 
l ipid peroxidation as measured by oxygen 
uptake. 

T A B L E  I 

Some Quinones  and  R e l a t e d  Compounds  as I n h i b i t o r s  
of the Oxida t ive  Po lymer i za t i on  of L ino len ic  Acid  

Tes t  substance ,  I n c r e a s e  in  viscosi ty  
a t  10 e /V[ over  4 h r  
concen t r a t i on  X 100 

I n c r e a s e  in  viscosity 
of cont ro l  over  r h r  

50C 70C 90C 

p-Benzoqu inone  5 

p - t t y d r o q u i n o n e  3 

Tocophero lqu inone  67 

Ub iqu inone -6  117  

Menad ione  104  

a-Tocopherol  d imer  4 

a -Tocopherol  0 

B u t y i a t e d  hydroxy to luene  0 

54  79 

28 74 

96 75 

93 106  

116  87 

40 75 

40 72 

0 45  

282 
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TABLE I I  

Ubiquinone-6 and Ubiquinol-6 as Inhibitors of Heme- 
Catalyzed Lipid Peroxidation of i'r Linolenate in 

Ethanol 

Inhibitor Oxygen uptake, t~l O2 (S .T .P . ) /h r .  

None 93 
10 --0 M Ubiquinone-6 22 
10 "-' M Ubiquinol-6 19 
10 -e M a-Tocophero] 5 

Mitochondrial Peroxidation 

Mitochondria were prepared from livers of 
twenty 350 g male Sprague-Dawley rats by a 
modification of the technique of Schneider (5). 
The suspending medium was 0.25 M sucrose + 
]0 -~ M EDTA, nuclei and cell debris were 
centrifuged down at 1,000 • g for 10 rain, 
nIitoehondria were centrifuged down, resus- 
pended and centrifuged again at 6,500 • g 
for 10 min. A second washing and the final 
suspension of the nIitochondria were made with 
0.175 M KC1 4- 0.02 M Tris buffer (pH 7.4 
at 37C) to yield a preparation which contained 
60 mg protein per niilliliter. Aliquots of this 
mitochondrial suspension were prepared which 
contained 2.0, 1.0, 0.5 and 0.2 mg ubiquinone-6 
per milliliter of mitochondria. Each peroxidiz- 
ing system (volunIe 6.0 nil) contained 1.5 ml of 
a mitoehondrial suspension of ubiquinone-6, 
2.5 t~moles KCN and 250 t~moles Na succinate 
in KC1-Tris buffer. One set of controls con- 
tained no succinate so that the capacity of the 
mitoehondria to reduce ubiquinone-6 was mini- 
real, the other controls contained no ubiquinone- 
6. Each 6.0 ml reaction mixture was shaken 
for 7 hr at 37C in a 100 nil flask containing 
oxygen. At intervals 1.0 ml samples of each 
reaction mixture were withdrawn and lipid 
peroxidation was measured by the thiobarbituric 
acid (TBA) reaction. Under sinfilar but 
anaerobic conditions where the suspending 
medium was 0.25 M sucrose + 0.05 M Tris, 
exogenous ubiquinone-6 was rapidly reduced by 
the mitochondria as shown by the disappearance 
of the 275 mr* ultraviolet absorption peak. 

TBA Reaction 

To each 1.0 ml sample was added 4.0 nil 5% 
trichloroacetic acid. After centrifugation, 3.0 
ml of the supernatant and 1.0 ml of 1% TBA 
were heated together at 100C for 10 rain. The 
resultant red color was measured at 532 m/~. 
Figure I shows the influence of exogenous 
ubiquinone-6 upon the rate of mitochondrial 
peroxidation. The rates of lipid peroxidation 
were plotted as a function of the concentration 
of ubiquinone-6. 

DISCUSSION 

Oxidative Polymerization 

The effects of certain quinones and related 
compounds on the rate of oxidative poly- 
merization of linolenic acid at 70C are shown 
in Figure 1, and are compared at three dif- 
ferent temperatures in Table I. The unsub- 
stituted quinones, benzoquinone and hydro- 
quinone, showed inhibition of' oxidative poly- 
merization consistent with their use as retarders 
of vinyl polymerizations. However, the sub- 
stituted quinones, a-tocopherolquinone, ubiq- 
uinone-6 and menadione, did not appreciably 
affect the course of the polymerization. These 
data, and the known instability of substituted 
quinols, indicate that alky] substituents stabilize 
the quinone ring and inhibit the formation of 
the semiquinone free radical. Sterie hindrance 
by the relatively large alkyl groups of the 
biological quinones could render them ineffec- 
tive as retarders of oxidative polymerization of 
lipids. The dimeric oxidation product of a- 
tocopherol retarded the reaction in a similar 
manner to that of a-tocopherol. This effect may 
be due to homolytic scission of the dimer to 
form free radical inhibitors, at these elevated 
temperatures. Differences in antioxidant activ- 
ity are not the result of different rates of 
volatilization of the test compounds since the 
more volatile compounds of lower molecular 
weight showed higher antioxidant activity than 
the less volatile compounds with aliphatic side 
chains. 

w KEY 

o NO SUCCINATE 
of  

zx SUCCINATE 
Z 

~ o.3 

d ~ 0.2 

i 
g o . ,  

I 2 

UBIQUINONE-6 CONCENTRATION, 

MG/ML MITOCHONDRIA 

Fie. 1. Mitochondrial peroxidation as a function 
of the concentratlon of exogenous ubiquinone-6. 
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Lipid Peroxidation 

Table I I  shows the effects of ubiquinone-6 and 
abiquinol-6 on the heine-catalyzed peroxidat ion 
of methyl linolenate in ethanolic solution. Under  
these conditions ubiquinone-6 and ubiquinol-6 
showed some ant ioxidant  act ivi ty which was not 
apparen t  under  the drastic conditions used for  
oxidative polymerization.  The protection af- 
forded by the quinone and quinol appea r  to be 
about  one four th  of  that  given by a-tocopherol. 
These figures are of tile same order as those 
repor ted  by Lea and Kwie tuy  (6) for  relat ive 
ant ioxidant  activities of  a-tocopherol and 
ubiquinone derivatives in aqueous ester emul- 
sions undergoing l ipid peroxidation. 

Similar  studies by Kaufn lann  and Garloff 
(7) showed that  ubiquinone-6 and ubiquinone- 
l0  exhibited weak ant ioxidant  activity when 
methyl linoleate was peroxidized in 2-ethoxy- 
ethanol. However  these workers found that, 
in an aqueous emulsion of potassium linoleate 
in phosphate  buffer p H  7.2, these ubiquinones 
have an ant ioxidant  activity greater  than that  
of  a-tocopherol. The relat ively lower activity 
of a-tocopherol in such a system may be due 
to the influence of  heavy metal catalysts since 
the same workers found that  the presence of  
E D T A  would increase the ant ioxidant  activity 
of a-tocopherol above that  of  the ubiquinones. 

Mi toehondr ia l  Peroxida~ion 

Mitochondria were peroxidized in the pres- 
ence of different concentrations of exogenous 
ubiquinone-6 and the relative rates of peroxida-  
tion were measured by the T B A  method. The 
possible influence of the electron t ranspor t -  
linked reduction of ubiquinone-6 on the stability 
of  the mitochondrion was studied by carrying 
out the peroxidat ions both with and without 
succinate, a substance for  the reduction of  
ubiquinone-6. Because the presence of an in- 
dividual substrate has a marked effect on the 
rate of  peroxidat ion it was not possible to sub- 
sti tute a competi t ive inhibitor,  such as malonate, 
in the place of succinate, to block the reduction 
of ubiquinone-6. 

As shown in F igure  1 l ipid peroxidat ion de- 
creased with increasing concentration of ubiq- 
uinone-6 up to the level of 1 mg ubiquinone-6 
per  mill i l i ter  of  mitochondrial  suspension, where 
lipid peroxidat ion was completely inhibited over  
the 7-hr period of the experiment.  Above this 
level of ubiquinone-6, l ipid peroxidat ion was 
again evident. Many antioxidants exert a pro-  
oxidant  effect at high concentrations and such 

an effect may be the cause of  increased peroxida-  
tion at high uhiquinone-6 levels. In  the absence 
of suecinate, l ipid peroxidat ion reached a steady 
level a f t e r  about 4 hr, but in the presence of  
succinate the rate of  peroxidat ion continued 
to increase and did not  reach a steady state 
until  about 7 hr. F igure  1 il lustrates the rate 
of  l ipid peroxidat ion as a funct ion of the con- 
centrat ion of ubiquinone-6 and shows that  the 
presence of  succinate as a substrate for  the 
mitochandrial  reduction of ubiquinone-6 has 
li t t le effect on the inhibition of peroxidat ion by 
the quinone. Though ubiquinol might  be ex- 
pected to afford more protect ion to the mito- 
chondrion than ubiquinone, under  these con- 
ditions no such protect ion was observed. The 
reason may be that, in this highly aerobic sys- 
tem, direct oxidation of ubiquinol by molecular 
oxygen proceeds nmch fas ter  than the con- 
comitant  mitoehondrial  reduction of  ubiquinone, 
prevent ing any significant accumulation of 
ubiquiuol. 

Tappel  and Zalkin (8) showed that  isolated 
mitochondria were susceptible to lipid peroxida-  
tion and that  this could be prevented by the 
addit ion of a-tocopherol to the system. The 
ant ioxidant  theory of v i tamin E function postu- 
lates that  the role of  endogenous mitochondrial  
a-tocopherol is to stabilize the s tructural  poly-  
unsaturated lipid against oxidative damage. 
Though the pr imary  role of ubiquinone is al- 
most certainly that  of a co-factor, undergoing 
oxidation-reduction reactions, these results in- 
dicate that  the presence of  the quinone in the 
mitochondrion at  a concentration reported to be 
ten times that  of  a-tocopherol (9) could give 
the organelle significant protect ion against  
oxidative damage. 
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SHOR r CO/vIM UNICA TIONS 

Altered Partition of Serum Cholesterol and Cholesteryl 
Ester in a Petroleum Ether-Ethanol-Water 

System After Incubation 

D IFFERENTIAL PARTITION Of f ree  and  es te r -  
ified choles te ro l  be t w een  aqueous  e t h a n o l  

and  p e t r o l e u m  e t h e r  h a s  been used  f o r  quan -  
t i t a t i v e  ana lys i s  o f  se rum lipids.  U n d e r  t he  
cond i t ions  of  Ga lanos  et  al. (1) f ree  choles-  
t e ro l  a p p e a r s  in  the  aqueous  e t hano l  p h a s e  a n d  
es ter i f ied choles te ro l  in  the  p e t r o l e u m  e t h e r  
phase.  I n  con t ras t ,  we h a v e  obse rved  condi-  
t ions  u n d e r  which  f ree  cho les te ro l  p a r t i t i o n s  
in to  the  p e t r o l e u m  e t h e r  phase  whi le  es te r i -  
fled choles te ro l  r e m a i n s  in the  aqueous  e t hano l  
phase .  A modi f ica t ion  of the  cond i t ions  re-  
sul ts  in  b o t h  f ree  and  es ter i f ied  cho les te ro l  
a p p e a r i n g  in  the  pe t ro l eum e t h e r  phase .  These  
obse rva t i ons  serve as the  bas i s  f o r  a d d i t i o n a l  
a n a l y t i c a l  p rocedures .  The cond i t ions  a re  de- 
sc r ibed  below. 

A c e t o n e - e t h a n o l  1 : 1  l ip id  e x t r a c t s  of  h u m a n  
se rum were p r e p a r e d  as descr ibed  by  B l a n k e n -  
h o r n  et  al. (2) .  E x t r a c t s  (10 ml)  were  dr ied ,  
d issolved in  5 ml of  abso lu te  e t hano l  a n d  in-  
c u b a t e d  a t  37C fo r  60 rain. A f t e r  i n c u b a t i o n  
5 ml  of de ionized  w a t e r  were  added  and  the  
aqueous  e thano l  n i i x tu r e  was  t hen  e x t r a c t e d  
w i t h  10 Inl of p e t r o l e u m  e t h e r  (bp  60C-75C) .  
Al l  of the  f ree  choles te ro l  ( d e t e r m i n e d  b y  
nieans of  the  L i e b e r m a n n - B u r c h a r d  reac t ion)  
was  f o u n d  to be p r e s e n t  in  the  p e t r o l e u m  e t h e r  
phase  a f t e r  a s ingle  p a r t i t i o n ;  es ter i f ied cho- 
les tero l  r e m a i n e d  in  the  aqueous  e t h a n o l  phase .  
W h e n  i n c u b a t i o n  was om i t t ed  b o t h  f ree  a n d  
ester i f ied choles te ro l  a p p e a r e d  in  the  pe t ro l -  
eum e t h e r  phase  in keep i ng  w i th  the  p a r t i t i o n  
coefficients of the  pu re  subs t ances  in  the  sol- 
ven t  sys tem.  

Va lues  fo r  t o t a l  f ree  cho les te ro l  (Tab le  I )  
o b t a i n e d  b y  t h e  s o l v e n t  p a r t i t i o n  m e t h o d  
showed close a g r e e m e n t  w i t h  those  o b t a i n e d  
b y  t h e  d i g i t o n i d e  p r e c i p i t a t i o n  m e t h o d  o f  

TABLE I 
Comparative Analyses of Free Cholesterol Content of 

Human Serum a 

Solvent Digitonide 
Sample partition, precipitation, 

No. averag'e average 

1 86 (85,87) 87 (86,88) 
2 78 (79,76) 73 (74,72) 
3 111 (110,112) 107 (109,104) 
4 188 (187,188) 180(181,179) 
5 73 (73,73) 69 (73,65) 
6 70 (71,69) 66 (66,66) 

a %~alues given as mg/100 ml of serum. Individual val- 
ues are eneloged within parentheses. 

S p e r r y  a n d  W e b b .  W h e n  C1Mabeled choles-  
t e ry l  p a l m i t a t e  and  s t e a r a t e  were  added  to 
se rum l ip id  e x t r a c t s  a n d  i n c u b a t e d  as descr ibed  
above, all of the  label was found  in the lower 
(aqueous  e thano l )  phase .  On the  o t h e r  hand ,  
a f t e r  i n c u b a t i o n  of the  p u r e  cho les te ry l  e s t e r s  
alone, the  labe l  was  f o u n d  in the  p e t r o l e u m  
e the r  p h a s e  (Tab le  I I ) .  These  r e su l t s  were  
f u r t h e r  conf i rmed by  c h r o m a t o g r a p h y  on siiicic 
acid i m p r e g n a t e d  paper .  C h r o m a t o g r a n i s  were  
developed in  hexaue ,  s t a i ned  w i t h  r h o d a m i n e  
6G, a n d  v i sua l i zed  u n d e r  u l t r a v i o l e t  l ight .  Cho- 
les tero l  was  de tec ted  in  the  u p p e r  phase  and  
eho les te ry l  es te rs  in  the  lower  phase .  

The  op t ima l  cond i t ions  fo r  i n c u b a t i o n  (60 
min,  37C) were  d e t e r m i n e d  in s tud ies  in  which  
the  i n c u b a t i o n  p e r i o d  was v a r i e d  be tween  0 
and  90 Iuin w i t h  15-min  i n t e r v a l s  and  incuba-  
t ion  t e m p e r a t u r e s  f r o m  0C to ]00C (0, 20, 37, 
50, 80, 100).  I n c u b a t i o n  in m e t h a n o l  r a t h e r  
t h a n  e thano l  d id  no t  affect  the  d i s t r i b u t i o n  of  
f ree  and  es ter i f ied choles terol .  

Column c h r o m a t o g r a p h y  was employed  to 
d e m o n s t r a t e  the  effects of  r emova l  of p r o t e i n  
a n d  phosphol ip id .  A f t e r  r emova l  of b o t h  pro-  
t e in  a n d  p h o s p h o l i p i d  by  F lo r i s i l  f r a c t i o n a t i o n  
(2) b o t h  s te ro l  and  s te ro l  e s t e r  p a r t i t i o n e d  
in to  the  p e t r o l e u m  e t h e r  phase .  Tota l  cho- 
les tero l  ( f r ee  a n d  ester i f ied)  in  t he  pe t ro l eu in  
e the r  p h a s e  a f t e r  one p a r t i t i o n  in  6 exper i -  
n len t s  a v e r a g e d  138% of the  con t ro l  va lue  
( r a n g e  1 2 4 % - 1 5 0 % ) .  E l i m i n a t i o n  of  p r o t e i n  
f r o m  the  r e a c t i o n  n i i x tu r e  by  f r a e t i o n a t i o n  
on DEAE-ce l lu lose  co lumns  in  acco rdance  w i t h  
the p r inc ip les  e labora ted  by Rouse r  et al. (3) 
resul ted  in ~ subs tan t i a l ly  h igher  value  for  to ta l  
cholesterol  in the  u p p e r  phase  (287% of con- 
t rol )  a f t e r  a single pa r t i t ion .  

TABLE II 

Distribution of Labeled Cholesteryl Esters 
in Aqueous Ethanol-Petroleum Ether 

CS~G 44 Per cP a--C t~ Per 
Sample counts/rain cent counts/rain cent 

Labeled sterol added to serum extract: 
Upper phase 8270 1.9 9525 2.3 
Lower phase 43900 98.1 409000 97.7 

Labeled sterol added to solvent system: 
Upper phase 321400 97.5 408000 99.3 
Lower phase 8350 2.5 3340 0.7 
a Cholesteryl stearate-l-C i~ and cholesteryl palmitate-l-C 14 

were obtained from the New England Nuclear Corp. :Ra- 
dioactivity was determined on 1 ml aliquots of the upper 
and lower phases. 
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Analysis of protein in the lower phase with 
the biuret reaction indicated the presence of 
5 mg of protein in a volume of extract repre- 
senting 1 ml of serum. This material~ when 
brought to an initial pH of 10.0 and titrated 
electrometrically with 0.001 N HC1, yielded pK~ 
values of 8.2 and 5.2. 

The experimental results suggest that, upon 
incubation in ethanol, a chemical complex is 
formed. The complex appears to consist of 
esteI~ified cholesterol, phospholipid, and protein. 
This complex remains in the aqueous ethanol 
phase while free cholesterol is selectively and 
quantitatively distributed into the petroleum 
ether phase of the biphasic system. While the 
significance of the observation which we have 
reported here can only be speculative at this 
time, the similarity in composition of the chem- 
ical complex (protein 51%; phospholipid 26%; 
esterified cholesterol 24%) to Macheboeuf's ]ip- 
oprotein (4) is striking. Since the partition 
after incubation is very reproducible, the pro- 
cedure can be used for quantitative analysis. 

A series of 25 separate analyses carried out 
on the same serum sample gave a mean free 
cholesterol value of 61 mg/100 ml with a stan- 
dard deviation of • 3.3%. 

H. P. CHIN 
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Optically Active Aceto-triglycerides of Oil from 
Euonymus verrucosus Seed I 

T HE PRESt~I'~CE OF acetic acid in seed oils of 
the Celastraceae was reported some years 

ago (1,2) with the suggestion that the acid was 
probably not part of the triglycerides. We have 
found that in E u o n y m u s  ve r rucosus  Scop. the 
acetic acid occurs as a monoaceto-triglyceride. 
The aeetoglycerides are optically active and this 
activity derives only from the asymmetry of 
the central carbon atom of the glycerol. Such 
laeasurable optical activity of unaltered natural 
triglycerides has not been reported previously. 

Chromatography of the petroleum ether 
(30-60C) extract from ground seeds of E. 
ver rueosus  on a silicic acid column yields some 
90% of the extract as a fraction (I) differing 
from common triglycerides in its response to 
infrared (IR) spectroscopy, thin-layer chroma- 
tography (TLC), and gas-liquid chromato- 
graphy (GLC). (I) adsorbs IR more strongly 
at 7.3 and 8.1 t~ than do common oils. The 
absorption at 7.3 t~ is attributed to terminal 
methyl groups and that at 8.1 t~ to short-chain 
esters; both are equal in intensity to the cor- 
responding absorption of aeetylated pure 
distearin. 

Direct GLC of (I) in a 0.5 meter column 

1 Presented at the AOCS ]YIeeting, Los Angeles, 
April 1966. 

of 3% JXR (3) showed only two components. 
The retention times corresponded with those of 
trilaurin and acetodistearin used as standards. 
The C~ component (excluding C of glycerol) 
can be attributed to a triglyeeride containing 
C2, C1~, and C~s acids and the C~8 component, 
to one containing C.~ and two CI8 acids. Mobility 
on TLC (silica gel G, impregnated with boric 
acid; hexane:ether, 70:30) agreed with that of 
synthetic a-aeetodistearin (Rf = 0.67) and 
differed definitely from that of fl-acetodistearin 
(R~ = 0.75). 

A portion of the dried soaps from saponifica- 
tion of (1) was extracted with ethanol. GLC of 
the solution revealed only glycerol as a solute. 
Another portion of the soaps was acidified under 
ether. The only short-chain acid found on GLC 
of the ethereal solution was acetic acid. 

GLC of esters prepared from (I )  by acid- 
catalyzed methanolysis showed only esters of 
the common C1~ and C1~ fatty acids. 

Quantitation of the nuclear magnetic 
resonance (NMR) speetrmn of completely hy- 
drog'enated (I) provided additional confirmation 
of the proposed structure. Peaks were found 
at 9.1 r (long-chain terminal methyl protons), 
8.7 r (methylene protons), 8.0 r (acetate pro- 
tons), 7.8 r (protons alpha to the carboxyl 
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90% of the extract as a fraction (I) differing 
from common triglycerides in its response to 
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at 7.3 and 8.1 t~ than do common oils. The 
absorption at 7.3 t~ is attributed to terminal 
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esters; both are equal in intensity to the cor- 
responding absorption of aeetylated pure 
distearin. 
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of 3% JXR (3) showed only two components. 
The retention times corresponded with those of 
trilaurin and acetodistearin used as standards. 
The C~ component (excluding C of glycerol) 
can be attributed to a triglyeeride containing 
C2, C1~, and C~s acids and the C~8 component, 
to one containing C.~ and two CI8 acids. Mobility 
on TLC (silica gel G, impregnated with boric 
acid; hexane:ether, 70:30) agreed with that of 
synthetic a-aeetodistearin (Rf = 0.67) and 
differed definitely from that of fl-acetodistearin 
(R~ = 0.75). 

A portion of the dried soaps from saponifica- 
tion of (1) was extracted with ethanol. GLC of 
the solution revealed only glycerol as a solute. 
Another portion of the soaps was acidified under 
ether. The only short-chain acid found on GLC 
of the ethereal solution was acetic acid. 

GLC of esters prepared from (I )  by acid- 
catalyzed methanolysis showed only esters of 
the common C1~ and C1~ fatty acids. 

Quantitation of the nuclear magnetic 
resonance (NMR) speetrmn of completely hy- 
drog'enated (I) provided additional confirmation 
of the proposed structure. Peaks were found 
at 9.1 r (long-chain terminal methyl protons), 
8.7 r (methylene protons), 8.0 r (acetate pro- 
tons), 7.8 r (protons alpha to the carboxyl 
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groups), 5.8 and 4.8 r (glycerol protons). Peak 
ratios were as expected for a saturated mono- 
aeetotriglyceride. 

(I) showed specific optical rotations in a 
Cary recording spectropolarimeter (hexane, 
25 ~ , c = 4) of --0.5 ~ at the sodium D line, 
--0.8 ~ at 450 mr*, and --1.9 ~ at 350 m~. Hy- 
drogenation of the material did not alter the 
rotation. 

On transesterifieation of the aceto-triglyeeride 
in the spectropolarimetrie cell with 5% tiC1 
(anhydrous) in methanol:hexane (4:1), the 
specific rotation at 350 m~ decreased from 
+2.3 ~ at 15 rain to +1.8 ~ at 45 rain, +0.6 ~ 
at 120 rain, and 0.0 ~ at 195 rain. At the end 
of this time, TLC showed the presence of only 
methyl esters and glycerol. 

The disappearance of optieal activity with 
the elimination of the chiral center in the 
glycerol, in conjunction with the other data 
presented, precludes the presence of any other 
chiral centers previously reported in triglye- 
erides optically active because of asymmetry in 
a fatty acid moiety. 

Comparison with synthetic products of known 
configuration shows that the natural material 
is essentially all (S)-a-aceto-triglyceride. 

This work will be described later in greater 
detail. 
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The Hydrolysis of Long Chain Trisaturated Triglycerides 
by Pancreatic Lipase 

~ EARLIER REPORT ( 1 )  f r o m  t h i s  laboratory 
described a rapid, semimiero technique 

which could be used for judging the puri ty 
of synthesized triglyeerides. This technique 
was based on the action of pancreatic lipase 
at 40C. Therefore, its application to trisatu- 
rated glycerides was limited because lipase had 
decreased activity with higher melting solid 
substrates (2). 

I t  seemed that the technique might be ex- 
tended to the higher melting triglycerides by 
employing a low melting glyceride as carrier. 
The data in Table I show this to be the case. 
However, since highly pure fa t ty  acid methyl 

TABLE I 

Lipase Hydrolysis a of 1 Palmito-Distearin b 

Fat ty acid composition, mol % 

MG FA 

Carrier  16 :0  18 :0  16 :0  18 :0  

Triolein 2 c 98 e 49 c 51 c 
Methyl oleate 1 99 48 c 52 c 
Methyl pentadecanoate 2 98 50 a 50 a 

" 5 rnin reaction time; other collditions as described 
(1) .  Ca 15 mg carrier, 35 mg triglye, were nsed. 

1) Oolnposition of P S S :  33.3 tool % 16:0,  66.7 tool % 
18:0 .  

e 18 :1  from carr ier  ignored ill eatc. 
a l l 5 :0  from carr ier  ignored in cale. 

esters were easier to obtain than pure tri- 
glycerides, i t  was found much more convenient 
to use the former for this purpose. The data 
indicate that methyl esters as well as triglye- 
erides can be effective carriers for high melt- 
ing substrates. Furthermore, no lessening in 
specificity of lipase for hydrolyzing terminal 
acids of triglycerides was observed. The rise 
of methyl esters has the additional advantage 
that further  analysis of monoglyeerides iso- 
lated from hydrolysis products is not compli- 
cated by the presence of monoglycerides pro- 
duced from the carrier. 
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Column Chromatography of I.ipids Containing 
Hydroxy Fatty Acids 

H YDROXYLATED CO~r found as decom- 
position products in oxidized fats, may 

be absorbed and transported via the lymph. 
Their influence on the composition of lymph 
lipids has not been determined, and quantita- 
tive methods were needed for the separation 
of these compounds prior to such studies. In  
the present study, a method is presented for 
the separation of synthetic mixtures containing 
hydroxy fatty acids and their triglyeerides as 
well as lymph lipids containing these compounds. 

In  order to achieve complete separation of 
lipids containing neutral lipids, hydroxylated 
lipids and phospholipids, two silieic acid col- 
umns were used. The first silicic acid column 
was prepared as follows: 100 mesh silicic acid 
(activated by heating at 110C overnight in an 
oven) was slurried with hexane and poured 
into the column and allowed to pack under 
gravity and a slight pressure of nitrogen to 
form an adsorbent column, 2.4 cm X 10.8 era. 
Up to 350 mg of lipid sample may be added 
to the column before overloading occurs. The 
column was prewashed in reverse order with 
100 ml each of the solvents used for elution. 
The level of the final wash was allowed to drop 
to the top of the silicic acid column, and the 
lipid sample dissolved in a minimum amount 
of redistilled hexane was pipetted onto the 
column. 

The major lymph lipid classes were separated 
by stepwise elution according to the general 
scheme of Garton and Duncan (1) and Fillerup 
and Mead (2). After prior treatment with 
Amberlite IRA 400 to remove free fatty acids, 
cholesterol esters were eluted with 100 nil 
Skellysolve F, triglycerides with 300 ml 5% 
diethyl ethyl-Skellysolve F, cholesterol with 200 
ml chloroform and phospholipids with 300 nil 
methanol containing 4% water. A flow rate 
of 1.6-2.0 ml per minute of solvent was main- 
tained by a slight positive pressure of nitrogen 
on the column. Fractions were combined, evap- 
orated to dryness in vacuo, weighed and stored 
at 0C under a layer of nitrogen. The homo- 
geneity os each fraction was determined by 
thin-layer chromatography (TLC). Triglycer- 
ides composed of hydroxy fatty acids were re- 
moved from phospholipids by separation on a 
second silicie acid column as follows: Seven- 
teen grams of activated silicic acid was added 
to a 100 ml burette column as a slurry in an- 
hydrous methanol. The absorbent was allowed 
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to pack under gravity and by a slight pressure 
of nitrogen; the column was washed with two 
50 ml portions of anhydrous methanol and 5% 
methanol-chloroform. The sample was dissolved 
in a minimum amount of 5% methanol-chloro- 
form and pipetted onto the column. Triricin- 
olein was eluted with 300 ml 5% methanol- 
chloroform while the phospholipid fraction was 
eluted with 300 nfl methanol containing 4% 
water. Each fraction was filtered, the solvent 
removed under vacuum, the sanlple weighed 
and its homogeneity determined using TLC. A 
solvent system composed of petroleum ether 
(40C-60C) diethyl ether-glacial acetic acid, 
90:10:1,  v/v/v, was employed for the sepa- 
ration of cholesterol esters, triglycerides and 
free fatty acids. Another solvent system com- 
posed of petroleum ether (40C-60C)-diethyl 
ether-glacial acetic acid, 70 : 30 : 2, v /v/v ,  proved 
effective for the complete separation of the 
more polar cholesterol, phospholipids, mono- 
and diglycerides, ricinoleic acid and triricin- 
olein. The spots were visualized by spraying 
with 50% aqueous sulfuric acid solution satu- 
rated with potassium dichromate and heating 
at 150C for 30 minutes. 

In  the course of our studies concerning the 
adsorption of ricinoleic acid from the small 
intestine, it was found that lipid obtained from 
the lymph of rats fed ricinoleie acid or tri- 
ricinolein, contained these nmterials in the foil1 
of free fatty acids, mono-, di,- and triglycer- 
ides. The presence of' these compounds had an 
adverse effect on the routine separation of lip- 
ids using silicic acid chromatography and con- 
ventional solvent systems. Free ricinoleie acid 
exerted a strong polar effect on the abso~ption 
of other lipids. I t  could not be eluted as a 
definitive peak; it appeared to tail throughout 
the triglyceride, cholesterol, and phospholipid 
fractions. I t  was conveniently removed along 
with other free fatty acids by treatment of the 
lipid mixtures with Amberlite IRA400  prior 
to silicic acid chromatography (3). Mono- and 
diglyeerides of ricinoleie acid were eluted with 
the cholesterol fraction when chloroform was 
employed as the eluting solvent. Triricinolein 
was eluted along with phospholipids in both 
standard mixtures and in lymph lipids when 
methanol was employed as the eluting solvent. 
In  order to separate the hydroxylated triglyc- 
eride from phospholipids, it was necessary to 
employ another silicic acid colmn. In  this way, 
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triricinolein was separated from phospholipids 
and from the column with 5% niethanol in 
chloroform. The phospholipids were then Muted 
with methanol containing 4% water. An illus- 
tration of the separations obtained from this 
column using synthetic lipid nfixtures are il- 

T A B L E  I 

R e c o v e r y  of Triricinolein a n d  Ric inole ic  Acid 
on a Silicic Acid  Column 

Percent 
Charge ,  Recovery ,  recovery ,  

m g  m g  % 

Lip id  sample  I 

Ric inole ic  acid 9.5 10.0 105.2 

Phospho]ipid a :~5,7 15.4 98.1 
Tota l  25.2 25.4 100.8 

L ip id  sample  I I  

Tr i r i e ino le in  9.9 10.6 107.0 
Phospho l ip id  a J4 .9  16.1 108.0 

Tota l  24.8 26.7  107.8 

Synthe t ic  d ipa lmi toy l  leci thin.  

lustrated in the Table. The separations .achieved 
were clear-cut and recoveries were better "~han 
98%. 

No attempt was made to obtain further sep- 
aration of cholesterol from the partial glyeer- 
ides since cholesterol can be determined color- 
imetrieally. The mono- and diglycerides niay 
also be estimated by oxidative niethods. 
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Investigation of the Glyceride Structure of Cardamine impatiens L. 
Seed Oil 

T ~[E FATTY ACID METYI~/L esters resulting from 
transesterification of Cardamine impatiens 

L. (Cruciferae) seed oil contain 17% of 
erythro-13,14-dihydroxydocosanoate, 6% of 
erythro-15,]6-dihydroxytetraeosanoate, and 
smaller amounts of the C1~ and C,~o dihydroxy 
acid methyl esters (1). The unusual composi- 
tion of this oil prompted further investigation 
to determine whether the dihydroxy acids are 
actually triglyceride substitueuts and, if so, 
how they are attached to the glycerol nioiety. 

Thin-layer chromatographic (TLC) analysis 
of the seed oil on Silica Gel G plates with 
light petroleum (bp 30-60C) and diethyl ether 
(70:30, v/v) indicated two major components, 
one of which was normal triglyceride. The un- 
usual triglyceride component (I) had an Rf 
intermediate between that of the castor oil 
triglyceride containing one free hydroxyl group 
per molecule and that of the triglyceride con- 
taining two free hydroxyl groups per molecule. 
Infrared analysis of a liquid film of the seed 
oil on NaC1 plates showed an absorption band 
due to hydroxyl (3,470 em -~) and bands at 
J,370, 1,235 and 1,022 cm -~ indicative of acetate 
groups. The positions of these bands are similar 
to those reported by Stodola et al. (2) for 
8,9,13-triaeetoxydocosanoie acid. 

Component I was separated from the normal 
glyeerides on a silica gel column with the same 
solvent as for the thin-layer separation. After 
the fractions having hydroxyl absorption in 
their infrared spectra were combined, they 
totalled about 40% of the weight of oil applied 
to the column. The combined material was 
shown to be a glycerol-based lipid by the niethod 
of Holla et al. (3), in which the glycerol moiety 
is converted to triacetin and identified by gas- 
liquid ehrolnatography (GLC). At least one 
of the hydroxyl groups of each vicinal dim 
grouping must be bound in stone manner be- 
cause the glyeeride did not react with periodate; 
nor did it form an isopropylidene derivative. 
Conlponent I was optically active, [a]~ '5c -t- 
1.4 ~ (C --= 10, CHCI~), but the dihydroxy acids 
resulting from hydrolysis of I appeared to be 
optically inactive (1). 

The nuclear magnetic resonance (NMR) 
spectrum of I indicated the probable presence 
of an acetate group (signal at 7.93 r, sharp 
singlet). This observation supported infrared 
evidence for acetate functions. Acetic acid was 
identified by GLC of the free acids obtained by 
saponification of I, but no reliable quantitative 
measure of acetate has been made. Phosphorus, 
nitrogen and sulfur were shown to be absent. 
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triricinolein was separated from phospholipids 
and from the column with 5% niethanol in 
chloroform. The phospholipids were then Muted 
with methanol containing 4% water. An illus- 
tration of the separations obtained from this 
column using synthetic lipid nfixtures are il- 

T A B L E  I 

R e c o v e r y  of Triricinolein a n d  Ric inole ic  Acid 
on a Silicic Acid  Column 

Percent 
Charge ,  Recovery ,  recovery ,  

m g  m g  % 

Lip id  sample  I 

Ric inole ic  acid 9.5 10.0 105.2 

Phospho]ipid a :~5,7 15.4 98.1 
Tota l  25.2 25.4 100.8 

L ip id  sample  I I  

Tr i r i e ino le in  9.9 10.6 107.0 
Phospho l ip id  a J4 .9  16.1 108.0 

Tota l  24.8 26.7  107.8 

Synthe t ic  d ipa lmi toy l  leci thin.  

lustrated in the Table. The separations .achieved 
were clear-cut and recoveries were better "~han 
98%. 

No attempt was made to obtain further sep- 
aration of cholesterol from the partial glyeer- 
ides since cholesterol can be determined color- 
imetrieally. The mono- and diglycerides niay 
also be estimated by oxidative niethods. 
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The mixed methyl esters obtained by re- 
fluxing I with 1% HsSO, in methanol for  3 hr 
were crystallized from a 15% (w/v) diethyl 
ether solution overnight at --18C. TLC analysis 
of the liquor and the crystals showed that nearly 
quantitative separation between ordinary methyl 
esters and dihydroxy methyl esters was achieved. 
The composition of each fraction was deter- 
mined as previously described (1) and these 
results indicated that the glyceride contained 
approximately 2 moles of nonhydroxylated long- 
chain fa t ty  acids per  mole of dihydroxy fa t ty  
acid. 

The hydroxyl-containing glyeeride ( I )  was 
hydrolyzed with the glycerol ester hydrolase 
isolated from Ricinus communis (castorbean) 
seed. Only two nmjor hydrolysis products 
( I I ,  I I I )  resulted (by ether extraction of the 
aqueous system) as evidenced by two spots on 
TLC analysis~ One of these spots ( I I )  proved 
to be the normal free acids (oleic, linoleie, etc.) 
that had been liberated. No dihydroxy acids 
were liberated and no starting material re- 
mained. This enzyme is known to be specific 
for glyceryl ester linkages (4). Under the 
conditions used here, it hydrolyzed soybean 
oil (used as a control) completely, but it did 
~ot hydrolyze methyl oleate or 9(10)-hydroxy- 
]0(9)-propionoxystearic  acid to any measur- 
able extent. 

The unidentified enzymic hydrolysis fragment 
( I I I )  was isolated by column chromatography 
on silica gel and the infrared spectrum indicated 
that it contained both earboxyl and ester func- 
tions. Af te r  the free carboxyl groups were 
esterified by treatment with diazomethane, the 
product ( IV)  gave only one spot on TLC 
analysis. The infrared spectrum of this esteri- 
fled product showed hydroxyl absorption and 
somewhat more intense acetate absorption than 
the spectrum of I. Acetate protons (7.93 r and 
methoxyl protons (6.33 ~) were shown to be 
present by NMR. Since there was no band 
at 5.76 z due to glycerol a-carbon protons, the 
glycerol moiety was not present. The bands 
due to methoxyl and C-methyl protons had 
approximately the same area. The hydrolysis 
fragment ( I I I )  was readily transcsterified with 
1_% H~S0~ in methanol to give a ratio of 1 
mole of long-chain nonhydroxylated methyl 
ester to 1 mole of dihydroxy methyl ester. 

Some structural feature of I I I  apparent ly  
prevents complete liberation of dihydroxy acids 
when I I I  is refluxed with N ethanolic K O H  
for 2 hr. A byproduct (V) that is the result 
of par t ia l  hydrolysis (contains no acetate 
groups) is obtained in about a 10% yield, 
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while the remaining 90% of the hydrolysis 
mixture results from complete hydrolysis of 
I I I .  Though seemingly resistant to alkaline 
hydrolysis, byproduct V can be completely hy- 
drolyzed under acidic conditions. Treatment 
with 1% H~SO~ in methanol yields nonhy- 
droxylated methyl esters and dihydroxy methyl 
esters in a 1:1 mole ratio. 

Elemental analyses indicate that  IV contains 
18.4% oxygen (by difference). This high 
oxygen content, together with the alkaline hy- 
drolysis results, the presence of acetate, and 
the NMR spectra, suggests that compound IV 
has structural features that cannot be completely 
accounted for in terms of ester linkages between 
ordinary fat ty  acids and long-chain dihydroxy 
acids. An equivalent number of methoxyl and 
C-methyl protons, as shown by the NMR spee- 
trunl of IV, is part icular ly surprising. I f  IV 
were comprised of a nonhydroxylated long- 
chain acid esterified with a hydroxyl group of 
a long-chain dihydroxy acid methyl ester, the 
number of C-methyl protons would be twice 
that of the nlethoxyl protons. The spectrum 
suggests, therefore, that a dicarbOxylic acid 
with one of its carboxyl groups free is incor- 
porated in I I I .  Compound IV would then have 
the same number of C-methyl and methoxyl 
protons. At  present, we have no evidence for 
a diearboxylie acid fragment among the hy- 
drolysis products. 

Prelinlinary work on cleavage of I with 
pancreatic lipase gave inconclusive results. 
Fur ther  work was not attempted due to lack 
of seed. Structural  work on this unusual seed 
lipid will be resumed when a sufficient supply 
of Cardamine impatiens seed becomes available. 

~4~. L. MIKOLAJCZAK 
C. R. SMIT~, Ja.  
I. A. WOLFF 

Northern Regional Research 
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ment of Agricultnre~ Peoria, 
Illinois 

ACKNOWLEDGMENTS 

Gas-liquid chromatographic analyses by J. ~V. Hage- 
mann, NMR spectra by C. A. Glass, and seeds s.upplied 
by Q. Jones, USDA Crops Research Division, Beltsville, 
Maryland. 

REFERENCES 

1. Mikolajczak, K. L., C. R. Smith, Jr .  and I.  A. 
Wolff, JAOCS 42, 939-941 (1965).  

2. Stodola, i~. I~I., I~. F. Vesonder and L. J. Wicker- 
ham, Biochemistry 4, 1390--1394 (1965) .  

3. I-Iolla, K. S., L. A. Horrocks and D. G. Cornwell, 
J. Lipid Res. 5, 263-265 (1964).  

4. Ory, R. L., A. J. St. Angelo and A. M. Altschul, 
Ibid. 3, 99-105 (1962).  

[Received May 6. 1966] 



S//ORT COMMUNICATIONS 

Phosphonolipids. VII. Synthesis of Phosphonic Acid Analogues 
of Diether L-~-Lecithins 

291 

T ~E DISCOVERY Of the existence in nature of 
complex lipids containing phosphonic acid 

instead of phosphoric acid has aroused con- 
siderable interest as to their biosynthesis and 
biological role. However, the isolation of phos- 
phonolipids in the presence of phospholipids 
which they resemble closely in structure as well 
as physical and chemical properties offers con- 
siderable difficulties. To facilitate the isolation 
of phosphonolipids from natural  sources, their 
structural identification and the elucidation of 
their biological role, the synthesis of phospbonic 
acid analogues of phospholipids thought to be 
most likely to occur in nature is being under- 
taken in this laboratory. We have already re- 
ported the synthesis of phosphonic acid ana- 
logues of L-a-cephalins (1), n-a-lecithins (2) 
and diether L-a-cephalins (3). 

We wish now to make a preliminary report  
on the synthesis of phosphonic acid-analogues 
of diether n-a-lecithins (Fornmla A) .  These 
compounds with two identical alkyl radicals 
having 14, 16 or 18 carbon atoms per  radical 
were obtained via the following series of inter- 
mediates : ( I )  Diethyl-2-bromoethylphosphonate 

> ( I I )  2-BromoethyIphosphonic acid mono- 
anilinium salt (2) ) ( I I I )  2-Bromoethyl- 
phosphonic acid (2) > ( IV)  2-Bromo- 
ethylphosphonic acid monochloride (2) > 
(Va) Di-O-octadecyl L-a-glyceryl- (2-bromo 
ethyl) phosphonate. Melting point, 42.5-43.5C, 
[a]~-2.8 ~ in dry chloroform, (c, 10). Anal: 
Caled. for  C~H~,O~PBr (768) : C 64.12, H 11.03, 
P 4.03, Br  10.41. Found:  C 64.06, t t  10.93, 
P 4.02, Br 10.02. 

(Vb) Di-O-hexadecyl L-a-glyceryl-(2-bromo- 
ethyl) phosphonate. Melting point 46.5-47.5C, 
[a]~-3.0 ~ in chloroform (c, 9.5). Anal. Calcd. 
for  C~H~60~PBr (711.9) : C 62.42, H 10.76, P 
4.35, Br 11.23. Found:  C 62.59, H 10.76, P 
4.42, Br  10.92. 

(Vc) Di-O-tetradecyl L-a-glyceryl-(2-bromo- 
ethyl) phosphonate. Melting point  47-48C, 
[a]~-3.2 ~ in chloroform (c, ]1) .  Anal. Calcd. 
for  C~H~sO:PBr (655.8) : C 60.44, H 10.45, P 
4.72, Br 12.19. Found:  C 61.22, H 10.25, P 
4.64, Br  11.96. ) Conlpounds Via  -c were 
dried over phosphorus pentoxide at 25C and 
a pressure of 0.02 mm Hg. 

(Via)  Di-O-actadecyl L-a-glyeeryl- (2-tri- 
methylammoniumethyl) zphosphonate. Melting 
point 190-192C, [a]~ + 3.5 ~ in chloroform- 

methanol (3 :2 ) ;  c, 10, MD + 26.7 ~ �9 Anal. 
Calcd. for  C~,H~O~NP (764.2): C 69.15, H 
12.40, N 1.83, P 4.05. Found:  C 69.43, H 12.44, 
N (Kjeldahl)  1.70, N (Dumas) 1.95, P 4.14. 

(VIb)  Di-O-hexadecyl ~-a-glyceryl- (2-tri- 
methylammoniumethyl)-phosphonate. Melting' 
point, 192-194C, [ a ] ~ +  3.4 ~ in chlorofol~n- 
methanol (3 :2 ) ;  (c, 9), M,  + 24.1 ~ . Anal. 
Calcd. for  C4oH~60~NP (708.1): C 67.85, H 
12.24, N 1.98, P 4.37. Found : C 67.44, H 12.05, 
N (Kjeldahl)  1.92, N (Dumas) 1.94, P 4.35. 

(VIc) Di-O-tetradecyl L-a-glyceI:yl- (2-tri- 
methylalumoniumethyl ) -phosphonate. Melting 
point, 195-197C, [ a ] ~ +  4.0 ~ in chloroform- 
methanol (3 :2) ;  (c, 10), M,  + 26.1 ~ . Anal. 
Calcd. for  C.~H~O6NP (652) : C 66.32, H 12.06, 
N 2.15, P 4.75. Found:  C 66.66, I4 12.11, N 
(Kjeldahl)  1.96, N (Dumas) 2.08, P 4.83. 

The homogeneity of compounds VIa-c (Fig.  
1) was confirmed by one-dimensional thin-layer 

CH3(CHe)x_0_i_ H ~ Formula A 

~2c-~ 2-CH2N(c~ 313+o~ - 
o H 

Via X= 17, VIb X= 15, VIc X= 13 

chromatography on silica gel ill using two 
so lven t -mix tu re s  : chloroform-methanol-water 
(65:25:4),  and chloroform-methanol-TM am- 
monium hydroxide (230:90:15). In  each case 
a single spot was obtained. The R~ values of 
compounds Via ,  b and e are practically identi- 
cal, and are the same in both solvent mixtures, 
i.e. 0.21, 0.22 and 0.22, respectively. 

Compounds Via-c,  on drying at  80C and a 
pressure of 0.02 mm Hg. lose the elements of 
one mole of water. 

The melting points of compounds Via ,  b and 
c were determined simultaneously, using 
capil lary tubes and an electrically heated metal 
block. The temperature of the block was raised 
from room temperature to 160C at a rate of 
12-13C/min, and from thereon at a rate of 
4C/rain. At  about 180C, the compounds formed 
translucent masses. These coalesced suddenly 
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with the formation of a meniscus, at the tem- 
peratures reported as melting points. 
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An Improved Tank for Development of Preparative Thin-Layer 
Chromatograms 

H IGH-RES(HSUTION PREPARATIVE thin-layer 
chromatography (TLC) is often hampered 

by the low capacity of the adsorbent. Often 
overloading and poor resolution can be over- 
come by increasing the thickness of the adsorbent 
layer although heavy layers ( >  1 to 2 ram) 
tend to slide from the plate when developed in 
the conventional ascending manner. 

The new unit overcomes limitations of con- 

FIG. 1. Preparative thin-layer chromatography 
tank that accommodates 8 • 8 in. plates and uses 
a minimum of solvent. 
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ventional preparative TLC by allowing develop- 
merit of high capacity layers up to 3 mm thick 
without adsorbent fracture; accordingly, de- 
velopment time is decreased. 

The tank is constructed of plexiglass and 
is designed to accommodate a standard 8 • 8 
in. TLC plate (Fig. 1). Developing solvent 
need be prepared in small quantities only be- 
cause it is contained in a shallow stainless steel 
trough. The TLC plate is supported at the 
top by a narrow ledge so that it meets the 
solvent in the tray at an angle of 15 ~ with the 
horizontal. The inner surface of the tank's 
hinged lid is covered with filter paper that is 
drawn taut and taped to the outside top 
surface. Development time is greatly reduced 
when the tank lid is lined with paper and cooled 
with dry ice. When wet with TLC solvent, this 
paper helps to maintain the saturated atmos- 
phere necessary for rapid development. Cool- 
ing with dry ice, placed in a 200 mm petri dish 
resting on the lid during TLC development, 
establishes a thermal gradient which causes 
circulation of solvent vapors and keeps the 
tank atmosphere and filter paper saturated with 
solvent. 

This tank has been used for all types of 
plates with a variety of solvents; it is unaf- 
fected by bromine atmospheres and polar sol- 
vent vapors; its plexiglass body is protected 
from liquid solvent attack by the stainless steel 
reservoir. 
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search Laboratory 
ARS, USDA 
Peoria, Illinois 
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Mechanism of Lipoxidase Reaction: Origin of the Oxygen 
Incorporated into Linoleate Hydroperoxide 

POXlDASE IS KNOWN tO be specific fo r  a 
cis,cis-l,4 pentadiene system such as linoleic 

acid, and this acid yields an optically active 
isomer ( 1 ) ;  I-Iamberg and Samuelsson have 
suggested that  l ipoxidase attacks the ~-6 carbon 
atom specifically (2).  They showed that  dur- 
ing lipoxidase-catalyzed oxidation of  linoleie 
acid 70% of 13-hydroperoxy-octadeca-9,11- 
dienoic acid is formed and only 30% of  the  
9-hydroperoxyoctadeca-10,12-dienoic acid. Fol-  
lowing the development  of  an analytical  pro-  
cedure that  enabled us to separate  quant i ta t ively 
methyl  13-hydroxystearate f rom methyl  9- 
hydroxystearate  (3),  we found an even higher  
specificity for  lipoxidase, i.e., the exclusive 
fornmtion of  13-hydroperoxyoctadeca-9,11- 
dienoic acid (4). 

Al though always assumed, but  never  demon- 
strated, the hypothesis is that  the oxygen mole- 
cule incorporated into the hydroperoxide as a 
result  os l ipoxidase catalyzed oxidation comes 
f rom the gas phase. The source of  the oxygen 
molecule in l ipoxidase oxidation became suspect 
because of  studies on hydrogenat ion of  sorbic 
acid (5). Dur ing the homogeneous catalytic 
hydrogenat ion of  this acid with pentacyanoeo- 
baltate, the hydrogen incorporated into the 
hydrogenated molecule originated in the H.~O 
molecule and not in the H~ gas phase as pre- 
dicted. Also, the complexity of  the free radical 
reaction with l ipoxidase and the presence of 
aqueous and gaseous sources fo r  oxygen led 
us to question the source of  the oxygen in the 
hydroperoxide.  

Two experiments were designed to answer 
this question. The first, the incubation of 

lipoxidase with linoleic acid in a H~180 buffer 
with ~60~ in the gas phase;  and the second, the 
same incubation but in normal H~I~0 buffer with 
isotopic 1~0~ in the gas phase. The incubated 
products  wel~ methylated, reduced, and frae-  
t ionated by column chromatography and the 
methyl hydroxystearate  was analyzed by nmss 
spectronmtry. No isotopic :~0 was detected in 
the product  of the first exper iment  that  used 
H2S0 water,  yet  all the hydroxystearate  ob- 
tained f rom the second experiment  that  used 
~0~ was labeled. These experiments demon- 
strate that  l ipoxidase does not eatalyze oxygen 
exchange between the water  and gas and that  
the oxygen incorporated into the hydroperoxide 
molecule by lipoxidase comes f rom the gas 
phase. 

A detailed description of this investigation 
is being prepared  fo r  publication. 

AMI DOLEV 
T. L. M o u ~ ' s  
W. K. ROHWEDDER 
H. J. DUTT0~ 

Northern Regional Research 
LaboratmT, Peoria, Illinois 
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LETTERS TO THE EDITOR 

Comments on the Analysis of Some Triacid Triglyceride Mixtures 

Sir :  Brockerhoff  has  recent ly  discussed the 
difficulty of resolving a mix tu re  of  t r iac id  
t r ig lycer ides  (TG)  wi th  methods  p resen t ly  
avai lable  (4) .  W e  wish to p o i n t  out  t ha t  in  the 
special  case where  oleate is one of  the acids and  
the  o ther  two are sa tura tes ,  use  of a l ipase 
specific f o r  oleate would give the add i t iona l  
i n fo rma t ion  necessary  to completely resolve the 
mixture .  The microorganism,  Geotrichum 
candidum, produces  a l ipase h ighly  specific for  
oleic acid regard less  of  pos i t ion  (2,6),  which 
a p p e a r s  sui table  fo r  this  analysis .  

Brockerhoff ' s  stereospecifie analys is  ( B S A )  
(3) will p rov ide  i n fo rumt ion  of  the type  in 
Table  I. A second analys is  involv ing  l ipolysis 
of  the t r iac id  TG mix tu re  wi th  G. candidum 
l ipase,  isolat ion of the 1,2 sa tu ra t ed  f a t t y  acid 
diglycerides,  reac t ion  wi th  p h e n y l p h o s p h o r y l  
dichloride,  and  digest ion wi th  phospho l ipase  A 
would give direct ly  the  p r opo r t i ons  of  one of 
the  cri t ical  pa i r s  (see Table  I I )  ; namely,  those 
t ha t  contain  oleate in  the 3-posi t ion (Hi r sch-  
m a n n ) .  Since B S A  tells us the M %  of each 
acid in each posi t ion,  and  the add i t iona l  analys is  
wi th  G. candidum l ipase yields the  ra t ios  of  one 
cri t ical  pa i r ,  the others  can be calculated by 
difference. 

F o r  pu rposes  of  i l lus t ra t ion,  we have  assumed 
t h a t  B S A  gives values ( fo r  example  I a  + Ib )  
l isted in Table  I and  analys is  two gives 66.6% 
18:0  in the F F A .  The isomer p r opo r t i ons  (see 
Table  I I )  can now be calculated wi th  the aid 
of the fol lowing equa t ions :  

Ia = (18:o%) ( I a + I b )  
Ib ---- (16:0%) ( I a + I b )  : ( I a + I b ) - -  (Ia) 
IIa = (Ia + IIa) -- Ia 
I I b =  (Ib + I I b )  -- Ib 
IIIa ---- (Ia + I I I a )  -- Ia 
IIIb = (Ib + IIIb) -- Ib 

Since phospho l ipase  A will also hydrolyze  
one of the pos i t ions  of  a f l -phospha t ide  (7) ,  a 
pa r t i a l ly  i ndependen t  technique is avai lable  to 
de te rmine  the cri t ical  p a i r  con ta in ing  secondary  
oleate. Likewise, a f t e r  exhaust ive  digest ion of 
the a -phosphat ides ,  pancrea t i c  l ipase (5) could 

TABLE I a 
Positional Distributioa of an Oleate Triacid 

Triglyceride 

Fatty acid 
Position 16:0 18:0 18:1 

1 33.3 33.3 33.3 
2 33.3 33.3 33.3 
3 33.3 33.3 33.3 

a Adapted from Brockerhoff (4). 

be used to subs tan t i a t e  the  ra t ios  of  the 1- 
pos i t ion  oleate cri t ical  pa i r .  

Whi le  the p r o p e r t i e s  of  G. candidum l ipase 
have not  been thorough ly  explored,  i t  a p p e a r s  
t h a t  the l ipase  can be h ighly  specific fo r  linoleie 
acid u n d e r  cer ta in  condi t ions (1) ,  thus  t r iac id  
TG combinat ions  con ta in ing  linoleic acid should 
also be amenable  to complete  s t ruc tu re  analysis .  
Theoret ical ly,  the p rocedure  out l ined above can 
be app l ied  to t r iac id  TG con ta in ing  bo th  oleic 
and  linoleic acid in combinat ions  wi th  a 
s a tu ra t ed  acid. I n  this  case an  addi t iona l  s tep 
is necessary to separa te  f rom the  p roduc t s  of 
G. candidum l ipolysis,  those diglycerides con- 
t a in ing  one double bond.  A t  present ,  there  is 
not  enough i n fo rma t ion  to allow specula t ion  
on the extension of the method to glycerides 
con ta in ing  l inolenic acid. 

This procedure ,  then,  for  most  n a t u r a l  f a t s - -  
once the  indiv idual  TG t r iac id  combina t ions  
are i so la t ed - -wou ld  allow complete  s t ruc tu re  
e lucidat ion of all m a j o r  TG's  except  the tr i-  
s a tu ra ted  TG's.  This l a t t e r  type  awai ts  the 
discovery of l ipases  specific fo r  cer ta in  f a t t y  
acids or a specific posi t ion such as the 2 or  3 
pos i t ion  of a TG. 

W e  should po in t  ou t  t h a t  the methods as 
detai led above requires  the G. candidum l ipase 
be capable  of  a t t a ck ing  the  u n s a t u r a t e d  l inkage 
a t  e i ther  p r i m a r y  posi t ion.  This  aspec t  has  no t  
been inves t iga ted ;  however,  we believe t ha t  
stereospecifieity is h ighly  unl ike ly  fo r  a l ipase  
which a t tacks  bo th  the  p r i m a r y  and  secondary  
posi t ions  of  a T@. A t  any  rate ,  i f  the  enzyme 
were found  to be stereospecifie, the  TG com- 
b ina t ions  discussed above could still  be resolved, 
since the  der ivat ives  of at  least  two of  the  oleate 
cri t ical  pa i r s  could be isolated a f t e r  t r e a t m e n t  
wi th  G. candidum l ipase.  W e  are  cu r ren t ly  
inves t iga t ing  the p rope r t i e s  of  this  l ipase and  

TABLE II 
Isomer Proportions of an Oleate Triacid Triglyceride 

Mixture 

1 a II  a IIIa 
A B A B A B 

Position 
1 16:0 18:0 16:0 18:0 18:1 18:1 
2 18:0 16:0 18:1 18:1 18:0 16:0 
3 18:1 18:1 18:0 16:0 16:0 18:0 

M% b 22.2 11.1 11.1 22.2 11.1 22.2 
a Critical pairs of oleate triacid triglycerides. 
b Calculated from FFA released by digestion with 

phospholipase A of 3-phosphatides prepared from prod- 
ucts of G. candidum lipolysis (i.e., 66.6% 18:0, 33% 

16:0). 
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hope to further establish the utility of this 
enzyme in TG structure investigations. 
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A Solved Problem of Triglyceride Analysis 

Sir: A complete stereospeciflc analysis of 
triglyceride mixtures requires a considerable 
amount of data. However a recent letter in 
your March issue incorrectly states that "with 
our present methods this is still an impossible 
task." We wish to affirm that the difficulties 
can be overcome with perserveranee and the 
methods now available. 

The triglyeerides that contain only one type 
of acid cause no difficulty. For tunately  the tI% 
glycerides that  contain two different types of 
acid can often be resolved to a greater extent 
than the total number of alkene groups in the 
molecule would indicate (e.g., 18:0-18:0-18:2 
is separable from 18:0-18:1-18:1 and 18:0-  
]8 :0 -18 :3  from 18:0-18:1- ]8 :2  on AgNO~- 
silieic aeld plates).  The triglyceride species with 
only two acids have only 3 possible isomers and 
are easily analyzed. 

The triglycerides that contain three different 
acids require the most consideration in structure 
determination. They can be readily classed into 
three isomeric pairs  which must then be further 
resolved. 

Position Triglyeerides 

1 AB AC BC 
2 BA CA CB 
3 CC BB AA 

The relative amounts of these triglycerides 
most probably reflects the availability of the 
different diglyceride precursors. With  no steric 
selectivity, the esterification of C at position 3 
would be expected to produce ABC and BAC 
in the same relative abundance as the pairs  
ABB and BAB or ABA and BAA are produced. 
The lat ter  sets of triglycerides are isomeric 
pairs that are easily analyzed and could be used 
to suggest the ABC/BAC ratio. 

A fully rigorous structure proof of the three- 
acid triglycerides requires only the following 
steps : 

(a) Cleavage of the six-isomer mixture to 
1,2- and 2,3-diglycerides by triglyeeride lipase. 

(b) Isolation and analysis of the 1,2- 
diacylglycerol-3-phosphates produced by diglye- 
eride kinase action as described in Federation 
Proceedings 25, 521 (]966). 

(c) Separation of  the three isomeric pairs of 
phosphatidate derivatives according to their 
acid content. 

AB AC BC 
BA CA CB 
PP  PP  PP  
x y z 

The relative amounts of x, y and z are indicated 
by the content at  the 3 position of C, B and A 
respectively. 

(d) Phospholipase A cleavage of each pair  
to determine the AB/BA,  AC/CA and BC/CB 
ratios. 

I f  the results of the unequivocal analysis 
show that  the A B / B A  ratio is constant in all 
the triglyceride species, future analyses could 
then use the values obtained from the more 
easily measured diaeid triglycerides. We hope 
these comments will adequately indicate that 
the difficulties of triglyceride analysis can be 
overcolne. 

WILLIA:M E .  M .  LANDS 

SISTER; P .  ~V~. SLAKEY 

Department of Biological 
Chemistry University of 
Michigan, Ann Arbor, 
Michigan 
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The Cholesterol Complex 

S i r :  The lipid composition of purified myelin 
obtained froni different animal species and 

prepared by sucrose density gradient tech- 
niques has been reported by a nmnber of 
laboratories. Although Finean (1) and, more 
recently, Vandenheuvel (2) have proposed that 
the myelin subunit is composed of glycero- 
phosphatide-cholesterol aud/or sphingolipid- 
cholesterol complexes, there reulains a substan- 
tial fraction of noncholesterol lipid which is in 
excess of the cholesterol when calculated as a 
molar ratio. In  this paper we will correlate 
tummver data published elsewhere with analyses 
of the lipid composition of myelin and propose 
the identification of those lipids which may 
be complexed with cholesterol. 

We have recently determined the rate of 
turnover of each of the different myelin lipids 
in the rat and have found that inositol phos- 
phatide, lecithin, and serine phosphatide, when 
labeled with acetate-l-C ~', appear to turn over 
somewhat umre rapidly than the remaining 
lipids, ethanolamine phosphatide, sulfatide, 
cerebroside, sphingoniyelin, and cholesterol. The 
lipids which are more active metabolically show 
a half-life ranging from 5 weeks to 4 months, 
while the half-lives of the more stable lipids 
vary from 8 to 14 months (3). 

In  his myelin model, Vandenheuvel (2) hss 
proposed that the long chain fatty acids are 
interdigitated in a tightly packed arrangement, 

TABLE I 

Molar Ratios of Rat Brain lVIx~elin Lipids 

"Stable" Lipids 
Cholesterol 

Galactolipids 
Sphingomye]in 
Ethano]amine phosphatide 

S~un 

"Labile" Lipids 
Serine phosphatide 
Lecithin 
Inositol 

Sum 

1.00 

0.60 
0.08 
0.38 

1.06 

0.17 
0.21 
0.03 

0.41 

in the Myelin Membrane 

thus being subject to intermolecular forces 
which would provide maximum stability. In  
general, the results of our turnover rate 
experiments lend support to such a concept 
as the lipids containing the highest proportion 
of long chains, the sphingolipids, appear to 
show the longest half-lives. The shorter chain 
fatty acids, which are known to be found in 
such compounds as lecithin, have shorter half- 
lives. The ethanolanfine phosphatide, however, 
which is one of the more stable lipids, also 
contains short chains. 

We have noted recently that in our analyses 
of the lipid composition of myelin, the molar 
sum of the galaetolipid, the ethano[amine phos- 
phatide and the sphingomyelin, which comprise 
the metabolically stable lipids, approximates 
the molar concentration of cholesterol. In  Table 
I is shown the ratio of the sum of these 
COUlponents to cholesterol when the molar con- 
eentration of cholesterol is equal to 1.00. The 
same calculations applied to myelin lipid com- 
positions of human, ox, guinea pig, rat, rabbit, 
mouse and nionkey from other laboratories 
reveal similar correspondence. 

We think it reasonable, therefore, that the 
sphingolipids and ethanolamine phosphatide 
niay exist as cholesterol complexes in myelin, 
the association with cholesterol resulting in in- 
creased metabolic stability. Those lipids which 
have been found to be more labile may exist 
in the myelin membrane in an uncomplexed 
form and may function in a somewhat different 
manner. 
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Chemical Composition of the Wax Secreted by a Scale Insect 
(Ceroplastes pseudoceriferus Green) 
Yoshio Tamaki, Biology Division, Agricultural Chemicals Inspection Station, 
Ministry of Agriculture and Forestw, Kodaira-shi, Tokyo, Japan 

ABSTRACT 

The wax material in the secretion of a 
scale insect, Ceroplastes pseudoceriferus 
Green was analyzed chemically with special 
interest to the composition of higher fa t ty  
acids and higher alcohols. The wax consists 
of 34.2% fat ty  acids, 27.1% unsaponifi- 
able matter and 29.5% resin acids. The 
fa t ty  acids were found to be a complex 
mixture of 15 norluaI acids ranging from 
C, to C~. Of these, octaeosanoie, triacon- 
tanoic and dotriacontanoie acids comprise 
over 30% of the wax. Presence of relatively 
large amount of unsaturated fa t ty  acids 
of the C~ series (2.8% of the wax) is of 
part icular  interest. 

From the unsaponiflable fraction, only 
one saturated straight chain alcohol, 
hexacosanol, was detected (2.7% of the 
original wax). The other unsaponifiable 
matter was considered to be cyclic or 
branched earbon chain, and consisted of at 
least 12 to 20 compounds. The resin acid 
fraction was also found to be a complex 
mixture of at least 13 to 14 components. 

INTRODUCTION 

T HE SCALE INSECT~ Ceroplastes pseudoceri- 
fetus Green (Insects;  Hemiptera)  has a 

waxy covering of large bulk, making up 60% 
to 70% of the total (insect and covering) 
weight~ throughout its life history. This ma- 
terial consists of honeydew and wax, which are 
secreted from part icular  glands of the insect. 
The mode of secretion was briefly described (1). 
The amino acid and carbohydrate composition 
of the water soluble honeydew was analyzed 
and discussed previous]y (2,3). This paper  is 
one of a series on the waxy secretion of this 
insect, and deals with the composition of the 
wax, with special reference to the composition 
of higher fa t ty  acids and alcohols. 

EXPERIMENTAL 
Separation of Crude Wax 

The overwintering female adults were col- 
lected from twigs of infested tea plants in 
Shizuoka-ken, Japan,  from September to 
December. All  the insects collected were stored 
in a deep freezer at --20C until used. 

The procedure applied was virtually that 
described in the preceding paper  (2). The 
insects with waxy covering were shaken lightly 
with chloroform to dissolve the external wax. 
The chloroform layer was thoroughly washed 
with water, and evaporated to dryness. The 
resulting light yellow wax material, referred to 
as crude wax hereafter, was stored in darkness 
over silica gel in vacuo until further treatment. 

t'ractionation of Crude Wax 
All operations for removing organic solvents 

were done in vacuo at lower than 30C under 
nitrogen. To crude wax (27.2 g) dissolved in 
small volume of chloroform was added a large 
excess of ethanol. The amount of 14.5 g of 
white precipitate, referred to as hard wax, 
was obtained by filtration. 

The residue from the ethanolic filtrate was 
dissolved in petroleum ether (bp, 30C-60C), 
and extracted three times with 50% aqueous 
ethanol, and then three times with 2.5% K O t t  
in 50% aqueous ethanol. The combined 50% 
ethanol extracts yielded 2.7 g of yellow solid 
referred to as fraction A. The combined alka- 
line ethanol extracts were acidified with sul- 
furic acid, and the acidic material extracted 
with petroleum ether. The amount of 4.6 g of 
yellow solid was obtained (fraction B) .  F rom 
the remaining petroleum ether solution after  
washing with alkaline ethanol, 3.1 g of yellow 
paste was obtained (soft wax). 

Saponification of Hard and Soft  Waxes 
The procedures of Xariyone et al. (4) were 

followed for saponification and separation of 
the fractions. As the result of the saponifica- 
tion, 2.2 g of white solid saponifiable matter 
and 1.5 g of yellow paste unsaponifiable matter 
were obtained from 4.0 g of original hard wax, 
and 1.2 g of yellow solid saponifiable matter 
and 1.8 g of brown liquid unsaponifiable matter 
from 3.1 g of soft wax. 

Separation of Straight Chain Alcohols as 
Urea Adduct 

Unsaponifiable mattes" derived from the hard 
and soft wax was dissolved hi benzene, and 
6 to 7 volumes of urea were added. The mixture 
was refluxed for 15 minutes, cooled to room 
temperature with shaking, and stored in a 
refr igerator  overnight. The isolated urea adduct 
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was treated with hot water to liberate the 
straight chain alcohols. 

Infra-red Absorption Analyses 
A Hitachi EPI-2 infrared spectrophotometer 

was used. All the solid samples were examined 
as XBr tablets, but the liquid samples as a 
thin film on an NaCl plate. 

Gas-Liquid Chromatography 
The apparatus used was a Shimadzu GC-2B 

gas chromatograph, equipped with a thermal 
conductivity detector. Stainless steel spiral 
columns, 1 meter long and copper spiral 
colmnns, 2 meters long with 4 mm diameter 
were used. The following four operating con- 
ditions were applied; I) 10% silicone SE-30 
on 60 to 100 mesh Celite-545 at 250C, I I )  30% 
high vacuum silicone grease on 60 to 100 mesh 
Celite-545 at 230C, I I I )  20% silicone DC-550 
on 40 to 60 mesh Celite-545 at 190C, and IV) 
15% polyethylene glycol adipate on 40 to 60 
mesh Celite 545 at 190C. Helium was used 
as the carrier gas (70 ml/nfin), and the de- 
tector filament current was adjusted to 200 
mA at the operating temperatures. All the 
samples of fatty acids were analyzed as their 
methylesters which were prepared with diazo- 
methane in ether. 

Identification of fatty acid methyl esters and 
alcohols was achieved by comparing their re- 
tention times with those of standard or by 
plotting the logarithm of the retention times 
versus carbon ehah~ length. 

RESULTS 
Fractionation of Crude Wax 

From the infrared analysis, it is concluded 
that the crude wax consists largely of esters 
(absorption maxima at 1750-1730, 1240 and 
1170 cm-1), with some free earboxyl groups 
(1710 cm -~) and some double bonds (3080 
--3000, 890 em~). 

The hard wax constitutes 53% of the crude 
wax. Infrared absorption spectra show peaks 
at 1730, 1240 and 1165 cm -~, corresponding to 
esters; and a shoulder at 1710 cm -~ and a weak 
absorption at 885 cm -1 suggest the presence of 
a free carboxyl group and a double bond, 
respectively. 

The soft wax constitutes about 11% of the 
crude wax and gives absorption maxima at 
1730, 1240 and 1170 cm -~ indicative of esters, 
and at 1640 and 890 cra -~ indicating the pres- 
ence of double bonds. 

Fractions A and B amount to about 13% 
and 17% of the crude wax, respectively. The 
infrared absorption spectrum of fraction A 
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shows maxima at 1690, 1300-1200 and 950 cm -1 
indicative of free carboxyl group, and a 
shoulder at 1650 cm -1 with weak absorption at 
890 era -1 probably indicative of the presence of 
unsaturated compounds. The spectrum of frac- 
tion B is quite similar to that of fraction A, 
with the exception of weaker absorption at 
3400 cm -1 than A. Fraction A may contain 
more hydroxyl radicals than fraction B. 

Fatty Acids from Hard Wax and Soft Wax 
The saponifiab]e matter from the hard wax 

constituted 30% of the crude wax. The infrared 
absorption spectrum indicated the presence of 
saturated higher fatty acids. According to gas 
chromatographic analyses under condition I, 
this sample was a mixture of three components, 
octacosanoic, triacontanoic and dotriacontanoic 
acids. Their relative amounts were calculated 
as follows: C.~--7.8%, C~o--72.7% and C~--  
]9.5%. Neither appreciable amount of homo- 
logues lower than octacosanoie acid nor of 
homologues higher than dotriaeontanoic acid 
were found. 

The saponifiablc matter isolated from the 
soft wax comprised about 4.5% of the crude 
wax. Its infrared analysis suggested that this 
fraction contained some unsaturated compounds. 
Gas chromatography carried out under condi- 
tion I gave three peaks corresponding to 
octaeosanoic, triacontanoic and dotriacontanoic 
acids. Furthermore, chromatograms obtained 
under condition IV revealed the presence of 
relatively large amount of lower homologues. 
The saponifiable matter from the soft wax was 
a complex mixture of fatty acids ranging in 
carbon chain length from 8 to 32. The presence 
of a large amount of the C~ series unsaturated 
fatty acids is of particular interest. The overall 
results of analyses on saponifiable matter of the 
hard and soft waxes are given in Table I. 

Alcohols from Hard Wax and Soft Wax 
The unsaponifiable matter of the hard wax 

constituted 20% of the total. With urea treat- 
ment 1.45 g of unsaponifiable matter gave 0.19 
g of a white solid from the urea adduet fraction 
and 1.11 g of yellow viscose liquid from the 
nonurea adduct fraction. The latter liquid is 
considered to be a mixture of cyclic and 
branched chain compounds. The infrared ab- 
sorption spectrmn of the white solid showed a 
feature characteristic of a saturated straight 
chain higher alcohol. Gas chromatographic anal- 
ysis of the alcohol under condition I I  gave only 
one peak, corresponding to hexacosanol (C~). 

The unsaponifiable matter of the soft wax 
constituted 6.5% of the original crude wax. 
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TABLE I 

Fatty Aci d Composition of Saponifiable Matter of Hard 
W a x  a n d  S o f t  W a x  

Hard wax Soft wax 
Fatty % in acids % in % in acids % in 
acid of hard wax crude wax of soft wax crude wax 
s : o  - -  - -  + + 

1 0 : 0  - -  - -  + + 
11:0 - -  - -  + + 
12:0 -- -- + + 
13:0 -- - -  + + 
14:0 -- -- + + 

15:0 -. - -  + + 
1 6 : 0  - -  - -  + + 
18:0 - -  - -  1.7 0.1 
18:1 -- -- 7.4 0.3 
18:2 -- -- 36.4 1.6 
18:3 -- -- 21.1 0.9 
28:0 7.8 2.3 5.6 0.3 
30:0 72.7 21.4 21.1 1.2 
32:0 19.5 5,7 6.5 0.4 

+ : trace, - : no detectable amount. 

No apprec iab le  amoun t  of any  compound  re-  
acted wi th  u r ea  to form the  urea  adduct .  
Almost  all  components  of the unsaponi f iab le  
m a t t e r  of  the sof t  wax are  considered to be 
cyclic and  b ranched  chain  compounds.  

The i n f r a r e d  abso rp t ion  spec t ra  of  n o n u r e a  
adducts  of  the unsaponi f iab le  m a t t e r  of  bo th  
the h a r d  and  sof t  waxes were s imi la r ;  bo th  
exhibi ted spec t ra  indicat ive  of  hydroxy l  g roups  
and  double bonds.  Gas c h r o m a t o g r a p h y  car r ied  
out  u n d e r  condi t ions I, I I  and  I f I  showed tha t  
these two f rac t ions  are  complex mix tu res  of  
f r o m  12 to 20 compounds.  Though  several  
components  were common in bo th  f rac t ions ,  
i t  is no tewor thy  t h a t  the f r ac t ion  isolated f r o m  
the sof t  wax conta ins  l a rge r  amount s  of shor t  
ca rbon  chain  compounds  t h a n  t h a t  f r om the 
h a r d  wax. 

F r a c t i o n  A a n d  t r a c t i o n  B 

Gas ch roma tog raph ic  analyses of these f rac -  
t ions u n d e r  condi t ion I d id  no t  resu l t  in  any  
apprec iab le  peak.  A f t e r  esterif lcat ion wi th  
diazomethane,  however,  a n u m b e r  of  peaks  
a p p e a r e d  u n d e r  condi t ions I and  I I .  Gas  
ch roma tog raph ic  p a t t e r n s  of  esterified f r ac t ion  
A and  f r ac t ion  B were qui te  s imilar  to each 
other.  These two f rac t ions  consist  ma in ly  of 
compounds  wi th  f ree  carboxyl  g r o u p s  reac t ing  
wi th  d iazomethane  to fo rm the i r  methy l  esters. 
No no rma l  f a t t y  acid was f o u n d  a t  apprec iab le  
levels u n d e r  condi t ion IV.  I t  is assumed t h a t  
these f r ac t ions  are  m ix t u r e  of  res in  acids. 

D I S C U S S I O N  

The overal l  r e s u l t s  of  the  p re sen t  analyses  
are  summar ized  in  Table  I I .  F u r t h e r  f rae-  
t iona t ion  of the unsaponi f iab le  cyclic and  
b ranched  chain  compounds  and  resin acids has  

TABLE II 
Composition of the Crude W a x  

Saponifiable matter 34.2 % 
Caprylic, eapric, undeeanoic, 
~auric, tridecanoic, myristic, 
pentadecanoic and palmitic acids trace 
Stearic acid 0.1 
Oleic acid 0.3 
Linoleic acid 1.6 
Linolenic acid 0.9 
Octacosanoic acid 2.6 
Triacontanoic acid 22.6 
Dotriacontanoic acid 6.1 

Unsaponifiable matter 27.1 
Hexacosano] 2.7 
Cyclic and branched chain compounds 24.4 

Resin acids 29.5 

no t  been conducted.  Because of  the  a m o u n t  of  
these f r ac t ions  in  the  crude wax, however,  
isolat ion and  ident if icat ion of  t he i r  componen ts  
should  be u n d e r t a k e n  in the  fu tu re .  

The h a r d  wax consists  of esters of s t r a igh t  
chain  acids (C~8, C~0, Cz~) and  s t r a igh t  chain  
(C~6), cyclic and  b ranched  chain  alcohols, and  
the  sof t  wax is a complex mix tu r e  of  esters  of  
acids r a n g i n g  f rom Ca to C~ wi th  cyclic and  
b ranched  chain  alcohols. The u n s a t u r a t e d  f a t t y  
acids of the Cls series were detected in the  sof t  
wax at  a re la t ively  h igh  level. The  occurrence 
of  u n s a t u r a t e d  compounds,  dodeeenoic and  
te t radecenoie  (C1~) acids in  the  wax of  a scale 
insect  Tacha.rdina theae was also r epor ted  by  
.Kono and  M a r u y a m a  (5) .  

Accord ing  to Kono  and  M a r u y a m a  (6,7) ,  
the  wax of  n ine  J a p a n e s e  species of  scale 
insects conta ins  C~ and  C~o s t r a igh t  chain  f a t t y  
acids and  a C~6 s t r a igh t  chain alcohol as the i r  
ma in  components .  The wax secreted by  
Ceroplastes destructor in  A u s t r a l i a  also consists  
of  C~6 and  C~.s s t r a igh t  chain  sa tu ra t ed  f a t t y  
acids a n d  alcohol and  the i r  esters (8) ,  wi th  
l a rge  amounts  of C~ sa tu ra ted  f a t t y  acid and  
C~ u n s a t u r a t e d  alcohol (9) .  

M u k a i  et al. (10) ,  work ing  on l ipids  of 
Icerya purchasi~ isolated s t r a igh t  chain  alcohols 
of  C~, C~ and  C~. Chibnal l  and  his co-workers 
(11,12) r epo r t ed  t ha t  the ma in  components  of  
waxes p roduced  by  some scale insects  were 
s t r a igh t  chain f a t t y  acids and  alcohols wi th  
even number s  of  ca rbon  a toms r a n g i n g  f r o m  
26 to 36. Bee wax of four  species of bees also 
conta in  C~ to C~ s t r a igh t  chain f a t t y  acids 
and  alcohols, as well as la rge  a m o u n t  of  
paraff ins  ( ] 2 ) .  

There  are  some r epo r t s  abou t  the  composi t ion 
of  cu t ieu lar  wax of  insects o ther  t han  scale 
insects. I n  such insects  as the  mormon  cr icket  
Anabrus simplex~ cockroach Periplaneta ameri- 
cana, s i lkmoth Bombyx mori and  adu l t  housefly 
Musca domestica, signif icant  level of hydro-  
ca rbons  occurred in the eu t icu la r  waxes (13-  
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16). On the other hand, the cuticular wax of 
the cattle tick Boophilus microplus, consists 
mainly of a mixture of saturated acids and 
~leohols of chain length of C~o (]7). 

Although the mechanism of biosynthesis of 
insect wax should be an interesting field of 
investigation, little work has been done with 
scale insects except for the schematic presenta- 
tion by Chibnall and Piper (18). Piek (19), 
working on the biosynthesis of beeswax, 
speculated that the oenocytes synthesize the 
wax acids and hydrocarbons from acetate de- 
rived from the glycolysis in the fat body, but 
that fat body cells themselves synthesize the 
esters and their component acids and alcohols 
from acetate. 

Comparing the relative amount of carbohy- 
drates in the honeydew excreted by sca]e in- 
sects and that in aphids' honeydew, it is reason- 
able to assume that the higher fatty acids and 
higher alcohols in the wax are originated from 
excessive carbohydrates in the host plant sap 
on which the insect fed (3). The fatty acid 
fraction from the body lipid of this scale insect 
is a complex mixture of straight chain fatty 
acids ranging from C7 to C~o, and the pre- 
dominant components are the short chain acid 
(C~0 and C,_,) (20). There is no appreciable 
amount of alcohols or hydrocarbons higher than 
C~o in the body lipid (20). On the basis of 
these facts, it seems that the long chain fatty 
acids and alcohols in the wax are synthesized 
from short carbon skeletons at the time of 
secretion. On the other hand, it is doubtful 
that the resin acids are metabolic products of 
the scale insects. These acids may be derived 
from host plant sap and excreted without any 
change. Kono and Maruyama (21) determined 

the chemical structure of a resin acid isolated 
from the wax of Ceroplastes rubens and named 
it rubabietic acid. They also suggested that 
this resin acid was derived from the host plant 
sap. 
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The trans-3-Enoic Acids of Grindelia oxylepis Seed Oil 
R. Kleiman, F. R. Earle and I. A. Wol f f ,  Northern Regional Research Laboratory, ~ Peoria, Ill inois 

ABSTRACT 

tra~-3-Hexadecenoic acid (14%) and 
the previously unreported trans-3-octadec- 
enoic acid (2%) have been identified in 
seed oil of Grindelia oxylepis Greene, 
Compositae. Evidence was also found for 
the existence of other acids with trans- 
3 unsaturation. 

II~TRODUCTiON 

N U~EROUS S~ED O~LS from plants of the 
family Compositae show infrared absorp- 

tion at 10.36 t* indicative of noneonjugated 
trans unsaturation (3). In Calea ufticaefolia 
oil, a major component (35%) was identified 
as trans-3,cis-9,cis-]2-octadeeatrienoic acid (1). 
Gas-liquid chromatography (GLC) indicates the 
presence of this acid in most of the Compositae 
showing isolated trans unsaturation and, in 
many, indicates the co-occurrence of a com- 
ponent with equivalent chain lengths (ECL) 
(11) of 15.9 in an Apiezon L column (16) and 
1.6.6 in a LAC-2-R 446 column. These chain 
lengths suggest that the component is an un- 
usual hexadecenoic acid. Hopkins and Chisholm 
(7) reported the presence of trans-3-hexade- 
cenoic acid in the seed oil of Helenium bigelowii, 
a member of the Compositae. Their report is 
the first published information about trans-3- 
hexadecenoie acid in a seed oil, but it has been 
found in other plant parts (2,13). The only 
other acid with trans-3 unsaturation recorded 
as present in a seed oil is the trans-3,cis-9,cis- 
12,cis-15-octadecatetraenoic acid from Tecoma 
starts (8). 

trans-3-Hexadecenoic acid has now been 
identified in the seed oil of Grindelia oxylepis 
Greene, along with small anmunts of the pre- 
viously unreported trans-3-octadecenoic acid. 
Their isolation and identification are described 
in this paper. 

Grindelia, a member of the family Com- 
positae, is a genus of herbaceous or suffruticose 
annuals, biennials or perennials commonly re- 
ferred to as "gumweeds" or "tarweeds" due to 
their characteristically resinous-viscid foliage. 
The genus contains some 57 species which oc- 
cupy a greater part  of western North America 
and much of South America and which are 
usually adapted to xeric, semidesert or desert 
environments (15). 

1No. Utiliz. Res. Dev. Div., ARS, USDA. 

Grin, delia oxylepis Greene is an erect annual 
herb, 2-5.5 dm in height, occurring in moist 
places on plains, valleys and old fields in the 
Mexican States of Coahuila, Chihuahua, 
Durango and San Luis Potosl (14). The seed 
sample of this species was collected by USDA 
botanists from a population of wild plants 
growing" in the mesquite-grassland near Parral, 
Chihuahua. Field observations of wild stands 
at the time of seed collection suggest that this 
species may have excellent potential as a new 
crop prospect if uses for its oil should develop. 

METHODS 
General 

Analyses by GLC were carried out with a 
Burrell I(romatog K-5 as described earlier (10). 
hlethyl esters were prepared by acid-catalyzed 
metbanolysis. 

Isolated trans unsaturation was determined 
essentially by AOCS method Cd 14-61 with a 
1-mm KBr  cell in a Perkin-Elmer Model 337 
speetrophotometer. 

A u  A-60 spectrometer was used to 
measure nuclear magnetic resonance (NMR) 
in deutero-chloroform solution containing tetra- 
methylsilane as internal standard. 

Methyl esters and triglyeerides were saponi- 
fled by refluxing the sample in 1N ethanolic 
potassium hydroxide for 3 hr. 

Melting points were determined with a 
Fisher-Johns melting point apparatus. 

Pernmnganate-periodate oxidations were car- 
ried out according to the method of Lemieux and 
yon Rudloff (9). The products were esterified 
and analyzed by GLC in both polar and non- 
polar columns. 

tIydrogenation was done in ethanol in a 
micro hydrogenator with a platinum oxide 
catalyst or with a micro vapor-phase hydro- 
genation accessory fitted to a Loenco GLC 
unit. Conditions for the latter procedure were 
as reported by Mounts and Dutton (12), and 
the full depth of the catalytic be4 (2% 
palladium) was used to provide maximmn 
hydrogenation. 

Qualitative thin-layer chromatography (TLC) 
was performed on 20 N 20 em plates spread 
with a 250/~ layer of Silica Gel G impregnated 
with 30% of silver nitrate. Adsorbent was 
removed from 2 em on each side of the plate, 
glass strips 1 ram thick were placed on the 
cleared areas, and a 20 N 20 em cover plate 
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Fro. I. Analysis of Gri, ndelia oxylepis methyl 
esters by gas-liquid and thin-layer chromatography. 
GLC of methyl esters on a 10 ft • ~-in. column 
packed with 20% LAC-2-R 446. Component I is 
methyl trans-3-hexadecenoate; component I I  is 
methyl trans-3-ectadecenoate. TLC sample 1 is 
soybean oil methyl ester: (l-A) saturates, (l-C) 
cis monoenes, (l-E) cis dienes, (l-G) cis trienes. 
Sample 2 is Grindelia methyl esters: (2-A) 
saturates, (2-B) trans monoenes, (2-C) cis mono- 
enes, (2-D) presumed trans diene, (2-E) eis 
dienes, (2-F) trans-3, cis-9,cis-12-octadecatrienoate, 
(2-G) cis tricne. Sample 3 is methyl trans-3- 
hexadecenoate. Sample 4 is methyl trans-3- 
octadecenoate. 

was clamped on to make a "sandwich"  chamber 
I mm deep (6). The ehromatogram was de- 
veloped with benzene in an 11 • 22 • 24 cm 
chamber. Spots were detected either by spray- 
ing with 0.2% dichlorofluorescein and observing 
under ultraviolet light or by charring with 
sulfuric acid-dichromate solution. 

t'ractionation of Methyl Esters 

Fractionation of mixed methyl esters from 
G. oxylepis  oil was accomplished by GLC, TLC 
and colunm chromatography in various com- 
binations. In  one preparation, the initial 
separation was made in an Aerograph A-700 
" A u t o p r e p "  equipped with a 20 ft • 3~ in. 
aluminum column packed with 30% SE-30 on 
42/60 mesh Chromosorb P. Column temperature 
was 270C and the helium flow was 200 mlflnin. 
~[anual injection of twenty-three 100-/xl sam- 
ples yielded a total of 1.03 g of methyl esters, 
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0.01 g of C14, 0.23 g of C16 and 0.79 g of C1~. 
The C~, fraction was contaminated with carry- 
over of C~s fractions from previous injections 
and was not analyzed further. 

The C~0 fraction was separated into methyl 
palmitate and an unknown ester by TLC on 
1-nlm layers of Silica Gel G impregnated with 
30% silver nitrate on 10 X 34 cm plates. 
Twenty-five 1-ttl spots were placed on each 
plate and the chromatogram was developed with 
benzene in a 14 X 45 cm cylinder. Movement 
of the solvent front to 32 cm completely 
separated the two components, whereas chroma- 
tography on 20 X 20 cm plates did not. Bands 
containing the components were removed from 
the plates by the vacuum device of Goldriek 
and Hirsch (5). 

Components in the Cls fraction were separated 
by chromatography on a column packed with 
a macroreticular ion-exchange resin (Amberlyst 
XN1005) saturated with silver ions. Condi- 
tions were essentially as described by Emken 
et al. (4), except that the flow (0.6 ml/mln) 
was under gravity and the effluent was col- 
lected in 2-ml fractions. Fractions were com- 
bined on the basis of their analysis by TLC on 
AgNO~-Siliea Gel G. 

RESULTS AND DISCUSSIDN 

The oil extracted from the ground "seed 
plus pericarp" of Grindelia oxylepis  Greene 
by petroleum ether (30C-60C) amounted to 
9% (dry basis). GLC of the methyl esters 
from the oil indicated the following com- 
position (area percent) : 16:0, 9% ; 16:1 t, 14% ; 
18:0, 3%; 18.1%, 15%; 18:1 t, 2%; 18:2, 
55% ; 18:3 t,c.c, 1% ; other, 1%. The separation 
by TLC in the presence of silver nitrate is shown 
in Figure 1 with the curve from GLC of the 
Grindelia esters. Analysis of the mixed esters 
by IR showed the presence of trans unsaturation 
equivalent to 18.6% if calculated as methyl 
elaidate. 

Identification of trans-3-Hexadecenoic Acid 

The unknown component constituting 58% 
of the C~ fraction obtained by preparative GLC 
was isolated by TLC. I t  contained trans un- 
saturation equivalent to 111.4% when calculated 
as methyl elaidate or 100.3% as C1~ monoene. 
On the basis of 16:1, one mole of unknown 
methyl ester absorbed 0.96 moles of hydrogen. 
GLC of the hydrogenated ester on polar and 
nonpolar columns indicated the acid moiety to 
be patmitic acid. The free acid recovered after 
saponification melted at 59.5C-60.5C, alone and 
mixed with authentic palmitic acid. Analysis 
of the oxidative cleavage products of the C~s 
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a b c f f d e 
CH3-(CH2)Io-CH2--CH--CH-CH2-COOCH3 
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Tau Value, ppm 
Tau Protons (Found) Protons (Theory) 

a 9.12 2.8 3 
b 8.72 20.1 20 
e 7.97 2.6 2 
d 6.95 1.9 2 
e 6.30 2.9 3 
f 4.60 1.7 2 

FIG. 2. Nuclear magnetic resonance spectrum of methyl trans-3- 
hexadecenoate. Peak d represents the protons a to the carboxyl group 
when 3,4 o]efinic unsaturation is present. Peak d' is the pattern expected 
when these protons are shielded as in methyl stearate. 

trans monoene by GLC showed only tridecanoic 
acid. Confirmation of the location of the 
double bond at the 3,4 position was given by 
the doublet at 6.95 tau in the NMR spectrum 
(l?ig. 2). Elemental analysis of the ester agreed 
with that calculated for a 16:1 ester (Found:  
12.0% It,  75.7% C; theory: 12.0% H, 
76.0% C). 

Thus the unknown acid is the trans-3- 
hexadecenoie acid. 

Identification of  trans-S-Octadecenoic Acid 

Analysis by GLC of the monoene fraction, 
isolated after TLC of the mixed esters on a 
preparative plate containing silver nitrate, re- 
vealed a component with an ECL of 17.9 by 
the Apiezon L column and 18.6 by the LAC-2-R 
446 column, exactly 2 units longer than the 
ECL's of the trans-3-hexadecenoate. Compari- 
son of the peak area of the slower component 
with that of the 16:1 indicates the presence 
of 2% of trans-3-octadecenoic ester in the 
mixed esters of the original oil. 

The C~8 fraction (0.79 g) from the Autoprep 
was applied to a column of the macroreticular 
resin in the silver form. Saturated and trans 
monoenoic esters were eluted together and then 
partially separated by preparative TLC. The 

composition of the monoene fraction by GLC 
was : 16:0, 0.8% ; trans-16:1, 3.9% ; 18:0, 9.2% ; 
trans-18:1, 86.2%. Infrared analysis indicated 
absorption equivalent to 84.5% of methyl 
elaidate. Partial  hydrogenation in the GLC 
accessory (12) produced stearic acid as the 
major component. Some of the starting material 
remained unchanged, but some was isomerized 
to give a component with the ECL of methyl 
oleate. The trans-16:1 present in the mixture 
reacted in an analogous manner. Oxidation of 
the monoene fraction produced pcntadecanoic 
acid as the major component as well as small 
amounts of tridecanoic, palmitie and stearic 
acids. The ratio of the pentadeeanoic acid to 
the tridecanoic was the same as that of the 
trans-18:l  to the tra~s-16:l  before oxidation. 
As with the C~6 fraction, confirmation of the 
3,4-position of unsaturation was given by the 
doublet at 6.87 r in the NMR analysis. 

Tentative Identification of  an Unusual 
Octadecadienoic Acid 

In  addition to the saturated and trans- 
monoene esters discussed above, four other 
fractions were collected from the silver- 
containing resin column" a small amount of 
rapidly moving unknown material, cis mono- 
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enoic esters, unknown esters and cis,cis-18:2 
ester. Emken et al. reported that the cis~cis 
dienoie esters are retained in the column. 
Failure of our column to retain them may 
reflect unidentified differences in the prepara- 
tion and conditioning of the column. The un- 
known esters were analyzed by GLC, TLC, 
JR, micro vapor-phase hydrogenation and 
permanganate-periodate oxidation. GLC showed 
no difference from linoleate on either the 
Apiezon L or LAC-2-R 446 columns. In  TLC 
with AgN0s present, the unknown migrated 
between methyl oleate and linoleate (Fig. 1), 
the expected position for a diene with one 
trans bond. IR confirmed the presence of trans 
unsaturation. Partial vapor-phase hydrogena- 
tion gave methyl stearate, as the major com- 
ponent, and smaller amounts corresponding to 
trans-3-octadecenoate, "oleate" and the starting 
material. Oxidation yielded a major com- 
ponent, corresponding to azelaic acid, and a 
trace of hexanoic acid. During work-up of the 
oxidation product, solvent was removed on a 
steam bath, with a stream of nitrogen directed on 
the surface. Under such conditions methyl 
hexanoate, if present, would have been mostly 
lost by volatilization. The evidence suggests 
strongly that the unknown is the ester of 
trans-3,cis-12-octadecadienoic acid. The cis 
monoenes and ciGcis dienes were not investi- 
gated beyond demonstrating the absence of 
trans bonds. 

Other trans Acids 

Mixed methyl esters from the whole oil of 
G. oxylepis were fractionated on the silver- 
containing resin column, and analysis of the 
fraction containing saturated and trans mono- 
enoie esters showed the major components to 
be the expected 16:0, trans-16:l, 18:0 and 
trans-]8:l. Present also were minor compon- 
ents with ECL's of 13.9, 14.9 and 16.9 on the 
Apiezon L column and 14.6, 15.7 and 17.6 on 

the LAC-2-R 446 column. These ECL's suggest 
that these three components are the esters of 
trans-3-monoenoic acids containing 14, 15 and 
17 carbon atoms. 

The trans-3,cis-9,cis-12-oetadecatrienoic acid 
is a minor component in oil of G. oxylepis. 
Its presence was indicated both by GLC and 
by TLC with silver nitrate (Fig. 1), but not 
by chromatography on the macroreticular resin 
column. 

A report is being prepared on the coin- 
position of a large number of Compositae oils, 
many of which show evidence on GLC of the 
presence of tran.s-3 acids. 
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Low Temperature Direct Methylation of Lipids in 
Biological Materials 
L. R. Dugan, Jr., Gertrude W. McGinnis, ~ and D. V. Vadehra, ~ Department of Food Science, 
Michigan State University, East Lansing, Michigan 

ABSTRACT 
The procedure for low temperature 

methylation of fat ty  acids in lipids by 
sulfuric acid-methanol has been adapted 
to direct methylation of fat ty  acids of lipids 
in 'biological materials without pr ior  ex- 
traction of the lipids. Successful applica- 
tion requires a solution or a suspension of 
fine particles of the l ipid bearing material 
in ether. Concentrated sulfuric acid is 
added to the solution or suspension at low 
temperatures followed by addition of 
absolute methanol. The acid is neutralized 
by methanolic KOH and the esters ex- 
tracted. Application of the method to 
prepare methyl esters of lipids in cream, 
blood serum, swine liver and kidney tissue, 
and cells of yeast on Staphy lococcus  aureus 
show that fat ty acid composition based on 
this method compares with that determined 
by methylation of extracted lipids. 

INTRODUCTION 

T H E  A N A L Y S I S  OF L I P I D S  in biological tissues 
has posed many problems of extraction, hy- 

drolysis, and preparat ion of derivatives suit- 
able for  their determination. The advent of  
gas-liquid chromatography (GLC) and the 
ready identification and quantification of fa t ty  
acids as their methyl esters has been a great 
step in improving lipid analysis. However, ex- 
cept for  very few cases, no direct determination 
of the fa t ty  acid composition of lipids in bio- 
logical materials without pr ior  extraction or 
separation of the lipids has been accomplished. 
Luddy et al. (4) accomplished this by basic 
interesterification with sodium methylate to 
form methyl esters of lipids of plasma, cells, 
liver and soybeans. They reported a 96% con- 
version of fat ty acids in glycerides to nmthyl 
esters, a 92-93% conversion of  fa t ty  acids in 
cholesterol esters to methyl esters, and con- 
version of the fat ty  acids in phospholipids 
to methyl  es ters  in amounts  greater 
than afforded by saponification and sub- 

1 Michigan Agricultural Experiment Sta t ion  Publ ica-  
t ion No. 3803.  

2 P r e s e n t e d  in  part at the  A O C S  Mee t ing  in  Chicago,  
1964. 

8Present  address: 2729 Nor th  L a k e  Boulevard ,  Nor th  
St. Paul ,  Minnesota .  

4 Present address: D e p a r t m e n t  of Food Science,  Rice  
Hall, Cornel] Unive r s i t y ,  I t haca ,  N e w  York .  

sequent esterification of the fa t ty  acids. Basic 
hydrolysis and interesterification proceeds well 
with glycerides and phosphoglycerides. Shin- 
owara and Brown (6) reported good yields of 
methyl esters af ter  36 hr methanolysis of phos- 
pholipids with 5--10% dry HC1 as catalyst. I t  
is well known that sphingolipids are highly 
resistant to basic but are readily subject to 
acid hydrolysis and therefore the fa t ty  acid 
composition of such lipids would be expected 
to be incompletely accounted for by a method 
using base catalysis. The effect of strong base 
catalyzed interesterification on conjugation of 
double bonds has not been clearly elucidated 
and reported although Luddy et al. (4) noted 
only slight increases in ultraviolet  absorptivity 
in the diene and triene regions over those found 
in the original samples. Jamieson and Reid 
have shown that no isomerization of linoleic 
acid occurs when oils containing linoleic acid 
are saponified at temperatures not exceeding 
120C. 

The low temperature sulfuric acid-methanol 
nlethod of McGinnis and Dugan (5) for methy- 
lation of fa t ty  acids in glycerides proved to be 
rapid, complete, and without any apparent  
effect on fa t ty  acids in fats with various 
physical properties and composition. Since the 
conditions employed were such that they im- 
plied a possible ready access of reactants to 
lipids in complex systems it was therefore de- 
cided to explore the application of this method 
to analysis of the fa t ty  acid composition of 
biological materials without pr ior  extraction of 
the lipids. 

MATERIALS AND METHODS 

Materials used were as described in the 
earlier paper  (5). Successful application has 
been made to analysis of the fa t ty  acid com- 
position of cream, blood plasma, liver and 
kidney tissue, dry yeast, and the cells of S. 
aureus.  

Methylation of Fatty Acids in Cream 

The amount of 1 ml cream was pipetted into 
a 125-ml Erlenmeyer flask. Twenty-five mill- 
iliters of ethyl were added. The contents of 
the flask were mixed by a magnetic stirrer while 
the temperature was lowered to --65C by means 
o[' a dry ice-acetone bath. Two milliliters of 
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TABLE I 

Fatty Acid Composition of Oream as Determined from 
Methyl Esters  P repa red  by Direc t  Methylat ion and  by 

Methyla t ion  of a L i p i d  Ex t rac t  

Whole  cream L i p i d  extract  
F a t t y  
acid Dr:~ Dry  

carbon Ice  ice ice 
NO. ba th  a ba th  b ba th  

% q~ % 
6 : 0  1.8 1.5 1.9 
8 : 0  1.6 1.5 1.6 

10 :0  3.3 3.3 3.2 
11 :0  .3 .4 .4 
1 2 : 0  3.8 3,8 3.9 
1 4 : B r ( ? )  .1 .1 .1 
1 4 : 0  12.0 12.1 12.1 
14 :1  1.8 1.7 1.8 
1 5 : 0  1.1 1.0 1.1 
16 : B r ( ? )  .2 .2 .2 
16 :0  29.8 30.2 29.8 
16 :1  2.5 2,7 2.5 
1 7 : 0  .7 .6 .8 
1 8 : B r  (~) .1 .2 .2 
18 :0  11.1 11.5 11.5 
1 8 : 1  25.3 24.9 25.2 
1 8 : 2  3.1 2.9 2.6 
18 :3  1.5 1.3 1.1 

a Refers  to methylat ion by methanol -su l fur ic  acid con- 
ducted at the t empera tu re  of an ice-water bath.  

b Refers  to methyla t ion  conducted at the t empera tu re  
of a dry  ice-acetone bath.  

concentrated sulfuric acid were added from a 
microburette at a rate of 1 ml/min. The con- 
tents of the flask were blanketed with CO~ 
and stirred for 10 rain. Fifteen milliliters of 
methanol were added followed by 13 ml of 35% 
methanolic-KOH. The mixture was allowed to 
warm to room temperature before it was trans- 
ferred to a 500 ml separatory funnel containing 
75 ml deionized water. Another 75-100 ml of 
water and 20 ml of pentane were used to rinse 
the flask. The funnel was shaken and allowed 
to separate into a clear aqueous phase and a 
pentane-water emulsion. The emulsion was 
transferred to a 125-ml Erlenmeyer flask. The 
aqueous layer was extracted again with two 
]5-ml portions of pentane. The pentane emul- 
sions were combined and rinsed with a 15% 
solution of NaC1 until they were clear and then 
washed with two 10-ml portions of deionized 

water. The methyl ester preparation was con- 
centrated by evaporation of the pentane, on a 
water bath, under nitrogen to a volume of 
0.2 ml. 

Methylation of ratty Acids in Plasma 

Ten milliliters of blood were taken from the 
bracial vein of a leghorn type laying hen using 
a heparinized syringe and centrifuged at 16,750 
rpm at --2 to 0C for 15 min in a Serval RC-2 
refrigerated centrifuge. The plasma was de- 
canted into a 125 ml Erlenmeyer flask. The 
remainder of the procedure was as outlined 
above for cream. 

Methylation of Fatty Acids in Kidney 
and Liver Tissues 

Five grams of kidney or 2.5 g of liver were 
homogenized in a Virtis homogenizer for 5 rain 
with 50 ml of ethyl ether. The ether-tissue 
mixture was decanted into a 125-ml flask. The 
residue was homogenized with an additional 
25 ml of ether for 3 min. The ether mixtures 
were combined and methyl esters were prepared 
as outlined above for cream. 

Lipids were extracted from tissues by the 
methods reported by Kuchmak and Dugan (3). 
The lipids after being freed of solvent were 
methylated by the method of MeGinnis and 
Dugan (5). All of the ester preparations were 
spotted on micro-chromatoplates to check for 
completeness of esterification. The solvent and 
adsorbent system used was similar to that re- 
ported previously (5). 

Studies with Microorganisms 

S .  a u r e u s  was grown in trypticase soy broth 
for 24 hr at 37C with continuous shaking in 
a water bath. The cells were harvested at the 
end of the incubation period, washed twice with 
normal saline and the packed cells so obtained 
were used for fat ty acid analysis. 

Fleischmann's active dry yeast packets were 

T A B L E  I I  

F a t t y  Acid 0omposl t ion  of Chicken ( L a y i n g  Hens)  Blood P lasma  as Dete rmined  f rom the i~ethyl 
Es te rs  P repa red  by Direct  :Methylation and  by l~ethylat ion of a L i p i d  Ex t r ac t  

Whole  p lasma L i p i d  extract  

Fa t ty  acid Sample Sample Sample Sample Sample Sample 
C, NO. 1 2 3 Av. 1 2 3 Av. 

% % % % % % % % 
14 :0  .3 .4 .3 .3 .3 .4 .3 .3 
16 :0  25.4 ~5,2 25.5 25.4 25.4 25.3 25.5 25.4 
16 :1  3.3 3.4 3.2 3.3 3.2 3.4 3.2 3.3 
18 :0  9.8 10.1 9.8 9.9 9.7 9.9 9.8 9.8 
1 8 : 1  44.4 44.3 44.4 44.4 44.3 44.2 44.2 44.2 
18 :2  ] 5.0 14.9 15.1 15.0 15.0 14.9 15.0 15.0 
18 :3  .2 .3 .3 .3 .4 .4 .4 .4 
2 0 : 4  ] .5 1.5 1.5 1.5 1.6 1.6 1.6 1.6 
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TABLE III  
Fatty Acid Composition of Swine Liver as Determined from the Methyl Esters Prepared by Direct 

Methylation of the Lipids in the Tissue and by Methylation of a Lipid Extract 
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Fatty Whole liver Lipid extract 
acid 

carbon Sample Sample Sample Sample 
No. 1 2 Av. 1 2 Av. 

% % % % % % 
14 : 0 trace trace trace trace trace trace 
16:0 12.2 12.7 12,5 12.1 12.2 12.2 
16:1 .4 .5 .5 .4 .6 .5 
17:0 .4 .5 .5 .3 .4 .4 
18:0 34.5 34.6 34.6 33.6 34,3 34.0 
18 : 1 13.8 13.8 13.8 13.0 13.8 13.4 
18:2 18.8 18.2 18.5 19.8 17.9 18.9 
20:4 19.6 19.7 19,7 20.6 20.8 20,7 

obta ined  f rom a local g rocery  shop and  the  
contents  were used as such. 

P r e p a r a t i o n  o f  M e t h y l  E s t e r s  o f  C e l l  L i p i d s  

a) E x t r a c t i o n  of  l ip ids  and  me thy la t ion  by  
the method of  I-Iornstein et al. (1) .  Two g rams  
of  the cells were hydrolyzed  f o r  2 h r  wi th  25 
ml of  6N HC1 at  ]10C. The hydrolyzed  mix- 
t u r e  was allowed to cool to room t e m p e r a t u r e  
and  25 ml of deionized wa te r  were added. The 
l ipids  were then  ext rac ted  wi th  40 ml of  n- 
pen tane .  The process  was repea ted  twice f o r  a 
to ta l  of  three  extract ions.  The samples  were 
dr ied over  anhydrous  sodium su l fa te  and  the 
methy l  esters were p r e p a r e d  us ing  the method 
of  H o r n s t e i n  et  al. (1) .  

b)  Method for  direct  methy la t ion  of cell 
l ipids.  Two g rams  of  the cells were homog-  
enized wi th  40 ml of methy l  e ther  in  a Vi r t i s  
homogenizer .  The suspens ion  was t r a n s f e r r e d  
to a 125 ml E r l e n m e y e r  flask and  cooled to 
- -65C wi th  cons tan t  s t i r r ing .  F o u r  mil l i l i ters  
of  concent ra ted  su l fur ic  acid were added slowly 
(1 ml /n f in )  and  the  mix tu re  s t i r red  fo r  10 
addi t iona l  minutes .  F i f t e e n  mil l i l i ters  of  ab-  
solute me thano l  were added and  this  was fol- 
lowed by  26 ml of  35% methanol ic  K O H .  

The r ema in ing  p rocedure  was as r epo r t ed  
above. 

G a s  C h r o m a t o g r a p h y  

A n  F and  3/[ Scientific Corp.  ]X~odel 500 pro-  
g r ammed  t e m p e r a t u r e  ch roma tog raph ic  un i t  
wi th  t he rma l  detector  was used wi th  a 7 f t  • 
0.25 in. O.D. coiled colmnn packed  wi th  20% 
diethy]ene glycol suecinate  polyes ter  and  1 %  
phosphor i c  acid on 80/100 mesh acid-washed 
Chromosorb  W.  The hel ium flow ra te  was 
75 m l / m i n .  The detector  t e m p e r a t u r e  and  
in jec t ion  p o r t  t e m p e r a t u r e  were 250C. The 
column t e m p e r a t u r e  was var ied  fo r  the  f a t  
studied,  and  t e m p e r a t u r e  p r o g r a m m i n g  f rom 
125-210C was used fo r  methy l  esters f ronl  
cream. 

R E S U L T S  

The da ta  in  Table  I show the f a t t y  acid 
composi t ion of c ream deternf ined by  GLC of  
the me thy l  esters  p r e p a r e d  by  the methods 
described here.  A compar i son  has  been made  
of  me thy la t ion  a t  ice ba th  vs d ry  ice ba th  
t empe ra tu r e s  and  these values in  t u r n  were 
compared  wi th  those obta ined  by  me thy la t ion  
of  the  l ipids  f rom a to ta l  l ip id  ex t rac t  of  
cream. Th in- layer  mon i to r ing  fo r  c o m p l e t e n e s s  
of este~ification showed a f a i n t  t r ig lycer ide  
spot  in the  cream sample  methy la ted  at  0C. 
The f a t t y  acid composi t ion  ob ta ined  fo r  whole 
cream compared  ve ry  well wi th  t h a t  f r om the  
l ip id  ex t rac t  and  demons t ra t ed  t ha t  i t  was not  
necessary to first remove the l ipids  f rom cream 
in order  to make  methy l  esters of the  f a t t y  
acids comparab le  in  composi t ion to those f r o m  
a l ip id  ex t rac t  f r o m  cream. 

Table  I I  shows a compar i son  of  the  f a t t y  
acid composi t ion  of  whole p lasma  f rom chicken 
blood wi th  t h a t  f o r  a l ip id  ex t rac t  f r om the 
same blood. The resul t s  are qui te  comparab le  
and  the  sample- to-sample  reproduc ib i l i ty  is 
clearly evident.  

The da ta  in  Table I I I  show how well the  
f a t t y  acid composi t ion of  swine liver, as deter-  

TABLE IV 
Fatty Acid Composition of Swine Kidney as Determined 
from the Methyl Esters Prepared by Direct Methylation 

of the Lipids in the Kidney Tissue 

Fatty acid 
carbon Sample Sample 

No. 1 ] Av. 
% % % 

14:6 .6 .6 .6 
16:0 23.8 24. 6 24.2 
16 : 1 1.2 1.6 1.4 
17:0 .7 .7 .7 
18:0 16.9 17.1 17.0 
18:1 19.5 19.0 19.3 
18:2 20.2 19.6 19.8 
18:3 trace trace trace 
20 :I .3 .3 .3 
20:2 1.1 1.O 1.1 
22:0 3.0 2.9 3.0 
20:4 12.8 12.6 12.7 
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T A B L E  V 

Fatty Acid Composit ion of Yeast Cells as Determined 
f rom Ex t r ac t  Methyl Es te r s  and  as De te rmined  ~rom 

Methyl Esters  P repa red  by the Direct  Method 

Tr ia l  i Tr ia l  2 

L ip id  L i p i d  
Fa t ty  acid extract  Cells extract  Celis 

% % % % 
? trace trace trace trace 
? t race trace trace trace 
? t race trace trace trace 

16 :0  11.8 11.7 11.6 11.8 
16 :1  24.3 24.7 22.2 22.4 
18 :0  25.3 24.9 24.5 24.4 
18 :1  23.9 23.1 23.5 23.6 
18 :2  9.1 9.3 10.6 10.0 
18:3  ? 5.6 5.8 8.0 8.0 

mined from a direct methylation of the lipids, 
compares with that for a l ipid extract from the 
same liver. 

In  Table IV is seen the fa t ty  acid composi- 
tion of lipids in two samples of swine kidney 
as determined by gas-liquid chromatographic 
analysis of methyl esters prepared by the 
method described here. No comparison was 
made with an extract of lipids from kidney 
tissue. Since the thin-layer chromatographic 
monitoring showed no triglyeeride present in 
the esterified sample, it  is confidently felt  that 
the data shown represent properly the fat ty  
acid composition of the kidney lipids. 

The data in Table V show how the fat ty  
acid composition of extracted yeast cell lipids 
compares with that determined on the whole 
cell by the direct methylation method employed 
here. The lipid extract from yeast and frmn 
S .  a u r e u s  was methylated by the method of 

T A B L E  V I  

Fa t ty  Acid Composit ion of S. aureus  CelIs as Deter- 
mined  f rom the Methyl Esters  P repa red  by Methylat ion 
of an Ex t rac t  and from Methyl Esters  :Prepared from 

the E n t i r e  Cell by the Direct  Method 

Sample 1 a Sample 2 a 

Fa t ty  acid Ex t rac t  b Cell e Ext rac t  b Cell e 

% % % % 
? trace trace trace trace 
? 5.1 5.6 1.1 1.5 

14 :0  43.1 42.8 37.6 38.2 
? 4.9 4.9 2.6 1,9 

16 :0  4.4 4.6 8.5 7,8 
16 :1  12.1 13.4 14.6 14,8 

? t race  trace trace trace 
18 :0  12.3 13,1 17.0 16.5 
18 : 1 2.4 1.6 4.0 4.4 

? t race trace trace t race  
18:3  ? 16.5 16.8 14.1 14.6 

�9 Tbe differences in  the two t r ia l s  are due to the 
difference in  the two batches of cells g rown at two 
different times. 

b Methyl esters of extract  l ip ids  prepared  by the 
method of H o r n s t e i n  et ah (1 ) .  

e Methyl esters of l ipids  in  whole cells p repared  by the 
method of McGinn i s  and D u g a n  (5 ) .  

Hornstein et ah (1) as in the previous paper.  
This provided a comparison with a different 
method for methylation of the fat ty  acids as 
well as comparing methylation of lipid extract 
wi~h that of lipid in the original system. 

In Table VI  is shown the fat ty acid com- 
position of a lipid extract from cells of S. 
a u r e u s  with that from whole cells as deterlained 
by GLC of the methyl esters of the fat ty  acids 
in the cell lipids. 

DISCUSSION 

The direct methylation of fat ty  acids in lipids 
of biological materials can be accomplished by 
using the low temperature sulfuric acid- 
methanol method. Comparison of values for 
fa t ty  acid composition of lipids in a variety 
of biological materials with those of a lipid 
extract from the same materials demonstrates 
the reproducibility of the method and com- 
pleteness of reaction. A major  factor in suc- 
cessful application of the method appears to 
lie in proper  preparat ion of the sample pr ior  
to methylation. The apparent  completeness of 
reaction with liver lipids, which are notably 
variant  in l ipid classes, indicates the ap- 
plicability of the method to a variety of lipid 
classes. 

This method, as any other method which in- 
volves water washing, encounters difficulties 
with the short chain acids since the methyl 
esters are appreciably water soluble. Conse- 
quently no values were given for butyric acid 
composition of cream. I t  is apparent  from 
Table I that the observation nmde in the 
previous paper  (5) that  reaction at ice bath 
temperatures is almost equally effective with 
the reaction at the temperature of a dry ice- 
acetone bath is valid here. Many determinations 
of lipid composition of biological matter can 
he expeditiously performed by this technique. 
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Lipoprotein Synthesis. I. Rat Plasma Lipoprotein Composition and 
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ABSTRACT 
The in vivo synthesis of ra t  plasma 

lipoproteins was studied by the use of 
isotopic protein and lipid precursors. 
Labelled amino acids, palmitic acid and 
tripalmitin were administered by stomach 
tube and the radioactivity in the plasma 
lipoproteins was determined following 
preparat ive ultracentrifugal isolation at 
densities of 1.006, 1.019, 1.063 and 1.21 
g/ml.  

In  response to triglyceride feeding, amino 
acid composition of the high density lipo- 
protein changed little, but in the low 
density lipoproteins proport ionali ty in the 
amino acid pat tern was changed as re- 
flected by increases and decreases in certain 
amino acids. 

Isotopic amino acids were not incor- 
porated in proport ion to the relative 
abundance with which they occurred in the 
lipoproteins. Triglyceride feeding markedly 
stimulated isotope utilization, especially in 
the low density fractions. Methionine, 
though only present in small amounts, was 
extensively utilized and i t  is suggested that 
this amino acid may play a significant role 
in the synthesis of lipoproteins, other than 
the role of a methyl donor for phos- 

�9 phatidylcholine. 

INTRODUCTION 

I T ] t A S  REE:iff PROPOSED that a protein template 
or matrix determines the l ipid composition 

of the plasma membrane and the local orienta- 
tion of the lipids in the bimolecular leaflet of 
the plasma membrane (1,2). Our interest in 
the structure and in the interaction of proteins 
with lipids was markedly stimulated by observa- 
tions of Mueller et al. (3,4), who found that 
a few, and apparent ly  highly specific, protein 
fractions rendered reconstituted lipid bilayer 
membranes electrically excitable�9 I t  seemed 
reasonable to assume that the structure of the 
l ipid bilayer had been altered (or ordered) by 
the protein in such a way as to render certain 
areas of it  electrically excitable. Since the 
surface area of the reconstituted membranes was 
0nly a few mm ~ (thickness 60-90~),  local l ipid- 
protein interaction in this system was not readily 
amenable to analytical experimentation. Model 

systems which would yield further information 
on the effects of proteins on lipid ordering and 
composition were considered. Lipoproteins, 
which are micellar aggregates of lipids covered 
by protein layers, present aspects that are quite 
analogous to those of the plasma membrane. 
Their overall l ipid composition appears to be 
quite stable in vitro and their associated protein 
moieties are thought to be characteristic for  
each class. Some basic methodology has been 
elaborated which allows for  the isolation and 
analysis of various lipoproteins. Lipoproteins 
seem to be manufactured by the body in rela- 
tively large amounts and their t u rnover  time 
is brief and variable compared to the uncom- 
plexed serum proteins. When lipoproteins are 
exposed to other similar complexes (other 
lipoproteins, erythrocytes, etc.) or to some 
lipids, exchange and transfer  of certain lipid 
moieties has been demonstrated by isotopic 
techniques (5,6). We have proposed that the 
lipid composition of the various lipoprotein 
classes is due to information contained in the 
protein portion of the molecules (7) and that, 
therefore, some of the problems of lipid- 
protein interaction could be investigated in such 
a system. We have chosen to study the me- 
chanisms which are involved in the biosynthesis 
of rat  plasma lipoproteins. By the use of 
labelled amino acids and lipid precursors, in- 
formation has been obtained which may 
elucidate some of the mechanisms by which a 
lipoprotein complex is assembled. 

MATERIALS AND METHODS 
Rats were fasted 18-24 hr  pr ior  to experi- 

mental procedures. Isotopic compounds were 
administered by stomach tube ,  dissolved or 
emulsified with sesame oil, U.S.P., or in mineral 
oil, U.S.P. t Ieparinized blood was obtained 
from ether anesthetized rats by cardiac punc- 
ture. Smaller quantities of blood were ob- 
tained from the tail which had been cut with 
a razor blade about 2 mm from the tip, and 
the plasma was removed af ter  centrifugation 
of the blood in a Wintrobe-type hematocrit tube. 

Radioisotopes and Counting 
The following isotopic materials were em- 

ployed in this s tudy:  glyceryl tripalmitate-1- 
C ~', 13.1 mc/inM; palmitic acid-l-C 1", 1 me/  
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raM; palmitic acid-16-C ~, 18.7 me/raM; paliui- 
tic acid-9, 10-H ~, 360 me/raM; d,l-methionine- 
2-C ~', 4.17 me/raM; 1-methionine-S ~, 44.8 me/ 
raM; 1-1ysine-U-C ~', 220 me/raM; d,l-leueine- 
1-C ~', 36.4 mc/m~[; 1-proline-C 14, 3.0 mc/mM; 
1-glutamic acid-6-C ~4, 10.0 mc/m51. 

Blood plasma or lipoprotein samples were 
counted in a liquid scintillation system. Tile 
samples were digested in 0.5 or 1.0 ml of 1.0 M 
hydroxide of ]iyamine ~ for one to three days 
at room temperature in closed vessels. The 
dissolved samples were counted in toluene- 
D P O - P O P O P  fluid (2 ,5-diphenyloxazole  
("DPO"),  0.4% ; p-bis, [2-(5-phenyloxazolyl) ] 
benzene ("POPOP"), 0.01%, in toluene). 

Simultaneous radioassay of two isotopes (C ~ 
and ]t  s or S ~ and H ~) was performed after 
optinmm counting conditions had been estab- 
lished for each isotope. Percentage of isotope 
in each sample was calculated using the channel 
ratio system. Corrections for quenching and 
for decay time were applied as necessary. 

Ultracentrifugation 
Plasma was fraetionated successively at 

densities 1.006, 1.019, 1.063, and 1.21 g/nil  in 
the 40.3 rotor of the Spinco Model L prepara- 
tive ultracentrifuge at temperatures between 
13 and 17C, at a speed of 39,000 rev/min 
(108,800 • g avg). The tubes were filled with 
no more than 5 ml of plasma or plasma sub- 
fraction. A mixed NaC1 and KBr  salt solution 
of equivalent density (8) was carefully layered 
ever the plasma to fill the remaining volume. 
Centrifugation was carried out for 16 hr for 
all fractionations, except for the density of 1.2 t 
run which required 22 hr. 

After centrifugation, the tubes were sliced 
1.5 cm (1.006) or 2.1 cm (1.019-1.21) below the 
meniscus at the clear zone by a standard tube 
slicer. The tube cap was rinsed with salt solu- 
tion of equivalent density and the washings 
combined with the upper fraction. 

To increase the density of the plasma and 
successive fractions, a volume of higher density 
salt solutima (usually a density of 1.085 or 1.21) 
was added to the bottom fraction, as described 
by Havel et al. (8), and centrifugation repeated. 
Solid KBr  was added to the density of 1.063 
bottom to increase the density to 1.21 for the 
last run. 

The ultracentrifugal fractions yielded dif- 
ferent classes of lipoproteins, as described by 
Bragdon et al. (9) and Fredrickson (10). 

1 p_(di isobutyl  - c resoxyethoxyethyl )  - d imethylbenzylam- 
m o n i u m  hydroxide ,  1 Molar  solution in  methanol ,  
P a c k a r d  I n s t r u m e n t  Co., L a  Grange ,  Ill. 

2 R e s i n s  ob ta ined  f r o m  P h o e n i x  P rec i s ion  I n s t r u m e n t  
Company,  Phi lade lphia ,  P a .  
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Dialysis 
Depending upon the subsequent experimental 

procedures, the plasma fractions were dialyzed 
against 0.85% (w/v) NaCI or 0.85% (w/v) 
NaC1 containing 0.05 M sodium phosphate 
buffer and 0.10% (w/v) EDTA, adjusted to 
pH 7.0, for 8 to 36 hr at 4C, to remove excess 
salts and any free, labelled anlino acids or fatty 
acids. Eleetrophoresis by the method of Lees 
mid Hatch (11) and strip scanning procedures 
were performed on 60/~1 samples after dialysis. 

Lipid Analysis 
Total lipid content of samples was deter- 

mined on lyophilized material. Dried aliquots 
were extracted with chloroform: methanol 2:1 
(vol/vol), the extract washed with water and 
the organic phase brought to dryness. Total 
lipid content was estimated by the dichromate 
oxidation method (12). Equal weights of 
cholesterol, palmitic acid and tristearin did not 
vary in optical density more than 11%. Lipid 
extracts were separated into TG, I~FA and PL 
(phospholipids) by elution from silicic acid as 
described elsewhere (13). 

Amino Acid Analysis 
Amino acid composition was determined on 

an automatic analyzer (Phoenix, Model 
K-8000). A 150 em column with Blend X-150 
resin ~ was eluted with pH 3.25 buffer at 30C 
followed 11 hr later by pI-I 4.25 buffer at 50C 
for separating the neutral and acidic amino 
acids. A 50 cm column was used with Blend 
X-50 resin, p i t  4.25 buffer at 30C for 11 hr, 
followed by elution at 50C, for separating the 
basic amino acids. All buffer flow rates were 
adjusted to 30 ml per hour. Amino acid indenti- 
fleation and quantitation were established by 
comparison with standard mixtures. 

Samples containing from 0.3 to 30 mg pro- 
tein, as determined by the method of Lowry 
et al. (14), were prepared by acid hydrolysis 
in 6N ItC1 for 24 hr at 105C in evacuated 
sealed tubes. After hydrolysis, the samples 
were transferred to small beakers and allowed 
to dry at room temperature over KOH and 
P~O~ in a vacuum desiccator. The residue was 
dissolved in about 2 ml of water, filtered 
through Whatlnan No. 54 filter paper to remove 
the humin, and followed by 2 to 4 nfl of water 
wash. The filtrate was washed twice with about 
5 volumes of ether to remove any residual lipids 
from the hydrolyzed lipoproteins. The lipid- 
free aqueous phase was then lyophilized to 
dryness and stored at --12C. Total free amine 
nitrogen determination was made according to 
Moore and Stein (15) prior to application to 
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the automatic analyzer, h i  order to relate 
amine nitrogen values to lipoprotein-protein 
content, yield of amino nitrogen was compared 
to protein values obtained by the Lowry method 
before and after delipidation and to the protein 
dry weight. Dry weight could not be determined 
accurately for the low density fractions because 
the amounts of material were insufficient for 
gravimetric determination. For the d <1.063 
and d < 1.21 fractions, dry weight exceeded the 
Lowry values by 23% and 3%, respectively. 
Delipidation of the lipoproteins was accom- 
panied by an apparent loss of protein. The 
average losses for the fractions were as follows : 
d <1.006 (38%);  d <1.019 (11%);  d <1.063 
(30%) and d <1.21 (8%). Amino acid com- 
position, as reported here, has been normalized 
to unit content of glutamic acid. This allows 
only relevant comparisons within each density 
class. Since the per cent destruction of in- 
dividual amino acids during hydrolysis was not 
estimated and since a meaningful correlation 
of liberated amino nitrogen to protein values 
obtained by other methods had not been 
established, the above method of presentation 
was chosen. 

RESULTS 
Separation of Lipoproteins by the 
Ultracentrifuge 

tteparinized rat plasma was separated into 
various fractions by successively adjusting the 
density of the plasma solutions according to 
Havel, Eder and Bragdon (8). EIectrophoretic 
studies showed that the d < 1.006 (~ = 0 
with a trace of /x ---- 1.95 • 10 -5 cm~v -~ sec -~) 
and d < 1.019 (ix = 1.22 • 10 -~ cm% -1 sec -1) 
fractions were fairly homogeneous. The d 

<1.063 fraction (g ---- 8.84 X 10 -~ cm:v -1 sec -~) 
occasionally contained traces of one band 
generally associated with the d <1.21 fraction 
(t~ ---- 1.83 and 2.38 X 10 -5 cm~v -1 see-l). 

In  Table I it is shown how the protein and 
lipid concentrations in the various lipoprotein 
changed over a 4-hr period when either a 
triglyceride load (2 ml of sesame oil) or mineral 
oil was given by stomach tube. As expected, 
the most significant changes had taken place 
in the very low density fractions (VLDL). 
I t  is noteworthy that there was a nmrked 
disproportionality between the increase in 
protein content and the increase in lipid content 
of the d <1.006 fraction; this effect was ob- 
tained following the adnfinistration of mineral 
oil as well as after a TG load. We have 
observed an increase in plasma lipid levels 
after large doses of mineral oil repeatedly 
and the mechanisms leading to a postprandial 
lipemia after mineral oil are being investigated. 
Total plasma lipids increased approximately 
100% per cent during this time after TG and 
about 60% after mineral oil. As shown in 
Table II ,  plasma triglycerides increased almost 
linearly from 30 to 240 rain while there was a 
marked decrease in the relative and absolute 
phospholipid content. 

Amino Acid Content 
Amino acids were determined on hydrolysates 

of proteins as described above. The values 
shown in Table I I I  are averages of one or 
three determinations Oil pooled rat  plasma. 
lipoproteins. The amino acid composition was 
found to be quite similar for the various 
lipoprotein fractions. In  rat lipoproteins, 
aspartic acid, glutamic acid, g]ycine and leucine 

TABLE I 
Composition of Lipoprotein Fractions in Rat Plasma after Feeding of Triglycerides or ~[ineral Oil 

(Values in mg Lipid o r  P r o t e i n  per ml Plasma) 

Triglyceride fed )[ ineral  oil fed 

Time (min) 30 60 120 240 30 60 120 240 

d <1.006 
Protein 0,089 0.048 0.166 0.113 0.048 0.037 0.070 0.080 
(% of Total) (13.7) (10.3) (5.4) (4.8) (17.4) (19.8) (18.9) (7.5) 
Lipid 0.558 0.415 2.910 2.250 0.230 0.150 0.300 0.980 
d <1.019 
Protein 0.045 0.084 0.039 0.952 0.090 0.071 0.118 0,103 
(% of Total) (32.4) (56.7) (32.5) (33.1) (35.3) (41.7) (40.3) (34.6) 
Lipid 0.094 0.064 0.081 0.105 0.165 0.099 0.175 0,195 
d <1.063 
Protein 0.152 0.120 0.141 0.126 0.145 0.079 0.160 0.125 
( % of Total) (28.0) (25.9) . (27.7) (27.7) (27.9) (25.6) (28.9) (26.0) 
Lipid 0.392 0.343 0.368 0.329 0.375 0.230 0.393 0,355 
d <1.21 
Protein 0.77 0.74 0.77 0.74 0.75 0.61 0.75 0.74 
( % of Total) (53.1) (51.4) (52.8) (52.1) (57.3) (49.6) (56.8) (54.8) 
Lipid 0.680 0.70 0.69 0.68 0.56 0.62 0.57 0.61 
d >1.21 
Protein 53.2 50.4 53.5 55.3 55.1 45.1 58.0 52.1 
( %  of Total) (99.36) (99.31) (99.33) (99.38) (99.47) (99.34) (99.33) (99.33) 
Lipid 0.339 0.358 0.368 0.342 0.295 0.304 0.398 0,359 
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TABLE II 

Lipid Content and Percent Distribution 
of Nonsteroid Lipids 

TG FEA PL 

Time, 
rain Lipids after 2 ml oral sesame oil 

mg lipids per 
ml plasma % % % 

30 1.881 48.5 20.0 30.8 
60 2.362 65.6 24.7 7.9 
120 3.330 69.1 19.3 6.8 
240 3.438 56.8 16.2 5.6 

Lipids after 2 ml mineral oil 

30 1.805 51.0 15.4 28.8 
60 1.888 67.4 22.5 8.1 
120 1.748 61.8 27.5 7.4 
240 2.905 64.4 22.5 8.0 

are  re la t ive ly  a b u n d a n t  amino  acids. The low 
dens i ty  l i p o p r o t e i n s  ( L D L ,  d < 1 . 0 6 3 )  con- 
ta ined  re la t ive ly  more  g lyc ine  and  ser ine  than  
the  h igh  dens i ty  l i p o p r o t e i n s  ( t [ D L ,  d ---- 1 .063-  
1.21),  whi le  the l a t t e r  conta ined  h i ghe r  a m o u n t s  
of  meth ion ine ,  lys ine a n d  hist idine.  A n  a t t e m p t  
was  made  to s t u d y  changes  in amino  acid 
compos i t i on  in the  l i p o p r o t e i n  f r a c t i o n s  when  
the  r a t s  were  sub jec ted  to a t r ig lycer ide  load. 
F o r  this  p u r p o s e ,  the amino  acid s p e c t r u m  o f  
f a s t ed  (mine ra l  oil) r a t s  was  c o m p a r e d  to t h a t  
of  r a t s  in the p o s t a b s o r p t i v e  state,  i.e. 4 h r  
a f t e r  the ora l  a d m i n i s t r a t i o n  of  2 ml  of  sesame 
oil. I t  was  f o u n d  t h a t  f ew  changes  in  amino  
acid compos i t i on  h a d  occur red  in the  h i ghe r  
dens i ty  l i p o p r o t e i n  f r a c t i o n s  in r e s p o n s e  to 

feeding.  I n  the low dens i ty  f rac t ions ,  the  rela-  
tive a m o u n t s  o f  th reonine ,  ser ine,  valine,  leu- 
cine, p h e n y l a l a n i n e  a n d  me th ion ine  had  in- 
creased in the 1.006 f rac t ion .  I n  the 1.019 
f rac t ion ,  a re la t ive  decrease in the p r o p o r t i o n  
c~f pro l ine ,  a lan ine  and  val inc  was  noticeable.  
A n  increased  a m o u n t  of  isoleucine,  leucine and  
p h e n y l a l a n i n e  was  found .  

The changes  in the me th ion ine  content ,  even 
t h o u g h  this  amino  acid occurs  on ly  in smal l  
am o un t s ,  were  t h o u g h t  of  in teres t .  I n  r a t s  fed  
minera l  oil only,  me th ion ine  could no t  be de- 
tected in the low dens i ty  f rac t ions ,  while, in  
r e sponse  to T G  feeding,  this  amino  acid w a s  
recovered in m e a s u r a b l e  a m o u n t s  f r o m  the p r o -  
tein hydro lysa t e .  A l t h o u g h  this  change  in 
n le th ionine  con ten t  is of  borde r l ine  significance, 
i t  w a s  considered  n o t e w o r t h y ,  especial ly,  in  
v iew o f  the fac t  t ha t  me th ion ine  was  f o u n d  to 
be well ut i l ized in a ser ies  o f  i so top ic  t r a ce r  
s tudies .  

L i p o p r o t e i n  S y n t h e s i s  f r o m  
R a d i o a c t i v e  P r e c u r s o r s  

I s o t o p e  con ten t  o f  r a t  p l a s m a  was  fo l lowed 
a f t e r  ora l  a d m i n i s t r a t i o n  o f  v a r i o u s  labelled 
p r e c u r s o r s  by  s a m p l i n g  blood f r o m  the tail  
vein a t  in te rva ls .  The va lues  s h o w n  in Table  I V  
are  indicat ive  of  the  gene ra l  label l ing p a t t e r n  
f o u n d  wi th  a n u m b e r  o f  p r e c u r s o r s .  The  h igh-  
est  r ad ioac t iv i ty  o f  p l a s m a  was  u sua l l y  ob ta ined  
abou t  -i h r  a f t e r  feeding.  A t  tha t  t ime, the acid- 

TABLE I I I  

Amino Acid Distribution in Lipoprotein Fractions after 3~ineral Oi[ and Triglycerlde Administration 

d <1.006 d <1.019 d <1.063 d <1.21 

35.O. a T.G. M.O T.G. 3/I.O. T.G. M.O. T.G. 

Cysteic acid .06 .03 .10 .11 .03 .01 .01 .01 
Taurine .18 .25 .31 .63 .05 .11 .01 .02 
Aspartic acid .58 .69 .67 .71 .65 .62 .67 .69 
Threonine .33 .60 .41 .48 .38 .57 .33 .46 
Serine .52 .79 .66 .72 .38 .45 .24 .33 
Proline .20 .16 .52 .28 .28 .22 .27 .30 
Glutamlc acid 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
Glycine .68 .63 1.17 .92 .49 .47 .33 .38 
Alanine .52 .63 .86 .56 .50 .53 .57 .62 
Waline .35 .49 .37 .24 .41 .45 .38 .48 
1/~ cystin e 0 0 0 0 0 0 .06 0 
l~iethionine tr. .07 tr. .03 .04 .07 .11 .16 
Isoleuoine .27 .35 .28 .43 .29 .29 .19 .23 
Leucine .59 .86 .50 .70 .73 .76 .71 .85 
T:~osine .15 0 0 O .06 0 .05 0 
Phenylalanine .16 .23 .12 .24 .23 .19 .23 .28 
Ornithine .15 .17 .20 .06 .08 .02 .02 .03 
Lysine .36 .43 .29 .23 .39 .56 .56 .58 
}Iistidine 0 .08 0 tr. .05 .48 .14 .15 
Arginine .14 .45 0 tr. .13 .15 .34 .38 

Ratio of 
glutamic acid N 
recovered to total 
free-amine nitro- 
g'en recovered. 

.066 .065 .046 .058 .090 .11 .13 .12 

a Mineral oil values averaged from three determinations, triglyeerlde vahtes from a single determination. 
tr. = Trace 
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TABLE I V  
Isotope Content of Rat  Plasma after Oral Administrat ion 

(All values in tcc X 108 per ml plasma. Values in parentheses indicate per cent of isotope soluble in 
5 %  trichloracetic acid) 

Minutes after  administrat ion 
Dosage 

Isotope p~r ra t  10 30 60 120 240 

Methionine 
-2-C 14 50/zc 9.28 45.05 64.70 87.02 139.20 
~- 1 ml TG 

~r 
-S a~ 43.5 23.0 61.0 177.0 201.0 
~- 2 ml TG (33.9) (24.9) (11.8) (6.08) 

Methionine 
-S a5 43.5 22.5 88.20 186.0 201.0 
-~ 2 mI Min. Oil (52.0) (37.3) (18.7) (4.60) 

Lysine-U-C ~ 
-~ 1 ml TG 50 2.26 4.57 7.48 13.38 16.13 

(92.0) (78.0) (20.0) (4.30) (3.03) 
Palmitic 

acid-9, 10-~I~ 120 824 1,890 6,930 7,200 
-~ 2 ml TG 

Palmitic 
acid-9, 10-H* 120 899 3,325 5,940 10,100 

2 ml Min. Oil 

soluble fraction was sufficiently low to suggest 
that the bulk of the precursor had been 
utilized in the synthetic process. Dilution of 
the methionine-S *~ with TG or mineral oil seemed 
not to affect its rate of entrance into the plasma 
pooI over a 4 hr period. The amount of 
methionine incorporated into plasma proteins 
was increased with an increase in the diet 
volume. Lysine utilization was of a lower order 
of magnitude. At 30 rain and 240 rain only 
one tenth as much lysine had been incorporated 
as methionine. When all the plasma lipopro- 
reins of a density of less than 1.21 were floated 
together, it was observed that only a small 
percentage of the bound amino acids had been 
utilized for the synthesis or labelling of these 
lipoproteins (Table V). Lipid precursors 
went predominantly to those same classes. Most 
precursors were utilized ~ess in a mineral oil 
vehicle. 

In  a separate experiment, lipoprotein syn- 
thesis from radioactive amino acids and lipids 
was measured 4 hr after intragastric administra- 
tion of the precursor. The values in Table u  
express the specific activities of the various 
lipoprotein fractions and the effect of a 2 ml 
diet of triglyceride was compared to that of 
mineral oil. All the lipoprotein fractions from 
d <1.063 to d greater than 1.21 showed es- 
sentially similar isotope incorporation irrespec- 
tive of the diet used. The only exceptions noted 
in this group were palmitic acid-C ~ and 
methionine-S ~. Double the amount of these 
precursors was incorporated into the d <1.063 
fraction in the postabsorptive state than after 
mineral oil. In  the VLDL fraction (d <1.006) 
it was found that a TG load markedly stimulated 

isotope utilization with the striking exception 
of methionine-S% I t  is conceivable that in the 
absorptive process, induced by the TG load, 
the supply of isotopic methionine for intestinal 
lipoprotein synthesis had been exhausted after 
a 4-hr period. This amino acid though, was 
well utilized in animals which had received 
mineral oil only. In  general, it can be stated 
that methionine appears to be an excellent 
precursor for lipoprotein synthesis. The specific 
activities of the VLDL fractions relative to 
protein content were usually higher than those 
o~ the IIDL. This is thought to be indicative 
of a high turnover rate for VLDL. 

DISCUSSION 

The series of experiments reported here are 
exploratory in view of the premises set forth 
in the introduction. The use of radioactive 
tracers in combination with floatation methods 
appears to be the most feasible approach to the 
elucidation of the assembly process for entire 
lipoprotein molecules. Paper electrophoresis of 
plasma lipoproteins was very limited in its 
application to this study. Electrophoretic 
mobility of the lipoproteins varied considerably 
as a function of their concentration and in 

T A B L E  V 

Isotope Incorporat ion into d ~ l . 2 1  Lipoproteins, Four 
Hours  after  Oral Administration, in Per  Cent of 

Total P lasma C 14 

Precursors 

Gluta- Free 
Leu- Pro* l~Iethi- mic Triglyc- fat ty  
cine line onine acid eride acid 

TG 6.2 6.0 5.2 15.0 62.0 72.7 
Mineral oil 6.6 5.0 2.5 12.8 44.0 34.6 

LIPIDS, u ] ,  NO. 5 
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T A B L E  u  

Lipopro te in  Synthes is  as ~Ieasured by the Incorpora t ion  of Radioac t ive  Precursors  
( 'Values i n  moles X 10 ~ per  mg protein, a) 

L ipopro te in  F rac t ion  

Precursor  b d < 1 . 0 0 6  d < 1 . 0 1 9  d < 1 , 0 6 3  d < 1 . 2 1  d > 1 . 2 1  

TG MO TG MO TG MO TG MO TG 1riO 

d,l-leucine-C 1~ 77.8 9.62 12.5 10.2 26.7 37.2 20.7 23.4 5.0 6.25 
1-proline-C 14 79.0 31.4 3.67 11.8 22.5 17.1 17.4 17.1 5.73 8.7 
l-methionlne-S '~'5 0.62 72.50 20.2 37.1 97.4 52.5 66.2 56.6 14.8 15.8 
l-glutamate-C 14 79.4 17.0 19.6 5.76 15.8 15.1 11.1 15.6 1.75 1.70 
g]yeeryl 

t r ipalmita te-C j~ 327.0 101.0 12.2 18.0 8.85 9.34 6.5 5.17 0.18 0.19 
palmit ic  

acid-C 1~ 74,800 14,700 2,240 3,280 4,370 2,020 907. 938. 34.1 50.4 

a The specific act ivi t ies  were measured  4 h r  af ter  diet.  
b The isotopes were g iven  in  2 ml  of sesame oil  (TG)  or 2 ml  of mine ra l  oil  (3s  

relation to other proteins present. A sub- 
stantial increase in lipoprotein concentration, 
either by the application of larger plasma 
volumes to the paper  strips, or by concentration 
of the lipoproteins by ultraeentrifugal floata- 
tion generally led to decreases in mobility, pre- 
sumably due to aggregation into larger 
complexes. 

Preparat ive isolation of the lipoproteins by 
floatation in the ultracentrifuge at different 
densities proved to be an expedient nlethod, 
though a rather time-consuming one. The 
densities chosen to float the various lipoprotein 
classes were adjusted arbitrari ly to those recom- 
mended by Havel et ah (8) for human lipo- 
proteins. Electrophoretic studies indicated that 
in some density classes several l ipoproteins 
could be separated by their variation in mobility 
and that some overlap occurred in the higher 
density lipoprotein fractions. I t  might be use- 
ful to establish, eventually, a lipoprotein profile 
for ra t  plasma by methods suggested and 
utilized by 0ncley (16,17). 

The analysis of the amino acid pat tern of 
the various lipoprotein fractions did not reveal 
any striking differences between classes. Com- 
parison of amino acid composition of rat  
l ipoproteins with that of human lipoproteins 
can be made, but may be of questionable signi- 
ficance. Isolation techniques developed for 
human studies have been used here, but as 
pointed out above, they may not be adequate 
for studies on the rat. Species differences and 
differences in metabolic pathways could pre- 
clude useful comparisons. Shore (18) and Levy 
and t~redrickson (19) reported leucine, aspartic 
acid and glutamic acid to be the most abundant 
acids present. Levy and Fredrickson found a 
marked difference in the aspart ic/glutamic ratio 
between the LDL and I-IDL classes. In  our 
studies the aspart ic/glutamic ratio is similar 
for all classes. I t  is difficult at the present time 
to evaluate the significance of the amino acid 

LIPIDS, u 1, NO. 5 

spectrum and its possible contribution to the 
final lipid composition of the various lipo- 
proteins. We think that determinants of lipid 
composition are just  as likely to be associated 
with certain amino acid sequences as with 
secondary structure. The present method of 
amino acid analysis will be expanded to include 
determination of individual specific activities 
after  administration of isotopic precursors. 

In  exploring various approaches to the study 
of lipoprotein synthesis, it was thought that 
the measure of the rate at which fat ty  acids 
and amino acids were incorporated might serve 
as indices of catabolic and anabo!ic rates. At  
the present time, it  has not been well established 
whether or not the lipid and protein portions 
of the lipoprotein molecule are assembled (and 
synthesized) simultaneously. Apo-lipoprotein 
carriers have been postulated in a recycling 
mechanism which serves in l ipid t ransport  (20). 
Elsewhere, it has been suggested that the 
synthesis of the entire lipoprotein molecule is 
a de novo process (21,22). 

The catabolism of the various lipoproteins, 
also, is only par t ia l ly  understood. The half  life 
of certain l ipid moieties has been investigated 
and was found to range from a few minutes 
for the VLDL to several days for the HDL. 
A correlation of the metabolism of the protein 
portion of the molecule with that of the lipid 
portion has not been established. 

Certain phases of lipid metabolism or lipid 
t ransport  are thought to depend upon the 
availability of labile methyl groups (23,24). I t  
has been presumed that the contribution of 
methionine or choline in lipid metabolism was 
essentially one of a precursor relationship to 
the phospholipids and especially phosphatidyl- 
choline. Because of the position of the isotopic 
label, our data give no indication of the fate 
of the labile methyl groups of methionine, but 
we consider the obvious utilization of both the 
2-C 1' and the S 85 labeled methionine as sub- 
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s tan t ia l  evidence f o r  u t i l iza t ion  of  me th ion ine  it- 
se l f  in  l i p o p r o t e i n  b iosynthes is .  F l o r s h e i m  et al. 
(25)  in a s t udy  of  f l - l i popro te in  syn thes i s  in 
the  r o o s t e r  had  employed  S "~ labeled Incthionine.  

The i r  da ta  on the  specific ac t iv i ty  of  fl- 
l i p o p r o t e i n s  ob ta ined  b y  a p r e c i p i t a t i o n  m e t hod  
showed  tha t  me th ion ine  w a s  ut i l ized m o r e  ex- 
tens ively  t h a n  t y ro s ine  o r  a m i x t u r e  of  amino  
a c i d s .  These obse rva t ions  a re  t h o u g h t  note-  
wor thy ,  in v iew o f  the f ac t  t ha t  me th ion ine  
occurs  in re la t ively  smal l  a m o u n t s  o r  is n o t  
detectable (18,26) in the l i pop ro t e in s .  I t  is 
conceivable t ha t  me th ion ine  no t  on ly  p l a y s  an  
essent ia l  role in p h o s p h o l i p i d  syn thes i s ,  b u t  
t ha t  i t  m a y  serve as an  i m p o r t a n t  l ink in the  
a s sembly  of  the l ip id  a n d  p r o t e i n  moiet ies  in 
l i p o p r o t e i n  syn thes i s  (7) .  

I n  conclusion,  we  cons ider  it  un l ike ly  t h a t  
l i pop ro t e in - l i p id  compos i t ion  can be re la ted  
solely to to ta l  amino  acid compos i t ion .  On  
the basis  of  the amino  acid ana lyses  a n d  the  
i so tope  i n c o r p o r a t i o n  e x p e r i m e n t s  it  m i g h t  be 
specu la ted  t ha t  me th ion ine  could p l a y  a s igni-  
ficant ro le  in the b iosyn thes i s  of  the  low dens i t y  
l i pop ro t e in s .  I n  w h a t  f a s h i o n  the  p r o t e i n s  o r  
amino  acids serve as d e t e r m i n a n t s  of  the  l ip id  
compos i t i on  in the  l i p o p r o t e i n s  will be the  
sub jec t  o f  f u r t h e r  studies.  
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ABSTRACT 

A fraction has been isolated from sheep 
perinephrie fat  and identified by techniques 
which included mass and infrared spectro- 
metry, as a mixture of the 8 to 14- metho- 
xyoctadeeanoie acid isomers. I t  is postu- 
lated that these isomers are artifacts 
produced by rigorous esterification with 
methanol and concentrated H:SO~ of a 
large sample of sheep perinephrie fatty 
acids which are presumed to have contained 
trace amounts of constituent hydroxy fatty 
acids. I t  is estimated that these metho- 
xystearic acid isomers represented ap- 
proximately 0.08% of the total weight of 
fatty acids. 

INTRODUCTION 

M ETHOXY ACIDS do  n o t  appear to have been 
reported as constituents of natural iipids, 

except for fl-myeolic acid from human and 
bovine strains of Mycobacterium tuberculosis 
described by Asselineau and Lederer (1). Rec- 
ent work by Lough (2,3) demonstrated that 
methoxy acids were formed as artifacts when 
oleie acid and other olefinie acids were esterified 
with methanol containing BF~ as catalyst. Cop- 
pock, Daniels and Eggitt (4) also reported the 
occurrence of methoxy acids which they con- 
sidered to be artifacts formed when aged or 
oxidized flours were interesterified with meth- 
anol and BF~ catalyst. 

The purpose of this paper is to report in 
detail the isolation from sheep perinephric fat 
of a fraction identified as a mixture of meth- 
oxyoetadeeanoic acid isomers, the methoxy 
group being located on carbons, 8,9,10,11,12,13 
and 14. I t  is postulated that these methoxy- 
stearic acid isomers were formed as artifacts 
by esterifieation with methanol and H..SO,, of 
sheep perinephrie fatty acids which are pre- 
sunied to have contained trace amounts of 
constituent hydroxy acids. A brief communica- 
tion on this investigation was reported earlier 
(5). 

1 Formerly Fats Research Division, Department  of 
Scientific and Industr ial  I~escareh, Wellington. 

2Seconded from Division of Dairy Research, Com- 
monwealth Scientific and Industr ial  Research Organisa- 
tion, Melbourne. 

EXPERIMENTAL 
The sample (N/558) of sheep fat used in 

this investigation was obtained from the region 
of the kidneys of a line of ewes. I t  was pre- 
pared by finely mincing the tissues, extracting 
in hot water to separate the fat from the 
connective tissue, filtering, washing repeatedly 
with hot water to remove non-glyeeride materiM, 
and drying by heating in vacuo on a water bath. 
Of the extracted fat, 6328 g was saponified with 
methano!ic KOH, the soaps were acidified with 
a 10% excess of 40% (v/v) H~SO, and the 
fatty acids were dried in vacuo on a water 
bath. Esterification of the fatty acids (wt 
6037 g) was effected by refluxing on a water 
bath for 3 hr with 2 vol methanol containing 
2% (w/v) concentrated H:S0~. Approximately 
half of the methanol was then distilled off in 
vacuo on a water bath, thus prolonging the 
heating by 3-4 hr during which time the con- 
centration of the H:SO, would have increased 
to approximately 4% (w/v). The solution was 
then made alkaline with 10% (w/v) K~COs 
and extracted with ethyl ether. This ether ex- 
tract was washed with 10% K,_,CQ and with 
water; the ether was distilled off and the methyl 
esters were dried in vacuo on a water hath. 
In  order to effect separation into saturated and 
~unsaturated constituents, the methyl esters 
(5972 g) were crystallized three times from 
10 vol acetone at --40C and yielded 2547 g 
"liquid" esters (sap. equiv. 291.1, iodine value 
81.6, unsaponifiable matter 1.31%), and 3438 
g "solid" esters (sap, equiv. 288.3, iodine value 
6.2, unsaponifiable matter 1.72%). Of the 
"liquid" esters~ 1288 g were hydrogenated in 
ethyl alcohol with PtO~ as catalyst, then 
crystallized repeatedly at --40C, initially from 
20 voI acetone and subsequently from 29 vol 
light petroleum (hp 60C-80C). Fractions 
soluble in these solvents under the conditions 
specified were combined (wt 111.4 g) and 
denoted H100. Fractional distillation in vaeuo 
of H100 methyl esters was carried out in a 
50 X 1.8 cm fractionating column fitted with 
a closely coiled niehrome spring, and provided 
twenty fractions and a residue. The fraction 
pertaining to this study (Hi00 L18, wt 3.91 g) 
was freed of unsaponifiable matter by re- 
saponification and extraction with ethyl ether, 
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reconverted to fatty acids, and reesterified by 
refluxing for 4 hr with methanol containing 3% 
(w/v) tt.~S04 and yielded 3.67 g methyl esters. 
Gas-liquid chromatography (GLC) of these 
methyl esters indicated the presence of the C~0 
multibranehed fatty acid 3,7,11,15- tetramethyl- 
hexadecanoic acid, together with several un- 
known constituents. Preparative GLC at 200C 
on a column impregnated with 60% polyethy- 
lene glycol adipate liquid phase was employed 
in an attempt to isolate and collect these com- 
ponents, but considerable losses were incurred 
with the chromatograph. One fraction (wt 
0.26 g) which GLC indicated to be approxi- 
mately 95% pure, was in part  (0.11 g) in- 
jected into the preparative GLC for further 
purification but the recovery from the chro- 
matograph was only about 5%. Accordingly, 
the remainder of the fraction (wt 0.15 g) was 
freed, in the manner described above, of un- 
saponifiable matter which was thought to have 
bled off the preparative chromatograph. Recon- 
version of the soaps to fatty acids and then to 
methyl esters was effected by acidification with 
40% (v/v) tt~SO,, followed by refiuxing the 
vacumn-dried fatty acids for 4 hr with meth- 
anol containing 3% (w/v) H~SO~. The result- 
ing methyl esters (denoted tt106, wt 0.44 g) 
were then deeolourized by being dissolved in 
light petrolemn (bp 60C-80C), mixed with 
activated animal charcoal, warmed and filtered. 
As the deeolourized liquid methyl esters (wt 
0.13 g) were not completely homogeneous and 
appeared to contain a small amount of gel- 
atinous material, they were chromatographed 
through a column (11.5 • 1.5 cm) containing 
10 g activated silicie acid (Bio-Rad Laboratories, 
USA). After applying the fraction to the 
column, it was eluted with 8 • 5 ml light 
petroleum (bp 60C-80C), 2 X 5 ml light 
petroleum containing 5% (v/v) ethyl ether 
(AR),  5 X 10 ml light petroleum containing 
10% ethyl ether, and finally by 4 • 10 ml 
light petroleum containing 20% ethyl ether. 
Full recovery was achieved. The main fraction, 
the eleventh, was eluted with light petroleum 
containing 10% ethyl ether, and was denoted 
H108 (wt 0.06 g). 

The analytical GLC used was constructed in 
the laboratory of the Food Chemistry Division, 
Department of Scientific and Industrial Re- 
search, Wellington, and was fitted with a 90 
Sr detector as described by Lovelock, James 
and Piper (6). The glass columns employed 
were 2.4 meters in length and 6.5 mm in inter- 
nal diameter and were packed with eelite 
(30-80 mesh, BDH, England) impregnated 
with (a) 20% (w/w) polyethylene glycol 

adipate and (b) 5% (w/w) Apiezon L. Poly- 
ester columns, but not Apiezon L columns, 
were siliconized. Argon was used as carrier 
gas and the operating temperature was 207C. 
Retention voluraes (VR) were determined on 
methyl esters and are relative to methyl 
stearate. 

The preparative GLC was a model A-700 
"Autoprep" (Wilkens Instrmnent & Research, 
Inc., California USA), accommodating a ther- 
mal conductivity detector. The column used, 
3 meters in length and 8 mm in internal dia- 
meter, was made of copper and was packed 
with celite impregnated with 60% (w/w) poly- 
ethylene glycol adipate. The operating column 
temperature was 200C, and the carrier gas 
was hydrogen. 

The mass spectrometer used was a 60 ~ sector, 
30 cm radius, single-focussing instrument of the 
[nghram type, and was constructed in the 
Division of Chemical Physics, Chemical Re- 
search Laboratories, C.S.I.R.O., ~elbourne. 
The sample was introduced at 200C by means 
of an all-glass greaseless inlet system, and 
the mass spectrum was recorded using magnetic 
scanning of the mass scale. 

The infrared analysis was made on a thin 
film of the methyl ester between two KBr  discs, 
using a Perkin-Elmer model 137E spectrometer. 

The methoxy value was detei,:nined by A.D. 
Campbell, Microana]ytieal Laboratory, Chem- 
istry Department, University of Otago, New 
Zealand. 

RESULTS 
traction H108 

Methyl ester, wt 0.06 g; colorless liquid 
at room temperature; mp --13.0C to --11.5C 
(noncrystalline solid) ; iodine value (Wijs) 1.8 
(theoretical 0.0); methoxy value 19.02% for 
methyl ester (calculated for methyl methoxy 
stearate, C2oH,~O~, 18.89%, i.e. 9.45% for the 
side methoxy). 

Gas-Liquid Chromatographic Analyses 

Fraction tt108, when examined by GLC using 
both adipate and Apiezon L columns, revealed 
only one component although a slight "tailing" 
of the peak suggested the possibility of isomers 
being present. With the adipate liquid phase 
the VR was 2.17 (carbon number 20.75 [Ref. 
7]) while with Apiezon L the VR was 1.53 
(carbon number 19.05). 

Infrared Analysis 

The infrared spectrum of methyl ester frac- 
tion t t l0S was characteristic of that of the 
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methyl ester of a long chain fat ty  acid, but 
in addition i t  displayed a strong absorption at  
1100 em -1 which, according to page 8, implies 
an equatorial methoxyl group. 

Mass Spectrometric Examination 
Methyl ester fraction 1=[108 when examined in 

the mass spectrometer yielded the spectrum 
shown in Figure  1. 

As the compound was known to be the methyl 
ester of a saturated fa t ty  acid, the molecular 
weight of 328 suggested a methoxy, hydroxy or 
dibasic constituent. The two prominent series 
of peaks in the high mass region (187 + 14n) 
and (185-14n), n ----- o . . . . . .  6, were a puzzling 
feature of the spectrum since strong peaks in 
this region indicate the bonds most likely to 
break. These series, however, would be ex- 
plained is the sample were an isomeric mixture 
in which the structural feature causing the 
large peaks occurred at different positions in 
the chain. Thus it is apparent  that the pair  
of peaks at m/e  185 and 187 correspond to 

CH~-(CH2)~-CH- and -CH-(CH~)6-C-OCtt~ 

1 I II 
OCH~ 0C1=[~ 0 

from methyl -8- methoxyoctadecanoate. Simi- 
lary, the 171 and 201 pair  of peaks would be 
yielded by methyl -9- methoxy- octadecanoate, 
the 157 and 215 pair  by the 10- methoxy isomer, 
and so on. The spectrum of methyl -11- 

methoxyoctadecanoate has been reported by 
Ryhage and Stenhagen (9) and the pair  of 
peaks 143 and 229 referred to by these authors 
as being due to ions formed by 10,11- and 11,12- 
cleavage, respectively, are evident in sample 
I t l08  (see F ig  1). So also are the peaks cor- 
responding to the loss of one or two molecules 
of CH~ OH which are a feature of the spectra 
of this class of compound. These peaks are pres- 
ent for  the other prominent ions, e.g. 215, 
183, 151, etc. Fur ther  evidence for t t l 08  being 
an isomeric mixture was gained from the rela- 
tive prominence of the low mass peaks, com- 
pared with the high mass peaks. In  all pub- 
lished spectra of this type of compound (cf. 
Ryhage and Stenhagen [Ref. 9]) the peaks 
corresponding to fragmentation on either side 
of the substituted carbon are by far  the most 
prominent h)ns observed, compared to the 
usually abundant low mass end of the spectrum. 
However, as most of these peaks are common 
to all isomers the additive effect would explain 
this apparent  anomaly. In  addition, in the 
spectrum of the highly purified sample 1=[108, 
the pa i r  of peaks 185 and 187, while still pre- 
serving their mutual ratio, had decreased in 
intensity relative to the other members of the 
high mass series, when compared with earlier 
runs on more impure fractions. To a lesser 
extent this was true also for  the 171 and 201 
pair,  and at the other end of the series for  the 
101 and 271 pair.  The extensive purification 
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undergone by this sample would be expected 
to preferential ly erode the end members of the 
series. I t  was therefore concluded that the 
unknown (fraction tt108) was a mixture of 
methyl methoxyoctadecanoates in which the 
methoxy group occurred in the positions from 
8 to 14 inclusive. 

DISCUSSION 

The fraction (I-I108) isolated in this in- 
vestigation of sheep perinephric fat, has been 
identified as a mixture of the methyl esters of 
8-, 9-, 10-, 11-, 12-, 13-, and 14-methoxy isomers 
of octadeeanoie acid. Mass spectrometry, apar t  
from establishing the molecular weight of the 
methyl ester as 328 (calc. for  C~oH,oO,, 328.5) 
also indicated the presence of methoxy isomers 
in positions 8 to 14 inclusive. Confirmation of 
a side methoxy group was provided by the 
methoxy value (9.51% for 1 side methoxy; 
tale. for 1 side methoxy in methyl methoxy- 
oetadecanoate, 9.45%), and the infrared spec- 
trum which showed strong absorption at  1100 
cm -1 implying the presence of a methoxy 
grouping (8). This absorption was also ob- 
served by Lough (3) and by Coppock et al. 
(4) for  methoxystearic acid and methyl meth- 
oxystearate respectively. A negligible iodine 
value (1.8) was evidence of saturation. GLC 
showed fraction t t l 0 8  to be apparent ly  pure, 
only one peak emerging with both polyester 
and Apiezon L columns. Slight "tailing" of the 
peak, however, was consistent with the presence 
of isomers. The relative retention volumes of 
fraction H108 obtained with adipate (VR 2.17) 
and with Apiezon L (VR 1.53) liquid phases, 
when expressed as carbon numbers (7) are 
equivalent to 20.75 and 19.05, respectively, and 
are of the same order as those recorded with 
corresponding liquid phases for methyl 10- 
methoxystearate, viz. 21.5 with polyester (3) 
and 19.1 (3) and 19.07 (4) with Apiezon L. 
They also approximate the carbon nmnbers ob- 
tained with polyester and Apiezon L, respec- 
tively, for methyl -12- methoxystearate (VR 
2.26, carbon number 20.9 with adipate poly- 
ester; and -VR 1.70, carbon number 19.4 with 
Apiezon L) produced from authentic 12- 
hydroxystearie acid (Hormel Insti tute) by re- 
action with CH~I and Ag~O (I0) .  

In  the present investigation, the mixed fa t ty  
acids from sheep perinephric fa t  were esteri- 
fled by refluxing for  3 hr with 2 vol methanol 
containing 2% (w/v) concentrated H:S0~. Ap- 
proximately half  of the methanol was then 
distilled off in vacuo on a water bath, so that 
the esterification mixture was heated overall 

for 6-7 hr, during the lat ter  hours of which 
the concentration of the H~SO~ would have in- 
creased to approximately 4% (w/v) .  The sub- 
sequent isolation and identification from this 
material of a fraction of methoxystearic acid 
isomers, suggested that these methoxy isomers 
could have been produced as art ifacts  under the 
relatively rigorous conditions of esterification 
referred to above, i f  hydroxy fa t ty  acids had 
been present in the natural  fat. 

That hydroxy fa t ty  acids yield methoxy 
acids under such conditions was confirmed by 
refluxing for  6 hr  authentic 124 hydroxystearic 
acid (Hormel Insti tute > 99% pure) with 10 
vol methanol containing 4% (w/v) H2S04, 
when approximately 1% of the esterification 
products which registered on the GLC chart 
of a polyester column, was identified as methyl 
methoxystearate. These conditions were in- 
tended to simulate those employed in the prep- 
aration of methyl esters from the original bulk 
sample of sheep perinephric fat  (N/558). 
When, however, pure 12- hydroxystearic acid 
was refluxed for I0 hr  with 10 vol methanol 
containing 20% (w/v) H~S04, the GLC chart 
of a polyester column indicated approximately 
26% of 12- methoxystearate being present in 
the resulting product. 

In  order to establish that the fraction of 
methoxystearic acid isomers isolated in this 
work was not derived directly from olcic acid 
by reaction with methanol and H~SO, in the 
same way that Lough (3) found methyl -I0- 
methoxystearate to be produced from oleie acid 
by esterification with methanol and BF~ 
catalyst, a sample of nearly pure methyl oleate 
separated by fractional distillation in vaeuo 
from the original "liquid" esters of the sample 
of sheep perinephric fa t  under investigation 
(N/558), was hydrolyzed and the resulting 
fat ty  acids were esterified by refluxing for 10 
hr with 10 vol methanol containing 20% (w/v) 
H~SO~. No methoxy acid esters were formed. 
Similarly, methoxy acid esters were not pro- 
duced when pure oleic acid (Hormel Insti tute) 
was esterified under the same conditions. 

Wallen, Benedict and Jackson (11) demon- 
strated that a microorganism (pseudomonad) 
isolated from fa t ty  material, hydrated oleic acid 
at  the position of its double bond and produced 
10- hydroxystearic acid. Although the activity 
of this microorganism on oleic acid isomers 
with the double bond in  positions other than 
9-1.0 was not investigated, probably i t  is cap- 
able of converting any of these isomers to the 
corresponding hydroxy acids. The biosynthetic 
relationship between oleic acid and hydroxy 
acids has also been established by James, 
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t Iadaway and Webb (12) who showed that 
oleic acid is the direct precursor of ricinoleic 
acid. 

Hydroxy fa t ty  acids are widely distributed 
in nature and their sources include wool wax, 
beeswax, certain seed oils, animal cerebrosides, 
human fecal lipids, some leaf waxes and a 
number of microorganisms (el  13-15). Hy- 
droxy fat ty  acids have not been shown to be 
present in animal body or milk fats ~ although 
Boldingh and Taylor (16) cited circumstantial 
evidence suggesting their presence in but terfat  
in amounts of the order of 10 ppm. Never- 
theless, it  is probable that small proportions 
of these acids are present, but due to their 
thermolabile nature (cf 17,18,14), methods of 
fractional distillation normally employed for 
the concentration of trace fat ty  acid constituents 
would be liable to cause some decomposition. 
Horn and Pretorius (18) reported that the 
higher molecular weight hydroxy acids from 
wool wax also formed nonvolatile polyesters 
on heating. 

James, Webb and Kellock (19) discovered 
that human fecal lipids contained 10- hydro- 
xystearic acid as a major  fa t ty  acid component 
and that 6-, 7-, 8-, and 9- hydroxystearic acids 
occurred as minor components. They also found 
present a series of isomeric octadecenoie acids 
with the double bond in positions 4,5,6,7,8,9, 
10,11 and 12. In  butterfat,  isomers of oleic acid 
are known to occur with the double bond in 
positions other than 9 (el  13,20,21) including 
4,11,13 (21), 11 (22), 9,10,12 (23), 11,16 (24), 
16 (25), 14,15 (26). Although the same iso- 
mers of oleic acid have not all been identified 
in muttonfat, i t  is nevertheless probable that 
they are present there and in all ruminant fats. 
Accordingly, it is postulated that the mixture 
of methoxystearic acid isomers (8 to 14) 
isolated in this investigation of sheep fat, 
comprised artifacts produced by rigorously 
esterifying the corresponding hydroxy acids 
which are presumed to have been present in 
the natural  fat.  The occurrence of these hy- 
droxy acids is considered to be due to microbial 
or enzymatic action on the isomers of octade- 
cenoic acid. However, as in this part icular  
study, hydrogenation was used to facilitate the 
separation of "liquid" from "solid" methyl 
esters, there exists the possibility that hydroxy 
acids were present as the result of hydrogena- 
tion of peroxide groups formed by autoxidation 
(cf 27-29). 

3 After this manuscr ip t  was prepared, the authors 
sighted the paper elxtitled "Oceurl-enee of Esterified 
t Iydroxy t~atty Acids as Precursors  of Lactones in 
But te r"  by G. Ju r r i ens  and J .  iVY. Oele (Nature, London, 
207, 864-5 [1965] ) .  
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In the current investigation, the residue 
(excluding unsaponifiable matter) resulting 
from fractional distillation in vacuo of the 
"solid" methyl esters (sample N/558) was de- 
colourized with activated charcoal and examined 
to see if  it  contained high molecular weight 
hydroxy fat ty  acids. The techniques employed 
included adsorption chromatography, thin- 
layer chromatography, acetylation, etherifica- 
tion, low temperature crystallization from sol- 
vents, and examination of all products by GLC. 
Although a number of broad unidentified peaks 
were disclosed, in addition to all the odd- and 
even- numbered normal fa t ty  acids from C~ 
to C~6, positive identification of hydroxy fat ty  
acids was not obtained. A feature which pointed 
to the presence of hydroxy acids, however, was 
that  the chart areas of a number of peaks be- 
came substantially increased after  acety]ation 
of the solid "residue," and these peaks appeared 
with retention times appropr ia te  to the sus- 
pected acetoxy derivatives. Also, deposits of 
charred material on the sample capsule of un- 
aeetylated "solid" esters after  being applied 
to the gas chromatograph indicated that some 
decomposition took place as it  did with authen- 
tic hydroxy esters. Detection of hydroxy fa t ty  
acid esters by means of the ionization detector, 
was found to be inefficient and erratic. F o r  
example, when pure methyl -12- hydroxystearate 
was applied there was a 54.1% loss in weight 
with the polyester column and a 59.4% loss 
with the Apiezon L column. Acetylation and 
etherification appeared to afford a measure of 
protection for  some of the unknown peaks in 
the "solid" residue which were suspected of 
representing hydroxy components. Consistent 
with this was the observation that when methyl 
12- methoxystearate, prepared from pure 
methyl 12- hydroxystearate by the method of 
Kishimoto and Radin (10) was applied to 
the gas chromatograph, only 5.7% loss was 
recorded with the polyester column. The 
Apiezon L column, however, showed a 23.7% 
loss. 

I t  is estimated from relevant GLC charts that 
the content of 8- 14- methoxystearic acid isomers 
present in the sample of sheep fat  examined, 
represented approximately 0.08% of the total 
weight of fa t ty  acids. 

In  an attempt to obtain conclusive evidence 
for the presence of hydroxy fat ty  acid con- 
stituents in sheep fat, further  investigations 
have been planned. 
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Effect of Isoessential Fatty Acid Lipids from Animal and Plant 
Sources on Cholesterol Levels in Mature Male Rats ~ 
C.E. Elson 2, L. R. Dugan, Jr., L. J. Bratzler and A. M. Pearson, Department of Food Science, 
,Michigan State University, East Lansing, Michigan 

A B S T R A C T  

Isopolyunsaturated lipids isolated from 
plant  and animal sources were included in 
the diets of mature male rats. Liver and 
blood serum cholesterol lowering effects 
were noted only in the lipid from the 
vegetable source. The authors suggest that 
the cholesterol lowering effect of vegetable 
oils is associated with the generally beta- 
unsaturated triglycerides found therein. 

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

C O~Flzsm~ EXtolS as to the effects of varying 
the dietary intake of polyunsaturated fat ty  

acids on liver and blood serum cholesterol con- 
centrations of many animal species. Some 
authors have reported that dietary fats have 
no effect on liver cholesterol levels. According 
to other studies (3-7),  diets high in polyun- 
saturated fa t ty  acids cause increased concentra- 
tions of cholesterol in the liver. The ingestion 
of polyunsaturated fa t ty  acids has also been 
reported to lower liver cholesterol levels (8). 
Blood serum cholesterol concentrations have 
been lowered by the inclusion of essential fa t ty  
acids ( E F A )  in the diet (9-11). Kritchevsky 
et al. (12) indicated the complexity of the 
mechanism when they reported that rats fed 
unsaturated fat  showed a relative hypochol- 
esterolemia despite increased hepatic synthesis 
and decreased hepatic oxidation. 

The present study was designed to investigate 
the effects of lipids of comparable fa t ty  acid 
composition from animal and plant  sources on 
cholesterol concentrations in the livers and 
blood serum of mature male rats. 

E X P E R I M E N T A L  

Male Caworth albino rats, approximately 20 
months of age, were fed diets furnishing 76 
cal daily. The basal diet (13) obtained from 
Nutritional Biochemicals Corporation included 
the following: "Vitamin Free" casein, 21.10%; 
"Alphacel" cellulose, 16.45%; sucrose, 58.45%; 
salt mixture, USP XIV, 4.00% ; and the follow- 
ing vitamin supplements (g/100 lb ) :  choline 

1 Journal  Article No. 3758, Michigan Agricultural 
Experiment Station, East Lansing, Mich. 

Present address: Department of Nutrition, School of 
Public ttealth, H a r v a r d  University, Boston, Mass. 

chloride, 272.500 ; nicotinic acid, 27.250 ; inositol, 
13.750; vitamin A concentrate (200,000 units 
per  gram),  4.500; vitamin D concentrate 
(400,000 units per  gram),  3.000; alpha tocoph- 
erol, 10.225; menadione, 0.1025; thiamine hy- 
drochloride, 1.000; pyridoxine hydrochloride, 
1.000; riboflavin, 1.000; calcium pantothenate, 
2.050. This diet was formulated per  Wooley 
and Sebrell (14). Lipids from plant  and animal 
sources were added to supply 40% of the 
calories. The l ipid material for one group was 
obtained from a pig fed a 20% corn oil ration 
for 17 days. The panniculus adiposus was 
finely chopped and rendered under nitrogen gas 
in an autoclave at  121C for 2 hr. The lipid layer 
was centrifuged at  2100 rpm for 15 min to 
remove water and any protein that might have 
been present. Refined soybean oil was frac- 
tionally crystallized from acetone (10% w/w) 
at --11C. Differential cooling curves (15) in- 
dicated that the resulting lipids contained 
neither wholly saturated nor wholly unsaturated 
triglycerides. Thin-layer chromatography of the 
lipids on Anasil B followed by spraying with 
50% sulfuric acid in 50% ethanol with 2% 
ferric chloride and charring at  110C produced 
no evidence ef cholesterol or cholesterol esters. 
Five percent phosphomolybdic acid in ethanol 
also failed to detect any traces of cholesterol 
or cholesterol esters in samples of up to 10 mg 
of the lipid. These systems were used to detect 
2/zg cholesterol in tr ial  runs. Trace amounts of 
diglycerides were noted. The vegetable lipids 
were crystallized from acetone on alternate days 
during the trial. The lipids were stored in brown 
bottles under nitrogen at 4C throughout the 
experiment. 

Methyl esters of the lipids were prepared 
according to the method suggested by McGinnis 
and Dugan (16). Each lipid contained approxi-  
nmtely 33% essential fa t ty  acids ( E F A )  by 
gas chromatographic analysis (Table I ) .  A 
6 ft  by ~ in. copper column packed with 
60//70 mesh Anakrom A coated with 12% 
ethylene glycol succinate was used in a Barber- 
Colman Model 20 gas chromatograph equipped 
with an argon ionization detector. Methyl esters 
of fa t ty  acids were identified by comparing their 
retention times with standards and by semilog- 
arithmic plots of retention volume against 
carbon number. 
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Each  diet  was fed  to 3 indiv idual ly  caged 
ra t s  f o r  a 2-week period.  I n  addi t ion,  3 r a t s  
received only the  basal  ra t ion,  aga in  a t  the 76 
cal level. The  feeders  were cleaned daily and  
feed consumpt ion  was recorded. The r a t s  were 
fas ted  24 h r  and  sacrificed. Tissue samples  were 
taken,  blot ted on filter p a p e r  and  stored at  
- -26C u n d e r  n i t rogen .  Blood samples  were 
cen t r i fuged  at 4C and  the serum samples  were 
s tored awai t ing  analysis .  

Total  and  f ree  cholesterol measurement s  were 
made by  the  d ig i ton in  p rec ip i t a t ion  method  
(17) .  Modif icat ions in  the procedure  in o rder  
to de termine  l iver  cholesterol levels were as 
fol lows:  The tota l  l iver l ip id  ex t rac t  (19) was 
dissolved in 100 ml die thyl  e ther  and  dupl ica te  
10 ml samples  were taken.  The solvent  was  re- 
moved f rom each sample  unde r  reduced pres-  
sure. The residue was dissolved in 10 mt  iso- 
p r o p y l  alcohol and  one ha l f  mil l i l i ter  was taken  
for  analysis .  This sample  was increased to a 
volume of  5 nfl wi th  i sopropyl  alcohol. The 
P e r r o  and  H a m  (17) color deve lopment  proce-  
dure  was followed. A s t a n d a r d  curve was pre-  
pa red  us ing  cholesterol  concent ra t ions  in  the 
r ange  of  0.1 to 1.0 mg  in 5 ml i sopropy l  
alcohol. The values obta ined  f rom the l iver  l ip id  
ex t rac t  were conver ted  to m g / g  wet  tissue. 

R E S U L T S  

I n  Table I I ,  an  analysis  is g iven  of the con- 
cent ra t ions  of  total ,  f ree  and  esterified chol- 
esterol  in  the  l ivers and  blood serum f rom the  
ra t s  receiving the  anin ia l  f a t  (Diet  A) ,  vegetable  
f a t  (Diet  V)  and  the  n o n f a t  controls  (Diet  C) .  

H i g h l y  signif icant  differences were f o u n d  
between an imals  inges t ing  diets V and  A fo r  
to ta l  l iver  cholesterol  ( P ~  .01), l iver  f ree  
cholesterol ( P  ~ .01) and  blood se rum free  
cholesterol ( P  ~ .001). The blood serum to ta l  
cholesterol  difference was nea r ly  s ignif icant  a t  
P---- .0533.  I n  all cases, Die t  V produced  the  
lower level. No differences were no ted  between 
ra t s  fed  Diet  A and  Diet  C. Of in teres t  was 
the  lack of effects of  the  d ie ta ry  regime on the  
f a t t y  acid composi t ion of var ious  f rac t ions  of 
t issue lipids. General ly,  all l ip id  f rac t ions  of 
the blood serum, i.e., monoglycerides,  diglyc- 
erides, t r iglycer ides ,  f ree  f a t t y  acids and  phos-  

TABLE I 
The Fatty Acid Composition of the Dietary Lipids in 

Diets. A a and V b 

Methyl esters as percentage 
of total methyl esters 

Fatty acid ~ Diet A Diet V 

14:0 0.7 1.1 
1 6 : 0  18 .2  2 1 . 0  
16:1 9.7 0 
18:0 7.2 15.1 
18:1 30.1 27.3 
18:2 26.4 29.5 
18:3 7.8 5.9 
20:4 Trace 0 

Percent polyunsaturates 34.2 35.4 
a Lipid from animal source. 
b Lipid from vegetable source. 
C Fat~y acid ~bbreviation system suggested by Dole 

et al. (18). 

phol ip ids ,  conta ined  a h igher  p r o p o r t i o n  of  
s a tu r a t ed  f a t t y  acids t han  did those f rom the  
l iver  an d  a r te r ia l  wall. 

A l though  caloric in take  was the same fo r  all 
individuals ,  weight  losses over  the 14-day t r ia l  
amounted  to 37.7 ± 4.9 g fo r  r a t s  fed  diet  A, 
42.7 ± 4.4 g f o r  ra t s  fed  diet  V and  63.7 ~ 7.6 
g f o r  the controls.  

D I S C U S S I O N  

Lip ids  from soybean oil have  a cholesterol- 
lowering effect t ha t  is no t  f o u n d  wi th  equally 
u n s a t u r a t e d  l ipids  f rom lard.  These reduct ions  
occur only in the f ree  cholesterol f r ac t ion  and  
concur ren t ly  in  the  to ta l  cholesterol  levels of  
r a t  l iver  and  blood serum lipids.  I t  would ap-  
p e a r  t h a t  a f a c t o r ( s )  is p resen t  in  the vege- 
table  l ip id  since i ts  inclusion in the  diet  sig- 
ni f icant ly  lowered levels as compared  to the 
controls  whereas  no cholesterol  ra i s ing  fac to r  
was noted  in the la rd  diet  when compared  wi th  
the controls.  

F u r t h e r m o r e ,  the  diet  of the p ig  supp ly ing  
the  la rd  conta ined  no added hormones .  The 
r ende r ing  p rocedure  would have  removed an y  
water-soluble  mater ia l .  

A l though  ch romatograph ic  techniques  did not  
reveal  the  presence  of  p l a n t  s terols  in  diet  V,  
i t  is possible  t h a t  minu te  amoun t s  may  have  
been p r e s en t  in the  refined soybean oil an d  
may  have con t r ibu ted  a cholesterol  lowering 
effect. I n  tests  wi th  a l imited n u m b e r  of sterols,  

TABLE II 
Cholesterol Concentrations of ~[ature Rat Liver and Blood Serum 

Diet Total 

Liver mg/g Blood serum mg/1OO ral 
Free Esterified Total Free Esterified 

A 21.9~1.1 17.5±1.9 
¥" 10.8~---1.8 6.6"+'0.6 
C 21.4~1.3 14.4±1.1 

4.4±1.6 132.1± 4.7 44.1-~-3.8 87.9-----1.5 
4 . 2 ± 0 . 7  1 0 3 . 5  -~ 9.3 1 9 . 8 ± 1 . 4  83.9~-~7,6 
6.6~---1.7 125.8"4-10.5 46.9±8~5 78.9~---2.0 
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TABLE I I I  

Unsaturated Fatty Acid Content of Feces Lipids 

Monoglyceride Diglyceride Triglyceride 

Diet A 12.3± 5.6 18.6-----1.0 25.6±3.6 
Diet ~- 42.0 ±20.1 15.8±3.8 29.2±0.8 

no p r e c i p i t a t i o n  f r o m  acetone was  observed  at  
- -15C.  The l ip ids  were  checked a t  i n t e rva l s  f o r  
oxidat ive  changes .  The  absence  o f  e x t r a n e o u s  
peaks  on gas  c h r o m a t o g r a m s  indica ted  re la t ive  
f r e e d o m  f r o m  ox ida t ion  p r o d u c t s .  

The a u t h o r s  sugges t  t ha t  a more  likely f ac to r  
m i g h t  be the  t r ig lycer ide  conf igura t ion .  Al- 
t h o u g h  in v i t ro  p a n c r e a t i c  l ipase  h y d r o l y s i s  
da t a  a re  no t  available,  the compos i t ion  o f  the  
feces monog lyce r ides  is sugges t ive  o f  s t r u c t u r a l  
differences be tween  the l ipids  (Tab le  I I I ) .  The 
con t r i bu t i on  o f  in tes t ina l  flora to feces l ip ids  
is u n c e r t a i n ;  however ,  the s inf i lar i ty  o f  the 
diglycer ides  and  t r ig lyeer ides  wou ld  indicate  
tha t  the flora a r e  no t  r e spons ib l e  f o r  the ve ry  
s ignif icant  differences in the monoglyce r ide  com- 
pos i t ion .  The  p resence  of  3.5 t imes  g r e a t e r  
a m o u n t s  of  u n s a t u r a t e d  acids on  the monog lye -  
er ides in the feces of  an ima l s  fed  diet  V 
(Tab le  I H )  s u p p o r t s  the evidence of  M a t t s o n  
and  V o l p e n h e i m  (20) who  r e p o r t e d  t h a t  vege-  
table  g lycer ides  are  p r e d o m i n a n t l y  beta-  
u n s a t u r a t e d .  The low u n s a t u r a t e d  acid con ten t  
o f  feces monog lyee r ides  o f  an ima l s  fed  diet A 
indica tes  the  p r o b a b i l i t y  o f  the d ie ta ry  l ip id  
be ing  p r i m a r i l y  be t a - sa tu ra t ed .  M a t t s o n  et al. 
(21) have  p r e v i o u s l y  r e p o r t e d  t ha t  l a rd  glyc- 
erides f r o m  p igs  fed  a h igh ly  u n s a t u r a t e d  vege-  
table oil diet were  p r i m a r i l y  b e t a - s a t u r a t e d  as 
a re  all l a rd  glyceridcs.  

The au tho r s ,  the re fore ,  sugges t  t ha t  the chol- 
es terol  l ower ing  effects o f  d ie t a ry  E F A  are  
se r ious ly  decreased i f  the  E F A  are  no t  esterified 
at  the beta  pos i t ion  on the glyceride.  
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Compositional Variation in Seed Oils of the Crepis Genus 
F. R. Earle, ~ A. S. Barclay 2 and I. A. Wolf f ,  1 Northern Regional Research Laboratory, 
Peoria, I l l inois; New CroDs Research Branch, Beltsvil le, Maryland 

ABSTRACT 

Seed oils from eight species of the genus 
Crepis (family Compositae) fall  into three 
groups differing in chemical composition. 
Besides conventional fa t ty  acids the oils 
contain either vernolic acid (47-68%),  
crepenynic (36-65%),  or both (18-35% 
vernolic and 7-11% crepenynic). Within 
any one section of* the genus, the oils are 
chemically similar, among the limited 
groups of samples examined. 

INTRODUCTION 

W ORKERS AT Tt tE NORT/-IERX Laboratory 
have reported that seed oil of Crepis 

foetida L. contains a predominant percentage 
of an aeetylenic fa t ty  acid, which they struc- 
turally characterized as cis-9-octadeeen-12-ynoic 
acid (1) and to which they assigned the trivial 
name, erepenynic acid. Under the influence of 
alkali, heat, or both, crepenynic acid undergoes 
an interesting reaction sequence, leading through 
isolable enallene and conjugated triene inter- 
mediates to cyclic structures (2,3). The novel 
structure and reactivity of this vegetable oil 
constituent suggest further basic research on 
its chemistry and biosynthesis and, perhaps, 
extension to consideration of its practical 
utility. Another Crepis species (C. vesicaria) 
contains vernolic acid as a principal  fa t ty  acid 
constituent of its seed oil (4). Consequently, 
seed oils of additional species in the Crepis 
genus were examined to determine composi- 
tional variabil i ty and to permit  selection of 
the most practical plant  sources of crepenynic 
and vernolic acids. 

In  this paper  we report  chemical data on 
eight species of the Crepis genus, information 
on their plant  characteristics, and the relation- 
ships observed between classification by classical 
taxonomic methods and the chemical differences 
found. 

BOTANICAL DESCRIPTION AND CROP 
POTENTIAL 

Crepis is a large genus comprising nearly 
200 species of annual, biennial, or perennial 
herbs belonging to the tribe Chieoreae of the 
family Compositae. The genus includes natives 

No. Utiliz. Res. Dev. Div., ARS, USDA. 
Crops Research Division, ARS, USDA. 

of Eurasia, Africa, and North America with the 
majori ty  of species occurring in the northern 
hemisphere of the Old World. The 12 indi- 
genous New World species of Crepis are all 
found in the western half of North America; 
one of these species also occurs on the coasts 
of Labrador  and Newfoundland (5). 

Although the members of Crepis have prac- 
tically no economic inlportance, the genus is 
well known to botanists because of the classic 
taxonomic and evolutionary studies of Crepis 
by Babcock and Stebbins (5-7).  To non- 
botanists, however, Crepis is virtually unknown. 
The genus includes no crop plant, and only 
one species, C. rubrel~ is cultivated to any extent, 
and this for  ornamental purposes. 

Many obstacles exist for  the plant  breeder 
or agronomist who attempts to fashion a new 
oilseed crop from Crepis. Too often, the species 
are poor in habit, indeterminate in flowering 
and fruiting, and produce light achenes in 
small heads which shatter readily. In  our 
limited experience, two native American species, 
C. occidentalis and C. intermedia, possess some 
of the best agronomic characteristics in having 
an erect habit, more determinate flowering and 
fruiting, larger achenes, and good achene re- 
tention. These perennial species, however, are 
known to have specialized soil and climatic 
requirements and slow rates of development 
(5). In  spite of these seemingly unfavorable 
aspects, we have only scratched the surface in 
our preliminary investigations of Crepis. There 
remains in the genus a vast and uninvestigated 
resource of genetic material from which a new 
crop might ultinmtely be developed. 

MATERIALS AND METHODS 

One seed sample was bought from a com- 
mercial seed house in this country; the rest 
were collected from the wild in Yugoslavia, 
Spain ,  Turkey, Pakistan, and the U.S.A. by 
botanists under the direction of the New Crops 
Research Branch, ARS, USDA. Collections 
outside the U.S.A. were supported by grants 
of funds under Public Law 480. 

Seed oil from each sample was analyzed for 
oxirane oxygen essentially by the AOCS Method 
Cd 9-57 (8). Those oils containing the 
equivalent of 5% or more epoxyoleic acid were 
transesterified with NaOCH3-methanol and the 
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rest with HCl-methanol. Other analyses were 
made as previously described (9,10). 

RESULTS AND DISCUSSION 

Among the current group of samples 
analyzed (Table I ) ,  the species of Crepis fall  
into three categories with respect to the 
amounts of acetylenic and epoxy acids in their 
seed oils. One group of species is high in 
vernolic acid, another high in crepenynic acid, 
and a third group is intermediate in chemical 
composition. The species comprising these 
groups show~ in part ,  a marked agreement with 
Babcock's sectional classification of Crepis 
based on such criteria as comparative morpho- 
logy, chromosome number and morphology, 
genetics, cytogenetics, and geographic distri- 
bution (6,7). The species high in crepenynic 
acid all belong to section Hostia and those in 
the intermediate group belong to section 
Psilochaenia. The three other species making 
up the group high in vernolic acid each belong 
to different sections of the genus; namely, 
sections Berinia, Brachypodes~ and Lepidoseris. 

Such chemico-botanical information can pro- 
vide valuable leads for  further screening in the 
genus Crepis. The occurrence of high con- 
centrations of veruolic acid in three species in 
three distantly related (6) sections would ap- 
pear  to indicate a large potential reservoir of 
Crepis species rich in this epoxy acid. Also, 
the logical place to encounter other species 
high in crepenynic acid would be among the 
remaining members of section Hostic~ and in 
the closely related section Paleya (6). 

Two accessions of C. foetida vat. rhoead,it'olia 
and of C. oecidentalis are reported because of 
the marked differences in the analyses of both 
the seed and the oils. The lower amounts of 
oil and of unusual acid in one sample of each 
species may indicate immaturity of the sample, 
but such immaturity is not obvious on in- 
spection. Other than erepenynie and vernolie 
acids, Crepis oils contain primari ly the four 
common fat ty  acids as shown in Table I. Small 
amounts, about 1% or less, of the following 
acids are in most oils: 14:0, 16:1, :18:3, 20:0, 
and 20:1. Traces of C_.: acids were found in two 
oils. The low-oil C. occidentalis seed is unique 
in containing oil with 6.4% 16:1, whereas no 
other oil contains more than 0.3%. These 
minor acids are reported together in the table 
as "Other" with an indication of the number of 
components and their total anlount. 

The amounts of epoxy acid as determined by 
gas-liquid chromatography (GLC) and by H B r  

ti tration are in reasonable agreement for those 
oils containing 18% or  more of this acid. In- 
f rared absorption confirms the presence of the 
epoxy structure in these oils, and the component 
acid has been identified as vernolic in oils fronl 
C. bienni~v~ C. aurea~ C. vesicaria, and C. oc- 
eidentalis (11). The identity of the HBr-  
reactive material in those oils containing less 
than 10%, calculated as vernolic acid, has not 
been investigated. 

As used in these preliminary investigations, 
infrared spectrophotometry did not detect 
erepenynic acid because the acetylene bond is 
located near mid-chain and is not conjugated. 
In  the ultraviolet, however, there are sometimes 
weak absorption bands in the 227-231 mg 
and 268-274 mg regions which suggest the 
presence of traces of conjugated enynes and 
conjugated triene8, respectively. Both of these 
structures might be formed by isomerization 
of crepenynic acid. 

The occurrence of vernolic acid in some 
Crepis species~ and of both vernolie and cre- 
penynic acids in others, adds support  to the 
suggestion of ~ ikola jezak  et ah (1) that 
crepenynic acid may be biosynthetically related 
to vernolic and linoleie acids. The suggestion 
is further  strengthened by the definite inverse 
relationship between ]inoleic acid and the sum 
of vernolic and crepenynic acids in the oils. 
No evidence for a dihydroxy acid intermediate 
has been found in this group of samples. 

ACKNOWLEDGMENTS 

R. W. ~/iiller, R. Kleiman, and J. W. Hagemann 
provided the GLC analyses. 

REFERENCES 

1. Mikolajczak, K. L., C. 1~. Smith, Jr. ,  M. O. Bagby 
and I. A. Wolff, J.  Org. Chem. 29, 318-322 (1964).  

2. Mikolajczak, K. L., M. O. Bagby, R. B. Bates 
and I.  A. Wolff, Ibid. 30, 2983-.2988 (1965).  

3. Mikolajczak, K. L., M. O, Bagby and I. A. Wolff, 
JAOCS i2,  243-245 (1905).  

4. Tallent, W. H., J. W. Hagemann,  F. R. Earle 
s.nd I. A. Wolff, Ibid. 42 (3 ) :  146A. Abstr. Papers No. 
138, 56th annual AOCS Meeting, Ixouston, April 1965. 

5. Babcock, E. B., and G. L. Stebbins, Jr.,  Carnegie 
Inst.  Wash. Publ. 504, 1-199 (1938).  

6. Babcock, E. B., Univ. Calif. (Berkeley) Publ. 
Botany 21, 1-198 (1947).  

7. Babcock, E. B., Ibid. 22, 199-1030 (1947),  
8. American 0il Chemists' Society, "Official and 

Tentative Methods of Analysis," 2rid ed., rev. to 1965, 
Chicago, 1946-1965. 

9. Earle, E. R., E. IX. Melvin, L. H.  Mason, C. H.  
~VanEtten, I. A Wolff and Quentin Jones, JAOCS 36, 
304-307 (1959).  

10. Mikolajezak, K. L., T. K. Miwa, ~. R,. Earle, 
I. A. Wolff and Quentin Jones, Ibid. 38, 678-681 
(1961).  

11. Tallent, W. H., Diana G. Cope, J. W. Ixagemann, 
F. R. Earle and 1. A. Wolff, Lipids, 1, 335-340 (1966).  

[Received May 11, 1966] 

LIPIDS, VOL. ] ,  NO. 5 



Metabolism of Alpha-Alkoxy Glyceryl Monoethers in Rat Liver, 
in Vivo and in Vitro ~ 
Fred Snyder and Raymond C. Pfleger, 2 Medical Division, Oak Ridge Institute of Nuclear Studies, 
Oak Ridge, Tennessee 

ABSTRACT 

An investigation of the metabolism of 
~C and 3H labeled a-isomers of C1~ and 
C,~ alkoxy monoethers, administered in- 
travenously and added to liver slices, 
showed extensive cleavage of the ether bond 
in rat  liver. Approximately 99% cleavage 
of the C~:~ ether bond and approximately 
94% cleavage of the C~s:0 ether bond oc- 
curred in rat  liver within 6 hours after  
intravenous injection. With doubly labeled 
chimyl alcohol (~H and ~C), acetylation 
and subsequent acetolysis demonstrated 
that less than 0.92% of the phosphatides 
and less than ]..52% of total lipid radio- 
activity were in the form of alkoxy ethers. 
Long-chain fat ty  alcohols and fa t ty  acids 
were the principal  products of the ether 
cleavage in the liver. The relative rate 
of ~'C incorporation from chimyl alcohol 
and batyl alcohol into triglycerides and 
phospholipids, respectively, demonstrates 
that the palmitic (from chimyl alcohol) 
and stearic (from butyl alcohol) acids 
formed after  cleavage enter the free fa t ty  
acid pool. The liver contained most of the 
radioactive label in the lecithin and 
cephalin of the microsomal fraction. Incu- 
bation of the labeled batyl or chimyl 
alcohols with liver slices resulted in the 
same products as in the in vivo experi- 
ments. Less than 1.4% of the C~o and C~s 
alkoxy ethers was oxidized to ~'CO.~ during 
a 3-hour incubation. In  view of the ex- 
tensive cleavage of the ether bond by liver, 
the hemopoietie and radioproteetive activi- 
ties reported for the alkoxy ethers should 
be reevaluated in terms of their metabolic 
products. 

INTRODUCTION 

T HE a-ALKOXY GLu monoethers (GE) 
exist in nature as free ethers, fa t ty  acid 

esters, and phospholipids. Their distribution 
in mammalian tissues has been reported by 

F r o m  the Medical  D iv i s ion  of the  Oak  R i d g e  : Inst i tute  
of Nuc lea r  Studies ,  an  ope ra t ing  un i t  a t  O a k  R idge  
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u n d e r  con t rac t  w i t h  U.S .  Atomic  E n e r g y  Commiss ion .  

,z Oak  R idge  G r a d u a t e  Fellow f r o m  the U n i v e r s i t y  of 
Nor th  Caro l ina  u n d e r  a p p o i n t m e n t  f rom O a k  R i d g e  
Associa ted  Unive r s i t i e s .  

several investigators (1-3),  but their origin 
and metabolic significance in mammalian cells 
are unknown. Thorapson and Hanahan (4) 
have shown, however, that radioactivity from 
glucose-62'C is incorporated predominantly into 
the a-carbon of the glycerol moiety of glyeeryl 
ethers of bovine bone marrow in vitro. They 
(4) suggest that the biosynthesis of glyceryl 
ethers proceed analogously to that  of glyceryl 
esters, i.e., from L-a-glyeerophosphate. Con- 
siderable attention has been focused on the 
alkoxy glyceryl ethers because of their struc- 
tural  similarity to vinyl glyceryl ethers, found 
pr imari ly  as plasmalogens, and because of  their 
reported biological activities related to hemo- 
poiesis. For  an up-to-date review of the a- 
glyceryl ethers, including references to their 
hemopoietic and radioprotective actions, the 
reader is referred to articles by Hanahan and 
Thompson (5) and Brohult (6). 

In  vivo studies in mammals with labeled GE 
have been concerned with their gastrointestinal 
absorption. F i r s t  BergstrSm and Blomstrand 
(7) and Blomstrand and Ahrens (8) reported 
that the ether bond of chimyl alcohol and its 
diester (9) was extensively cleaved in the 
mucosal cells of rats  and humans. The hy- 
drolytic product of the chimyl-l-14C alcohol 
was found to be cetyl alcohol, which was 
further oxidized to palmitie acid. More rec- 
ently, Swell and co-workers (10) reported that 
the fi-isomers of butyl alcohol were absorbed 
into the lymph (as the diacyl ethers) snore 
efficiently than the a-isomers; however, they 
found that the a-isomer was metabolized to a 
greater extent in the intestine. 

Enzymatic studies of the cleavage of the 
ether bond in rat  liver by Tietz et al. (11) 
revealed the existence of a pteridine-requiring 
enzymatic system capable of oxidizing butyl 
alcohol to free glycerol and fa t ty  acid. They 
postulated that the reaction proceeds by hy- 
droxylation to form a hemiacetal that spon- 
taneously yields a long-chain aldehyde; the 
aldehyde being further oxidized to the acid. 

Our paper  reports the tissue distribution and 
metabolic products found after  the intravenous 
administration of ~4C and 3H-labeled a-alkoxy 
glyceryl monoethers. In  addition, the metabolic 
transformations of GE in liver, bone marrow, 
and spleen were investigated in vitro. 
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METHODS 

Synthesis of ~C- and 3H-Labeled 
Glyceryl Ethers 

The batyl-lJ~C alcohol was synthesized by 
refluxing the potassium salt of 1,2-isopropyli- 
dene glycerol with octadecyl bromide in xylene, 
whereas two preparations of the doubly labeled 
a-chimyl-lJ 'C (2-*H-glyceryl) alcohol were 
synthesized from hexadecyl- lJ 'C bromide and 
isopropylidene-2-~H-glycerol. The ~C specific 
activities (~c/mg) of the glyce~yl ethers ob- 
tained were 1.97 for the batyl-l- l 'C alcohol 
and 2.20 and 4.11 for the chlmyl-13~C (2PI-I- 
glyceryl) alcohol. The ratio of 8tI/~C in the 
doubly labeled chimyl alcohol samples was 3.5 
for the former preparat ion and 0.12 for the 
latter preparation.  Using the TLC procedure 
described later (system B),  we found the 
synthesized racemic mixtures to have R~'s 
identical to that of batyl alcohol isolated from 
shark liver oil (Western Chemical, Ltd., Van- 
couver, Canada).  The radiopuri ty  of these 
labeled ethers was greater than 99% (Fig. 1) as 
determined by thin-layer chromatography 
(TLC).  Gas-liquid chromatography of their 
trifluoroacetate derivatives (12) on 5 ft  • 1/s 
in. glass columns containing 15% EGSSX 
liquid phase demonstrated that the molecular 
puri ty  of the 1-isomer was greater than 99% 
for the chiinyl alcohol and greater than 98% 

for the batyl alcohol (Fig.  1). A separate 
report  in collaboration with Drs. Piantadosi,  
Oswald and Anderson of the University of 
North Carolina will describe the detailed 
syntheses and other puri ty  evaluations. 

In Vivo Experiments 

A total of 15 female Carworth Farm l~el l 
son~s strain rats weighing between 160 and 190 
g was used in these experiments. The labeled 
glyceryl ethers were given intravenously (i0 
~,c/100 g body weight) as a fat emulsion 
(Abbott Laboratories) containing safflower oil 
(10% w/v) ,  glycerine (8% w/v) ,  and lecithin 
(0.5% w/v) .  The animals in these experiments 
were not fasted. Total l ipid extracts were pre- 
pared (13), and the quantity of radioactivity 
in the various tissues was calculated as per- 
centage of the original dose administered. In  
a few experiments ~CO: (14)7 urine and feces 
were collected for  radioassay. 

In  another group of 3 rats, the emulsion of 
the doubly labeled chimyi alcohol was given 
intravenously to determine its subcellular dis- 
tribution in the liver. Nuclear (700 • g) ,  
mitochondrial (5000 • g),  and microsomal 
(31,000 • g) fractions were obtained from rat 
liver homogenates prepared in 0.25 ~[ sucrose 
solution according to conventional techniques 
(15). The morphological puri ty of the sub- 
cellular fractions was not checked. 
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In Vitro Experiments 

The 18 female Carworth Fa rm Nelson's 
strain rats used in these experiments (weight, 
150-200 g) were not fasted. All glassware 
was cleaned with nitric acid, and all solutions 
and glassware were sterilized. Twenty micro- 
grams of doubly labeled chimyl alcohol con- 
taining 0.082 t~e ~C and 0.66 ~c ~H or 17 
t~g of batyl-l-l~C alcohol containing 0.045 t~c 
~'C were incubated with liver slices (100 mg 
per flask) in 1 ml Tyrode's solution adjusted 
to p H  7.3. In  a few instances, bone marrow 
cells and spleen slices were incubated with 
ehimyl alcohol. The Tyrode's solution con- 
tained 1% (v/v) propylene glycol to solubilize 
the glyceryl ethers. The propylene glycol was 
chosen to solubilize the glyceryl ethers in the 
in vitro experiments because it is split  by liver 
enzymes to enter the formate and lactate 
metabolic pools (16). The glyceryl ethers 
were firs; solUbilized in undiluted propylene 
glycol before addition of Tyrode's solution. 
Incubation blanks were prepared in the same 
manner with the omission of the liver slices. 
Penicillin (400 units) and streptomycin 
(40 t~g) were added to each milliliter of 
Tyrode's solution to prevent microbial growth. 
At various time periods (0.5 to 5 hr) the 
reaction was stopped by adding methanol or 
6 N HC1 (to release ~CO2) after  which the 
total lipids were extracted (13) according to 
the procedure described later. In  some flasks 
~CO2 was collected in IIyamine for subsequent 
liquid scintillation radioassay (17). 

The liver slices actively incorporated K- 
palmitate-l-~C acid into triglyeerides and phos- 
pholipids under the same incubation conditions 
as GE. The fat ty  acid incorporation was un- 
affected by the lipid solubilizer (1% propylene 
glycol). A 2% level of the propylene glycol 
gave results identical to those observed for the 
1% level, but the 5% level of propylene glycol 
in Tyrode's solution was found to be inhibitory. 

Total T,ipid Extraction 

All livers obtained in the in vivo experiments 
were perfused with saline and homogenized in 
distilled water before freeze-drying. The total 
lipids from the various tissues were extracted 
by the procedure of Bligh and Dyer (13). The 
tissues used in the in vitro experiments were 
not perfused nor freeze-dried before l ipid 
extraction. 

Chromatography and Radioassay of 
Lipid Extracts 

Three solvent systems were used for  the 
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development of the thin-layer ehromatograms. 
Solvent System A. Hexane:diethyl ether: 

acetic acid (80:20:1 v /v /v )  was used for sep- 
aration of the triglycerides, fa t ty  acids, and di- 
and monoesters of glyceryl ethers. 

Solvent System B. Hexane:  diethyl ether: 
methanol :acetic acid (80:20:10:1 v / v / v / v )  was 
used pr imari ly  for separating unesterified 
glyceryl ethers, monoglycerides, and diglyc- 
erides. 

Solvent System C. Chloroform:methanol: 
acetic acid :saline (50:25:8:4 v / v / v / v )  was 
used for separating phospholipids. 

All ehromatograms for zonal scans were 
prepared on 2 • 20 cm glass plates coated with 
a 250 ix layer of Silica Gel G (in water) for 
systems A and B, and Silica Gel t I R  (in 0.01 
hi NayCO,) for system C. 

The lipid extracts from each tissue were 
concentrated to appropr ia te  volumes contain- 
ing sufficient radioactivity (greater than 500 
dpm) for the preparat ion of thin-layer chro- 
matographic zonal scans (2-mm) using an 
automatic zonal scraper (18) and Packard 
liquid scintillation spectrometers. Li~id stand- 
ards were chromatographed simultaneously on 
a lane adjacent to the lipid extract. The 
quantity of ~C and ~H present in each of the 
doubly labeled samples was determined from 
the simultaneous solution of equations designed 
for  determining the fractional quantities of 
isotopes present in the mixture of these two 
isotopes. 

Visualization of the lipids was accomplished 
by exposing the chronmtograms to iodine vapor 
sublimed from crystals of iodine in a beaker 
on a hot plate;  residual iodine on the silica does 
not quench during liquid scintillation assay. 
Occasionally, separations would be visualized 
by charring af ter  spraying with concentrated 
sulfuric acid and heating on a hot plate. 

Acetylation and Acetolysis of Phospholipids 
The quantity of intact alkoxy ethers incor- 

porated into the alkoxy ether phosphatides of 
the liver was assessed after  acetytation and 
aeetolysis, which was used to cleave the PO~- 
nitrogenous base moiety, and the fat ty  acids 
of lecithin (PC) and eephalin (PE) .  

This procedure regenerates the original glyc- 
elT1 ether, since the alkoxy ether bond is not 
split under these conditions (19, 20), whereas 
the phosphate and acid esters are cleaved. 
Normally, the phosphate ester bond of glycerol 
is not split by saponification alone. I t  is 
thought that vinyl ethers are cleaved to form 
glycerol and fa t ty  aldehydes under the acidic 
condition (21) of aeetylation. 
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After  isolating the phospholipids by pre- 
parative TLC, we eluted them with ten 10-ml 
portions of CHCI~:CH30H (2:1 v /v) .  The 
residual silica gel af ter  elution contained less 
than 4% of the total phospholipid radioactivity 
present in the original sample. 

Acetylation and acetolysis of the total lipids 
of the liver and synthetic standards (GE and 
their esters) were carried out essentially ac- 
cording to the procedure of Bevan (22). The 
lipids, freed of solvents, were acetylated by 
refluxing the sample (less than 15 rag) in 5 ml 
acetic acid:acetic anhydride (3:2 v /v)  for  12 
hr. The acetates obtained af ter  acetylation were 
hydrolyzed by refluxing the sample for  2 hr 
in 5 ml of ethanolic 1 N KOH.  Thin-layer 
chromatography and ~'C and 8H radioassay 
were performed on the final products of this 
reaction. 

RESULTS AND DISCUSSION 

At the outset it  is important  to recall that 
all labeled glyeeryl ethers used in our experi- 
ments were the racemic mixtures and not the 
naturally occurring D forms. I t  is not our 
intent in the discussion that follows to imply 
that both optical isomers are attacked equally 
well. Since initial experiments in our labora- 
tories confirmed earlier studies (7-9) showing 
that the racemic forms of alkoxy ethers were 
markedly altered in the gastrointestinal tract, 
we examined the metabolism of labeled batyl 
or chimyl alcohols after  intravenous adminis- 
tration, thereby bypassing the tract 's ether- 
cleaving enzymes. Under our conditions, ap- 
proximately 28% of the ~C from chimyl alcohol 
and 13% of the ~'C from batyl alcohol was 
eliminated as ~CO~ within 6 hr af ter  intravenous 
administration. During the same period the 
urine contained 6.5% of the ~C from the 
C .... ether and 1% of the ~C from the C~s:0 
ether. Approximately 6 to 13% of the radio- 
activity was accounted for as lipid in the 

liver (Table I ) .  Apparent ly ,  the remainder 
of the ~C activity was diluted in adipose 
tissue or transferred into a nonlipid metabolic 
pool. 

The data in Table I also show metabolic 
transformations of the labeled glyceryl ethers 
that occurred in the liver. The greatest portion 
of liver radioactivity was found in the phos- 
pholipid fraction, pr imari ly  as phosphatidyl 
choline and phosphatidyl ethanolamine. A con- 
siderable amount of radioactivity from the 
ehimyl alcohol (40%) and a lesser quantity 
from the batyl alcohol (9%) was also found 
in the triglyceride fraction (l~ig. 2, Table I ) .  
Long-chain alcohols, fa t ty  acids, diglycerides, 
and glyce~T1 ether diesters contained less than 
10% of the total liver radioactivity from 
batyl or chimyl alcohols. 

Af ter  the administration of the doubly 
labeled ehimyl alcohol with a 8H/~C ratio of 
3.5, the "H/~*C ratio of all l ipid fractions 
isolated by TLC was reduced below unity. 
Even in the nonsaponifiable liver lipids, the 
ratio of 3It/~*C was much lower than in the 
labeled chimyl alcohol injected. The subcellular 
distribution of ~*C and ~H of the liver after  
an intravenous injection of doubly labeled 
chimyl alcohol is shown in Table I I .  The 
microsomal fraction contained 40% and the 
mitochondrial fraction only 10% of the total 
liver radioactivity. The nuclear and soluble 
fractions contained 29 and 21%, respectively, 
of the total radioactivity. Lecithin followed by 
cephalin accounted for  most of the phospho- 
lipid radioactivity in all of the subeellular 
fractions. The high radioactivity content of 
the microsomal fraction is of considerable 
interest, since the enzymatic studies by Tietz 
et al. (11) indicated that the microsomal 
(eataIyzes the oxidative step) and soluble 
supernatant  fractions (for utilization of the 
pteridine cofactor) of the liver were needed 

T A B L E  I 

P e r c e n t a g e  of 14C in L i p i d  Classes of L i v e r  6 H r  Af t e r  I n t r a v e n o u s  A d m i n i s t r a t i o n  of 
Labeled  Ba ty l  a n d  Chimyl  A!cohols 

GE  Tri-  F a t t y  t~atty GE 
dies ter  g lycer ide  acid  alcohol monoes te r  GE  Lec i th in  Cephal in 

Ba ty l - l -~C  Alcohol a (6 female  r a t s )  
1.7 •  8 . 8 •  1 . 7 •  1.5 ~ 0 . 5 7  1.1 ~---0.40 6.2 ~ 1 . 5  5 8 •  1 8 ~ 1 . 2  

Chimyl-l-14C (2-aH-glyceryl)  Alcohol b (6 female  r a t s )  
0 . 8 8 •  40 •  4 . 1 •  0 . 8 5 + 0 . 1 3  0.51+--0.17 0 . 6 4 •  34~---3.9 1 6 •  

Only smal l  portions,  of t i s sues  other  t h a n  l iver  were  assayed  a n d  they  con ta ined  negigible  quan t i t i e s  
of 14(] or  ZH pe r  sample.  

a 6 . 3 5 •  of the  in iec ted  dose p r e sen t  in  l ive r ;  1 3 . 8 %  w a s  e l imina ted  as 14COe a n d  1 . 0 5 •  
was  e l imina ted  in  the  u r ine .  

b 1 3 . 6 •  of the  in jec ted  dose p re sen t  in l ive r ;  2 9 . 7 %  w a s  e l imina ted  as 1~CO2 a n d  6 . 5 ~ 0 . 9 8 %  
w a s  e l imina ted  in the ur ine .  

L I P I D S ,  VOL.  ] ,  NO.  5 
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FIG. 2. Zonal scans 
(2-ram) of thin-layer 
chromatograms of total 
liver lipids 6 hr after 
intravenous ehlmy]-l-~4C 
(2YH-glyceryl) alcohol 
(left scan) or batyl-l-~4C 
alcohol (right scan) in- 
jections. The arabic let- 
ters designate lipid 
classes based on known 
standards (Std) : (a) 
phospholipids, (b) mono- 
glycerides, (c) glyceryl 
ethers, (d) free fatty 
acids, (e) fatty alcohols, 
(f) triglycerides. 

Chromatograms were 
deve]oped in Solvent Sya- 
tem B. 

for maximal activity of the ether-cleaving 
enzyme. 

The ratios of lipid :~H/~C were essentially 
the same in all subcellular fractions, but the 
ratios were lower than that of the original 
chimyl alcohol injected. Under the conditions 
of this experiment the liver contained 13% of 
the ~C and 2% of the 3H injected: these per- 
centages and the decrease in the ~H/~'C ratio 
demonstrate that a much greater quantity of 
GE glycerol than GE hydrocarbon chain is lost 
from the lipid metabolic pool. 

Acetylation and acetolysis of liver lipids ob- 
tained after intravenous injection of doubly 
labeled ehimyl alcohol revealed that less than 
1% of the phosphatide radioactivity and tess 
than 1.6% of the total lipid activity were in 
the form of alkoxy ethers (Table I I I ) .  These 
data suggest that the dietary a-alkoxy ethers 
do not serve, to any great extent, as precursors 

of phospholipid-containing alkoxy ethers. Since 
labeled long-chain fatty aldehydes were not 
seen on any of the zonM scans after acetolysis, 
we also conclude that the labeled alkoxy ethers 
were not precursors of vinyl ether lipids. This 
conclusion is based on evidence by Farquhar 
(21), who has shown that under acidic con- 
ditions, the vinyl ethers yield long-chain fatty 
aldehydes. The ~C from batyl alcohol (yielding 
stearie acid) was greater in the phospholipids 
and less in the triglycerides than the ~C from 
chimyl alcohol (yielding palmitic acid). This 
distribution of radioactivity incorporated into 
triglycerides and phospholipids is consistent 
with what one finds after the administration of 
labeled stearic and palmitic acids, respectively. 
The large amount of radioactivity in the liver 
suggests that this organ rapidly cleaves the 
ether linkage and allows the fatty acid product 
to enter the free fatty acid pool. 

The observations made after intravenous in- 

T A B L E  I I  

Di s t r ibu t ion  of Rad ioac t iv i ty  from Chimyl Alcohol (14C, s i t )  in  Subcel lular  F rac t ions  of L ive r  ~ 

~ t t / ~ C  ra t io  b Lec i th in  Cephalin 
of total  % L ip id  

14C ni t  l ipids  in ~C ~H ~C 3It per 
F rac t ion  % % frac t ion  % % aH/14C % % sH/~4C f rac t ion  

Nuclear  29 29 1.57 20 29 1.30 11 22 1.41 17 
Mitochondr ia l  10 10 1.57 15 20 1.33 i t  13 1.43 16 
~ i c r o s o m a l  40 40 1.57 31 39 1.31 15 22 1.B9 46 
Soluble 21 21 1.56 17 23 1.36 7 13 1.38 21 

a Six hours  af ter  i n t r avenous  in jec t ion ;  the l iver  contained 13 % of 14C and 2 %  of 8II in jected dose. 
b The aH/14C rat io  of the chimyl alcohol injected was  3.5;  the ra t io  of aH/14C of the total  l iver  l ipids  

was 1.2 and the ra t io  of the nonsaponif iable  f rac t ion  (con ta in ing  3 . J 6 %  of the total  ~4C of the l iver)  was 0.7. 

LIPIDS,  VOL. ] ,  N-O. 5 
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T A B L E  I I I  

The  ~H/I~C Ra t io  of L ip id  F r a c t i o n s  of L i v e r  Before  and  Af t e r  Acety la t ion  a n d  Saponi f ica t ion  
Fol lowing the  A d m i n i s t r a t i o n  of 0himyl-l-14C (2-sH-glyceryl)  Alcohol 
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Rat io  of ~H/a4C 

I n  v ivo  I n  v i t ro  
Sample  (6 r a t s )  (10 samples  at euch t ime per iod  a) 

Ohimyl alcohol in jec ted  
Tota l  l ipids 
Total  phosphol ip ids  
Lec i th in  
0epha l in  

Ohimyl  alcohol in jec ted  

Alkoxy GE isolated f rom 
total  l ipids  of l iver  

Alkoxy GE i~olated front 
total  phosphol ip ids  
of l iver  

6 h r  0.5 h r  3.0 h r  5.0 h r  

Before  Acetylatior~ and  Saponi f ica t ion  

0 . 1 2 4 + 0 . 0 0 2  0 . 1 2 4 + 0 . 0 0 2  0.12.~--_0.002 0 . 1 2 4 •  
0 . 0 3 3 ~ 0 . 0 1 0  0.101 0.093 0.092 
0 . 0 4 9 •  0.183 0.063 0.066 
0 . 0 1 6 •  0.065 0.045 0.010 
0 . 0 2 1 •  0.085 0.074 0.051 

Af t e r  Acetyla t ion a n d  Saponific~Ltion 

0 . 1 2 4 + 0 . 0 0 2  0 . 1 2 4 •  0 . 1 2 4 •  0 . 1 2 4 •  

0 . 1 2 2 •  b . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

0.120~-0.008 e 0.189 d 0.161 e 0.139 f 

a All 10 samples  combined.  
b 1.52-----0.14% of total  l ip ids .  
c 0 . 9 2 + 0 . 1 7 %  of totM phosphol ipids .  
d 12.5 % of total  phosphol ip id  r ad ioac t i v i t y  as  GE.  
e 4.04 % of total  phosphol ip id  r ad ioac t i v i t y  as GE.  
z 3 . 3 1 %  of total phosphol ipid radiot~c~ivity as  GE.  

Ioo 
GE 

~ 6o 

~ 40 
a= 

IOC 

_o 6O 

z ~ 4o 

o ~235 

IC 

E 

6 

PL TG FFA ALC 

'/235 ~235 ~235 1/235 
INCUBATION TIME (HOURS) 

FIG. 3. The metabolism of batyl alcohol (upper 
graph) and chimyl alcohol (lower graph) by rat 
liver slices. The numbers on the ordinate refer 
to percent of ~C added to the flasks. The numbers 
below each bar graph refer to hours of incubation, 
and the letters above each bar graph designate 
components assayed for ~*C. OE--glyeeryl ethers; 
PL--phospho]ipids ; TG--triglyeerides ; :PFA-- 
free fatty acids; ALC--fatty alcohols. Each mean 
value shown was based on the ~C radioassay of 
samples obtained from ]0 different flasks. The 
vertical line bisecting each bar represents • one 
standard deviation. 

,4co 2 jections of the glyceryl ether were confirmed 
qualitatively in the in vitro liver slice system 
(Fig. 3, Table I I I ) .  The ~'C from batyl and 
ehimyl alcohol was found in triglycerides, free 
fatty acids, fatty alcohols, glyceryl ether mono- 
esters, lecithin, and cephalin. Less than 0.2% 
of the batyl alcohol and less than 2% of the 
chimyt alcohol was oxidized to ~4C0~ during 
the 3-hr incubations. 

Bone-marrow cells and spleen slices were also 
studied and found to be less active than the 
liver slices in metabolizing the labeled chimyl 
alcohol. Less than 6% of the 1~C from chimy] 
alcohol was incorporated into phospholipids 
by marrow cells or spleen slices during the 3-hr 
incubation. The marrow cells did actively in- 
corporate palmitic-l-14C acid into triglyeerides 
(25%) and phospholipids (45%) under identi- 
cal conditions. 

Aeetylation and aeetolysis of the total 
labeled liver phospholipids isolated from these 

./23 5 in vitro experiments demonstrated that there 
was only a small amount of radioactivity in 
phospholipid ether linkages (Table I I I ) .  The 
ratio of ~H/~'C in the GE area after acetolysis 
was slightly higher than that of the original 
chimyl ether. This finding is difficult to in- 
terpret;  perhaps biological exchange occurred 
or new ether linkages were fornled under the 
in vitro conditions. We did not observe this 
difference in the ~H/~C ratio obtained for the 
GE fraction after aeetolysis of the liver lipids 
in the in vivo study. 

Our experiments have revealed that the 

L I P I D S ,  VOL.  1, N o .  5 
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a l k o x y  e t h e r  bond  is even  m o r e  r a p i d l y  a n d  

c o m p l e t e l y  c l e aved  a f t e r  t h e i r  i n t r a v e n o u s  ad-  

m i n i s t r a t i o n  t h a n  w h e n  g i v e n  o r a l l y ,  as  r e p o r t e d  

b y  o t h e r  i n v e s t i g a t o r s  ( 7 - 1 0 ) .  The  c l e a v a g e  

y i e l d  the  a l coho l s  a n d  ac id s  o f  t he  h y d r o c a r b o n  

c h a i n  t h a t  e x i s t e d  in  e t h e r  l i n k a g e  w i t h  g l y c e r o l .  
A l t h o u g h  we cou ld  n o t  detec~ a l d e h y d e s  on 

T L C ,  such  a n  i n t e r m e d i a r y  s t e p  h a s  been  

p o s t u l a t e d  in  the  c o n v e r s i o n  o f  t he  h y d r o c a r b o n  

c h a i n  o f  t h e  e t h e r  to  t he  a c i d  (11 ,23) .  The  

e s s e n t i a l  1 0 0 %  s p l i t t i n g  of  t h e  a l k o x y  e the r s  

a f t e r  t h e i r  i n t r a v e n o u s  i n j e c t i o n s  i n d i c a t e s  t h a t  

i f  h e m o p o i e t i c  a n d  r a d i o - p r o t e c t i v e  a c t i o n s  

t h o u g h t  to  be i n h e r e n t  in  the  a - a l k o x y  g l y c e r y l  

e t h e r s  ex is t ,  t h e y  m o s t  p r o b a b l y  r e s i d e  w i t h  

one of  t h e i r  m e t a b o l i c  p r o d u c t s .  
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Identification and Distribution of Epoxyacyl Groups in 
New, Natural Epoxy Oils ~ 
W. H. Tallent, Diana G. Cope, J. W. Hagemann, F. R. Earle and I. A. Wolff, Northern Regional 
Research Laboratory, ~ Peoria, H/inois 

ABSTRACT 

New high-epoxy vegetable oils from nine 
species representing three plant  families 
and four gener~ have been investigated. 
The epoxyacyl moiety in at least one oil 
from each genus was characterized and 
shown to be the (-~)-vernoloyl (cis-12,13- 
epoxy-c/s-9-octadecenoyl) group. Intra-  
glyceride distribution studies revealed a 
general preference of the (+) -vernoloyl  
groups for  the fi-position of triglyceride 
molecules. Interglyceride distribution of 
(+) -verno loy l  groups was studied in three 
oils and found not to agree with predic- 
tions based on either 1,2~3-random or 1,3- 
random-2-random distribution. A striking 
exception to the general intraglyceride dis- 
tribution pat tern was discovered in the 
monoepoxy triglyceride fraction from 
Euphorbia ~agascae seed oil. 

INTRODUCTION 

F OUR EPOXY ACIDS ( I - IV)  are known to occur 
as fat ty  acyl groups in natural  oils (1-5).  

Sometimes two or more of these occur in the 

/0 - \  
CH3 (CH2 ]4 CH--CH--CH2 CH-CH--ICH 217 COOH 

], Vernolic Acid 

/ 0 x ,  
CH~,CH234CH=CH--CH2CH--CH--ICH217C00H 

]], Coronaric Acid 

CH3CH2--C/e~CHCH~--CH=CH--CH~--CH=C,--[CH21~C00H 
]]], Epoxylinoleic Acid 

/0\ 
CH3 [CH 2 }7--CH--CH--ICH 2 ]7 COON 

~, Epoxystearic Acid 

same oil (6,7). In  addition, vernoloyl groups 
occur in both enantiomorphie forms (8) and 
epoxystearoyl groups in both geometric forms 
(4,9). The ( -t- )-vernoloyl groups in Vernonia 
anthelmintica seed oil are present ahnost ex- 

z P r e s e n t e d  in  p a r t  a t  the  AOCS Meet ing  in  Hous ton ,  
April ,  1965. 

2 No. Util iz.  Res .  Dev.  Div. ,  AI~S, U S D A .  

elusively in trivernolin molecules, a fact which 
has both theoretical implications and useful 
consequences (10). I t  is therefore of interest 
to determine both the nature and distribution 
of epoxyacyl groups in new, natural  epoxy oils. 

In  the course of an extensive seed screening 
program being conducted in this laboratory, 
evidence has been obtained indicating that 
epoxy-containing vegetable oils are more widely 
distributed than we had previously believed. 
The 10 seed oils found to contain the largest 
quantities of epoxyacyl groups are given in 
Table I, along with Vernonia a~tthelmintica 
seed oil for comparison. Our colleagues have 
already identified the vernoloyl group in 
Euphorbia lagaseae seed oil (12);  and the 
positive optical rotation of the oil (17) sug- 
gests that it is the dextrorotatory enantiomorph, 
i.e., the (-b)-vernoloyl group, that is present. 
We now report  further  characterization of 
Euphorbia la.gascae seed oil and studies on the 
other new high epoxy oils. 

EXPERIMENTAL 

Seed cleaning, grinding', and extraction were 
performed as previously described (18). F o r  
determination of epoxyaeyl content of new 
seed oils, hydrogen bromide titrations were 
performed by the procedure of Harr i s  et al. 
(19), and methyl esters for  GLC were prepared 
from the oils by sodium methoxide catalyzed 
methanolysis (20). In  all other instances prep- 
aration of methyl esters involved saponification 
with ethanolic potassium hydroxide and esteri- 
fication with diazomethane (21). Gas-liquid 
chromatography (GLC) was carried out as 
described by Miwa et aI. (22,23). Short 
(50-125 cm) columns, preferably with SE-30 
as stationary phase, gave the best quantitative 
results for epoxide-containing esters for reasons 
discussed by Herb et al. (24). 

In  general, 20 X 20 cm plates coated to a 
thickness of 250 t~ with Silica Gel G were 
used for  thin-layer chromatography (TLC).  
The chromatograms were developed with n- 
hexane-diethyl ether-acetic acid (80:20:1),  and 
the spots were made visible with iodine vapor. 
The modifications described in reference 13 
improved resolution of the components of 
epoxy oils. 

335 
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T A B L E  I 

Epox:~acyl Groups  in  Na tu r a l  Epoxy Oils 

Percent  in  oil a 

t t B r  Propor t ion  
Source of seed oil GLC t i t r a t ion  in  t]-position b 

Euphorb iaceae  
Euphorbia lagascae Spreng.  58 60 43 

Composita.e 
Vernonia anthelmintica (L.)  WilId. 68 71 [33 ] c 
Crepis biennis L. 68 68 43 
Crepis aurea (L.)  Cass. va t .  aurea 54 56 54 
Crepis vesicarla L. ssp. taraxaclfoHa 47 50 
Crepis intermedia Gray  34 35 
Crepis occidentedis Nutt.  18 23 50 

Dipsacaceae 
Cephalaria ]oppica (Spreng.) Beg. 27 32 56 
Cephalaria leucantha (L.)  Schrad.  24 28 
Scabiosa spfi  22 22 54 

Va~erianaceae 
Yalerianella radiata (L.)  Duf f .  31 30 64 

a Calculated as vernoloyl  groups.  The presence of s ignif icant  amounts  of epoxide in these oils was  
qua l i ta t ive ly  confirmed by I R  (11) and TLC (12, 13) .  

Mole percent  in  monoglycerides 
b P ropor t ion  in  ~-position ~ X 100. See reference 14. 

3 X Mole percent  in  oil 
e Predic ted  from the f~ct t h a t  essent ia l ly  all the vernoloyl  groups  in  ]Ternon~;a anthe~-rnintien seed oil 

are present  in  t r ive rno l in  molecules (12, 15, 16) .  
d An unident i f ied  Scabiosa species collected by a bo tan is t  in  Turkey. 

Infrared (IR) spectra were obtained with a 
Perkin-Elmer Infraeord spectrophotometer, 
Model 137B. Melting points were determined 
on a Kofler micro hot stage. 

For determination of intraglyceride distri- 
bution of vernoloyl groups, samples of oils or 
fractions thereof were treated with pancreatic 
lipase (Nutritional Biochemicals Corp., Cleve- 
land, Ohio) according to the procedure of 
Mattson and Volpenhein (25). After removal 
of solvent from diethyl ether extracts of the 
acidified reaction mixtures, 5- to 20-rag samples 
of the residues were treated with diazomethane. 
Following a method to be described in detail 
elsewhere (26), pyridine solutions of the re- 
sulting mixtures of partial glycerides and 
methyl esters were treated with hexamethyl- 
disilazane and trimethylchlorosilane, and the 
products were analyzed by temperature- 
programmed GLC. 

For isolation of methyl esters of epoxy acids, 
samples of mixed methyl esters weighing ap- 
proximately 3 g were subjected to counter- 
current distribution (CCD) in a 200-tube 
Craig Post apparatus with n-hexane-acetonitrile 
(1:1) as the solvent system. Single withdrawal 
fractions (40 ml) of upper phase were collected. 
The nonepoxy esters appeared in the first 70 
withdrawal fractions, and the epoxy esters ap- 
peared in fractions 160-250, with a peak at 
fraction 205. Alternatively, approximately 1-g 
samples of mixed methyl esters were chroma- 
tographed on columns prepared from 30 g of 
Adsorbosil (100-140 mesh). After the non- 
epoxy esters were eluted with benzene, the 
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epoxy esters were eluted with 10% ether ill 
benzene (v/v).  

Conversion to dihydroxy acids was aeeom- 
plished by refluxing solutions of epoxy methyl 
esters (300-500 mg) or oils (1-2 g) in 15 ml 
of glacial acetic acid under nitrogen for 5 hr. 
After removal of the solvent in vacuo in a 
rotating evaporator, the residues were sapon- 
ified. In  several cases, portions of the dihy- 
droxy acids from epoxy methyl esters were 
crystallized from mixtures of cyclohexane and 
ethyl acetate. 

The crude products obtained by aeetolysis and 
saponification of oils contained both dihydroxy 
and nonoxygenated acids. In  a simplification 
of the Bharucha-Gunstone procedure (27), 
these mixtures were dissolved in 20-ml portions 
of the lower layer of a solvent system prepared 
by mixing 20 ml of water, 80 ml of methanol, 
and 100 ml of n-hexane. The solutions were 
washed once with 20 ml and three times with 
] 0-ml portions of the upper layer of the solvent 
system. Removal of the solvent from the final 
water-methanol solutions afforded residues com- 
posed mainly of the desired dihydroxy acids. 

Hydrogenations were effected in ethanol 
solutions at room temperature and atmospheric 
pressure in the presence of 10% palladium on 
charcoal. In  several instances portions of the 
hydrogenated products were crystallized from 
cyclohexane-ethylacetate. The crystalline sam- 
ples melted at 97-99C, either alone or mixed 
with authentic 12,13-ditlydroxystearic acid pre- 
pared from Vernonic~ anthelmintica oil (1). 
Mixed melting points with 9,10-dihydroxy- 
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stearic acid (rap 94-96C) prepared from 
Chrysanthemum coronarium oil (5) were 
depressed. 

Oxidative cleavages were carried out by the 
procedure of von Rudloff (28). 

DISCUSSIOI~ 

Location of Double Bonds and EDoxide Rings 

The sequence of reactions used to locate 
double bonds and epoxide rings in epoxyacyl 
groups, as illustrated for vernoloyl groups, is 
shown below. The monocarboxylic acids 

/% 
H3C--ICH2 h--CH--CH--CH2--CH--CH--[CH2 b-C02R 

1.1 CH3COOH 
2.) KOH 

?H OHI 3.) H + 
H3C--[CH2J4--CH--CH--CH2--CH----CH--[CH2J7-CO2H 

~ NaI04, KMn04 
H2, Pd ~0 0%^ . . . . .  ~0 

H3C--ICH2]4--C\o H + HO/~--I~H2J7--~\OH 

OH OH 
t I 

- - ~  H3C--[CH2]4--CH--CH--[CH2]lo--CO2H 

~Nal04, KMn04 

+ Ho./C--[CH2)Io--C~o H 

R = CH3 or a diacyl glyceryl moiety 

obtained in the oxidative cleavage reactions 
were determined as such by GLC, and the 
dicarboxylic acids were converted to dimethyl 
esters before identification by GLC. 

The nature of the start ing material for the 
degradation sequence varied. The epoxyacyl 
moieties in Crepis vesicaria and Cephalaria 
joppiea seed oils were isolated as methyl esters 
by CCD. Fo r  Crepis aurea, Crepis biennis~ 
and Valerianella radiata seed oils a slightly 
simplified version of the Bharucha-Gunstone 
method (27) was used. This method involves 
subjecting the oil to acetolysis conditions and 
then saponifying the product. A separation of 
the dihydroxy acids formed from the non- 
oxygenated acids is then made by solvent 
partitioning. Hydrogenated and unhydrogen- 
ated portions of the dihydroxy acid fraction 
were used for  oxidative cleavage. 

The Bharucha-Gunstone method bypasses 
isolation of the methyl esters of the epoxy acids. 
This is a disadvantage for  the determination of 

stereochemistry. Hence, a simple chroma- 
tographic procedure was developed for sepa- 
rating epoxy methyl esters from their non- 
oxygenated counterparts. This procedure was 
used to isolate methyl vernolate from Crepis 
aurea~ Crepis biennis~ and Valerianella radiata 
seed oils for the determination of stereo- 
chemistry and from Crepis occide~talis and 
Scabiosa sp. seed oils for both oxidative cleav- 
age and stereochemical studies. 

In  order not to miss evidence of the  possible 
presence of two or more different epoxyacyl 
groups, use of crystallized samples for oxida- 
tive cleavage was deliberately avoided. Either 
total crude preparat ions of dihydroxyoctade- 
cenoic acid and dihydroxyste~ric acid or resi- 
dues of mother liquors from crystallization of 
these compounds were oxidized. Nevertheless, 
the only cleavage products detected in signifi- 
cant amounts were those expected from 12,13- 
dihydro~,:yoleic acid and 12,13-dihydroxystearic 
acid. Therefore, in all oils examined the only 
epoxyacyl group present had a 9,10-double 
bond and a 12,13-epoxide ring. 

Stereochemistry of Epoxyacyl  Groups 

Because of the par t ia l  stereospeeificity of the 
acetolysis reaction, the threo-12,13-dihydroxy- 
oleic acid front (-t-)-vernoloyl groups is 
levorotatory (8,29). An indication of the ex- 
tent of the stereospecificity of the reaction can 
be seen by comparing the magnitude of the 
rotation reported by Chisholm and Hopkins 
(8) for  the more highly purified (~-)-  
enantiomorph from a ( - ) -vernoloyl-conta in ing 
oil (Malope trifida) with that of levorotatory 
products given in Table I I .  The negative sign 
of the specific rotation of dihydroxyoleic acid 
from Euphorbia lagascae seed oil is in agree- 
merit with the positive rotation of the oil itself 
(17). Both indicate that i t  is the dextrorotatory 
enantiomorph, i.e., the ( +)-vernoloyl  group, 
that is present in Euphorbia lagascue seed oil. 
The sign of the specific rotation of 12,]3- 
dihydroxyoleic acid samples from three other 
oils indicated that  they also contained ( + ) -  
vernoloyl groups. In  these three cases the con- 
clusion was confirmed by determining the sign 
of the optical rotation of methyl vernolate 
isolated from the same oil. In  addition, the 
specific rotation of isolated methyl vernolate 
provided the desired stereochemical information 
for four oils from which crystalline samples of 
12,13-dihydroxyoleic acid were not obtained. 
The numerical value os the specific rotation of 
the methyl vernola te  from Crepis occidentalis 
was relatively low. An ether  solution of this 
sample had been treated with Dowex 1 (OH- 
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TABLE ]I 

Methyl u and 12,13-Dihydroxyoleic Acid from Natural Epoxy Oils 

Methyl vernolate a 12,13-Dihydroxyoleic acid a 

2 5 _ + 2  [51~5--_2 :Prepared ra]2s_+2 [,,.]~5--+2 
Source of o i l  M e t h o d  o f  isolation [a] 450 from mp 450 

Malope trifida ( 8 ) Oil 61-62 
Vernonia anthelmintica (29) [+2.1] 5 Oil 52 55 
Enphorbic~ lagaseae Oil 51-54 --2.2 
Crepes b~e~n~s Chromatography +2.7 +1.9 Epoxy ester 53-55 
Crepis aurea Chromatography ~-2.5 4-1.8 Oil 
Crepis vesicaria CCD +3.1 +2.1 Epoxy ester 5~-56 --9.1 
Crepis occidentalis Chromatography +0.9 4-0.8 Epoxy ester 
Cephalar~a ]oppica CCD +3.8 +2.1 Epoxy ester 
Scabiosa sp. Chromatography +2.0 +1.5 Epoxy ester 54-55 
Valerianella r a d i a t o o  Chromatography +2.3 +1.8 Oil 

+18.9 
- -  5.7 
- -  1 . 0  

- -  2 . 7  

- -  4 . 5  

- -  4 . 3  

a All samples of these compounds gave acceptable C and H analyses and had II~ (neat for methyl verno!ate 
and chloroform solutions for dihydroxyo!eic acid) spectra identical to those of authentic samples of the s~me 
substances prepare4 from Yernonia anthelmintica oil. For determination of specific rotations, ethanol solutions 
were used for dihydroxyoleic acid samples and n-hexane solutions for methyl vernolate. Concentrations were near 
2% in the former case and 2% to 8 ~ ,  depending on the amount of sample available, in the latter. Where rotations 
at two different wavelengths are given, the rotations were determined with a Cary Model 60 Spectropolarimeter. 

b Calculated from the reported (16) specific rotations in n-hexane of tri~ernolin ( [ a ]~  + 2.2) and vernelic acid 
( [ a ]~  + 2.0). 

p h a s e )  to r e m o v e  a s m a l l  p e r c e n t a g e  o f  f r e e  
f a t t y  ac ids  t h a t  h a d  e s c a p e d  m e t h y l a t i o n .  T h e  
s a m p l e  w a s  a p p a r e n t l y  p a r t i a l l y  r a cen l i z ed  in  
t h i s  p r o c e d u r e ,  w h i c h  d id  n o t  c a u s e  a n y  c h a n g e  
de t ec t ab l e  b y  I R ,  G L C ,  o r  T L C .  

So f a r  as  t he  p o s s i b i l i t y  o f  g e o m e t r i c a l  
i s o m e r i s m  is  conce rned ,  t h e  II~ s p e c t r u m  o f  al l  
m e t h y l  v e r n o l a t e  s a m p l e s  i so la t ed  w a s  i d e n t i c a l  
to t h a t  o f  a u t h e n t i c  m e t h y l  c i s -12 ,13-epoxy-c i s -  
9 - o c t a d e c e n o a t e  f r o m  Verno~, ia  a n t h e l m i n t i c a  
oil. The  a b s e n c e  o f  a d i s t i n c t  b a n d  n e a r  10.35 

in  t he  s p e c t r a  p r o v e s  t h a t  the  doub l e  b o n d  
is  cis in  al l  t h e  s a m p l e s  ( 11 ) .  T h e  m e l t i n g  
p o i n t  o f  c r y s t a l l i n e  1 2 , 1 3 - d i h y d r o x y o l e i c  ac id  
s a m p l e s  w a s  in  a g r e e m e n t  w i t h  t h a t  r e p o r t e d  
f o r  t he  threo  i s o m e r  (29)  a n d  t h e r e f o r e  con-  
f i rmed  t he  c i s -con f igura t ion  o f  t he  e p o x i d e  r i n g s  
in  t h e  e s t e r s  f r o m  w h i c h  t h e y  we re  p r e p a r e d .  
T h e  c o r r e s p o n d i n g  e s t e r  w i t h  a t rans  e p o x i d e  

r i n g  w o u l d  h a v e  g i v e n  ery thro~12,13-  
d i h y d r o x y o l e i e  acid,  m p  8 7 - 8 8 C  (29 ,30) .  I n  
add i t i on ,  t he  m e l t i n g  p o i n t  o f  1 2 , 1 3 - d i h y d r o x y -  
s tealSe ac id  p r e p a r e d  in  s e v e r a l  i n s t a n c e s  
c o r r e s p o n d e d  w i t h  t h a t  r e p o r t e d  (29)  f o r  the  
threo  r a t h e r  t h a n  t h e  e r y t h r o  i somer .  A v a i l a b l e  
ev idence  t h e r e f o r e  s u p p o r t s  t h e  c o n c l u s i o n  t h a t  
t h e  e p o x y a c y l  g r o u p s  in  a l l  t h e  oils  examine~t  
a r e  ( + ) - v e r n o l o y l  g r o u p s .  M o r r i s  a n d  W h a r r y  
(31)  h a v e  s h o w n  t h a t  t h e  a b s o l u t e  s t e reo-  
c h e m i s t r y  o f  t h e  ( + ) - v e n l o l o y l  g r o u p ,  des ig -  
n a t e d  a c c o r d i n g  to t h e  C a h n - I n g o l d - P r e l o g  sys -  
t e m  (32) ,  is 128~ 13R.  

I n t r a -  a n d  I n t e r g l y c e r i d e  D i s t r i b u t i o n  
o f  V e r n o l o y l  G r o u p s  

I s o l a t i o n  a n d  a n a l y s i s  o f  m o n o g l y e e r i d e s  
p r o d u c e d  f r o m  e p o x y  oils b y  t r e a t m e n t  w i t h  
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FIG. 1. Ch roma tog raph i c  sep- 
a r a t ion  of  t r ig lycer ide  f r ac t ions  
of Euphorb ia  lagascae oil. 
C o l u m n :  125 g o f  silicic acid 
(Mal l inekrod t  No. 2847) ; sol- 
vent  = n-hexane-die thy]  e ther  
( 4 :1 )  ; sample  = 1.082 g. E a c h  
tube  r e fe r red  to on the  absc issa  
conta ined 5 m] of  eluate. The 
peaks  were identif ied by  TLC 
(12).  I n  addi t ion,  a sample  of  
the  p roduc t  f ronl  combined frac-  
t ions 19-25 (monovernol lns)  
was saponified, t r ea ted  wi th  
d iazomethane ,  and  analyzed by  
GLC. The  sample  conta ined  
31% vernoloyl  groups.  ]3y a 
s imi lar  ana lys i s  the  combined 
divernol ins  ( f rac t ions  29-55)  
conta ined 65% vernoloyl  groups.  
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T A B L E  I I I  

F rac t iona t ion  of Na tu ra l  Epoxy Oils 

339 

~ o l e  percent  in  t r ig lycer ides  

Fract ion,  calculated b 

Fract ion,  1.3-Random- 
Oil and  f rac t ion  a found  1,2 ,3-Random 2-random 

Vernoloyl g roups  

F o u n d  r Calcd. d 

Euphorbia lagascae 
Nonepoxy t r ig lycer ides  10 7 6 
Monovernol ins  15 31 31 
Dive rno l ins  56 42 44 
Tr ive rno l in  19 20 19 

Crepis aurea 
Nonepoxy t r iglycer ides  13 11 7 
Monovernol ins  18 36 42 
Dive rno l in s  59 39 41 
Tr ive rno l in  10 14 11 

Cephalaria joppiea 
Nonepoxy t r iglycer ides  37 38 36 
~ o n o v e r n o l i n s  40 43 47 
Diverno l ins  22 16 15 
Tr ive rno l in  0 2 2 

58 61 

52 56 

27 28 

a Mono- and  d ivernol ins  and  t r i ve rno l in  are t r ig lycer ides  conta in ing,  respectively, one, two, and  three 
veruoloyl  groups.  They may also be described as mono-, di-, and  t r iepoxy t r ig lycer ide  f ract ions .  The 
p lu ra l  terms "nmnove rno l in s "  and  " d i v e r n o l i n s "  should  no t  be confused w i th  the s i ngu l a r  ones, "mono- 
ve rno l in "  and "d ive rno l in , "  which  refer  tO mono- and  diglycerides, respectively, con ta in ing  one and  two 
vernoloyl  groups.  

b Calculated w i th  the a id  of formulas  g iven  in  references 34 (1,2,3-random) and  35 (1,3-random-2- 
random)  by t r ea t i ng  all acids other t han  vernol ic  as a single group.  

e Average  of t i t r a t i on  and  GLC values  in  Table I I  converted to mole percent.  
a F r o m  f rac t ion  yields;  e.g., for  Euphorbia lagascae oil :  100 X [ (0 .15  X 0.33) + (0.56 X 0.67) + 

(0.19 X 1.00)] = 61. 

pancreatic lipase (25) were complicated by the 
properties conferred by the epoxy group. These 
complications prompted the development of a 
new method to be described elsewhere (26) for 
analyzing lipolysis products. This new method, 
which avoids isolation of monoglyeerides, in- 
volves conversion of free hydroxyl groups in 
the total lipolysis product of an oil to tri- 
methylsilyloxy groups. The resulting mixtures 
are then analyzed by temperature-programmed 
GLC. The data given in the last column of 
Table I were calculated from GLC curves ob- 
tained in this nmnner. These data show that 
the vernoloyl group exhibits a general pref- 
erence for the fl-position in the triglyceride 
molecules of the oils exanfined. The results 
of Sampugna et al. (33) argue strongly against 
the possibility that our evidence for this pref- 
erence is due to discrimination against the 
vernoloyl group by pancreatic lipase. They 
found the enzyme to act at about the same rate 
on trivernolin to produce fl-monovernolin as on 
triolein to produce fl-monoSlein. 

As illustrated in Figure 1, column chroma- 
tography provided a method for separating 
epoxy oils into fractions based on the number 
of vernoloyl groups present in the triglyceride 
molecules. Results of such fractionation are 
given in Table I I I  for one oil from each of 
three of the four plant families represented in 
Table I. Valerianellc~ radiata seed oil, repre- 
senting the fourth family, was compared with 

the oils in Table I I I  by TLC and had ap- 
proximately the same relative amounts of 
monovernolins, divernolins, and trivernolin as 
Cephalaria joppica seed oil. 

The percentage of trivernolin found in 
Euphorbia lagascae seed oil by column chroma- 
tography is almost exactly the same as that 
previously deternfined by preparative TLC 
(]2), and the satisfactory agreement of values 
in the last two columns of Table I I I  provides 
further assurance of the validity of the ex- 
perimental results presented. In  general, the 
amounts of the fractions are not in agreement 
with predictions based on either os two 
mathematical distribution patterns. This un- 
predicted i nterglyceride distribution of ver- 
noloyl is not, however, unprecedented. The 
already mentioned fact that vernoloyl groups 
in Vernonia anthelmintica seed oil occur almost 
exclusively in trivernolin molecules represents 
the ultimate in deviation from the two math- 
ematical distribution patterns. 

A more surprising discovery was made when 
the distribution of vernoloyl groups within the 
epoxy triglyceride fractions was determined in 
the same manner as indicated above for the 
parent oils. As shown in Table IV, the mono- 
epoxy triglyceride fraction from Euphorbia 
lagascae seed oil presents a striking exception 
to the general preference of vernoloyl groups 
for the fi-position. In  this fraction the ver- 
noloyl groups are more concentrated in the a- 
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TABLE IV 

Distribution of Vernoloyl Groups in Fractions from 
Natural Epoxy Oils 

Monovernolin 
in monoglyc- Proportion of 

Oil and erides, mole vernoloyl groups 
fraction a percent b in fl-positionr 

Euphorbia lagascae 
Monovernolins 20 20 
Divernolins 92 46 
Oil (caked.) d 74 42 
Oil (found) 75 43 

Crepis aurea 
Monovernelins 61 61 
Divernolins 98 49 
Oil (calcd.) d 79 51 
Oil (found) 84 54 

Cephalaria ~oppica 
Monovernolins 57 57 
Divernolins 95 4 7 
Oil (calcd.) a 44 54 
Oil (found) 46 56 

a See footnote a, Table I I I .  
b Determined by temperature-programmed GLC of the 

trimethylsilylated lipolysis product of the oil or fraction 
(26). 

e See footnote b, Table I. 
d Calculated from the amounts of mono-, di-, and 

triepoxy triglyceride fractions (Table I I I )  and the 
monovernolin content of the monoglycerides from them. 
For example, for Euphorbia laga.~cae, 100 X [(0.15 X 
0.20) ~ (0.56 X 0.92) q- (0.19 X 1.00)] : 74 mole 
percent of vernoloyl groups in the ~-position. 

than the B-positions. The diepoxy triglyeerides 
from the same oil and the mono- and diepoxy 
triglycerides from the other two oils frae- 
tionated do not show this anomaly. Moreover, 
the difference in distribution of vernoloyl 
groups in monovernolins is not simply related 
to the percentage of such groups in the parent 
oils because the epoxide contents of Crepis 
aurea and Euphorbia lagascae seed oils are 
about the same. The agreement between the 
value calculated in footnote d of Table IV and 
the experimentally deterlnined monovernolin 
content of the monoglycerides from the whole 
oil substantiates the unexpected result for 
Euphorbia lagascae monoepoxy triglycerides. A 
similar preference for the a-positions by ver- 
noloyl groups in monovernolins from a 
Cephalocroton seed oil has been found by 
another investigator (36). Like Euphorbia; 
Cephalocroton is a genus of the family 
Euphorbiaeeae. 
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Isomeric Monoethylenic Fatty Acids in Herring Oil 
R. G. Ackman, Fisheries Research Board of Canada, Halifax Laboratory, Halifax, Nova Scotia, and 
John D. Castell, ~ Chemistry Department, Dalhousie University, Halifax, Nova Scotia 

ABSTRACT 
Monoethylenic fa t ty  acids from herring 

oil were concentrated by chromatography 
by chromatography on silver nitrate- 
silicic acid columns. Examination of con- 
secutive fractions by open tubular gas 
chromatography confirmed the preferential  
elution of longer chain length esters and 
of esters within one chain length with the 
double bond closer to the terminal methyl 
group. Isomeric monoethylenic fa t ty  acids 
with double bonds in the positions closer 
to the earboxyl group than the approximate 
midpoint of the even-numbered fat ty  acid 
chains could not be adequately separated 
by gas chromatography and were deter- 
mined by ozonolysis. The isomers observed 
are consistent with pr imary formation from 
saturated acids through the action of an 
enzyme specifically removing hydrogen 
atoms in positions A ~ and A ~~ relative to 
the carboxyl group. Chain extension of 
part icular  monoethylenic isomers by two 
carbon atoms in the C,o and longer chain 
lengths is apparent ly  influenced by the 
position of the double bond. 

INTRODUCTION 

A NU){BER OF 3/IO~N-OET]{YLE:NIC fa t ty  acids of 
various chain lengths from marine lipids 

have been characterized by classical procedures 
(1-3).  With the development of recent tech- 
niques for chromatographic separation and 
oxidative fission, supplemented by gas chro- 
matography, further research has indicated 
that mixtures of isomers would probably occur 
in each of the C~6, C~s, C~0 and C~ chain lengths 
(2,4-11). The recognition of different isomers 
in gas chromatographic analyses has, however, 
not been possible with conventional packed 
eolunms, since the colmnn efficiencies are too 
low. The separation of certain monoethylenic 
isomers of one chain length has recently been 
shown to be feasible with high efficiency open 
tubular (capilla,T or Golay) polar  columns 
(12,13). The present report  shows that i t  is 
possible to determine the occurrence of most, 
but not all, of the isomers of monoethylenic 
fa t ty  acids of marine lipids in the even chain 
lengths through separation of the monoethylenie 
fa t ty  acids as a class followed by open tubular  

This  work was carr ied out  in pa r t i a l  fulf i l lment  
of MSc requirements  at Dalhousie  Univers i ty .  

gas chromatography. Several previously un- 
reported fa t ty  acids have been tentatively 
identified in herring oil by this procedure com- 
bined with ozonolysis. 

EXPERIMENTAL 

lV[ethyl esters (ca. 200 rag) from a British 
Columbia herring oil (a commercial oil prin-  
cipally from Clupea pallasii Valenciennes) were 
subjected to column chromatography on silicic 
acid impregnated with silver ni trate as pre- 
viously described (14). Following elution of 
the major par t  of the saturated acid esters with 
4% diethyl ether in petroleum ether (40-60C 
bp) three further fractions (3.6, 4.7 and 
102 ml) were usually collected for  these studies. 
No detectable trans material was found in an 
examination of the infrared spectra of these 
fractions. 

Open tubular gas chromatography was car- 
ried out with a column 150 ft  in length and 
0.01 in. I.D., coated with butanediol-succinate 
polyester. The apparatus  was a Perkin-Ehner 
Model 226, operated isotheInnally at 170C, with 
an injection por t  temperature of 260C and 
helium as the carrier gas at 40 psig. Output 
was recorded on a Honeywell Eleet roniK 16 
(--0.05 to +1.05 my) recorder, fitted with a 
~Iodel 227-S Disc Instruments Inc. integrator, 
operated at a chart speed of 15 in . /p  hr. Other 
gas chromatographic equipment used in this 
work included an Aerograph A-90 (semi- 
preparative,  SE-30 colunm) and an Aerograph 
t t y - F I  with both polyester and SE-30 columns. 
Areas of peaks of different chain lengths were 
corrected to weight percent (15). 

RESULTS 

The three fractions usually obtained from 
the chromatography on silver nitrate-silicic acid 
colmnns represented a gradation from a frac- 
tion containing only a modest proportion of 
monoethylenic fa t ty  acids to a fraction con- 
taining traces of  saturated fat ty  acids but no 
polyethylenic fat ty  acids (Analysis 1, Table I ) .  
The saturated fa t ty  acids were present in 
similar relative proportions in the three frac- 
tions, but the composition of  monoethylenic 
fat ty  acids differed markedly for the several 
chain lengths, the longer chain materials eluting 
first as reported by Bhatty and Craig (16) 
and Kishimoto and Radin (17). The total 
recoveries of various monoethylenic fat ty acids 
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T A B L E  I 

Propor t ions  of )5onoethylenic Fa t ty  Acids of Even  Chain Leng ths  Recovered in F rac t ions  from Si lver  
Nit ra te-Si l ic ic  Acid Chromatography  

Frac t ions  from Analysis  1 Totals f rom Totals  f rom 
1 2 3 this  s tudy complete oil 

Weigh t  recovery (rag) each f rac t ion  25 90 42 Analysis  analysis  
Percent  monoethylenic acids each f rac t ion  14.8 58.6 98.2 1 ~ 2 b (18) 

1 6 : 1  ...... 7.1 28.0 15.7 12.9 14.1 
18 :1  9.8 40.4 54.0 44.9 45.0 41.9 
2 0 : 1  27.3 23.2 11.5 18.4 18.5 19.8 
2 2 : 1  60.2 28.5 6.5 20.5 23.5 22.3 
2 4 : 1  2.7 0.7 ...... 0.5 ...... c 1.8 

a From 3 separate  fractions, open t u b u l a r  GC. 
b F rom pooled fractions,  packed column GC. 
c 2 4 : 1  not  determined.  

were approxinmtely in agreement with the 
results of a previous analysis of the esters of 
whole herring oil carried out by conventional 
means (18). 

Interpretation of Gas Chromatograms 

The preliminary identification of the com- 
ponents indicated by gas chromatography was 
based in par t  on the known isomers of mono- 
ethylenic fa t ty  acids isolated by classical tech- 
niques (1-3).  These procedures, including ex- 
tensive crystallization and other purification 
steps, generally indicated only one component 
in each chain length. More reliable data (Table 
I I )  based on modern chromatographic proce- 
dures, but also usually including some con- 
centration steps, clearly showed that at least 
two isomeric monoethylenic fat ty  acids could be 
expected in each chain length. 

Each of the three fractions was co- 
chromatographed with rapeseed oil esters to 
identify the acids of 0)9 and o)7 series ~ (13,19). 

~The shor thand  nota t ion  of chain  l e n g t h : n u m b e r  of 
double bonds is. used in  this  paper .  The add i t ion  of an 
"0)" va lue  defines the double bond posi t ion t h rough  the 
number  of carbon atoms f rom the center of the double 
bond to and  i nc lud ing  the t e rmina l  methyl group.  The 
symbol A is convent ional ly  used to indicate  the pos i t ion  
of the double bond re la t ive  to the carboxyl group where  
th is  is  discussed. I n  monoethylenic  fa t ty  acids chain 
length  ~ A ~- ~. 

A plot of log retention time against chain 
length was drawn based on these components 
(20). Additional lines then joined points for 
other components of presumed common w 
values, resulting in a system of lines for esters 
of the o)1], 0)9, 0)7, ~5 and ~3 monoethylenie 
fa t ty  acids. The 24:1 acid was identified as 
the ~o9 isomer both by the log plot and by 
the mixed chromatogram with rapeseed oil 
esters. 

The lines in the linear log plot were all 
vir tually parallel, although subsequent detailed 
study with more efficient columns has indicated 
that some divergence may be observed with 
increasing chain length and larger co values 
(21). There was in the present instance very 
little deviation of the points from the idealized 
lines and the separations between lines were 
adequate to place the point  for  a 17:1 ester 
(largely in fraction 3, not shown in Figure 1) 
between the ~9 and 0)7 lines in agreement with 
presumption of an 0)8 structure (9). The 
average separations between lines (longer re- 
tention times divided by shorter) for  the series 
of ratios of end carbon chains 9/11, 7/9, 5/7 
and 3/5 were respectively 1.022, 1.032, 1.052 
and 1.077. The progressive nonlinear increase 
in these average values is similar to those for 
isomers os polyethylenic fa t ty  acids (20,22). 

T A B L E  I I  

P ropor t ions  of Isomers  of Monoethylenic F a t t y  Acids of Even  Chain Leng ths  from 
Mar ine  Sources Reported in  the L i t e r a tu re  

F a t t y  Isomer Isomer  Or ig in  of 
acid s t ruc tures  ra t ios  sample and reference 

16 :1  w7, w8 6 :1  Menhaden oil (5) 
w7, w9, wl0  1 1 : 1 : 2  European  he r r i ng  oil (4)  
w7, w9 (trace) ? North  Sea p lank ton  (10) 

18 :1  0)9, w7 5 :1  T u n a m e a t  (7)  
w9, w7 2 .5 :1  Dogfish l iver  oil (8) 
0)9, 0)7 1 .2 :1  ~r oil (9) 

2 0 : 1  ~11, 0)9 1 .2 :1  Tuna  meat  (7) 
0)11, 0)9 0 .8 :1  Dogfish l iver  oil (8)  

0)9, o~7 0 .6 :1  Mullet  oil (9) 

2 2 : 1  0)11, w9 14 :1  T u n a  meat  (7)  
0)11, 0)9 4 : 1  Dogfish l iver  oil (8) 
0)11, ~c9 ? Dogfish l iver  oil (11) 

LIPIDS,  VOL. 1, ~ 0 .  5 
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TABLE II1 
Proportions of Isomeric M o n o e t h y l e n i c  Fatty Acids of Even Chain Lenghts in Silver Nitrate-Silicic A c i d  
Chromatographic Fractions (Analysis 1) as Indicated by Open Tubular GC and in Fraction 3 by Ozonolysis 
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Isonler (GC) area percent 
in fraction Chain length 

and isomer 1 2 3 
Isomer weight percent 

by ozonolysis in fraction 3 only 
16:1 w9 ...... 1.7 1.7 
16:1 w7 ...... 14.7 9 6 . 5  9 7 . 0  
16:1 w5 ...... 82.4 1.7 2.3 
16:1 3 ...... 2.9 0.1 ...... 

18:1 wl l ]  1.0 
33.3 69.5 89.8 

18:1 w9 J 87.3 
18:1 o)7 54.5 26.9 8.5 10.3 
1 8 : 1  w 5  1 1 . 1  3.1 1.7 1.4 
18:1 w3 1.0 0.5 0.2 ...... 

20:1 w13 ~ 1.6 
7.3 29.7 66.7 

20:1 wll J 65.0 
20:1 w9 83.9 66.1 30.6 29.9 
20:1 w7 7.3 3.3 2.8 2.9 
2 0 : 1  w 5  1 .5  0 . 9  . . . . . .  0 . 6  

22:1 w13 ~ 29.8 
83.3 92.2 95.5 

22:1 o~11 J 65.2 
22:1 w9 13.6 5.9 4.5 3.3 
22:1 w7 3.1 1.9 ...... 1.7 

24 : 1 w9 ? :[00 J00 ...... 

The ac tual  values fo r  the 7 / 9  and  5 / 7  separa-  
t ions are ve ry  close to those averaged  f rom da ta  
f o r  bacter ia l  f a t t y  acids separa ted  on a Carbo-  
wax open t u b u l a r  column (12,13,21). 

The resul ts  of the p r e l i m i n a r y  ident i f icat ions 
based on GC separa t ions  only  (Table  I I I )  
a p p e a r e d  reasonable  in view of the da ta  in the  
l i te ra ture .  The m a j o r  isomers were qual i ta t ive ly  
and  quan t i t a t ive ly  s imi lar  to those prev ious ly  
r epor ted  and  the addi t iona l  ismners  could be 
fitted reasonab ly  into known  metabol ic  pa th -  
ways fo r  monoethylenic  f a t t y  acids (see 
discussion) .  I n  subsequent  work of this  t ype  
on the  same sample,  t races  of 18:1~o6 have 
been ten ta t ive ly  identified by  GC only (21) .  

The observat ions  of  B h a t t y  and  Cra ig  (16) 
t h a t  the  isomers of monoethylenic  f a t t y  acids 
of  comulon chain length  a re  f u r t h e r  sub- 
f r ac t i ona t ed  in the course of  c h r o m a t o g r a p h y  
on si lver  ni t ra te-s i l ic ic  acid to give an  in i t ia l  
en r i chment  in isomers wi th  the  shor te r  end 
ca rbon  chains (covalues) s u p p o r t e d  these ident i -  
fications. This  effect is clearly i l lus t ra ted  in 
F i g u r e  I and  quan t i t a t ive ly  assessed in Table  
I I I  bu t  since they would not  be well defined on 
r ep roduc t ion  the  C~ acids and  the  t race  
18:1~3 acid have been omit ted  f r o m  F i g u r e  1. 

Oxidative ~'ission Studies 

Subsequen t  to these p r e l i m i na r y  identifica- 
t ions qual i ta t ive  and  quan t i t a t ive  ozonolysis 
s tudies (Table  I I I )  were car r ied  out  on the 
mater ia l s  of  even chain length  isolated f rom 

f rac t ion  3 of Analys i s  1 by  sen l ip repara t ive  
gas c h r o m a t o g r a p h y  (23) .  The resul ts  f rom 
oxidat ive fission genera l ly  confirmed the  t en ta -  
t ive ident if icat ions based on GC alone, bu t  
wi th  some mino r  differences and  one m a j o r  
difference. The fa i lu re  of ozonolysis to detect 
the t en ta t ive ly  identified 16:10J3 and  18:1to3 
acids is p r o b a b l y  p r i m a r i l y  due to the s t ruc tu re  
and  to the vels~ low p ropor t i ons  in  f r ac t ion  3. 
Thus in the  ozonolysis p r o d u c t  GC the esters 
of the  p roduc t  monoacid  would be masked by  
solvents,  and  the es ter  of  the  diacid p roduc t  
would have  a very  inconspicuous  peak  wi th  a 
long re ten t ion  time. Conversely the  recogni t ion  
in f r ac t i on  3 of 20:1o~5 and  22:1~7 by 
ozonolysis bu t  no t  in  the  open  t u b u l a r  GC is 
due to the  re la t ive ly  mino r  amounts  of  the  
l a t t e r  i somers  in  t e rms  of  the low p r o p o r t i o n  
of 22:1  sample  ana lyzed  by GC (eompare  
Tables  I and  I I I ,  F i g u r e  1) .  The fa i lure  of 
of 22:1~13 and  22:1o~11 to sepa ra te  was unex-  
pected, bu t  close se ru t iny  of the peak  in ques- 
t ion fa i led  to show any  evidence of  two ma- 
ter ia ls  bo th  on the  column used in the  p re sen t  
s tudy  and  on more  efficient columns subse- 
quent ly  employed in detai led s tudies  o f  the 
effect of double bond  posi t ion on such separa-  
t ions (21) .  The l a t t e r  work  does show tha t  
there  are g rounds  fo r  p rcd ie t ing  t h a t  s epa ra t ion  
will p r o b a b l y  be ve ry  s l ight  in  the  pa i r s  
18:1oJl l  and  18:1~9,  and  20 :1~13  and  20:1ro11. 

Owing to the effect of  sub f r ac t i ona t ion  wi th in  
each chain  length  i t  was possible  t h a t  the  
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FIG. 1. Partial gas-liquld chromatograms 
(C~8-C20-C~_~_) of fractions 1, 2 and 3 from herring 
oil methyl ester chromatography. Open tubular 
column 150 ft • 0.01 in I.D., BDS coated, iso- 
thermal operation at 170 C and 40 psig helium. 
Saturated acids are labelled as to chain length, 
monocthylenic peaks (excepting trace 18:1 ~3) 
denoted by ~ values. Attenuations as marked. 

22:10)13 acid was particularly concentrated in 
fractiml 3, but the bulk (75%) of the 22:1 
acids had been in fraction 2, which was no 
longer available for oxidative fission. Accord- 
ingly a fresh isolation (Analysis 2) of the 
nlonoethylenie fatty acid esters of herring oil 
was carried out by chromatography on silver 
nitrate-silicic acid. The three fractions were 
pooled and the proportions of saturated and 
monounsaturated acids in the various chain 
lengths determined by conventional packed- 
column GC (Table I) .  Preparative GC separa- 
tion of each chain length and ozonolysis were 
carried out as before (Table IV).  This estab- 
lished the overall content of 22:10)13 as about 
]3% of the 22:1 acids. On this basis the com- 
position of fraction 2 in analysis 1 would be 

LIPIDS, VOL. ], NO. 5 

approximately 12% 22:10)13, as compared 
with approximately 30% in fraetion 3. This 
degree of enrichment appears reasonable in 
view of the proportions in each fraetion and the 
nature of the isomers involved. 

DISCUSSION 

Analytical Techniques 

The overall results of the analyses of the 
sample of herring oil (Table IV) by two some- 
~hat  different approaches are in reasonable 
quantitative agreement for the proportions of 
most components. The subfraetionation effect 
of the silver nitrate-silicie acid technique 
(initial elution of the longer chain lengths and 
of the isomers with the lesser 0)values) is 
particularly advantageous in the open tubular 
GC analyses where rainor components such as 
18:1o)3 are readily rceognized when thus con- 
centrated. In  terms of convenience, the em- 
ployment of open tubular GC alone has obvious 
avlvantages, but the failure to separate those 
isomers of even chain length with double bonds 
occurring from approximately the midpoint of 
the fatty acid chain to a a ~ position would be 
a handicap if such isomers were significant (21). 
The study of isomers of monoethylenie fatty 
acids of odd chain length, which are very minor 
conlponeuts of most nmrine lipids, eould also 
be largely accomplished by open tubular GC. 

I t  should be noted that monoethylenic fatty 
acids with double bonds sufficiently close to the 
carboxyl group for interaction to occur (e.g., 
trans 16:1co13) have inereased retention times 
and therefore could be confused with isomers 
with low 0)values (21, cf 24). This is a further 
limitation on the use of open tubular GC alone, 
and the risk of confusion is compounded by the 
observation that in ehromatography on silver 
nitrate-silieie acid columns (elution with 
benzene in petroleum ether) the trans isoiners 
precede the cis isomers of the same chain 
length (16,25). In  open tubular GC on polar 
substrates the separation of tran~s and cis fatty 
acids with the same chain length and double 
bond positions may be negligible, although if 
such a separation occurs the trans isor~mr will 
appear first (21,26). In  the present study, 
infrared analysis of the esters of whole herring 
oil, and of the individual fractions (Analysis 1) 
did not show any detectable trans absorption. 
Trans  nmterial of unspeeified nature has been 
concentrated from menhaden oil (27)., and ap- 
pears in certain fractions from mullet oil where 
it is indicated that this is probably due to 
artifact formation during distillation (9). 
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TABLE IV 

Proportions of Isomers of lV[onoethylenic E v e n  Chain  Leng th  F a t t y  Acids in  H e r r i n g  Oil as Ind ica ted  
by Open T ubu l a r  GC and  P a r t i a l  Ozonolysis (Analys i s  1) and by Packed  Column GC 

and  Ozonolysis (Analys is  2) 

Chain  Isomers  as percent  of I somers  as percent  of net 
length  chain  length  Cle-C24 a monoethylenic acids 

and isomer Analys is  1 Analys is  2 Analys i s  1 Analysis, 2 

1 6 : 1  ~o9 1.3 3.2 0.2 0.4 
1 6 : 1  w7 76.5 76.7 12.0 9.9 
16 :1  w5 21.6 17.3 3.4 2.2 
16 :1  w3 0.6 2.8 0.1 0.4 

18 :1  w l l ]  3.2 ~ 1.4 
75.7 ~ 84.9 

1 8 : 1  (o9 J 70.4 J 31.6 
18 :1  w7 21.6 24.2 9.9 10.9 
18 :1  w5 2.4 2.8 1.1 1.3 
1 8 : 1  0)3 0.3 ...... 0.1 ...... 

2 0 : 1  tel3 ] 1.5 ) 0.3 
38.3 ~ 6.9 

2 0 : 1  cel l  J 36.7 j 6.8 
2 0 : 1  o39 57.2 59.0 10.3 10.9 
2 0 : 1  w7 3.3 2.8 0.6 0.5 
2 0 : 1  w5 1.2 ...... 0.2 . ..... 

2 2 : 1  w13 ~ 13.1 "1 3.1 
91.6 ~ 18.4 

2 2 : 1  w l l  J 80.9 J 19.0 
2 2 : 1  o)9 6.5 6.0 1.3 1.4 
2 2 : 1  w7 1.8 ...... 0.4 ...... 

2 4 : 1  w97 100 ..... 0.5 ...... 

a 2 4 : 1  not  determined in  Analysis  2. 

Isomers of Monoethylenic Fatty Acid Isomers 
in Other Animals 

Of the less well-known isomers of mono- 
ethylenic fatty acids the widespread occurrence 
of 18:1co7 in animal lipids is well documented 
(28-31). In  most lipids the proportions of 
]8:1co9 and 18:1~7 are about 10/1, although 
in specialized lipids of rats the ratio may be 
lower (29,31). The data from the literature 
(Table I I )  and from the present analysis of 
herring oil (Table IV) suggest that in depot 
fats of fish a ratio of 3/1 is typical for these 
two isomers. 

Very little is known about the occurrence 
of other unusual isomers of inonoethylenie fatty 
acids. The detailed study of fatty acids of 
rat lipids by Sand et al. (28) does provide 
evidence for the natural occurrence in animal 
lipids at low levels of some of the acids found 
in the present study. These authors report, in 
addition to the major C~ and C~ monoethylenie 
fatty acids, 14:1~o7 and 14:1co5 (ratio of 10/1), 
16:I~o10 and 16:1~o8 (of. Table l I ) ,  18:1oA1 
and 18:1~10. From certain organs of the rat 
the acids reeovered were 20:1~13, 20:1~9 and 
20:1co7, with very little 20:1~11. The livers 
of fat deficient rats are Mso reported to contain 
20:1(o9 and 20:1~o7 acids (32). These results 
may reflect the dietary status of the rat, since 
the abolition by fasting of desaturation, but 
not of elongation, would lower the proportion 

of 20:1o~11 acid (31). Other studies with rats 
suggest the presence of 16:1co5 as well as 
16:1~o6 and 18:1~o8 acid (31). In  fat ty acids 
of pig brain lipids 22:1~o9 and 22:1~7 are 
accompanied by some 22:1~o13, but not by 
22:1co11, and the absence of 20:1coll (see 
above) should also be noted (33). 

Origin of Isomers of l~onoethylenic 
Fatty Acids 

The composition distribution, rearranged in 
terms of proportions of isomers (Table V) 
shows clear trends with both chain length and 
wvalue, yet poses a number of problems, 
particularly since the longer chain acids are 
not significant in depot fats of mammals and 
therefore have not received much attention. 
These acids are probably formed largely in the 
herring, since the limited literature on the fatty 
t, eid composition of zooplankton suggests that 
the fat of the prhnary food of the herring 
would be low in 20:1 and 22:1 acids (34). 
This is a generalization and may not hold in 
some instances (35). 

I t  is possible to explain the various 
isomeric fatty acids found in the C16- 
C~2 even chain lengths of herring oil on the 
basis of one desaturation enzyme removing two 
hydrogens from the A 9 and A 1~ positions of 
saturated fatty acids. This was originally pro- 
posed by Breusch (36) and has been specifically 
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TABLE V 

Comparison of l~ercent Isomers in Each Chain Length with Structure 

Double bond 
position from Isomer percentage in each chain length and ~ value 

carboxyl 

/-Ierring oil acids a 
C~6 C~s C~ C~e 02~ G~ 

A 7 1.3 (~9) 3.4(w11) 1.5(o)13) 
A 9 76.5(o)7) 72.3 (~ 9) 36.8(o)11) 12.8(o)13) 
A 11 21.6(w5) 21.6(w 7) 57.2(0) 9) 78.8(w11) 
A la 0.6(w3) 2.4(w 5) 3.3(w 7) 6.5(o) 9) 
A TM . . . . . . . . . . . . . .  0.3(~z 3) 1.2(w 5) 1.8(r 7) 100(t~9) ? 

P ig  brain sphingolipid acids (17) 
A la 15 (oJ 9) ............ 
A TM 85 (c0 7) 78(w9) 
~7  ................ 20(w7) 40 (wg) 
A TM . . . . . . . . . . . . . . . . . . . . . .  49 (wT) 

a Composite percentages from Analyses 1 and 2. 

demonstrated to apply to 16:0 and 18:0 in 
rats (29,31). Numerous other workers in 
this field have discussed this concept 
(8,9,28,33,37,38,cf.39). 

The saturated fatty acids commonly recog- 
nized in marine oils normally range from 12:0 
to 20:0, and 22:0 has also been noted in con- 
centrates but evidently occurs in very small 
proportions (14,40,41). The overall reaction, 
as shown in Scheme I conveniently accounts 
for the majority of observed isomers by the 
normal process of two-carbon chain extensions. 
I t  is stated that longer chain acids are normally 
conlpletely broken down to acetate (42). How- 
ever, formation of 16:ho12 (as well as 
20:1o~12) in small amounts in rats fed on 
18:1w12 clearly indicates that in addition to 
two carbon chain extensions there may be 
limited selective removal of two carbon atoms 
as well as complete chain breakdown 
(28,cf.31,43). 

An anaerobic pathway operative in bacteria 
can produce the same isomers, including the 
16:1oJ5 acid (39). The specificity of the A%A ~~ 
dehydrogenation is also illustrated by the pres- 
ence of 17:1o~8 and apparent absence of other 
17:1 isomers in significant amounts in the fatty 
acids of the herring oil under study, and also 

7 
A 1 4 : l ( . a  7 --.. - . . .  --.... 
A 9 12 : i .CJ3  1 4 : 1 C J 5  16 : I (...) 7 1 8 : i C a 9  2 0  

, ,  "-. .  ' - . . .  "-- .  
A 14:1 Ca3  16 : ICJ  5 18 : I(.,J7 2 0 :  - . .  -... - . . . .  
A 13 

15 
A 

in the unusual oil of the striped mullet (9). 
In  the latter oil 15:1o~6 is also found, with only 
slightly less 15:ho8. However, 19:1o~8 is the 
only isomer reported in the mullet oil. Since 
15:0 and 17:0 are present, and 19:0 is virtually 
absent from this oil, the correlation proposed 
for the desaturation is excellent, accounting for 
]5:]~6, 17:1oJ8 and the absence of 19:lcolO. 
The 15:ho8 and 19:ho8 evidently arise by 
respective shortening and lengthening of the 
chain of 17:1o~8. There must be considerable 
metabolic activity in the saturated and mono- 
unsaturated acids of these shorter chain lengths, 
since 16:1~o9 must arise from 18:1r and is 
fairly common (28,29). This may also account 
for the 14:1~o9 reported in addition to 14:ho5 
in a nmuber of marine oils (1). There has 
recently been considerable interest in plant 
fatty acids with unsaturation in a A s position 
relative to the earboxyl group (44). I t  is there- 
fore possible that 14:1o~9 or a homologous acid 
could be found in some unknown marine plant 
source, particularly as 12 :he7 has been isolated 
from a marine oil (1). The contrast between the 
complex nlixture of isomers found in the fatty 
acids of herring oil (Table IV) and in other 
oils (Table u) ,  and the apparent simplicity of 
marine oils based on earlier isolations of single 
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16 : ICO9 18: I C.,)II 2 0  : ! (.,.) 13 

-. . . .  
(.~11 2 2 : 1 0 . ) 1 3  

( , J 9  2 2 : 1 ( . 0 1 1  

16 : IG . )3  18: IC, . )5  2 0 :  I (.J 7 2 2 : 1  (,J 9 

18:1G-)3 20:1 Ca 5 2 2 : 1 ( . O 7  2 4 : 1 ( . 0 9  ? 
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fat ty  acids by classical techniques, suggests that 
speculation on the shorter chain fat ty  acids 
should be limited pending further  data. 

To account for  the wide range of isomers of 
nIonoethylenie fa t ty  acids in pig brain lipids 
an additional dehydrogenation enzyme has been 
suggested operating on the carbon atoms A ~ 
and • relative to the carboxyl group (33). 
This could account for the 16:1co10 reported 
for  herring oil (4) and in lipids of the ra t  
(28), for  the 17:10~11 accompanying 17:1ro8 
in menhaden oil (27), and if operating on 
15:0 and 13:0 could also be invoked to explain 
the 19:1ro9 and 19:1~7 observed in minor 
amounts in a shark liver oil (45). 

The apparent  poor recovery of 24:1, as 
compared with the analysis of the whole oil 
(Table I ) ,  may be deceptive as this acid was 
previously estimated by difference froni 
coincident components, and the level found was 
somewhat higher than found in other herring 
oil analyses (18). The presence of isomers other 
than 24:1~9 is reported in lipids of brain 
tissue (17,33,46). They may also occur in the 
herring oil although this is the only known 
isomer from marine sources (1). The origin 
of 24:1~o9 by chain extension from 18:1oJ9 
has been shown in rat  brain, and 20:1co9 and 
22:1~9 were indicated as intermediate pre- 
cursors (46), although direct multistep elonga- 
tion from 18:1~o9 is a significant process in 
this part icular  system (cf.47). h i  herring oil, 
a depot fat, it is quite possible that the step- 
wise two carbon chain extension process is the 
principal  synthetic route to 24:1. 

Some support  for this view is provided by 
the fat ty  acids of shark liver oils, which were 
reported as very rich (10%) in 24:1 (1,48). 
Ilowever, more recent analyses of some species 
indicate 24:1 levels of 1-3% varying roughly 
in proportion to the amount of 20:1 and 22:1 
acids present (11,49,50). I t  will be noted that 
the proport ion of 22:1o~9, the potential pre- 
cursor to 24:1co9, is higher relative to 22:1~11 
in dogfish liver oil than in tuna ]ipids (Table 
I I )  or in the herring oil under study (Table 
IV) .  Studies with rat  liver enzymes have ex- 
plored the conditions for the conversion of 
22:1r09 into 24:1~o9 in this animal (47). 

Structure and Chain Elongation in Isomers 
of Monoethylenic Fatty Acids 

The proportions of the isomers of different 
chain lengths (Table V) indicate that chain 
length and structure influence the probabil i ty 
of either two carbon chain extension or direct 
multistep elongation to a given end product. 
The presumed stoppage of chain extension at 

22 :IoA1 and 22:1co13 suggests that either the 
proximal A 11 or terminal ~11 and ~13 struc- 
tures make this step less probable. The rela- 
tively high levels of 20:1oA1 and 22:10A3 in 
comparison with the low levels of 20:0 and 
22:0, as related to total saturates, point to 
these r and oA3 structures as relatively 
inert. Monoethylenic acids with rovalues 
greater than 11 are found in the even chain 
acids of pig brain lipids, but only as nfinor 
components (33). On the other hand the 
progressive accumulation of the A ~' acids as 
chain length increases in the herring oil sug- 
gests that in the longer chain lengths tbe A ~1 
acids are increasingly inert. The high propor-  
tion of 20:1r could then be a feedback 
effect from accunmlated 22:1v:11 due to the 
nonreactive A ~ structure of the latter. 

I f  A 11 or ~oll and ~o13 give effective blockage 
of chain extension in the C~ acids, then pref- 
erential structures might behave similarly in 
the C~, acids. I t  is in fact indicated by the 
proport ions of these acids in pig brain 
sphingolipids (Table V) that 22:1~o9 is pos- 
sibly elongated in preference to 22:1(o7, but 
24:]xo7 in preference to 24:1~9. The com- 
parison is not specific since the monoethylenic 
fa t ty  acids of longer chain length in the pig 
brain sphingolipids play a part icular  role which 
nlay not be duplicated in a depot fat  and they 
may be of different origin (see above). The 
complete pig brain fat ty  acid analysis for 
Cls-C~ monoethylenic acids also shows an in- 
creasing disproportionation between ~o9 and 
~7 isomers in favor of increasing amounts of 
the latter (33). However, proportions in the 
C,, chain length for fat ty  acids of whole pig 
brain are 1.7/1, whereas in the sphingolipid 
fa t ty  acids (Table V) the proportions are 
0.]8/1. More than one lipid system is rep- 
resented in the whole brain analysis and this 
difference in ratios emphasizes the possibilities 
of different routes to a given acid in different 
lipids. The pig brain data, however, support  
the view that low "~" values promote chain 
elongation. 
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Interconversion of Fatty Aldehydes and Dimethyl Acetals 
at Low Temperatures 
V. Mahadevan, C. V. Viswanathan and W. O. Lundberg, University of Minnesota, 
The Hormel Institute, Austin, Minnesota 

ABSTRACT 

Facile procedures are described for  
nearly quantitative conversion of saturated 
and unsaturated fa t ty  aldehydes to their 
dimethyl acetals, and vice versa, at  low 
temperatures. The methods are based on 
the chemical behavior of aldehydes and 
dimethyl aeetals in 100% sulfuric acid. 
Under the experimental conditions de- 
scribed, no side reactions seemed to occur. 
The puri ty  of the aldehydes and dimethyl 
acetals was ascertained by thin-layer chro- 
matography, infrared spectra and other 
techniques. 

INTRODUCTION 

T 
H E  ALDEI~YDE .~{OIETIES of plasmalogens in 
tissue lipids are usually characterized by 

gas-liquid chromatography (GLC) of their 
dimethyl acetals obtained by methanolysis of 
the lipids (1). Some investigators have found 
it necessary first to separate the resulting pro- 
ducts into fat ty  acid methyl esters and dimethyI 
aeetals by thin-layer chromatography (2-4) or 
by chemical means (5). The plasmalogen aide- 
hydes have also been isolated as their 2,4- 
dinitrophenylhydrazones, and the aldehydes re- 
generated by the levulinie acid procedure (6). 

Fo r  GLC, the free aldehydes are usually 
converted to the dimethyl acetals by refluxing 
with anhydrous methanolie tiC1. The aldehydes 
that remain unchanged are removed by washing 
a petroleum ether solution of the products with 
a saturated solution of sodium bisulfite (1). 

Analysis of dimethyl acetals by GLC has 
been fraught with many difficulties, including 
par t ia l  decomposition on the GLC columns 
(1,3,7). Other methods for  characterization of 
the dimethyl acetals have therefore been used. 
These methods involve hydrolysis of dimethyl 
acetals to aldehydes, which are then converted 
to the methyl esters of the corresponding fa t ty  
acids following oxidation of the aldehydes to 
acids, or to the acetyl esters of the correspond- 
ing alcohols following reduction of the alde- 
hydes to alcohols. The dimethyl acetals in these 
cases are hydrolyzed to the aldehydes with 
90% acetic acid for 8 to 24 hr in a sealed 
ampule (5). The hydrolysis of the dimethyl 
acetals to the aldehydes, and their reconversion 

to the dimethyl acetals, is frequently used in 
the analysis of aldehydogenic lipids. 

Reaction conditions for the complete meth- 
anolysis of aldehydes and of aldehydogenic 
lipids with BF3-methanol and methanolic-HC1 
are rather rigorous and time-consuming (1,3). 
BFo-methanol reagent is also known to cause 
undesirable side reactions with unsaturated com- 
pounds (8). Further,  both reagents are mainly 
used for tile conversion of aldehydes to the 
dimethyl acetals and not for the reverse reaction 
which is usually effected by prolonged hydroly- 
sis with acetic acid as discussed before. 

This paper  reports a simple procedure for 
the conversion of fat ty  aldehydes to dimethyl 
acetals, and vice versa, in almost quantitative 
yields at  rather low temperatures ( - -30C).  
Further,  the time for  reaction in either direction 
is only 30-40 min. The method is based on the 
chemical behavior of aldehydes and dimethyl 
acetals in 100% sulfuric acid. The reactions of 
fa t ty  acid esters, and of mixtures of organic 
acids and alcohols in 100% sulfuric acid at low 
temperatures have been reported by MeGinnis 
and Dugan (9) and Newman (10). 

PROCEDURES AND RESULTS 

Saturated fa t ty  aldehydes (C1~, C1~, C1~, C~) 
and C1~ unsaturated aldehydes (oleyl, linoleyl 
and linolenyl) were prepared by oxidation of 
the mesylates of the corresponding alcohols by 
dinlethyl sulfoxide as described by Mahadevan 
et al. (11). Trimerized palmitaldehyde was 
separated from commercial palmitaldehyde 
(Columbia Organic Chemicals Co., Inc., Colum- 
bia, S. C.) by preparat ive thin-layer chroma- 
tography (TLC) as described by Tuna and 
Mangold (12) and used as control. One hundred 
percent sulfuric acid was prepared by mixing 
appropr ia te  amounts by weight of 96% sulfuric 
acid and 20% fuming sulfuric acid, as described 
by Newman (10). 

For  the analysis of aldehydes and dimethyl 
acetals by TLC, glass plates (20 > 20 cm) 
were coated as usual with Silica Gel G to give 
a layer approximately 250 ~ in thickness and 
activated at 110C for 1 hr. The samples were 
applied in petroleum ether solution and the 
plates were developed with toluene. The spots 
were visualized by charring after  spraying with 
50% ILSO~. 

GLC analysis of the aldehydes and dimethyl 
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acetals were carried out with a Beckman GC-2A 
gas chromatograph equipped with a hydrogen 
flame detector and a 1~ in. • 12 ft  aluminum 
column packed with 20% fl-cyelodextrin acetate 
on Gas-Chrom R, 30-60 mesh, at 230C. The 
carrier gas was helium. 

Infrared spectra were taken with a Per- 
kin-Ehner Model 21 double-beam infrared 
spectrophotometer. 

The reactions and results were essentially the 
same in all cases and, therefore, in what fol- 
lows, only the conversions of an unsaturated 
and a saturated aldehyde, linoleyl aldehyde and 
pahnitaldehyde, to their dimethyl acetals and 
the latter's hydrolysis back to the free alde- 
hydes, are described in detail. 

0onversioa of the Aldehydes to 
Their Dimethyl Acetals 

Linoleyl aldehyde, 50 rag, was dissolved in 20 
ml of dry peroxide-free ethyl ether in a 125 ml 
Erlemneyer flask. The flask was stoppered after 
flushing with nitrogen and placed in a dry 
ice-acetone bath. The contents of the flask were 
agitated with a magnetic stirrer. When the 
contents reached --30C, 2 nd of 100% sulfuric 
acid was added, after which the bath tempera- 
ture was allowed to rise to 0C in about 10 rain. 
The bath temperature was again lowered to 
--30C and 25 nil of absolute methanol was 
added. After  stirring for about 2 rain, 20 ml 
of 35% methanolic KOH was added. A gela- 
tinous pree, ipitate formed which interfered 
with magnetic stirring and, therefore, the flask 
was swirled by hand while being kept in the 
cold bath until the nearly solid white nmss 
changed to a milky liquid. The flask was re- 
moved from the bath and magnetic stirring was 
resumed and continued for 15 rain. The con- 
tents were then transferred quantitatively to a 
separatory funnel in 300 nfl H~O. Nitrogen 
was kept bubbling through the mixture. The 
dimethyl acetal was extracted with three 25 ml 
portions of ethyl ether, and the ether extracts 
combined and washed with water until neutral 
and then dried over anhydrous sodium sulfate. 
Ewporat ion  of the ether yielded 50 mg of the 
product (84% theory). 

By the same procedure, 50.8 mg of palmital- 
dehyde yielded 49.6 mg of its dimethyl acetal 
(82% theory). 

Analysis of the products by TLC (Fig. 1) 
yielded single spots and their R~ values were 
identical with those of the dimethyl acetals 
prepared by other methods (1,13). Since the 
R~ values differ little among the aldehydes and 
~he dimethyl acetals during adsorption TLC, 
ouly the TLC behavior of linoleyl aldehyde and 

~LIPIDS, ~OL. 1, NO. 5 

]~IG. 1. Thin-layer chromatography of linoleyl 
aldehyde, its dimethyl acetal and reference com- 
pounds : 1) linoleyl aldehyde ; 2) linoleyl aldehyde 
dimethyl acetal obtained from 1 by the present 
method; 3) linoleyl aldehyde dimethyl acetal 
standard; 4) linoleyl aldehyde obtained from com- 
pound No. 2 by the present method; 5) trimerized 
palmitaldehyde. 

its dimethyl acetal is shown in Figure 1. Figure 
2 shows the IR spectra of the dimethyl acetals 
and the aldehydes. Bergmann and Pinehas 
(14) found that the dimethyl aeetals of low 
molecular weight aliphatic aldehydes possessed 
characteristic bands in the regions 1158-1190 
cm -1, 1124-1143 cm -1, 1063-1098 cm -1 and 1038- 
1056 cm -l. These bands are also seen in di- 
methyl acetals of linoleyl aldehyde and pahnit- 
aldehyde. Bands characteristic of the aldehyde 
group, 2700 cm -1 and 1730 cm -1 were absent. 

Oonversion of the Dimethyl Aeetals 
to the Aldehydes 

The dimethyl aceta] of linoleyl aldehyde, 40 
nag, was dissolved in 20 nil of peroxide-free 
ethyl ether and subjected to the procedure de- 
scribed above, up to and including the addition 
of 2 ml of 100% sulfuric acid: The mixture 
was then stirred for 10 rain at 10C and poured 
over crushed ice. The liberated free aldehyde 
was extracted thrice with 25 ml portions of 
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ethyl ether, the ether extracts were combined 
and washed successively with 5% sodium bicar- 
bonate solution and water, and dried over anhy- 
drous sodium sulfate. The ether was evapo- 
rated, leaving 31 mg of the aldehyde (92.3% 
theory). 

By the same procedure, 50 mg of pahnit- 
aldehyde dimethyl acetal yielded 38.6 mg of the 
aldehyde (92% theory). Analysis of the pro- 
ducts by TLC (Fig. 1) showed that the alde- 
hydes were free of the dimethyl acetals and 
trimerized products. The infrared spectra oE 
the aldehydes (Fig. 2) show bands characteris- 
tic of the aldehyde group. 

DISCUSSION 

The saturated and the unsaturated aldehydes 
used in this study were converted to the eor- 

3 5 WAVELENGTH 9 li [3 15 

FzG. 2. Infrared spectra of pahnitaldehyde, 
linoleyl aldehyde and their dimethy] acetals: A) 
palmitaldehyde ; B) palmitaldehyde dimethyl 
aeetal; C) ]inoleyl aldehyde; D) ]inoleyl aldehyde 
dimethy] aceta]. Solution spectra of A-C in 0.1 
mm cell using 10% solutions in CS~ (2.0 to 4.2 t~, 
5 to 6.1 it, 7.2 to 15.0 ~) and in tetrachloroethy- 
lene (6.2 to 5.0 t~ and 6.1 to 7.2 ~). Spectrum of 
D was obtained as liquid film between salts. 

responding dimethyl acetals in approximately 
80-85% yield and the dimethyl acetals to the 
corresponding aldehydes in 90-93% yield. The 
procedures described here afford a quick and 
convenient means for the conversions of the 
aldehydes and the dimethyl aeetals at relatively 
low temperatures. The reaction in either direc- 
tion can be completed in the course of an hour. 
The use of low temperatures helps to prevent 
oxidative changes. The procedures in all Gases 
yielded essentially pure products as judged by 
TLC, GLC and infrared spectra. 

Although sulfation of double bonds in un- 
saturated fatty acids is known to occur with 
concentrated sulfuric acid, such reactions do 
not seem to occur with the unsaturated alde- 
hydes or their dimethyl acetals under the pres- 
ent experimental conditions. This was evidenced 
by complete absence of any spots on the TLC 
plate at or near the origin (Fig. 1). Being 
highly polar, sulfated compounds and their 
hydrolytic products can be expected to remain 
near the origin. After a complete reaction cycle 
involving conversion to the dimethyl acetals and 
their reconversion, the original unsaturated al- 
dehydes were recovered in good yields and 
unchanged as shown by TLC and infrared 
spectra. With the relatively low temperatures 
and with the large excess of diethyl ether, 
sulfation may not occur with the species, 
(C~Hs)~OH + OSO:~H-, present. 1 I t  is pert inent 
to point out that in their studies oil the analy- 
sis of fa t ty  acid composition of highly unsatu- 
rated fats using methyl esters prepared by this 
method, McGinnis and Dugan (9) found no 
apparent changes in the fatty acids and their 
results compared favorably with other methods. 

The presence of aldehydes as impurities in 
dimethyl acetals, and vice versa, may be de- 
tected by TLC. The aldehydes invariably are 
found to have a higher R~ value than the di- 
methyl acetals. On hydrolysis, dimethyl aeetals 
yield the aldehydes as monomers. No trimerized 
products were detected by TLC. The difference 
in the R, values between the aldehyde and its 
trimer was large enough to detect the latter 
as an impurity in the aldehyde (Fig. 1). 
Further, the aldehydes gave single yellow spots 
with the 2,4-dinitrophenylhydrazine reagent 
(15) and possessed the same R, values as those 
of the original aldehydes. The reference trimer 
aldehyde also yielded a yellow spot with this 
reagent but had a higher R~ value than the 
monomer. 

The acid-catalyzed reaction between the alde- 
hyde and the methanol to form the correspond- 

1 Suggested by the reviewer. 
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ing dimethyl acetal and the latter 's hydrolysis 
to the aldehyde proceed 
following : 

CH:,OH,H § 

( RCHO 

H~O,H + 

Although aliphatic aldehydes were reported 
to react with methanol without acid catalyst 
to form their hemiacetals, as shown by UV- 
spectroscopy (16), their preparat ion and prop-  
erties have not been described in the literature. 
However, the hemiacetals of glucose, methyl 
a-D-glucopyranoside and its anomer have been 
characterized by their infrared absorption 
bands at 844 cm -~ and 891 cm -~, respectively 
(17). The infrared spectra of the dimethyl 
acetals of the aldehydes prepared by the 
present technique show no absorption in this 
region. On the other hand, their spectra are 
identical with those of the same compounds 
prepared by methods described in the literature 
and show characteristic bands of acetals de- 
scribed by Bergmann and Pinchas (14). The 
infrared spectra of the aldehydes and the 
dimethyl acetals show no absorptions at  1665 
cm ~ and 1175 cm ~ attributed to the 

- -  CH = CH- -  O-- Me group (18) resulting 
from the demethanolization os the dimethyl 
aeetal or dehydration of the hemiacetal inter- 
mediate. The slight absorption in this region 
seen in linoleyl aldehyde and its dimethyl acetal 
is due to cis-double bonds present in these 
compounds. This band is virtually absent in 
the saturated compounds, palrnitaldehyde and 
its dimethyl acetal. 

The detection of aldehyde impurities in 
dimethyl acctals by GLC is not always feasible. 
Our studies on the behavior of fat ty aldehydes 
and their dimethyl acetals on various stationary 
liquid phases used in GLC have shown that  in 
EGS colmnns, for example, both the aldehydes 
and the dimethyl acetals have identical reten- 
tion times whereas in other columns a well- 
defined separation is effected (19). The dif- 
ferences in retention times of the aldehydes and 
their corresponding dimethyl acetals on the 
fi-cyclodextrin acetate colunln used in this 
study were large enough to distinguish them 
unequivocally. Further,  compounds in both 
classes gave single peaks and no decomposition 
products when chromatographed on this column. 

TLC did not reveal the presence of any 

corresponding acids in the aldehydes regen- 
according to the erated from the dimethyl acetals according to 

the procedure described. UV spectroscopy 

CH.~0H,H ~ 
---> > 

R C H ( 0 H )  0CH~ ( RCH(0CH~)~ 

H~O,H § 

showed no conjugation in the linoleyl or lino- 
lenyl aldehydes, nor in the dimethyl acetals, 
nor did any cis to trans isomerization occur 
according to the IR  spectra. 

The low temperature method for the meth- 
anolysis of plasmalogen containing lipids to 
yield simultaneously mixtures of dimethyl 
acetals of fa t ty  aldehydes and methyl esters 
of fa t ty  acids and for the hydrolysis of the 
separated dimethyl acetals is being used in 
our laboratories for  the analysis of the alde- 
hydes and will be described elsewhere. 
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Thermal Reactions of Methyl Linoleate. I. Heating Conditions, 
Isolation Techniques, Biological Studies and Chemical Changes 
W. R. Michael, J. Craig Alexander ~ and Nell R. Artman, The Procter & Gamble Company, 
Miami Valley Laboratories, Cincinnati, Ohio 

ABSTRACT 

Methyl linoleate, diluted with an equal 
weight of methyl laurate, was heated with- 
out exclusion of air at 200C for 200 hours. 
The reaction mixture was separated by 
means of molecular distillation, urea adduc- 
tion, column chromatography, and gas 
chromatography. Cyclic and aromatic 
materials were detected in the nonurea 
adductable monomer fractions. The dimer 
was separated blto polar and nonpolar 
fractions. Analytical data for the non- 
polar dimer are consistent with a cyclic 
Diels-Alder product. Bioassays showed 
the nonadductable monomer, the polar 
dimer, and a fraction of intermediate boil- 
ing point to be toxic when administered 
to weanling male rats. Urea-adductable 
fractions, nonpo]ar dimer, and polymer 
were not toxic. The concentrations of the 
toxic components were so low that the 
heated linoleate, before fractionation but 
after removal of the laurate, was not toxic. 

INTRODUCTION 

I 
N RECENT ]rEARS papers have appeared in the 
literature reporting' observations of toxic 

effects attributed to heated fatty materials 
(1-7). These reports have tended to be con- 
fusing and contradictory because of differences 
in starting materials, heating procedures, and 
effects observed. In  some of these studies the 
fatty materials were severely oxidized, strongly 
heated, or both. In  some cases (1,4,7), the 
materials formed during abusive treatments 
were partially fractionated, and then assayed 
~or biologic activity in the weanling rat. The 
various fractions separated in these studies 
were mixtures of compounds, and it was not 
possible to attribute a specific biologic response 
to a specific compound or group of compounds. 
In  other cases (8-11), heated or oxidized fatty 
materials were prepared, and chemical com- 
pounds were isolated from them, but biological 
studies were not reported. 

The development of an understanding of 
lipid chemistry in the greatest possible detail 
requires a complete investigation of the chem- 

1 Present  address : U n i v e r s i t y  of Guelph, Guelph,  
Ontario,  Canada.  

ical and biological properties of the reaction 
products formed from fatty materials when 
heated even under conditions far removed from 
conditions of practical usage. I t  is important, 
of course, that results of such studies not be 
applied indiscriminately to all Situations in 
which fatty materials are subjected to the ac- 
ti0n of heat or air. Indeed, there is a sizeable 
body of literature (12-21) indicating that fats 
do not undergo nutritionally significant changes 
when subjected to the heat or oxidation in- 
cidental to normal processing and cooking 
operations. Rather they must be treated by 
artificially abusive laboratory procedures be- 
fore they manifest toxicity when fed to animals. 

An earlier report (10) from our laboratories 
dealt with the isolation and characterization of 
an ester of 11-(2"-methylcyclohex-2"-enyl)undec- 
9-enoic acid, formed by reacting linseed oil 
under the anaerobic conditions described by 
Crampton et al. (1). For  the more recent study, 
of which this paper is a partial report, methyl 
linoleate was heated under conditions similar 
to those used by Firestone et al. (22) for the 
production of toxic materials from cottonseed 
oil. Firestone et al. found that cottonseed oil 
was virtually unchanged after heating at 205C 
in vacuo for 300 hr. However, when it was 
heated at the same temperature for 40 eight- 
hour days in an open beaker, there were chem- 
ical changes in the oil. Dimers and urea filtrate 
monomers were separated from the heated oil 
and found to be toxic. 

I t  seemed not unlikely that the toxic sub- 
stances detected by Firestone et al. in their 
cottonseed oil after heating were derived from 
]inoleate. Therefore, we decided to study the 
chemical changes which take place during the 
heating of methyl linoleate. The use of methyl 
ester as starting material made it unnecessary 
to convert a triglyceride to a distillable deriva- 
tive after the heating period, with the attendant 
risk of artifact production. The use of methyl 
linoleate, rather than a mixture of unsaturated 
fatty esters in some naturally occurring ratio, 
promised to simplify the composition of the 
mixture of products formed on heating, as well 
as to make the interpretation of results nlore 
straightforward. The methyl linoleate was 
diluted with methyl laurate to avoid excessive 
viscosity build-up during the heating. I t  was 
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assumed that any transformations of the 
methyl laurate which might take place under 
the heating conditions used would be negligible 
compared to changes in the methyl linoleate. 

After the heating period, products were 
separated by molecular distillation, urea ad- 
duet;on, column chromatography, and gas chro- 
matography. Various fractions were chem- 
ically characterized and were bioassayed in a 
weanling rat acute toxicity test. 

E X P E R I M E N T A L  

Methyl esters were prepared from safflower 
oil by transesterification with methanol and 
sodium methoxide. To concentrate the linoleate, 
the mixture of methyl esters was treated with 
urea in acetone solution four times at 0C and 
twice at --40C (1). The unaddueted methyl 
linoleate was distilled at 147-150C/0.5 ram. 
Analysis by gas chromatography showed only 
linoleate except for 0.25% oleate. Methyl 
laurate (Matheson, Coleman,, and Bell) was 
purified by distillation (125C/2 ram) before 
use. The esters contained neither natural noc 
synthetic ant;oxidants. 

Nine hundred grams each of methyl linoleate 
and methyl laurate were placed in a 3 liter 
beaker and heated at 200 +_ 3C for 200 hr. The 
beaker was lightly covered with a watch glass 
to retard evaporation of the methyl esters; 
even so it was necessary occasionally to add 
snmll amounts of methyl laurate to restore the 
original volume in the beaker. The smaller 
quantity of methyl linoleate evaporated was 
not replaced. Possibly part  of the apparent 
loss of nmterial resulted from loss of volatile 
oxidation fragments. 

After the heating period, the methyl laurate 
was distilled from the mixture at temperatures 
up to 115C at 1 ram. The residue from this 
distillation was then fraetionated by molecular 
distillation at successively higher temperatures 
in a "Rota-Fihn" (Asco 2) ~ or a Nester-Fausff 
spinning band molecular still. The various 
distillation and urea adduction steps applied 
are outlined in Figure 1. 

The monomerie urea filtrate fraction (Filtrate 
1) and the dirner fraction (Distillate V) were 
fractionated further by column chromatography 
on silicic acid (23), Florisil (24), or silicic 
acid impregnated with silver nitrate (25,26). 
These ehrmnatographie fraetionation steps are 
outlined in Figures 2 and 3. 

Gas chromatographic separation of the 
monomer and dimer fractions was carried out 

Methyl Linoleate 
Methyl Lourate i 

9 0 0  g. each i 
1 

I 

I 
omplex Seporotion 

lUreo Complex Separation 
Filtrate Tr 

5% 

Mol. OisL 
I00~ C., 5~ 

ue 11- ] 
~o 

Mol. Dist, 
150~C., 5~ 

ue ]] I  

Mol DisL 
190 ~ 5H- 

ue "n;'- I ~% 
Mol. Dist. 
225~ 5 F 

lue ~r I % 

_ [ I 
Distillote lw I I Residue ]]Z: 

12% 3 4 %  

, I 
IDistil late ~" I IO% I I Resiclue 24 % 

FI~ .  1. D i s t i l l a t i o n  a n d  u r e a  a d d u e t i o n  of 
methyl ]aurate--methyl linoleate mixture after 
heating at 200C. 

on an Aerograph ~ Model A-90-P instrument 
with a thermal conductivity detector. The 
monomerie fractions, both adduetable and non- 
adductable, were analyzed on a 10-ft • 3/16 in. 
I.D. copper eolmnn packed with 10% (w/w) 
ethylene glycol adipate polyester on 80-100 
mesh acid-washed Chromosorb W. The fol- 
lowing operating conditions are representative: 
helium pressure 40 psi; flow rate 75 ml per 
rain; oven temperature 205C; injection tem- 
perature 295C; detector temperature 350C. 
The dimer fractions and oxygenated long chain 
esters were analyzed on a 6-ft X 3/16 in. I.D. 
stainless steel column packed with 25% silicone 
rubber SE-30 on 60-80 mesh acid-washed 
Chromosorb W. The column temperature varied 
between 200-350C, depending on the type of 
sample being assayed. 

Molecular weights were determined in a 
Mechrolab Osmometer No. 302? Viscosities 
were measured with an Oswald-Fenske viscom- 
eter. Wijs iodine values, peroxide values, 
saponification values, and acid values were 
determined either according to AOCS methods 
or by modification of these for sere;micro anal- 
yses. Carbonyl oxygen was determined by a 
nmdifieation of the method of Knight and 
Swern (27). Hydroxyl values were determined 
by using acetic anhydride as the aeylating 
agent (28). 

1A. F. Smith Co., l~ochester, New York. 
"~ Nester-Faust,  Newark, Delaware.  
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T H E R M A L  :REACTIONS OF M E T H Y L  IJINOLEATE. I 3 5 5  

T A B L E  I 

Gas C h r o m a t o g r a p h i c  Analyses  of L ino lea t e  a n d  
L a u r a t e  M i x t u r e  and  I so la ted  Monomer  F r a c t i o n  

U n h e a t e d  m i x t u r e  H e a t e d  mix tu r e  
of l inolea te  and  of l ino lea te  

Ident i f ica-  l a u r a t e  a n d  l a n r a t e  Di s t i l l a t e  IX 
t ion % % % 

C TM 4 8 . 5  72.2  2.5 
C 14 0.2 0.2 0 .7  
C ~6 . . . . . . . . . . .  0 .4  
C la ~ 1 ...... 0.1 
C ls '0 .7  0.3 
C ls = 1 0.7 0.7 4.1 
C ls ~- 2 50 .6  26 .2  89.3 
C '2~ 2.6 

The heated methyl linoleate and the isolated 
fractions from it were bioassayed by an acute 
toxicity method using weanling male Simonsen 
rats of Sprague-Dawley origin. The animals 
were distributed randomly into groups of five 
each on the basis of litter and body weight 
(50-60 g). Purina Labena and water were 
supplied ad libitunl. Each rat was given 0.5 
ml of the designated test material per day for 
three consecutive days by stomach tube. A 2 
ml tuberculin syringe fitted with a blunt-tipped 
17 gauge needle and a number 8 French 
catheter was used for the forced feeding. The 
aninmls were observed closely for overt symp- 
toms and diarrhea. Daily body weights were 
recorded. All rats were autopsied, including 
those that died during the experiment and 
those sacrificed after an observation period of 
ten days. The thylnus gland was removed 
and weighed, because excess atrophy of this 
organ is a measure of nonspecific stress. 

R E S U L T S  

}Ieating the mixture of methyl linoleate and 
methyl laurate as described resulted in a re- 
duction in the content of linoleate (Tables I, 
II ,  and I I I ) ?  Although the content of methyl 

63~ueh of the  ana ly t i ca l  da t a  in  Tab les  I - I I I  a r e  not  
d iscussed in  de ta i l  i n  th is  repor t ,  bu t  a r e  p r e sen t ed  as 
r e f e r ence  m a t e r i a l  for  f u t u r e  pub l i ca t ions  in  th is  series.  

T A B L E  I I I  

Chemical  Analyses  of D i m e r  F r a c t i o n s  

F r a c t i o n  

Analys i s  D V B  D V C 2  

Carbon  % 77.0  72.9  
H y d r o g e n  % 11.0  10 .4  
Oxygen % 10 .5  16 .7  
Saponi f ica t ion  va lue  2 0 0 . 0  2 0 5 . 0  
Iod ine  va lue  84 .8  67 .3  
Carbonyl  va lue  4.5 28 .3  
Hydroxy l  va lue  ........ 35 .4  
Pe rox ide  va lue  ........ 22 .0  

laurate (as measured by gas chrontatography) 
appeared to have increased, this must be par- 
tially attributed to extra methyl lanrate added 
during the heating, as well as to the con- 
version of some of the methyl linoleate to 
materials of low volatility which did not pass 
through the gas chromatography eolunm under 
the conditions used. Hence, the values given 
in the second column of Table I represent the 
composition, not of the entire mixture of 
heated esters, but only of the volatile portion 
of the final mixture. Vacuum distillation re- 
moved the methyl laurate (Distillate I in 
Figure 1). Analytical values on the distillate 
suggested that small amounts of other ma- 
terials, possibly oxidative scission products, 
were removed with the methyl laurate. The 
residue from this original pot distillation was 
fraetionated further by molecular distillation. 
Urea adduction of the molecular distillates 
separated straight-chain from branched-chain 
or cyclic materials. The monomerie urea filtrate 
(Filtrate I) amounted to 6% of the original 
methyl linoleate. 

The infrared spectrum of Filtrate I showed, 
among others, bands at 5.731~, 10.31~, 13.Sty, and 
a relatively weak band at 13.31~, which were 
assigned to ester, t rans  double bond, tetra- 
methylene, and possibly _l,2-disubstituted ben- 
zene respectively. 

The further fractionation of urea Filtrate I 

T A B L E  I I  

Analyses  of Methyl  Es t e r s  Ob ta ined  by F r a c t i o n a t i o n  of T h e r m a l l y  Abused Methyl  L ino lea te  

M o -  Viscosi ty  
l ecu la r  (cent ipoise  Pe rox ide  Carbonyi  Hydroxy l  Acid  Sapon.  Iod ine  

Sample  we igh t  25C)  v a l u e  ~alue  va lue  va lue  va lue  v a l u e  a 

U n h e a t e d  mix tu r e  of 
i inoleate  and  l a u r a t e  ...... 4 .00  1 .45 0 .26  . . . . . . . . . . . . . . . . . . . . . . . . . .  
H e a t e d  mix tu r e  of 
l inoleate  and  l a u r a t e  8 .86  ........ 6 .59 
Di s t i l l a t e  I 218  3 .36  . . . . . . . .  4.6 34 :4  318  260  
Adduc t  I 355  5 .14  573 .0  17.3 0 27 .5  174  
F i l t r a t e  I 250  13 .60  19.6  19.2 23 .5  5.4 201  
Adduc t  I I  453  2 2 . 9 0  744 .0  28 .4  9.2 13.1 256  
F i l t r a t e  I I  440  4 0 . 8 2  8.5 29 .1  7.5 11.3  196  
Dis t i l l a t e  I V  586 2 4 6 . 5 0  46 .0  19.6  8.5 8.9 208  
Dis.t i l late V 658 6.2 22 .4  12.2 11.0  200  
Res idue  V 1122  4 3 5 2 . 0  6.8 21 .4  34 .4  5.3 205  

5.2 (o) 
108 .1  (1 .5 )  

94 .3  ( 1 . 0 )  
38 .6  ( 0 . 7 )  
73 .6  (1 .3 )  
70.0  ( 1 . 6 )  
72.1  (1 .8 )  
78 .0  (3 .5 )  

a Va lues  in  pa ren these s  r e p r e s e n t  the a v e r a g e  n u m b e r  of double bonds based upon  molecula r  weight .  

L IP IDS ,  V 0 L .  1, NO,  5 
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FILTRATE E. I 

I Florisil Column 10 % IChromotogrophy Hexone . ether-hexone.. I ........ Ether Melhonol 

Siticic Acid-Silver N;i'rote Column Chromatogrc, phy 
% Benzene in Hexone 

I0 20 50 40  50 

Fla. 2. Column chromatography of distillable 
nonurea adductab]e fraction. 

is outlined in Figure 2. Much of the material 
required polar solvent for elution from Florisil. 
However, the substituted benzene derivatives, 
the presence of which had been suspected from 
the infrared spectrunl, were eluted from Florisfl 
in the relatively nonpolar fractions F I A  and 
FIB, and were concentrated further in the 
fraction eluted from silicic acid--silver nitrate 
with 10% benzene in hexane. The infrared 
spectra of fractions FIA1 and FIB1 showed 
strong absorbance at 13.3~, and also bands at 
6.2t~, and 6.TtL, which are indicative of aromatic 
compounds. A band at 10.3tL suggesting t rans  
double bonds was present also. Gas chroma- 
tograms confirmed that both of these fractions 
of distillable nonurea adductable material 
(DNUA) contained at least two major com- 
ponents. Fractions FIA2 and FIB2, eluted 
from silieic acid--silver nitrate with 20% 
benzene in hexane (Fig. 2), showed infrared 
absorption bands at 3.3tL, 6.0t~ and a weak 
shoulder at 10.3~, which could be assigned to 
compounds containing double bonds with only 
a trace being t rans  isomers. These findings are 
appropriate for compounds containing an un- 
saturated ring formed by internal addition 
across one of the double bonds of the linoleate 
molecule. 

Residue I I  (Fig. 1) was fractionated further 
by molecular distillation at 150C and 5/z and 
the distillate (Distillate I I I )  was analyzed by 
infrared. The spectrum included bands at 
5.72/~, 10.11/~, 10.3/~, and 13.8/~, which were 
assigned to ester, transits'arts conjugated double 
bonds, t ra~s  double bond and tetramethylene 
respectively. 

LIPIDS, VOL. ], NO. 5 

Distillate I I I  was treated with urea to sep- 
arate straight-chain from branched-chain or 
cyclic compounds. The adduct fraction had a 
much higher peroxide value and a lower iodine 
value than the filtrate fraction. I t  is not im- 
probable that at least part of the peroxide was 
formed during the isolation process. Both of 
these fractions were quite complex and had a 
higher average molecular weight than the lower 
boiling filtrate (Filtrate I ) .  Gas chroma- 
tography of Filtrate I I  indicated that it was 
probably a mixture of monomer and dimer. 

Further molecular distillations at increasing 
temperatures produced Distillates IV and V. 
Chemical analyses of these fractions indicated 
that they were largely dimeric in nature. 
Distillate V was separated further by column 
chromatography on silicic acid (Fig. 3). 
Chemical analyses of its subfractions DVB 
and DVC2 are shown in Table IV. The in- 
frared spectrum of fraction DVB showed bands 
at 5.72t~, ]0.3t~ and 13.8~, while fraction DVC2 
showed a band at 5.8~ which indicated that 
more than one carbonyl function was present 
in the mixture. 

In  the acute toxicity test, fractions were 
judged to be nontoxic when rats dosed with 
them did not differ appreciably from control 
aninmls in body weight or thymus weight after 
ten days. Dosing with toxic materials usually 
resulted in the death of one or more animals 
within three days, and the survivors, if any, 
showed marked depression in body and thymus 
weights when sacrificed at ten days. Affected 
rats often suffered severe diarrhea during the 
test period. The results of the toxicity tests 
are shown in Table IV. Note that toxicity was 
confined to the ]ower-boiling nonurea addnct- 

DISTILLATE 2 ] 

Silicic Acid 
Column Chromotogrophy 

3 %  5% 
Hexene Ether- Hexe e Ether-Hexane Methonol 

I 

i il Column 
Chromotoqrophy 

I0% 20% 
HexoneDvc | I Ethers-  Hexane E ~ o n e  FM e t ha n~ 4 "  

0.4% 

FIG. 3. Column chromatography of high boi]ing 
distillate from heated methyl ]inoleate. 
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TABLE IV 

Determination of Toxicity of Yarious Fractions a 

Nontoxic Toxic 

Adduct I Filtrate I (DNUA) 
Adduet I I  ]~iltrate II 
Residue V (Polymer) Distillate IV  (Dimer) 
DVA (Dimer) Distillate u (Dimer) 
DVB (Dimer) DVC2 (Dimer) 
DVC3 (Dimer) DVD (Dimer) 
DVC4 (Dimer) 

a 0.5 ml fed by stomach tube to weanling rats (50 -  
60 g) for 3 consecutive days. 

able fractions and the more polar dimer frac- 
tions. The straight-chained monomeric material, 
the nonpolar dimers, and the polymers were 
innocuous. 

DISCUSSION 

The chemical changes which occurred in the 
methyl linoleate during severe heating appear 
to have resulted from a combination of thermal 
and oxidative processes. Earlier work of 
Paschke et al. (29,30) suggested that cyclic 
monomers are formed during the thermal 
polymerization of methyl linoleate. Mehta and 
Sharma (31) obtained a monomeric ester from 
thermally polymerized safflower oil, and pre- 
sumed that it was a cyclic product from methyl 
linoleate. The present work indicates that 
cyclic and aromatic monomers are formed 
under the conditions described above, and that 
such compounds may be partially responsible 
for the toxicity which has been observed by 
previous workers. 

The presence of aromatic monomers in the 
reaction mixture of a thermally abused fatty 
material has not been reported previously. The 
mechanism of their formation may involve a 
proton extraction followed by ring closure, and 
subsequent transhydrogenation to form the 
aromatic ester. The isolation, characterization, 
and syntheses of the aromatic compounds will 
be reported in a subsequent paper. 

After  the separation of dimeric material 
into fractions of varying polarity, it was gen- 
erally found that the nonpolar fractions were 
innocuous to rats under the test conditions 
used. Analytical data for the nonpolar dimer 
are consistent with the shmctures proposed by 
Paschke et al. (29,30), of which the following 
structure is representative. This structure is, 

C I-I~- ( CH~ ), CII~-CH = CH- (CH~) ~-CO 0 CH~ 
N______/ 

cH~-(CH~) ~ ~ (CH~) ~-c o o cH, 

of course, accompanied by many isomers which 
differ from it in the lengths of the side chains, 
the positions of the double bonds, and the 

orientation of the hydrocarbon and ester chains 
on the ring. 

The polar dimer material contains more 
oxygen than the nonpolar dimer, and has a 
lower iodine value. The analytical data lend 
support to the belief that it is a mixture of 
compounds containing hydroxy, peroxy, and/or  
carbonyl groups. Gas chromatography was of 
no value in separating the polar dimeric toni- 
pounds, because no distinct peaks were found 
at temperatures up to 350C. The components 
probably decomposed at such temperatures. 

Toxicity studies were in good agreement 
with those reported by Kaunitz et al. (32-34). 
The monomerie urea filtrate was toxic when 
administered to weanling rats at a level of 
25 g/kg. The nonadductable portion of the 
intermediate-boiling fraction was also toxic 
when administered at the same level. The dimer 
was found to be nontoxic, but after fractiona- 
tion, the oxygenated polar portion of the dimer 
mixture was toxic when administered at the 
25 g/kg level, while the nonpolar portion 
showed no evidence of toxicity. 
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Thermal Reactions of Methyl Linoleate. II. The Structure of 
Aromatic C~8 Methyl Esters 
William R. Michael, The Procter & Gamble Company, Miami Valley Laboratories, Cincinnati, Ohio 

ABSTRACT 

This second report  describes the char- 
acterization of C~ aronmtic esters from 
the heated linoleate and the independent 
synthesis of two of them. The esters were 
isolated by a combination of molecular 
distillation, urea adduction, column chro- 
matography, and gas chronmtography. 
They were characterized by infrared, ultra- 
violet, NMR, and mass spectroscopy. The 
analytical data for the isolated esters were 
compared with the data for the synthetic 
esters, methyl 11-(2"-methylphenyl)unde- 
eanoate, methyl 7-(2"-pentylphenyl)hep- 
tanoate, and methyl 8-(2"-butylphenyl) 
octanoate. The latter two compounds were 
found to be components of the aromatic 
fraction isolated from heated linoleate, and 
their synthesis is described in detail. 

INTRODUCTION 

M 
ETHYL LINOLEA'rE was heated at 200C for 
200 hr  and the reaction mixture was 

separated by a combination of molecular distil- 
lation, urea adduetion, column chromatography, 
and gas chronmtography (1). As reported 
previously, a fraction whose infrared spectrum 
showed it to be rich in aromatic compounds was 
concentrated from the urea filtrate monomers 
by column chromatography. The quantity of 
this fraction isolated corresponded to about 
0.6% of the methyl linoleate heated. This frac- 
tion was further purified by preparat ive gas 
chromatography. The analytical data were 
cons i s ten t  with the e m p i r i c a l  fo rmula ,  
C~H._,~CO~CH3. The NMR, mass spectroscopy, 
and infrared data indicated that the material 
was a mixture of isomers different from methyl 
11-(2'-methylphenyl)undecanoate (I)  described 
by Hutchinson and Alexander (2). On this 
basis the following structure was proposed: 

CH~ 

I (cH,)o 
~ ( CH++),,,-C 0._,CH,, 

w h e r e n = 3  4 a n d n + m = 1 0  

The two compounds postulated to be present 
in the mixture, methyl 7-(2'-pentylphenyl) 
heptanoate ( I I a )  and methyl 8-(2"-butyl- 
phenyl)oetanoate ( I Ib ) ,  were independently 
synthesized. Figure i is an outline of the 
synthetic scheme, which comprised the fol- 
lowing steps. Butyl bromide was allowed to 
react with magnesium, and the resulting 
Grignard reagent was treated with cadmium 
chloride to give dibutyl cadmium ( I I I a ) .  2- 
Bromobenzoyl chloride was added to the 
cadmium reagent to yield a ketone (IVa)  which 
was reduced by the Haung-Minlon (3) modifi- 
cation of the Wolff-Kishner reaction to 2- 
amylbromobenzene (Va).  The bromide was 
converted to the corresponding cadmium rea- 
gent (Via)  which, upon interaction with the 
ester chloride of pimelie acid (VI Ia )  (4) af- 
forded the keto-ester ( V I I I a ) .  The keto-ester 
was reduced to the acid by the Wolff-Kishner 
reaction. The acid was esterified by the Fisher  
procedure (5) to give methyl 7-(2'-pentyl- 
phenyl)heptanoate ( I I a ) .  Methyl 8-(2"-butyl- 
phenyl)octanoate ( I l b )  was made by following 
the same procedure but using propyl  bromide 
and suberic acid in place of butyl bromide and 
pimelic acid. The aromatic esters were hydro- 
genated to cyelohexane derivatives (IXa,  IXb)  
with a platinum oxide catalyst and a trace of 
acid (6). The mixture of esters isolated from 
heated methyl linoleate was similarly hydro- 
genated. Comparison of the physical properties 
of the synthetic material I I a  and b, and IXa  
and b, with the properties of the isolated ma- 
terial before and after hydrogenation, respec- 
tively, confirmed that the isolated esters con- 
sisted largely of I I a  and b, with possibly small 
traces of IIc.  

The synthesis of methyl 11-(2"-methylphenyl) 
undecanoate was reported previously (2,7). 
Comparison of its properties with those of the 
isolated mixture showed that the mixture con- 
tained none of this substance. 

E X P E R I M E N T A L  

Isolation of  Aromatic Esters 

The preparat ion of the methyl linoleate, the 
heating conditions, and the isolation procedures 
used in this investigation were described pre- 
viously (1). The fractions from the silicic 
acid--s i lver  nitrate columns which were richest 

359 
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C~3-(CHz~ ~ S r  

111" + COCI 

Mg CdCI~ =, (CHs_(CH2)n_)2 Cd 

Trr 

0 
~- (CH2 ~n -CH3 

~ B r  Wolf f  - K i s h n e r  

TE 

~" M~l._g CdCI2 . rCH~ (CH2)n_ CH2 "] Cd L .~J~ 
-m- 

OH2- (CH2)n-- CH 3 

~l ii _(CH2 )m- C02C2H 5 3Z]. + C I- C- (CH 2 )m- C-0C2H5 ~" ' 

vn 3~I 

%rr~ Wolff -Ki shner CH2- (CH2)n-CH 3 CHsOH CH2- (CH2)n- CH 3 

H2- (CH2)rEC00H H?S04 ~ ~ C H 2  (CH2)rn- C02cH3 ~ ]I. 

1T H2 ~ CH~.(CH 2 )n-OH3 

Pt ~CH2_(CH2)m_CO2CH3 

FIG. 1. Syntheses 

O: n:3,m=5 
b, n:2, m:6 
c :  n: l ,  m:7 

of aromatic esters. 

in aromatic compounds were combined. The 
aromatic components were purified by prepara-  
tive gas chromatography. The materials col- 
lected from the gas chromatograph were again 
injected, fraetionated, and collected until the 
final product showed only one peak upon 
reinjection. 

The instrument used for  the gas chronm- 
tography was an Aerograph Model A-90-P. 
The column was a 3/s in. (O.D.) X 5 ft  copper 
tube packed with Chromosorb W (30-60 mesh) 
containing 25% ethylene glycol adipate. The 
following operating conditions are representa- 
tive: helium pressure 60 psi;  helium flow rate, 
200 ml/min;  oven temperature 205C; injection 
temperature 295C; detector temperature 350C; 
injection volumes 50-100 #l. The aromatic 
component of the mLxture had a retention time 
of about 70 minutes. The material was collected 
in a ] 6-ram tube containing glass wool wet with 
methanol. 

Absorption bands were observed in the in- 
frared spectrum of the isolated material at 
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the following wavelengths: 3.21, 6.22, 6.70 
(aromatic) ;  13.34 t~ (1,2-disubstituted ben- 
zene);  5.72, 8.50 ~ (ester) ;  13.75 ~ (tetra- 
methylene). The ultraviolet spectrum showed 
absorption maxima at 263, 267, and 270 m~; 
this spectrum was consistent with an ortho 
substitute benzene (8). The NMR spectra were 
obtained on a Varian A-60 spectrometer. The 
NMR spectrum gave the following ~ values: 
3.02 ppm (aromatic protons) ; 6.40 ppm 
(--OCH~);  7.20-8.00 ppm (a-methylene pro- 
tons) ;1 8.20-8.90 ppm (methylene protons) ;  
8.90-9.30 ppm (terminal methyl protons).  

Anal .  Calc. for C1~H~oO2: C, 78.6; H, 10.4. 
Found:  C, 78.2; I{, 10.7. 

2-Amylbromobenzene (Va) 
To a suspension of 7.5 g (0.30 g-atom) of 

magnesium and 20 ml of dry ether was added 
slowly with st irring 52 g (0.37 mole) of n- 
butyl bromide in 200 ml of dry ether. When 

l a-/CIethylene designat~es methylene protons a to an 
electron wi thd rawing  substi tuent .  
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the addition of the n-butyl bromide was com- 
plete, the reaction was stirred at reflux tem- 
perature for an additional 15 min. The reaction 
was carried out in a nitrogen atmosphere. 

The reaction flask was cooled in an ice bath 
and 30 g (0.26 mole) of cadmium chloride was 
added over a period of 5-10 min. The reaction 
mixture was stirred and heated under reflux 
for 3 hr. The ether was distilled and 300 ml 
of anhydrous benzene was added. A solution 
of 58 g of 2-bromobenzoyl chloride (prepared 
from 2-bromobenzoic acid and thionyl chloride 
at 60C) in 100 ml of anhydrous benzene was 
added over a period of 5 min. The reaction 
mixture was then heated unde r  reflux for 4 hr. 
Approximately 300 g of crushed ice and 100 ml 
o2 ice-cold 20% sulfuric acid were added to 
the reaction mixture. The benzene and aqueous 
layers were separated and the aqueous layer 
was extracted with 100 ml of benzene. The 
benzene layers were combined and washed with 
water, 20% sodium carbonate, water, and satu- 
rated sodium chloride solution. The benzene 
layer was dried over anhydrous sodium sulfate 
and the benzene was removed by distillation. 
The 2-bromovalerophe~one (IVa) distilled at 
124-134C (4.5-5 ram). The yield was 40 g 
(62% based on 2-bronmbenzoyl chloride). 

The ketone (IVa) (65 g) was heated under 
reflux with 80 g of potassium hydroxide and 
60 ml of 85% hydrazine hydrate in 600 ml 
of ethylene glycol for 1 hr. The water formed 
was removed by distillation and the tempera- 
ture of the solution was allowed to rise to 
175C; after 16 hr at this temperature, the 
reaction mixture was poured into one liter of 
ether and the layers were separated. The ether 
layer was washed with water. The solvent was 
removed on a rotary, evaporator to leave a 
light yellow liquid. The 2-amylbromobenzene 
(Va) was collected by distillation at 80-120C 
(0.3-0.5 mm). The yield was 28 g (45% based 
on the ketone ( IVa)) .  

Anal. Calc. for C~tt~.~Br: C, 58.2; H, 6.6; 
Br, 35.2 Found:  C, 58.8; H, 6.9; Br, 31.8. 

Methyl 7-(2"-Pentylphenyl)heptanoate (IIa)  

Twenty-eight grams (0.123 mole) of 2- 
amylbromobenzene (Va) in 200 ml of dry 
ether was added slowly to a flask containing 4 g 
(0.162 g-atom) of magnesium in 20 ml of dry 
ether under a nitrogen atmosphere. When the 
addition of the 2-amylbromobenzene w,~.s com- 
plete, the reaction mixture was stirred at reflux 
temperature for an additional 15 rain. 

The reaction flask was cooled in ice and 12 g 
(0.108 mole) of cadmimn chloride was added 
over a period of 5-10 rain. The reaction mix- 

ture was stirred and heated under reflux for 3 
hr. The ether was distilled off and 300 ml of 
anhydrous benzene was added. A solution of 
4 g (0.194 mole) of monoethyl pimeloyl chloride 
[prepared by the method of Cason and 
Rapoport (4) ] in 100 mi of anhydrous benzene 
was added over a period of 5 min. The reaction 
mixture was heated under reflux for 4 hr. The 
reaction work-up was identical with that de- 
scribed for 2-bromovalerophenone. The result- 
ing keto-ester (VII Ia)  was distilled at 155- 
165C (0.1-0.2 ram), and 21.7 g of product 
was obtained. 

The keto-ester (VII Ia)  (21.7g) was reduced 
by the Wolff-Kishner method described above 
with 40 g of potassium hydroxide, and 30 ml 
of 85% hydrazine hydrate in 200 ml of ethylene 
glycol. After the initial one-hour heating, 
water was removed by distillation and the 
temperature was allowed to rise to 175C where 
it was maintained for 16 hr. The product 
obtained from the reaction was heated under 
reflux with 100 ml of methanol and 600 mg 
of sulfuric acid for 3 hr. The yield of ester 
(IIa)  was 15.2 g (42% based on 2-amylbromo- 
benzene). A 1.25 g portion of the product was 
chromatographed on silieic acid (20 g, 1~ in. 
column). Elution with benzene:hexane (1:1 
vol) afforded a product having nY 1.4882. 

Anal. Calc. for C~gtt~oO~: C, 78.6; tI,  10.4. 
Found:  C, 78.7; I-I, 10.7. 

Absorption bands were observed in the in- 
frared specL~'um of the isolated material at the 
following wavelengths : 3.21, 6.22, 6.71 t~ 
(aromatic);  13.40 t~ (1,2-disubstituted ben- 
zene); 5.72, 8.50 t~ (ester);  13:80 t~ (tetra- 
methylene). The ultraviolet spectrum gave 
absorption maxima at 263, 267, and 270 mt~. 
The NMR spectrum gave the following 
values: 3.02 ppm (aromatic protons);  6.40 
ppm ( - -OCH:) ;  7.20-8.00 ppm (a-methylene 
protons) ; 8.20-8.90 ppm (methylene protons) ; 
8.90-9.30 ppm (terminal methyl protons). 

2-Butylbromobenzene (Vb) 

This intermediate was prepared using the 
same reaction sequence and conditions described 
above for 2-amylbrolnobenzene. 

2-Bromobutyrophenone (IVb) was synthe- 
sized from 58.9 g (0.475 mole) of propyl bro- 
mide, 12 g (0.50 g-atom) of magnesium, 45 g 
(0.25 mole) of cadmium chloride, and 83.4 g 
(0.368 mole) of 2-bromobenzoyl chloride. The 
ketone IVb (62.5 g) was distilled at 115-120C 
(4.5-5 ram). 

The ketone (IVb) (62 g) was reduced by the 
Wolff-Kishner procedure with 40 g of potas- 
siren hydroxide and 30 ml of 85% hydrazine 
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hydrate in 300 nil ethylene glycol. The product 
was distilled at 74~84C (0.5 ram). The yield 
was 18 g (23% based on 2-bromobenzoyl 
chloride). The refractive index was n~ 1.5313. 

Anal. Cale. for C4oH~:~Br: C, 56.4; H, 6.1; 
Br, 37.5. Found:  C, 56.7; H, 6.3; Br, 35.1. 

Methyl 8-(2"-Butylphenyl)octanoate (IIb) 
The aronmtic-keto ester V I I I b  was prepared 

from 13 g (0.061 mole) of 2-butylbromoben- 
zene, 1.5 g (0.0625 g-atom) of magnesium, 6 g 
(0.033 mole) of cadmium chloride, and 19.7 g 
(0.0895 mole) of monoethyl suberyl chloride. 
The ester (3.5g) was purified by distillation 
at 180-195C (0.25 ram). 

Methyl 8- (2'-butylphenyl) octanoate ( I Ib )  
was prepared from 3.5 g (0.0124 mole) of the 
keto-ester ( V I I I b )  by the Wolff-Kishner pro- 
cedure with 20 g of potassium hydroxide and 
20 ml of 85% hydrazine hydrate in 100 ml 
ethylene glycol. The isolated acid was esterified 
and the resulting 2.75 g (15% based on 2- 
butylbromobenzene) of methyl 8-(2'-butyl- 
phenyl)octanoate ( I Ib)  was purified by distil- 
lation at 255-I65C (0.20 ram). The refractive 
index was n~ 1.4888. 

Anal. Calc. for  C~,H~oO~: C, 78.6; t I ,  10.4. 
Found : C, 78.6 ; I4, 10.7. 

The infrared and NMR spectra were identi- 
cal with those of methyl 7-(2'-pentylphenyl) 
heptanoate. 

Hydrogenation of Aromatic Esters 
A 124 mg quantity each of the synthetic 

esters and the isolated esters was hydrogenated 
by the method of Brown, Durand, and Marvel 
(6). Three moles of hydrogen were consumed 
per  mole of ester. The molecular weights of 
the hydrogenated materials as determined by 
mass spectroscopy were 296. 

Mass Spectroscopy 
Mass spectra of the isolated and synthetic 

esters were obtained on a Bendix Time-of- 
Fl ight  mass spectrometer. The spectra are 
reproduced in Figure 2. 

All of the spectra showed parent peaks at 
role 290, as expected for aromatic C~ methyl 
esters, as well as the expected peaks at m/e 
259, corresponding to loss from the nmlecule 
of the elements CH~O. 

The following peaks were ascribed to loss of 
par t  or all of the hydrocarbon side chain 
(C.H~.§ from the molecule: for I Ia ,  233 
(corresponding to n = ~i) and 219 (n = 5) ; for 
I Ib ,  247 ( n = 3 )  and 233 ( n = 4 ) ;  and for 
the isolated ester, 247, 233, and 219 (n = 3, 4, 
5, respectively). The following peaks were 
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attributed to loss both of the hydrocarbon side 
chain and of the elements CIt40 from the 
ester group:  for  I Ia ,  201 and 187 (n = 4, 
5) ;  for  I Ib ,  215 and 201 ( n = 3 , 4 ) ;  and 
for  the isolated esters, 215, 201, 187 (n = 3, 
4, 5). Additional peaks apparent ly  arose from 
loss of the hydrocarbon side chain, the elements 
CH,O, and the elements H~O as follows: for 
I Ia ,  183, 169 (n = 4 ,5 ) ;  for IIb,  197, 183 
(n = 3, 4) ;  for the isolated esters 197, 183, 
169 (n = 3, 4, 5). 

Another series of peaks in each spectrum was 
attributed to the loss of pa r t  or all of the ester 
chain, C.H=.CO=CH~, as follows: for I Ia ,  175, 
161 and 147 (corresponding to n = 4 , 5 , 6 ,  
respectively);  for IIb,  161, 147, 133 (n = 5,6, 
7) ;  for the isolated esters, 175, 161, 147, 133 
(n = 4,5,6,7). 

Intense peaks at m/e 91 and 105 were seen 
in all three spectra. These peaks are common 
to the mass spectra of dialkylbenzenes, and 
correspond to the ions C7H7 + and C~HJ. 

Figure 3 shows the mass spectra of the 
hydrogenated esters. Parent  peaks at m/e  296 
and peaks corresponding to loss of CH.~O at 
265 were seen as expected. 

Peaks apparent ly  related to the loss of hy- 
drocarbon side chain (CoH~n§ from the ring 
were the following: for IXa,  225 (correspond- 
i n g t o n = 5 ) ,  for IXb, 239 ( n = 4 ) ;  for the 
isolated esters, 253, 239, 225, (n = 3, 4, 5). The 
following peaks were attributed to loss of the 
side chain plus the elements CH~O: for IXa,  
193 ( n = 5 ) ;  for IXb, 207 ( n = 4 ) ;  for the 

o_ 

0 20 4o 6o 8o I00 120 140 160 180 200 220 240 260 2{]o 300 

M / e  

Fie. 2. Mass spectra of synthetic esters and 
isolated mixture. 
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isolated esters, 221, 207, 193 ( n : 3 , 4 , 5 ) .  
Peaks which apparent ly  arose from loss of the 
hydrocarbon side chain, the elements CtLO, 
and the elements H,O were these: for  IXa, R ' /  
175 ( n : 5 ) ;  for IXb, 189 ( n : 4 ) ;  and for J 
the isolated esters, 203, 189, ]75 (n : 3,4, 5). c H~ 
Note that the hydrogenated synthetic esters, (CHa& 
unlike their aromatic counterparts, did not give ;CH 
peaks corresponding to fragmentation within ~ CH-(CH2)7-CO2CH:5 
the hydrocarbon chain. Peaks resulting from OH .OH ~CH 2 
the loss of the hydrocarbon side chain, there- ? 
fore, gave an indication os the length of the | 
chain and of the numbers of components in 
the isolated mixture. ~H5 

Peaks which apparent ly  arose through the (C'Ha)s .CH 
loss of the ester chain; C,H,.CO~CH~, were CH "CH-(CHzb-COaCH ~ 
the following : for  IXa, 153 (n = 6) ; for IXb, CH ~'CH 
139 (n : 7), for the isolated esters, 153, 139, "CH2 

125 (n : 6,7 ,8) .  Again it appeared that / -SH .  
fragmentation did not occur within the ester 
side chain, and that the peaks seen for the CH s 
mixture indicate the number of components (CH2) 3 

in the m ix tu re  and the lengths of  the i r  side ~"--~_(CH2)7_CO2CH5 
chains. 

Bioassay of  Aromat ic  Esters  

The toxicity of I I a  was checked by the 
bioassay method described previously (1). 
One-half milliliter per  day for  3 days was 
administered by stomach tube to 5 weanling 
rats. All  rats died on the third day. 

= ~- :[ (CH2) 4 i01 

i : ! _  i 

'l:iil ! i  ~ i 

i i (CH 0 [ ] ; 23 II 

OCH5 

, i , , ! :  ii I I I 

~ o  

lXb 

i'~' i:i z !~ ~ HYDROGENATED ISOLATED ~ 

i ' l  i I! !l 

. . . .  L, ,i,jil&t i Pi, 
20 40 60 80 I00 120 140 160 180 200 220 240 260 Z80 500 

M/e 
FIG. 3. Mass spectra of hydrogenated synthetic 

esters and isolated mixture. 

H H 
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CH3-(CH2)~,C- CH:  C H-CH2-CH: CH-C- (CH2),~ C02CH 3 
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~ 

OH 3 
(CH2} 4 
~CH 

Cfi "CH-(C Hf)6-CO2CH 3 
c~2 ~c. 

CH 

cHs 
(CH2) 4 
~CH 

~ "CH-(CH2)~CO2CH 3 
c~z ..CH 

CH 

I - 3 H ,  

CH3 
(CH2) 4 

O -(C H2I~COzCH3 

FIG. 4. Possible mechaaism for formation of 
cyclic esters. 

D I S C U S S I O N  

The analytical data for the isolated ester frac- 
tion are consistent with the empirical formula 
for the proposed structure C~7ts The 
final determination of structure for  the frac- 
tion depends upon the interpretation of the 
infrared, ultraviolet, NMR, and mass spectral 
data. The spectra of the synthetic compounds 
methyl 11-(2'-methylphenyl)undecanoate ( I ) ,  
methyl 7-(2 '-pentylphenyl)heptanoate ( I Ia ) ,  
and methyl 8-(2"-butylphenyt)octanoate ( I Ib)  
were compared with the spectra obtained from 
the isolated mixture. 

The infrared spectra and ultraviolet spectra 
of the synthetic materials were indistinguish- 
able from the spectrmu of the isolated material. 

The NMR spectra for  all four materials 
showed peaks at 3.02 ppm corresponding to 
the 4 protons on the aromatic nucleus. Each 
compound and the isolated material showed 
a peak at 6.40 ppm which corresponded to the 
three protons of the methyl ester. Compouud 
I differed from compounds I I a  and I Ib  and 
from the mixture in the regions 7.20-8.00 ppm 
and 8.90-9.30 ppm. Fo r  Compound I a strong 
peak at  7.68 ppm corresponding to the methyl 
protons adjacent to the benzene ring w~s found. 
The other two synthetic compounds ( I I a  and 
I Ib )  and the isolated mixture showed only 
peaks of low intensity which would be expected 
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for the a-nlethylene protons adjacent to the 
benzene ring and adjacent to the carboxyl 
group. In  the 8.90-9.30 ppnl region each of 
the latter compounds showed a triplet corre- 
sponding to the three ulethyl protons. This 
triplet was not present in the spectrum of 
compound I. A triplet at 8.90-9.30 ppm cor- 
responds to a terminal methyl group of a 
hydrocarbon chain, as would be expected if 
the proposed structure ( I I )  were correct. Thus 
it was apparent from the infrared and NMR 
data that the isolated ester fraction was a 
1,2-disubstituted benzene with an ester chain 
of more than two and less than 11 carbons 
and a hydrocarbon chain of more than one and 
less than 10 carbons. 

The mass spectra of the four materials were 
compared to determine the chain lengths of the 
radicals attached to the benzene ring. The 
spectrum of the isolated fraction was much 
more complex than the spectra of the three 
synthetic materials (Fig. 2). I t  was im- 
mediately apparent that this was not one pure 
compound but a mixture of isomers differing 
from each other by the length of the chains 
attached to the benzene ring. Comparisons of 
the mass spectra of synthetic I Ia  and I Ib  with 
the mass spectra of the isolated mixture 
strongly indicated that I Ia  and I Ib  were conl- 
ponents of the mixture. Comparions of the 
mass spectra of IXa and IXb with the mass 
spectrum of' the hydrogenated mixture con- 
firmed that conclusion. The peaks at m/e 253, 
221, 203, and 125 in the nmss spectrum of the 
hydrogenated mixture suggested the presence 
of IXc; fronl this it was concluded that methyl 

9-(2'-propylphenyI)nonanoate (IIc) was a com- 
ponent of the mixture of aromatic esters iso- 
lated from heated methyl linoleate. 

Aromatic esters have not hitherto been iso- 
lated from the reaction products of heated fats. 
_4 mechanism based upon a single ring closure 
via a free radical allylie proton abstraction 
(Fig. 4) may account for the presence of these 
esters in the urea filtrate nlonomers. This 
mechanism, in part, predicts that nonaromatic 
cyclic compounds should be formed during the 
heating process. Indeed, this does happen, and 
the isolation and characterization of such ma- 
terials are reported in a subsequent paper in 
this series. 

In  an earlier paper (1), the urea filtrate 
monomers were reported to be toxic to weanling 
rats. Methyl 7-(2'-pentylphenyl)heptauoate, 
shown to be a component of these monomers, 
was found to be toxic when administered to 
weanling rats at a level of 25 g/kg. 
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Thermal Reactions of Methyl Linoleate. III. 
Characterization of Cyclic Esters 
William R. Michael, The Procter & Gamble Company, Miami Valley Laboratories, Cincinnati, Ohio 

ABSTRACT 

This third paper presents the isolation 
and characterization of nonaromatic cyclic 
monomers formed from the heated linoleate. 
The esters were isolated by a series of 
colunm chromatographic separations, fol- 
lowed by repeated gas chromatography to 
obtain fractions containing C~,~ cyclic esters. 
Characterization of the esters was achieved 
by use of infrared, NMR, mass spectros- 
copy, and standard chenfical analyses. 
Also characterized were the isomers found 
in a complex mixture of cyclic monomers 
which had been partially separated by 
column ehronmtography. Use of both 
physical and chemical methods of analyses 
permitted characterization of the mixture 
of isomers without their having been 
separated from each other. 

INTRODUCTION 

T 
IlE FIRST REPORT (1)  o f  this series described 
the heating of methyl linoleate and the 

separation procedures used to concentrate 
groups of structurally related transformation 
products from the heated ester. The second 
report (2) gave details of the isolation and 
characterization of aromatic products from the 
heated linoleate. The aromatic products were 
shown to be methyl esters of co-(o-alkylphenyl) 
alkanoic acids having 18 carbon atoms. The 
present report describes the isolation, from the 
stone reaction mixture, of nonaronmtic cyclic 
products and their characterization. 

During the past 15 years, evidence has been 
presented by several laboratories that cyclic 
monomers are formed when unsaturated fats 
and fatty acids are oxidized and polymerized. 
Crampton, in a series of papers (3-5), showed 
that linseed oil which had been heated at 275C 
in an inert atnlosphere caused growth depres- 
sion in rats. The toxic substances were found 
in the non-urea-adductable fraction of the 
distillable ethyl esters formed from the heated 
oil. Wells and Common (6) suggested that 
these materials contained a nonternfinal ring 
structure. Paschke and co-workers (7,8) have 
isolated, from thermally polymerized linoleate, 
monomers which did not hydrogenate to stearate 
and were presumed to be cyclic. The non-urea- 

adductable fraction from polymerized safflower 
oil contained materials presumed to be cyclic 
(9). MacDonald and co-workers (10) isolated 
cyclic monomers from heated linseed oil and 
partially characterized the mixture of ma- 
terials by use of a combination of infrared 
spectroscopy and oxidation for double bond 
location. Rivett's (11) characterization of 
cyclic monomers formed during polymerization 
of methyl eleostearate made use of infrared 
and ultraviolet spectroscopy. In  a more recent 
study by Hutchison and Alexander (12), the 
isolation and characterization of a cyclic 
monomer from linseed oil urea filtrate ma- 
terial was described. The study utilized gas 
chromatography, NMR spectroscopy, mass 
spectroscopy and the standard techniques of 
structure determination. 

BXPERIMENTAL 

Formation and Isolation of Produ~t~ 
As previously reported (1), methyl lino!eate, 

diluted with an equal volume of methyl laurate, 
was heated 200 hr at 200C in all open beaker. 
The laurate was first distilled off, then the 
linoleate and monomeric transformation prod- 
ucts were distilled. Urea treatment separated 
the cyclic monomers, which were then chroma- 
tographed on Florisil and on silicic acid--  
silver nitrate. The fraction which was ore- 
viously designated F1B2 was subjected to 
further chromatographic steps, as shown in 
]~igure 1. Aromatic and nonaromatic compo- 
nents of the final concentrate were separated by 
gas chromatography (2). Gas chromatographic 
purification of the nonaromatic fraction was 
repeated until  only one peak was seen when 
the collected material was re-injected. The fi- 
nal purified material was designated Fraction I. 

Hydrogenation and Dehydrogenation 
of Monomer 

Part  of the collected product was hydro- 
genated over 10% Pd on charcoal in methanol 
at room temperature and 50 psi. One mole of 
hydrogen was consumed per mole of ester. 
Another portion of the collected product was 
dehydrogenated by treatment with Pd on car- 
bon as described by Hutehison and Alexander 
(]2). 

365 
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Heated linoleate 
] 800 g 

I 
I Distillation 
$ 

570 g 
I 
I Urea treatment 

25.7 g 
I Florisil column chromatography F 

( 10 % ether-hexane) 

11.2g 
[ Silver nitrate-silicic acid 
I column chromatography 

(20% benzene-hexane) 

1.06 g 
(FI B2) 

Silver nitrate-sHicic acid 

I (20% benzene-hexane) 
column chromatography 

O.70 g 
I Florisil cotumn chromatography 
I (hexane) 

0.50 g 
I Silicic acid chromatography 
$ (hexane) 

0.30 g 
Silver nitrate-silicic acid 

(15% benzene-hexane) 

0,20 g 
J Silver nitrate-silicic acid 
[ (hexane) $ 

0.12g 
I (Mixture cyclic of and 
$ aromatic monomers) 

Gas chromatography 

FIG. 1. Concentration of cyclic monomer (Frac- 
tion 1) from methyl ]ino]eate. 

Infrared Spectra 

The infrared spectrum of the collected prod- 
uct showed bands at 3.20 t~ (double bond) and 
5.72 and 8.55 t~ (ester). There was no band 
at 10.35 /~ (trans double bond). After the de- 
hydrogenation reaction the material showed 
bands at 3.21, 6.22 and 6.70 t~ (aromatic) and 
at 13.28 tL (disubstituted benzene). The absence 
of characteristic ester bands suggested that 
decarboxylation as well as aromatization had 
occurred during the dehydrogenation reaction. 

NMR Spectrum 

The NMR spectrum of the isolated monomer 
showed shifts at the following ~ values: 4.45 
ppm (vinyl protons), 6.40 ppm (--eCHo),  
7.20-8.00 ppm (a-methylene pretense), 8.67 
ppm (methylene protons) and 9.00-9.10 ppm 
(terminal methyl protons). 
Anal. Calc. for C~tt~O~: C, 77.5; H, 11.6. 
Found:  C, 78.3; H, 12.2. 

l a-Methylene designates methylene protons a to an 
electron withdrawing substituent. 
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Mass Spectrometry 

The mass spectrum (Fig'. 2A) 0f the isolated 
monomer showed a peak at m/e 294, as ex- 
pected for the parent peak of the methyl ester 
of a C1~ acid containing one ring and one 
double bond. The expected peak at m/e 263, 
corresponding to loss from the molecule of the 
elements CHsO, was also seen. Many of the 
other mass peaks seemed not to come from 
fragmentation of a single compound, but 
rather fell into several series, each of which 
represented one mode of fragmentation for 
several isomeric compounds. 

Thus the following peaks were attributed to 
the loss from a disubstituted cyclic molecule of 
part  or all of the hydrocarbon side chain, 
C,H~,+~: 251, 237, 223, and 209 (correspond- 
ing to n = 3,4,5 and 6, respectively). The fol- 
lowing peaks were ascribed to loss both of the 
hydrocarbon side chain and of the elements 
CH~O from the ester groups: 219, 205, 191, 
and 177 (n = 3,4,5,6). 

Peaks which were apparently formed by the 
loss of the hydrocarbon side chain and the 
unsaturated ring, C.H~._~C,Hs, were seen at 
171, 157, 143, and 129 (n = 3, 4, 5, 6). 

Another series of peaks apparently arose 
through the loss of all or part of the ester- 
containing side chain, C.H:~,CO~CH:. These 

,li,~ 

FRACTION I 

, i 
. . . . .  , , 

FRACTION ]~ 

I ,k ICill FF[rl ~m I{I, T BJ I~ 
M/e 

FIG. 2. Mass spectra of (A) fraction I, (B) 
hydrogenated fraction I, (C) fraction I I ,  and 
(D) hydrogenated fraction I I .  



THERMAL ~EACTIONS OF METHYL LINOL%~TE. I I I  367 

were at m/e ---- 165, 151, 137, and 123 
(n =- 5, 6, 7, 8). 

Figure 2B shows the nmss spectrum of that 
portion of the isolated product which had been 
hydrogenated. This spectrum was very sinfilar 
to the spectra of the hydrogenated aromatic 
esters described previously (2). 

A parent peak at m/e 296 and a peak cor- 
responding to loss of CH~O at 265 were seen 
as expected. Peaks apparently related to the 
loss of the hydrocarbon side chain, C.H~.+, 
from the ring were the following: 253, 239, 
225, and 211 (n---- 3, 4, 5, 6). The following 
peaks were attributed to simultaneous loss of 
the hydrocarbon side chain plus the elements 
CH,O: 221, 207, 193, 179 (n ---- 3, 4, 5, 6). 
Peaks which apparently arose through the loss 
of the ester chain, C,,H~CO2CH~, were at 167, 
153, 139, and 125 (n ---- 5, 6, 7, and 8). 

Related Compounds 

Extensive work was done also with another 
fraction of the heated linoleate. This fraction, 
designated F1B1 in the previous paper, dif- 
fered from the one described above in that it 
was eluted from the silicic acid--silver nitrate 
column with 10% benzene in hexane, rather 
than 20%, and in that it received fewer sub- 
sequent chromatographic purification steps. 
Like Fraction I described above, this one was 
finally freed of aromatics by gas chroma- 
tography. The collected material, designated 
Fraction II ,  differed from Fraction I also in 
some of its properties ; most notably its infrared 
absorption spectrum showed a band at 10.35 
/z, indicating t rans  unsaturation in an aliphatic 
chain, and its NMR spectrum showed chemical 
shifts at r values of 4.2t-4.40 and 4.50-4.80 
ppm, indicating that at least two different kinds 
of vinyl protons were present. When subjected 
to oxidative cleavage with periodate-  
permanganate according to the procedure of 
Kuemmel (13), it gave hexanoic and azelaic 
acids (molar ratio 3:2) as the only identifiable 
products. The total quantity of volatile prod- 
ucts produced in the oxidation was only 45% 
of the amount which would have been ex- 
pected for a C~ ester containing one double 
bond, and it was assumed that the remainder of 
the oxidation products were tricarboxylic acids 
or keto acids resulting from the cleavage of 
esters containing a double bond in a ring. 

Mass spectra of Fraction I I  (Fig. 2C) and 
its hydrogenated derivative (Fig. 2D) were 
similar to those described in Fraction I, but 
more complex. Most of the peaks could be 
accounted for by assuming that Fraction I I  
was similar to Fraction I but contained both 

species having their double bond in the ring 
and species having their double bond in one 
or the other of the side chains. I t  also appeared 
likely that lengths of the side chains covered 
wider ranges than those of the more highly 
purified fraction previously described. 

DISCUSSION 

Tile structure of the compounds comprising 
Fraction I are deduced from the following con- 
siderations. Analytical values and the infrared 
spectrum indicate that the material is the ester 
of a C1~ acid containing one double bond and 
one ring. Dehydrogenation to a 1,2-disubstituted 
benzene derivative indicates that the ring is 
6-membered and vicinally disubstituted. Ab- 
sence of infrared absorption at 10.35 ~ indicates 
that the double bond is either cis or in the ring; 
~lhe NlVIR line at r =-4.45 ppm suggests that 
the double bond is in the ring. The fragmenta- 
tion patterns observed in the mass spectra of 
Fraction I and its hydrogenated derivative in- 
dicate that the hydrocarbon chain varies in 
length from 3 to 6 carbon atoms and that the 
ester chain varies from 6 to 9 carbon atoms. 
Since each of the peaks attributed to the loss 
of either side chain from the hydrogenated 
derivative was 2 mass units heavier than the 
corresponding peak in the spectrum of the 
original ester, it is concluded that the double 
bonds in the original ester were located ex- 
clusively in the ring. There is no evidence to 
fix the position(s) of the double bond in the 
ring, however. Thus the following generalized 
fornmla is given for Fraction I : where n ---= 2-5, 

~ ( C H o ) , , C ~  

(CH,:),.COOCH~ 

m = 5 - 8 ,  and n + m ~ - 1 0 ,  and where ( - - )  in- 
dicates a double bond whose position is not 
established. I t  is not certain whether or not 
there are also isomers present having n and m 
outside these ranges. 

Fraction I I  was similar to Fraction I, having 
come from the same source by nearly the same 
separation procedure. I t  had, however, been 
less extensively purified by chromatography, 
and apparently contained a wider range of 
structural types. The structural evidence is 
similar to that offered for Fraction I with the 
following exceptions. The infrared absorption 
at 10.35 ~ indicates t rans  double bonds, which 
would have to be in the side chains, rather than 
in the ring. The oxidative cleavage results 
indicate that the double bonds occurred in both 
of the side chains. There is a suggestion that 
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a b o u t  h a l f  o f  t he  doub le  b o n d s  were  in  t h e  
r i n g  a n d  h a l f  we re  in  t h e  s ide  cha i n s .  T h i s  
c o n c l u s i o n  w a s  c o n f i r m e d  b y  the  f i n d i n g  o f  
N M R  p e a k s  of a p p r o x i m a t e l y  e q u a l  h:tensity 
a t  4.38 a n d  4.60 p p m .  T h e  l e n g t h s  o f  t he  two  
s ide  c h a i n s  we re  i n d i c a t e d  b y  t h e  m a s s  s p e c t r o -  
scop ic  f r a g m e n t a t i o n  p a t t e r n s ;  t he  h y d r o c a r b o n  
c h a i n  c o n t a i n e d  2 to  11 c a r b o n  a t o m s ,  a n d  t he  
e s t e r  s ide  c h a i n  Inus t  h a v e  c o n t a i n e d  0 to 9 
c a r b o n s  in  a d d i t i o n  to t he  c a r b o x y l  g r o u p .  

A s~ngle m e c h a n i s m  to desc r ibe  tixe t r a n s -  
f o r m a t i o n  w h i c h  o c c u r r e d  d u r i n g  t he  h e a t i n g  
o f  l i no lea te  w o u l d  be  diff icul t  to conceive.  T h e  
one  t h a t  b e s t  f i ts  t h e  p r o d u c t s  i so l a t ed  a n d  
de sc r i bed  in  t h i s  r e p o r t  w o u l d  i nvo l ve  a f r e e  
r ad i ca l  a l ly l ie  p r o t o n  e x t r a c t i o n ,  r a n d o m i z a -  
t ion  o f  doub le  bonds ,  a n d  r i n g  c losure .  T h i s  
t y p e  o f  m e c h a n i s m  w a s  p r o p o s e d  in  p a r t  by 
t t u t c h i s o n  a n d  A l e x a n d e r  (12)  a n d  cou ld  be 
u s e d  to e x p l a i n  t he  p r o d u c t s  i so l a t ed  by  
M a c D o n a l d  (10 ) .  
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SHORT COMMUNICATION 

Cholesterol Ester in Degenerating Nerve" Origin of Cholesterol 
Moiety 

N ORMAL PERIPHERAL nerve does not contain 
cholesterol esters, however, cholesterol 

esters do appear in nerves undergoing degen- 
eration. The source of the cholesterol ester has 
been a subject of speculation. Rossiter and 
co-workers (1,2) upon observing a decrease of 
cholesterol and an increase of cholesterol ester 
in degenerating nerve suggested that the cho- 
lesterol moiety of cholesterol ester might arise 
from the cholesterol in the nerve. Later Berry 
and Cevallos (3) after noting the failure of 
in vitro studies to demonstrate labeling of 
cholesterol ester even when cholesterol itself 
was labeled, suggested that cholesterol esters 
might be carried into the degenerating nerve 
by invading cells. In  view of the absence of 
direct evidence and two opposing suggestions, 
it was decided to undertake an in rive study 
of the problem using C~-cholesterol. 

Cholesterol (4-C ~) (10-20 me/m nmle) was 
purified before use by separation on a silicic 
aeld column. The purity was checked by auto- 
radiography of 1 ~c of purified cholesterol 
developed on a thin-layer plate with redistilled 
hexane/ether/acetic acid (80/20/5) as the 
solvent. 

A nornml saline suspension of (4-C ~) cho- 
lesterol (0.2 ml containing 2 t*c of C ~) was 
injected once every other day into 3 groups 
of 9 myelinating rats from the 10th to the 
]Sth day of life. ]~ive months after the final 
injection a right sciatic section was performed 
and the animals sacrificed 16 days post-section. 

The distal stump of the sectioned nerve and 
the contralateral normal nerve were removed 
and weighed. The nerves and all additional 
organs checked for radioactivity were honao- 
genized in chloroform/methanol (C/M) 2:1, 
the suspension centrifuged and the extract 
decanted. The residue was extracted two more 
times with C/M 2:1, once with C/M 1:2 and 
finally with C/M 4:1 with 25 ml concentrated 
NH,OH per liter. The combined extracts were 

TABLE I 
Average Specific Activity (cpm//~mole) aiid Quantity 

(~mo]es) in SteroI Fractions 
(1Figures represent average values, of 3 pools of animals,) 

:Normal nerve Sectioned nerve 

Specific Specific 
activity /~mole activity /~mo!e 

Cholesterol 610 8.25 1260 3.15 
Cholesterol ester 0 0 1070 1.15 

evaporated to dryness, and the lipids purified 
on Sephadex (4). The purified lipids were 
applied to a silieie acid column, the cholesterol 
esters (eluted with hexane/ether 99:1) and the 
cholesterol (eluted with hexane/ether 85:15) 
were obtained free of contaminants. The purity 
and identity of the various lipid fractions were 
checked by TLC. The radioactivity was deter- 
mined by liquid scintillation counting and 
cholesterol was quantitated colorimetrically. 
The specific radioactivity of the cholesterol 
moiety of the cholesterol ester was further 
checked after hydrolysis. 

No radioactivity was found in the lipid ex- 
tract of muscle, heart, liver or blood while 
150,000 counts per minute were present in the 
whole brain. I t  therefore seems unlikely that 
the radioactivity found in the degenerating 
nerve could have been carried there from other 
sources. The relative specific activity (cpm/ 
vmole chol. ester/cpm/~mole chol.) was 0.85 
(Table I) .  This would indicate that at least 
85% of the cholesterol moiety of the cholesterol 
ester found in degenerating nerve is derived 
from the cholesterol of that nerve, especially in 
light of the fact that with the exception of 
brain no radioactive cholesterol was found else- 
where in the animal. The specific activity of 
the cholesterol of the contralatera] nornml nerve 
compared to that of the cholesterol of the de- 
generating nerve was 0.5. Since the C 1~ cho- 
lesterol was injected only during the first S 
days of the myelination period, one would 
expect the myelin laid down first to be the most 
heavily labeled and the myelin laid down latter 
in the myelination period to contain much less 
label. With this in mind the data listed in th is  
table could be explained if it were assumed 
that the myelin is broken down in an orderly, 
sequential manner, starting with the myelin 
that was laid down last and progressing 
towards the myelin laid down early in the 
myelinating period. 

The above evidence strongly indicates that 
the cholesterol moiety of cholesterol ester in 
degenerating nerve arises from the cholesterol 
of the nelwe. 

GERALD SIMON 
Department of Neurology 
Presbyterian-St. Luke's 
Hospital 
Chicago, Illinois 
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Mass Spectrometry of Lipids. II. Monoglycerides, 
"['heir Diacetyl Derivatives and Their Trimethylsilyl Ethers 
Cecil B. Johnson 2 and Ralph T. Holman, The Hormel Institute, 
University of Minnesota, Austin, Minnesota 

ABSTRACT 

The mass spectra of 1- and 2- 
monoglycerides, their diacetyl derivatives 
and their trimethylsilyl (TMS) ether de- 
rivatives were recorded at high (80 eV) 
and low (6-13 eV) voltages. The fat ty  
acid components of these derivatives in- 
cluded the even-numbered saturated acids 
from capric to arachidic acid plus oleic, 
linoleic and linolenie acids. Differences be- 
tween isomeric 1- and 2-monoglycerides 
were not sufficient to provide a basis for the 
analysis of these isomers. Mass spectra of 
the monoglycerides were very similar to the 
corresponding methyl esters. Mass spectra 
of the diacetyl derivatives were qualita- 
tively similar to triglyeerides of long-chain 
fa t ty  acids, but parent  ions were not ob- 
served. The spectra of diacetyl derivatives 
may be used for  distinguishing 1- and 2- 
monoglycerides, but the spectra of the TMS 
ethers are better in this regard. The latter 
derivatives have fragmentation patterns 
distinct for  the 1- and 2-monoglyceride 
isomers, part icularly at low electron 
voltages. 

INTRODUCTION 

M ASS SPECTRA o f  a wide range of saturated 
and unsaturated fa t ty  acids and esters, 

both substituted and unsubstituted, have been 
investigated (1-4).  With  less volatile com- 
pounds, such as glycerides, difficulties associated 
with decomposition of the sample (5) and 
pmnping out of the sample from the spectro- 
meter are experienced when a conventional inlet 
system is used (3). This problem has been 
overcome by the development of a direct in- 
jection inlet in which the sample is placed at the 
entrance to the ion source. With  this system 
mass spectra of triglycerides up to tribehenin 
have been reported (6,7). The fat ty  acids in 
the one and three positions of the triglyeeride 
molecules could be identified by the presence of 
corresponding acyloxymethylene peaks in the 
spectra (3,6). Thus, 1- and 2-oleo-distearin 
could be readily distinguished by these peaks 

1 For  the first paper  in  th is  series, see reference 1. 

Pe rmanen t  address :  Fa t s  Research Divis ion,  D.S.I .R. ,  
l?. O. Box 8021, Well ington,  New Zealand. 

(6). A similar distinction nfight be made be- 
tween 1- and 2-monoglyeerides on either the 
parent compounds or their derivatives. I f  so, 
gas chromatography of volatile derivatives such 
as the diacetyl and the trimethylsilyl ethers of 
monoglycerides might be combined with mass 
spectrometry for the separation and identifica- 
tion of monoglycerides (8-10). 

Thus far, the mass spectra of monoglycerides 
and their derivatives have not been reported. 
I t  seemed likely that mass spectra might be 
useful for characterization of the structures of 
these compounds. Therefore, 1- and 2- 
monoglycerides were prepared from straight- 
chain saturated fa t ty  acids of even carbon num- 
ber from eapric acid to arachidic acid, and from 
the unsaturated acids, oleie, linoleie and lino- 
lenie acids. Diacetyl derivatives and trimethyl- 
silyl (TMS) ethers of the monoglyeerides were 
also prepared.  The mass spectra were recorded 
with use of a direct inlet system in which 
pyrolysis is minimized. 

EXPERIMENTAL 

Fa t ty  acids of puri ty  >99% were obtained 
from The I~Iormel Institute, Austin, Minnesota. 
1-Monoglycerides were prepared by acylation 
of dl-l ,2-isopropylidene glycerol with fat ty  acid 
chlorides (11), followed by removal of the 
isopropylidene group (12). 2-Monoglycerides 
were prepared in a similar manner via 1,3- 
benzylidene glycerol (11). They were purified 
either by crystallization from diethyl ether- 
hexane or by thin-layer chromatography on 
borate-impregnated silica gel (13) with 
chloroform:acetone (75:25) as the solvent. The 
borate complexes were eluted from the plates 
with diethyl ether, these were decomposed by 
washing the solution with distilled water, and 
the monoglycerides were recovered. The pur i ty  
of the monoglycerides was checked by TLC on 
borate-impregnated plates o r  by GLC of the 
TMS derivatives (9). 

Diacetyl derivatives were prepared by acyla- 
tion of the monoglyeerides with acetyl chloride 
in pyridine (11). Reaction of the monoglyc- 
erides with hexamethyldisilazane in the presence 
of trimethylchlorosilane and pyridine was used 
for the preparat ion of the trimcthylsilyl ether 
derivatives (9). 
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A mass spectrometer (Hitaehi-Perkin Elmer 
Model RMU-6D) equipped with a direct evap- 
oration system (MG-150) was employed. The 
sample in a small Cup on the tip of a rod was 
inserted through a vacuum lock into a heating 
block just outside the ionization chamber. The 
sample evaporated from the cup directly into 
the ion source at about 70C, and a spectrum was 
recorded when the evaporation, as measured by 
a total-ion monitor, settled to a constant rate. 
Sample pressure was in the order of 5 X 10 -~ 
torr, measured in the source housing. 

Thermal decomposition of the monoglycerides 
in this system was minimized as evidenced by 
the small M-18 peak (loss of water) in the 
spectra. Mass spectra were obtained at both 
high (80 eV) and low electron ~-oltages. The 
higher electron voltage spectra were more re- 
producible, though more complex, than those 
recorded at the low voltages. In the latter case 
the actual voltage was the lowest that produced 
a countable spectrum, and this :was usually 
between 6 and 13 eV. Peaks of high mass were 
more prominent in the low voltage spectra, 
whereas extensive breakdown of the molecules 
to short hydrocarbon and oxygen-containing 
chains was observed in spectra at the high 
voltage. 

RESULTS AND DISCUSSION 

Monoglycerides 

The mass spectra of 1- and 2-nmnomyristin 
are shown in Figure 1, and a summary of sig- 
nificant peaks is given in Table I. The spectra 
can be divided into hydrocarbon and oxygen- 
containing peaks, the latter being more prom- 
inent in the low electron voltage spectra. Sig- 
nificant differences exist between the spectra of 
the saturated and unsaturated monoglycerides. 
Within each of these series, the intensities of 
many of the peaks changed progressively ac- 
cording to the chain length or the degree of 
unsaturation of the fatty acid. Differences be- 
tween the spectra of 1- and 2-monoglycerides 
were not sufficiently large or consistent to 
provide a basis for the analysis of these isomers. 
A series of peaks was observed corresponding 
to ions of structure 

- - C H =  CH--  CH~--O--CO (CH~). 
for 1-monoglycerides or 

C}~=C( CH~-- ) --O--CO-- ( C~)n 
for 2-monoglyeerides where 

n ~ 0 to 9. These structures were assigned on 

the basis of similar peaks in the spectra of 
methyl esters (14). 

LIPIDS, ~70L. I, NO. 6 

Saturated Monoglycerides 

Spectra at High Electron Voltage. Peaks 
corresponding in mass to fatty acid and methyl 
ester were present in the spectra of mono- 
glyeerides. These ions were probably formed 
by fragmentation of the glycerol moiety with 
prior ndgration of a hydrogen atom, to give 
in the latter instance a probable transient 
structure of 

OH 
/ 

R--  C-- O--CH.~-- 

I 
The peak corresponding to tile fatty acid ion 
plus one was of greater intensity than that ex- 
pected from isotope ratios, and is probably 
formed by an acyloxy-fragmentation with a 
rearrangement involving two hydrogen atoms 
(2). In  the spectra of monoglycerides con- 
taining the shorter chain fatty acids, the peak 
for fatty acid + 1 was more intense than the 
acid ion peak. This phenomenon was also ob- 
served in the mass spectra studied of short- 
chain ethyl esters and long-chain esters of 
propyl and higher alcohols and formates but 
not of long-chain methyl or ethyl esters 
(2,4,14,15). 

Increasing the chain length of the fatty acid 
resulted in an increase in the intensity of the 
acid ion peak, whereas the intensity of the 
aeylium ion decreased. The latter change 
paralleled a decrease in the P-31 peak which 
signifies the loss of hydroxymethylene group 
(--CH~OH) from the parent ion, P. A me- 
tastable peak corresponding to the transition 
[P-31] ----o CH~(CH~)~CO-- was prominent in 
each spectrum, indicating that the acylinm ion 
was derived to some extent from the P-31 ion. 

In  each of these spectra, the base peak was 
due to a three-carbon fragment (C~Hr m/e -- 
43) which, however, was absent or of very low 
intensity at the low voltages. This fragment 
was third in prominence, behind those cor- 
responding to CH~--O--C(Ott)----CH~ and 
CH~--O--CO--CH~--CH~--,  in the mass spec- 
tra of the corresponding methyl esters (14). 

Spectra at Low Electron Voltage. Peaks in 
the high mass regions were of slightly greater 
intensities than in the corresponding high 
voltage spectra. Main differences arose in the 
low and medium mass ranges of the spectra, 
and a change in the base peak from one cor- 
responding to a hydrocarbon fragment to one 
of an oxygen-containing ion. The base peak 
of a monoglyceride containing a short-chain 
fatty acid was the aeylium ion. This peak 
decreased in intensity with increasing chain 
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length of the fatty acid, whereas that for the 
acid ion increased to become the base peak. 
Peaks due to hydrocarbons were not measurable 
in most eases. 

In  some instances, especially in the spectra 
of monoglyeerides containing short-chain fatty 
acids, the peak of the rearranged monoaceti n 
ion (m/e = 134) became prominent, analogous 

to the rearranged methyl acetate ion peak at 
m / e =  74 in spectra of methyl esters (14), 
and was of an intensity equal to or slightly 
greater than the acylium peak.  I t  is evident 
that the glycerol part  of tl~e ion is susceptible to 
the loss of water or a hydroxy-methylene group 
to produce peaks of m/e = 116 or m/e = 103, 
respectively. These losses take place either 
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from the parent  ion or af ter  the loss of the 
hydrocarbon fragment from the parent ion. 

Unsaturated Monoglycerides 

Spectra at High Electron Voltage. The base 
peaks of these spectra were the unsaturated 
hydrocarbon fragments of m/e 55 for oleate 
( 'CH~--CH~_--CH=CH~), 67 for  linoleate 
( 'CH.~--CH=CH--CH=--CH~) and 79 for lino- 
l ena te  ( ' C H ~ C H - - C H : C H - - C H = C H ~ ) .  
These were the major  hydrocarbon peaks ob- 
served in the spectra of the corresponding fat ty  
acid methyl esters (16). Compared with the 
spectra of 1- and 2-monostearins, significant de- 
creases in the intensities of the peaks cor- 
responding to the methyl ester, acid ion and 
acid-plus-one ion were observed, with a smaller 
decrease in intensity of the acylium ion. The 
intensities of the peaks in the high mass regions 
of these spectra were similar to those of cor- 
responding peaks of the monostearins. How- 
ever, a metastable peak for  the  transition 
[P-31] ) acylium ion was not observed. 

Spectra at Low Electron Voltage. A large 
increase in intensity of the parent  ion peak 
was observed with increase in unsaturation of 
the fa t ty  acid component, and this peak was the 
base peak in the spectra of the monolinolenins. 
Such parent  ion peaks have been observed in 
the spectra of the con'esponding methyl esters 
(3!6). Peaks corresponding to the loss of a 
hydroxyl group or  water from the parent  ion 
were of similar intensity to the corresponding 
peaks in spectra of the monostearins, but the 
intensity of the peak caused by the loss of a 
hydroxymethylene group was much less. The 
intensities of the methyl ester ion, acid ion, 
acid-ph~s-one ion ~nd monoaeetin ion pegks 
showed similar patterns, and this is probably 
a reflection of the greater stability of the parent 
ions. 

The base peaks in the monoolein and mono- 
linolein spectra were those corresponding t o  
the acylium fragment minus oue, i.e., the loss 
of glycerol fl'om the parent ion rather than the 
glyceryl group, as is the case for saturated 
monoglyeerides. In  the mass spectrum of methyl 
oleate (16), the base peak corresponded to the 
loss of methanol from the parent  ion (P-32), 
whereas this peak was insignificant in the 
spectrum of  methyl linolenate where the P-31 
peak (loss of methoxy group) becomes the more 
promineut of the two. Thus, the unsaturated 
nqonoglycerides and the corresponding methyl 
esters have similar fragmentation patterns. 

Diacetyl Derivatives of the 
Saturated Monoglycerides 

Spectra at High Electron Voltage. The high 
voltage spectra of 1,2-diacetyl-3-myristin and 
1,3-diacetyl-2-myristin are shown in Figure 2. 
Intensities of peaks relevant to this study are 
shown in Table H. Because the diacetyl deriva- 
tives are triglycerides, sinfilarities in the spectra 
of diacetins and other triglycerides should be 
apparent.  Parent  ion peaks were not observed 
in these spectra, as was the case for  triacetin 
and other ~nono-acid triglyeerides studied in 
this and other laboratories (3,17). Triglycerides 
having three different long-chain fa t ty  acid 
moieties have been reported to yield parent  ion 
peaks in their spectra (6,7), the intensity of 
which probably depends on the sample insertion 
system and instrument used. 

Unlike the triglycerides containing only long- 
chain fat ty  acids, the base peaks of spectra 
of the diacetins corresponded to fragments of 
m/e = 43 as was the case with the monoglyc- 
erides. Because this peak was very small or 
nonexistent in the low voltage spectra~ it is 
probably a hydrocarbon radical arising by 
secondary fragmentation of the long-chain acid 
moiety. As in other triglyceride spectra, loss 
of the long-chain acyloxy groups to produce a 
charged residue of m/e = ]59 was, in general, 
the second most intense peak, especially with 
the 2-monoglyceride derivatives. The acyl ions 
and ions resulting from the loss of methylene 
acetate (CH~COOCH~--) from the parent  ions 
were also prominent. The loss of the long-chain 
acyloxymethylene groups was more prominent 
in the derivatives of the 1-monoglycerides. 
These differences, though too small for the 
analysis of monoglyceride mixtures, can be used 
for distinguisbing between isomers. In  general, 
the intensity of these peaks increased with 
increase of the chain length of the fa t ty  acid. 
An ion, formed by the loss of the long-chain 
fat ty  acid was also pronfinent in both groups 
of spectra. Loss of the acetyloxy group, acetic 
acid or methylene acetate, in most instances, 
resulted in small peaks ~n the spectra. 

,Spectra at Low Electron Voltage. No gen- 
erality may be stated regarding the position 
of the base peak in these spectra. However, 
peaks corresponding to fragmentations de- 
scribed immediately above provided similar 
patterns, and the differences between the spectra 
of isomeric saturated monoglyceride derivatives 
were similar to those described above for  spec- 
tra at high electron voltage. Peaks due to the 
loss of the acetyloxy group were more intense 
in these than in the high electron voltage spec- 
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Ira, especially for monoglycerides containing 
long-chain fatty acid moieties. 

Diacetyl Derivatives of the 
Unsaturated Monoglycerides 

Spectra at High. Electron Voltage. The base 
peak in all cases was the hydrocarb(m fragment 
of m/e = 43 which was absent in the low 
voltage speetra. Other than short-chain frag- 
ments of m/e <200, there were few peaks of 
significance. Those present showed a pattern 
similar to the corresponding peaks in the spec- 
tra of the monostearin derivatives. 

Spectra at Lou; Electron Volt(~ge. In  all 
cases, the in/e = 159 peak indicating loss of the 
long-chain aeyloxy group froin the parent ions 
was prominent. Tile base peaks for the 2- 
monilolein and 2-moimlinolenin derivatives were 
the acyl ion Ininus one and the acyl ion, re- 
spectively. Other peaks in the spectra were, 
in general, insignificant compared to these. 

Trimethylsilyl (TMS) Ether Derivatives 

The nmss spectra of the trimethylsilyl ether 
derivatives of 1- and 2-monomyristin are shown 
in ]~'igure 3 and tile intensities of re.levant 
peaks are listed in Table I I I .  

The spectra may be divided into hydrocarbon 
and silicon-containing peaks, the former being 
absent in the spectra at low electron w)ltage. 

The si)eetra of TMS ethers resembled those of 
the parent Inonoglycerides, but there was no 
similarity in the structures of the oxygen- 
containing ions of the monoglyeeride spectra 
arid tile silicon-containing ions (if the derivative 
spectra. Isomeric saturated monoglyeeride TMS 
ethers gave spectra which were sufficiently dig 
ferent and characteristic to allow ready identi- 
fication of the compounds, this being especially 
so at low electron voltages. Differences in the 
spectra of TMS derivatives of isomeric un- 
saturated inonoglycerides were not so marked. 

No parent ion peaks were ohseiwed in these 
spectra. The tdghest mass present in the spectra 
was the P-15 peak corresponding to the loss 
of a Inethyl radical from the parent ion. This 
has been found to be true for TMS ethers of 
relatively simIfle hydroxy compounds (5,18). 
]n tile case of large cyclic compounds ([9) and 
some steroids (20), a parent ion peak niay 
appear in the spectra of their TMS ether de- 
rivatives. This is probably because the positive 
charge is distributed over the cyclic system 
rather than heing present on the oxygen- 
containing functional groups, providing greater 
stability to the parent ion. Reasoning from this 
basis, and from the spectra of the unsaturated 
monoglycerides, parent ion peaks might be 
expected to occur in the spectra ill unsaturated 
Inonoglyceride TMS derivatiw,.s, but this was 
not found to be so. 

IOC 
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C,H 2 -  
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CH2OOCCH 3 
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Trimethylsilyl Ether Derivatives of 
Saturated Monoglycerides 

Spectra at High Electron Voltage. Except 
for 1-monostearin, the base peak of TMS de- 
rivatives of 1-monoglycerides corresponded to 
fragments caused by the loss of methylene 
trimethylsilyl ether radicals, -- CH.~OSi(CH3) ~, 
from the parent ions. In  the spectra of TMS 
derivatives of 2-monoglycerides, this peak was, 
in general, less than 10% of the base peak 
which was the trimethylsilyl radical (m/e = 
73). The latter peak was also prominent in the 
spectra of the 1-monoglyeeride derivatives. Loss 
of the acyloxy group to form an ion of m/e ---- 
218 was more prominent in the spectra of the 
2-monoglyeeride derivatives than in those of 
1-monoglycerides. Ions containing one silicon 
atom, having nl/e ---- 219 and 147, were present 
in these spectra. 

The intensity of the aeyl ion was less in these 
spectra than in those of the parent monoglye- 
erides. Peaks corresponding to the fatty acid 
and methyl ester were absent, though usually 
an ion was present corresponding to the acid- 
plus-one. 

Spectra at Low Electron, Voltage. The only 
peaks of significance in the spectra of TMS 
derivatives of 1-monoglyeeride were those cor- 
responding to the loss of methylene trimettlyl- 
silyl ether (base peak) or the methyl group from 
the parent ions. The base peaks in the spectra 
of 2-monoglyceride derivatives corresponded to 
the loss of the acyloxy group (m/e = 218). 
Three peaks of approximately equal intensity 
were present, corresponding to P--[CH~],  
P - - [CH, - -0 - -S i (CH~)~] ,  and m/e = 129. 

Trimethylsilyl Ether Derivatives of 
Unsaturated Monoglycerides 

In all cases the base peaks in the spectra at 
high electron voltage corresponded to the tri- 
methylsilyl radical, as was the case for the 
saturated monoglyeeride TMS derivatives. No 
generalization may be made for the position of 
the base peaks at low electron voltages. Dif- 
ferences in the spectra of isomers were sinfilar 
to those described above for the saturated com- 
pounds, though they were not as great. 

Possible Analytical Applications 
of the Spectra 

Because the differences in the spectra of 1- 
and 2-monoglycerides themselves were small 
and variable, this precludes the use of these for 
the analysis of monoglyeeride mixtures. This 

was also found to be true for the diacetin de- 
rivatives of the monoglycerides. The trimethyl- 
silyl ether derivatives show more promise in 
this respect, though the marked differences in 
the spectra of the saturated and unsaturated 
compounds is a disadvantage. 

Spectra of TMS derivatives of monoglyc- 
erides can be used to distinguish the isomers. 
Moreover, the content of each isomer can be 
estimated, for the P--[CH.oOSi(CHs)3] is a 
measure of the 1-monoglyceride, and the m/e = 
218 is a measure of the 2-monoglyceride. The 
TMS derivatives of saturated 1-monoglycerides 
have comparable spectra and analysis of their 
nlixtures is feasible by mass spectrometry. The 
same is true for TMS derivatives of saturated 
2-monoglyeerides. The analysis of monoglyc- 
eride nlixtures by GLC-mass spectral analysis 
should be feasible. 

Complete mass spectra of all compounds 
mentioned in this study are available upon 
request. 
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An Unidentified Lipid Prevalent in Tumors 
Fred $nyder, Edgar A. Cress and Nelson Stephens, Medical Division, ~ 
Oak Ridge Institute of Nuclear Studies, ~ Oak Ridge, Tennessee 

ABSTRACT 

An unidentified lipid was found in five 
different tumor sources. I t  was not found 
in liver, bone marrow or plasma from 
tumor-bearing animals, nor in the extra- 
cellular fluid supporting growth of Ehrlich 
aseites cells. The polarity of the unidenti- 
fied component was similar to that of a 
glyceryl ether diester, and it was isolated 
in mil]ig~'am amounts by preparative thin- 
layer chromatography. Neither methyl 
esters of fatty acids, vinyl ether diesters 
nor quinones were found in tile structural 
makeup of this lipid. Thin-layer chroma- 
togyaphy of ~he purified unidentified tmnor 
lipid on Ag-impregnated silica layers re- 
vealed two main components of inter- 
mediary unsaturation. Saponification of 
the unidentified tumor lipid, when water 
washing' was omitted, yielded two com- 
ponents that migrated at R~'s identical to 
those of free fatty acids and dihydroxy 
glyceryl nmnoethers. Neither acetate-l-~C 
nor palmitic-12~C acid (single injections) 
was found to be incorporated into the 
unidentified lipid of a mature rat tumor. 

INTRODUCTION 

( " ~ U t ~  LABORATORY ~{AS FOUND a s i g n i f i c a n t  

~Jquan t i ty  of an unidentified lipid component 
in total lipid extracts isolated from a variety 
of tumors. Its polarity is such that it nfigrates 
directly above triglyeerides on thin-layer chro- 
matograms (TLC). The presence of such a 
compound has not been reported in previous 
studies of the lipid composition of tumors 
(1-6), nor had we ever observed it in total 
l:~pid extracts from other tissues. The lipid 
component that we find in tumors is unrelated 
to "malignolipin," purportedly a sphingolipid 
nnique in malignant tissues (7), but never 
confirmed (8-10). Lindlar and Wagenar (5) 
show the TLC lipid patterns of five different 
mouse tumors, each revealing a component 
above the triglycerides that the authors refer 
to as fatty acid methyl esters. The evidence 
for this identification, however, was only the 
TLC R~ in a single solvent system, so it is 
quite possible that the spot in question was 

1 Under contract with US Atomic Energy Commission. 
2 An operating unit  of Oak Ridge Associated 

Universities. 

not a fatty acid methyl ester at all, but rather 
~he same component we have observed in TLC 
of tumor lipid extracts. Its occurrence in rat 
tumors, Ehrlich ascites cells, and a human 
tumor is documented in this paper. 

EXPERIMENTAL 

The rat tumors used in this study were two 
transplantable tumors (Walker-256 and R- 
3259) and a tumor that occurs in rats approxi- 
mately one year after exposure to 800 t~ total- 
body irradiation. The Walker-256 and 
irradiated rat turuors grew in Carworth Farms 
Nelson's strain rats, whereas tile R-3259 tumor 
was transplanted in Fischer strain rats. 
Sodium acetate-lJ~C (in saline) or palmitic- 
1-1~C acid (as an albumin complex) was in- 
jected intravenously into some irradiated rats 
bearing tumors, to determine the ~C incm~pora - 
tion pattern into the tumor lipids. The rats 
were killed 6 hr after injection of the ~C- 
labeled compounds. Liver, plasma and femoral 
bone marrow were also taken from a few rats 
for lipid analysis. A total of 34 rat tumors 
were analyzed. 

The Ehrlich ascites cells (EAC) were grown 
in the peritoneal cavity of several hundred 
white Swiss mice. After a week of growth, 
the aseites fluid was removed and the EAC 
were separated from extracellular fluid by 
centrifugation for 15 rain at 1100 • g at 2C. 
The EAC cell-packed volume was approxi- 
mately 30% (v/v) under these conditions. 
Livers from these mice were also removed for 
lipid analyses. 

The tumor tissue from a 66-year-old man 
with lymphosareoma was obtained at autopsy 
from an axillary lymph node. 

Lipid Extraction and TLC 

All the homogenized solid tumors, EAC, EAC 
extracellular fluids, livers, plasmas, and marrow 
samples were freeze-dried before extraction and 
purification according to the procedure of 
Foleh et al. (11). The water-washed lipid 
extracts were concentrated to 20 mg/ml in 
chloroform, and a 5k aliquot of this solution 
was used for TLC. All solvents used for lipid 
extraction and TLC were redistilled or purified 
by passage over activated alumina columns. 
The adsorbent for TLC was Silica Gel G 
(Brinkman) and the solvent system for 
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chromatographic development was hexane : 
diethyl ether:acetic acid (70:30:1, 80:20:1, 
85:15:1, 90:10:1, 95:5:1 or 100:0:1 v / v / v ) .  
Both equilibrated (filter-paper-lined) and non- 
equilibrated (unlined) solvent chambers were 
used. Silver-ion TLC (12), which separates 
lipids according to the number of double bonds, 
was also used. Under these conditions, 
chloroform :carbon tetrachloride :methanol:ace- 
tic acid (50:50:2:1 v / v / v / v )  was used as the 
developing solvent. The separated components 
were visualized by H~SO,-charring, methylene 
blue (13), diehlorofluorescein, or iodine vapor, 
and the radioactivity distribution along the 
entire chromatographic lane was obtained by 
zonal scan analysis (14). The glyeeryl alkoxy 
monoethers and a plasmalogen were obtained 
from Claude Piantadosi of the University of 
North Carolina. It.  K. Mangold and Wolfgang 
Baumann of the Hormel Institute provided us 

with glyceryl alkoxy di- and triethers (15). 
Other lipid standards were purchased from the 
t tormel Foundation and Applied Science 
Laboratories. 

Thin-layers of Silica Gel G (250 ~) were 
also used to prepare pure quantities of the 
unidentified tumor lipid. Development of the 
preparative plates in nonequilibrated chambers 
of hexane: diethyl ether (90:10 v /v )  was 
found to provide maximal separation of the 
unidentified tumor lipid from the triglyceride 
fraction. Preliminary results had shown that 
breakdown on silicie acid occurred to some 
extent during scraping and elution on highly 
activated plates or during prolonged exposure 
to air ; this was avoided by activating prepara- 
tive TLC plates at 110C for only 15 rain. 
Storage of the tumor lipids in solution at 
--20C was found to be wise, since the com- 
ponent appears to be readily oxidized. Two- 

Fro. 1. Thin-layer chromatograms of total lipid 
extracts from (A) human ]ymphosarcoma (Lane 
l ) ,  (B) irradiated rat tumor (Lane 2) and (C) 
Ehrlich ascites cells (Lane 7). The < designates 
the unknown lipid component (above triglycerides) 
prevalent in all tumors examined. TLC patterns 
of total lipids from other tissues or fluids are: 
Plate B, rat liver (Lane 3), rat femoral bone 
marrow (Lane 4), and rat plasma (Lane 5); 
I~late C, EAC extracellular fluid (Lane 6) and 
mouse liver (Lane 8). $1 is a mixed lipid standard 
(from bottom to top) containing lecithin, choles- 
terol, o]eic acid, triolein and cholesterol oleate. 
$2 is a mixed lipid standard containing $1 com- 
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ponents plus 1-hexadecanol (3rd component from 
bottom) and dipalmityl batyl alcohol (6th 
component from bottom at same R~ as un- 
known tumor lipid). $3 is a mixed lipid standard 
containing $1 components plus dipalmityl batyl 
alcohol (Sth component from bottom at same R~ 
as unknown tumor lipid). Although the lipid 
patterns from the Walker-256 sarcoma and the 
R-3259 tumor (both tumors transplantable in rats) 
are not shown Jn the chromatogram, they, too, 
exhibited an unidentified spot having an identical 
t~f to that observed in the tumor lipids shown 
above. 
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FIG. 2. Silver ion thin-layer chromatography of 
unidentified tumor lipid. Plate  A (Silica Gel G 
only)--Lane 1 represents a mixed lipid standard 
containing lecithin (A), cholesterol (B), oleic 
acid (C), triolein (D), dipalmityl butyl alcohol 
(El and cholesterol oleate (F). Lane 2 represents 
rat tumor lipids. Lane 3 represents tumor tri- 
glycerides purified by preparative TLC. Lane 4 
shows the unidentified tmnor lipid purified by 

dimensional chromatography of the EAC total 
lipids in the same solvent system produced a 
chromatogram with all components of the mix- 
ture on a diagonal between the two solvent 
fronts, indicating that no decomposition oc- 
curred during TLC. The unidentified lipid on 
the preparative plates could be visualized 
simply by looking at the pattern of translucent 
liLpid bands. Chloroform was used to elute 
the tumor lipid from the preparative adsorbent 
scrapings of the TLC plate. 

No attempt was made to determine the per- 
centage loss during the isolation procedure, 
but comparisons of the R / s  of the eluted lipid 
and the unknown component in the original 
total-lipid extract were always made on ana- 
lytical TLC plates as described in the previous 
paragraph. 

The purified unidentified lipid conlponent 
from EAC and the irradiated rat tumor was 
checked for the presence of vinyl ethers by the 
HgCl~-diphenylcarbozone method of Norton 
(16). A known C~ plasmalogen (17) obtained 
from Claude Piantadosi gave a positive purple 

preparative TLC. Plate  B (Ag-layer) STD is 
dipahnityl butyl alcohol; Nos. 45/1  and 45/2 are 
purified unidentified lipid component of tumors 
(same sample as in Lane 4 on Plate  A )  ; Plate  C 
(Ag-layer) STD refers to tripahnitin (O double 
bonds), triolein (3 double bonds) and trilinolein 
(6 double bonds); Nos. 45/1 and 45/2 are puri- 
fied trig]yeerides of tumors (same sample as in 
Lane 3 on Pla ts  A ) .  

test, whereas highly purified samples of selaehyl 
alcohol, butyl alcohol, linolenyl alcohol, and 
lecithin were negative. A vinyl ether test 
developed by Schmid and Mangold (18) was 
also tried. The latter test involved TLC of the 
lipid component in one direction, exposure to 
t tCl  fumes for 5 rain above a hot plate, fol- 
lowed by TLC in the second direction in the 
same solvents (hexane:diethyl ether 90:10 v/v) .  
We did not detect any "neutral plasmalogens" 
by this method. Aliquots of the purified un- 
known lipid from EAC and the irradiated rat 
tumor were checked for methyl esters o f  fatty 
acids by gas-liquid chromatography (GLC) on 
s.n ethylene glycol succinate column at 190C. 
No peaks were observed even 18 hr after injec- 
tion of the sample. 

Saponification 

The purified unidentified tumor lipid was 
saponified for 1 hr with 2 ml 0.5 N ethanolic 
KOH. During initial experiments the sapon- 
ified mixture was acidified and washed several 
times with equal volumes of bexane and water. 

LIPIDS, VOL. 1, NO. 6 
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I n  other experiments the saponified mixture was 
acidified with 6 N HC1, but not washed. 
Aliquots of either the hexane extract or of the 
acidified ethanolie mixture were chroma- 
tographed as before, but a solvent system of 
hexane :diethyl ether :methanol :acetic acid (80 : 
20:10:1 v /v /v /v )  was used for development. 

RESULTS AND DISCUSSION 

In  a survey project to establish TLC patterns 
for neutral and phospholipids of various 
tumors, we soon became aware of a prominent 
characteristic spot that ahvays appeared di- 

rectly above the class of triglycerides but 
below fatty acid methyl esters in an equilibrated 
solvent system of hexane:diethyl ether:acetic 
acid (90:10:1 v /v /v)  (Fig. 1). This lipid 
component has been visualized on TLC plates 
for all tumor tissues that we have examined. 
Lipids known to have an IG in the region of 
that of tile unidentified component include 
fatty aldehydes, fatty acid esters of glycol, 
fat-soluble vitamin derivatives, glyceryl mono- 
acyl diethers, glyceryl diacyl monovinyl ethers, 
glycelT1 diacyl monoalkoxy ethers, glyeeryl 
triethers, and methyl esters of fatty acids. 

Fie.. 3. Thin-layer chromatograms of fatty acid 
methyl esters, glyceryl ether diesters, and total 
lipids frmn Ehrlich ascites cells (Silica Gel G used 
as adsorbent). Numbers above each chroma- 
togram refer to solvent ratio v/v/v of hexane: 
diethyl ether:acetic acid. Lane 1, methyl stearate; 
Lane 2, methyl oleate; Lane 3, dipalmityl batyl 
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alcohol (upper spot) and monopalmityl batyI 
alcohol (lower spot); Lane 4, distearyl batyl 
alcohol; and Lane 5, total lipids from Ehrlich 
ascites cells. The < designates the position of the 
unidentified tumor lipid. The po]arlty of the 
solvent systems decreases from top to bottom and 
from left to right. 
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Chromatographic separation of this purified 
unknown lipid on silica gel containing silver 
ion has revealed at  least two major  components 
exhibiting an intermediate u n s a t u r a t i o n  
(_Pig. 2). In  the same figure we show the 
different pat tern of unsaturation exhibited by 
tunlor triglyeerides; i t  appears  that the two 
most prominent tumor triglyeerides exhibit 
unsaturation of the same type found in the 
unidentified tumor lipid. The unidentified 
tumor lipid has an Rf identical with that  of a 
glyeeryl ether diester in certain solvent systems 
(Figs. 1 and 3). Saponification and purifica- 
tion by hexane extraction did not yield the 
alkoxy monoether; however, TLC of the total 
saponified mixture that  had been acidified but 
not washed revealed a component  at  the same 
Rf as the dihydroxy glyceryl ethers, e.g. batyl 
alcohol and a second component at the same 
]~ as free fat ty  acids (Fig. 4). Apparent ly  
the minute quantities of glyceryl ethers liber- 
ated were solubilized in the water phase under 
these conditions. The tests for  vinyl ethers 
were negative. Glyce~vfl monoaeyl diethers, 
glyceryl triethers and waxes all had higher 
]g/s when eo-chromatographed with the purified 

FIG. 4. Saponification of purified unidentified 
lipid (U) from Ehrlich ascites carcinoma cells. 
$5 contained monopahnitin (lower R~) and batyl 
alcohol (GE) (upper :R~). FA refers to fatty 
acid position. Solvent development for TLC was 
huxane :diethyl ether :methanol:acetic acid (80:20 : 
10:1 v/v/v/v) .  

unknown tumor lipid. The unidentified l ipid 
exhibited no color change upon charring a 
H.~SO, sprayed layer on a hot plate, nor did 
sterols have similar Rf's on TLC. 

Fa t ty  aeid methyl esters and glyceryl ether 
diesters having RJs  similar to the tmnor lipid 
reverse their positions of migration on TLC 
when the polari ty of a solvent system is 
ehauged by varying the solvent ratios (Fig. 3). 
The unknown tumor lipid behaved in a manner 
similar to that  of the glyeeryl ether diesters 
in the various solvent systems tested (Fig. 3). 
Figure 3 also shows that slight differences in 
migration caused by unsaturation (methyl 
stearate and methyl oleate) and slight dif- 
ferenees in migration caused by chain length 
(dipalmityl batyl alcohol and distearyl batyl 
alcohol) oeeurred in all solvent systems. GLC 
of the purified unidentified tumor lipid from 
EAC and the irradiated rat  tumor confirmed 
that it  was neither a methyl ester of a fa t ty  
acid nor a long-chain fa t ty  aldehyde. 

Work to pinpoint  the chemical structure 
of this tumor l ipid continues. We have found 
that the component can readily be purified by 
preparat ive TLC for such studies (Fig. 2). 
The purified spot has a slight fluorescence 
under ultraviolet light i f  visualized immediately 
after  spotting' on a TLC plate, although this 
fluorescence disappears with time. I t  could not 
be visualized with leueomethylene blue, in- 
dicating that its redox potential, if any, is 
less than that of methylene blue. 

The unidentified tumor lipid has never 'been 
found in other tissues from normal or tumor- 
bearing rats at normal  chromatographic loads, 
nor was it found in the extracellular fluid 

suppor t ing  the growth of Ehrlieh aseites cells 
or in the liver of the EAC-bearing mice 
(Fig.  1). We do not mean to imply that  the 
lipid component we have isolated from tumors 
does not exist in normal tissues, since it may 
be present at nmch lower concentrations. In  
fact, Sehmid and Mangold (19) have recently 
found that human perinephrie fat  contained 
small amounts of glyceryl ether diesters (ap- 
proximately 0.3%) with an alkoxy:alkenyl 
ratio of approximately 1:1. 

I t  would indeed be of interest to determine 
if the unidentified tmnor l ipid is in any way 
associated with cell proliferation, a proposal  
tbat  Price (20) has previously suggested. In  
our work, the Ehrlieh aseites earcinoma ceils 
were harvested during their rapid  period of 
growth. In  contrast, the major i ty  of the ra t  
tumors we examined were relatively large and 
slow growing at the time of their removal. The 
proport ion (Fig.  1) of unidentified lipid to 
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to t a l  f a t  d i f fe red  f r o m  t u m o r  to t u m o r ,  a n d  
t he r e  was  no  c o r r e l a t i o n  b e t w e e n  s ize  o f  sol id  
t u m o r s  a n d  to t a l  f a t  con ten t .  I n  t he  E A C ,  t h e  
t o t a l  l i p id s  r e p r e s e n t e d  8.3 • 2 . 3 %  o f  t h e  d r y  
we igh t ,  a n d  t he  u n i d e n t i f i e d  l i p id  w a s  e s t i m a t e d  
to r e p r e s e n t  a b o u t  1 - 2 %  o f  t ha t .  

U n t i l  m o r e  is  k n o w n  a b o u t  t h e  u n e q u i v o c a l  
s t r u c t u r a l  c o n f i g u r a t i o n  o f  t h i s  c lass  o f  t u m o r  
l ip id ,  i t  is diff icul t  to s p e c u l a t e  on  e i t h e r  i t s  
b i o c h e m i c a l  o r i g i n  o r  i t s  b io log ica l  s ign i f i cance .  
N e v e r t h e l e s s ,  we  g a v e  s o m e  c o m m o n  l ip id  p r e -  
c u r s o r s  as  t r a c e r s  to a coup l e  o f  t u m o r - b e a r i n g  
i r r a d i a t e d  r a t s  a n d  e x a m i n e d  t he  i n c o r p o r a t i o n  
o f  a c e t a t e  o r  f a t t y  ac id  in to  l i p i d s  6 h r  a f t e r  
s ing le  i n j e c t i o n s .  T h e  ~C f r o m  p a l m i t i c  ac id  
w a s  p r i m a r i l y  i n c o r p o r a t e d  in to  t h e  t r i g l y c -  
e r ides  ( 6 3 % ) ,  a n d  t he  :~C f r o m  a c e t a t e  w a s  
p r i m a r i l y  i n c o r p o r a t e d  in to  t he  p h o s p h o l i p i d s  
( 7 0 % )  o f  r a t  t u m o r  l ip ids .  H o w e v e r ,  we  cou ld  
n e v e r  d e m o n s t r a t e  a n y  o f  t h e  ~C - l abe l  in  t he  
a r e a  above  t he  t r i g lyce r i de s .  I t  is  obv i ous  t h a t  
m u l t i p l e  i n j e c t i o n s  in  c o m b i n a t i o n  w i t h  m o r e  
r a p i d l y  p r o l i f e r a t i n g  t u m o r s  n e e d  to be  
e x p l o r e d .  

T h e  r e s u l t s  so f a r ,  e spec i a l l y  t h e  a b s e n c e  o f  
t he  u n i d e n t i f i e d  t u m o r  l i p id  in  t he  e x t r a c e l l u l a r  
a sc i t e s  f luid,  l e ads  u s  to t h e  r a t h e r  i n t e r e s t i n g  
h y p o t h e s i s  t h a t  t he  o r i g i n  o f  t he  u n k n o w n  
l ip id  m i g h t  be in  a b i o s y n t h e t i c  p a t h w a y  u n i q u e  
to t u m o r  cells. H o w e v e r ,  a n  a l t e r n a t e  e x p l a n a -  
t i on  is t h a t  t he  t u m o r  cells o n l y  c o n c e n t r a t e  t he  
u n i d e n t i f i e d  l i p id  f r o m  a n o t h e r  t i s sue .  
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The Prevalence of Aliphatic Delta-Lactones or 
Their Precursors in Animal Fats 
F. $. Dimick, S. Patton, J. E. Kinsella and H. J. Walker,; Department of Dairy Science, 
"['he Pennsylvania State University, University Park, Pennsylvania 

A B S T R A C T  

Data are presented to show the occur- 
rence of  saturated aliphatic delta lactones, 
namely the 3-Clo, ~-C~, 8-C14, and 3-C16, 
in numerous ruminant  and roonogastrie 
animal fats. These trace components were 
isolated by siIicic acid adsorpt ion chro- 
matography  followed by identification em- 
ploying gas chromatography.  The general  
prevalence of the delta-lactones or  their  
precursors  in animal depot fat ,  mammary  
tissue, blood serum lipids and milk fa t  is 
suggestive that  they occur commonly in 
animal fats  and are related to l ipid 
metabolism. 

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

"~TUMEROUS INVESTIGATIONS from our own 
1 ~  and other laboratories have provided evi- 
dence of T- and 8-aliphatic ]actoncs in bovine 
milk fa t  (1,6,8,14,17). The occurrence of  these 
minor components has been par t icular ly  as- 
sociated with the flavor of heated and stored 
forms of fat-containing dai ry  products.  Evi-  
dence indicates that  the precursors  are mono- 
:hydroxyalkanoic acids in esterified glyceride 
form (1,6,7,11) and that  the lactones result  
by a spontaneous nonoxidative mechanism 
(1,15) involving hydrolysis and ]actonization of 
these hydroxy acids. F o r  better  definition of  the 
metabolic origin and significance of  these lac- 

1Fellowship student on leave from Dairy Research 
Institute, New Zealand. 

tones (hydroxy acid),  it was of interest  to 
determine whether their  occurrence is l imited to 
ruminants.  The fol lowing experiments indicate 
general  prevalence in animal fats. 

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

A description of  the samples analyzed and 
the methods of l ipid extraction is presented 
in Table I. I n  order to isolate the lactone-rich 
fraction,  silicic acid adsorption chroma- 
tography was employed. A similar technique 
has been repor ted  (6). Twenty  grams of Mal- 
l inckrodt silicic acid (5) was slurried onto 
a n  18-ram I.D. glass column in ethyl ether. The 
column packing was washed thoroughly with 
500 ml of petrolemn ether (bp 35--42C). Two 
to six grains of lipid, dissolved in petroleum 
ether, was appl ied and washed into the packing. 
Elut ion was carried out by adding 250 ml of 
100% petroleum ether, 250 ml of  10% ethyl 
ether in petrolemn ether and lastly 300 ml of 
100% ethyl ether. The first f ract ion eluted 
contained hydrocarbons and traces of sterol 
esters. The second fract ion contained essentially 
all the tr iglycerides and some nonesterified 
fa t ty  acids. The 100% ethyl ether f ract ion was 
composed of traces of triglycerides, diglycerides, 
monoglycerides, sterols, nonesterified f a t ty  
acids, f ree  lactoncs and "Iactone precursor  (7) ."  
This whole fract ion was evaporated to dryness 
on a steam bath under  N~ and saponified with 
2.5 ml 7.8% K O t t  in ethanol by refluxing 20 
rain. The solution was diluted with 2.5 ml 
H,..O, rewarmed to a boil, cooled and extracted 

Description of 
Used in 

TABLE I 

Samples and 1%eferences to Methods of Lipid Extraction 
This Survey of 6-Lactones and Their Precursors 

Samples Source l~eference 

Cow Milk fat Mixed herd (11, 16) 
Mammary tissue Individual cow a (16) 
Depot fat Individual steer * ( 3 )  
-Whole blood Individual cow a (13) 
a-lipoprotein 
~-lipoprotein Holstein cow ( 12 ) 

Goat Milk fat Toggenburg goat (16) 
Sheep Milk fat Hampshire ewe (16) 

Depot fat Individual sheep a ( 3 )  
Swine Milk fat Hampshire sow (18) 

Depot fat Individual swine a ( 3 )  
Human Milk fat Mixed b 

Individual ( 3 )  

a History of source not precisely known. 
b Supplied by J. B. Brown, Laboratory of Physiological Chemistry, The Ohio State University, Columbus., 

Ohio. 
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T A I ~ L E  II 

Compar i son  of Re ten t ion  T imes  Be tween  6-Lactones of H u m a n  Milk 
F a t  a n d  Those Re fe rence  Lac tones  on Two  GC Columns  

Re ten t ion  t ime  re la t ive  to 6-01~ (actual t ime, ra in)  a 

:Polyester column s Apiezon co lumn e 
Refe rence  

lactone U n k n o w n  Refe rence  U n k n o w n  R e f e r e n c e  

6-C~o 0 . 5 2 ( 4 . 4 )  0 . 5 3 ( 4 . 5 )  0 . 4 5 ( 6 . 5 )  0 . 4 4 ( 6 . 3 )  
6-Ct~ 1 . 0 0 ( 8 . 5 )  1 . 0 0 ( 8 . 5 )  1 . 0 0 ( 1 4 . 4 )  1 . 0 0 ( 1 4 . 4 )  
6-C:r 1,98 (16 ,8)  1,99 (16 .9 )  2 . 2 7 ( 3 2 . 7 )  2 . 2 6 ( 3 2 . 6 )  
6-Cm 3 . 8 6 ( 3 2 . 8 )  3 . 8 8 ( 3 3 . 0 )  a 5 . 0 8 ( 7 3 . 1 )  5 . 0 7 ( 7 3 . 0 )  a 

a Actua l  re ten t ion  t imes  a re  m e a s u r e d  f r o m  solvent  f ront ,  samples  and  re fe rences  ro_n consecutively.  
b 1 0 %  diethyleneglycol  ad ipa t e  plus 2 %  I-[ePOz at  172C, a r g o n  p r e s s u r e  of 16 psig,  Ba r be r - Co lman  

Model 10 GC equipped wi th  r a d i u m  226 detector  source.  Detec tor  cell vo l tage  750. 
2 0 %  Apiezon-L column at  2070 ,  a rgon  p r e s s u r e  of 30 psig,  B a r b e r - C o l m a n  ]YIodel 10 GC equ ipped  

wi th  a r a d i u m  226 detector  source.  De tec to r  cell vo l tage  1000. 
a Re fe rence  unava i l ab le ;  t ime eva lua ted  f r o m  semilog plot of re ten t ion  da ta  for  homologous  ser ies  of 

&lactones.  

3 times with hexane to remove nonsaponifiable 
material. The resulting soap solution was de- 
composed with 6 N HC1 and extracted 3 times 
with hexane. Upon evaporation the residue 
had a strong fa t ty  acid and coconut-like (lae- 
tone) odor. This residue, dissolved in petroleum 
ether, was then applied to a second 20-g silicic 
acid colmnn and fractions eluted as before. 
The bulk of the fat ty  acids were eluted with 
the 10% ethyl ether in petroleum ether fraction 
and the lactones were eluted from the colunm 
with pure ethyl ether. This lactone-rieh frac- 
tion was then evaporated to 200 ttl and 10 td 
mnounts were used for the gas chromatographic 
(GC) analysis (2). When sufficient lipid ma- 
terial (100 g) was availabIe, the lactones were 
also isolated by steam deodorization as pre- 
viously reported (17). 

Identification of the lactones was accom- 
plished by comparing GC retention times for 
authentic compounds (kindly supplied by J. 

Boldingh, Unilever Ltd., Vlaardingen, The 
Netherlands) with those for the unknowns on 
both polar  (polyester) and nonpolar (Apiezon) 
coated column packings (for representative 
data, see Table I I ) .  Coincidence of the laetone 
odor with the emerging peak was also used as 

evidence of identity. However, 8-CI~, being 
unavailable to us and apparent ly  nonodorous, 
was implicated 'by a plot of retention data for  
the homologous series of 8-1actones and by 
previous identification of it from bovine milk 
fat  (6). 

RESULTS AND DISCUSSION 

Analyses of the various fats proved positive 
for the occurrence of 8-aliphatic lactones 
(Table I I I ,  Figures i and 2). No attempt was 
made to quantitate the lactones in this survey; 
however, a quantitative visual comparison of 
the laetone peaks is justified and can be seen 
in ;Figure 1 for milk fats from the ruminants 

T A B L E  I I I  

Methods  Employed  in D e m o n s t r a t i n g  the  }r ~-Lactones or  
The i r  P r e c u r s o r s  in L ip ids  of -Various Species. 

Lac tones  

Sample  &C10 &Ca_ o 6-C14 6-016 

Cow 
Milk fa t  1 a, 25 1, 2 1, 2 1, 2 
M a m m a r y  t i ssue  1 1 1 1 
Depot  fa t  1, 2 1, 2 1, 2 I ,  2 
5-1ipoprotein 1 1 1 
fl l ipoprotein 1 1 1 1 

Goat  
bIi lk fa t  1, 2 1, 2 1, 2 1, 2 

Sheep 
Milk fa t  1 1 1 1 
Depot  fa t  1 1 1 1 

Swine  
Milk fa t  1 1 1 1 
Depo t  fa t  1 1 1 I 

H u m a n  
Milk fa t  1, 2 1, 2 1, 2 1, 2 

a R e f e r s  to silieic acid  adsorp t ion  ch roma tog raphy .  Fo r  detai ls  of column, see text:  
b R e f e r s  to s t eam deodor iza t ion  of 100 g of fa t .  

L IP IDS ,  YOL.  ] ,  N 0 .  6 
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~IG. 1. G a s  e h r o m a t o g r a m s  o f  ! a e t o n e s  i s o l a t e d  
f r o m  the  m i l k  f a t s  o f  cow,  g o a t ,  sheep ,  sw ine ,  
a n d  h u m a n  o n  a 6 - f t  b y  6 - r a m  c o l u m n  p a c k e d  
with 10% diethyleneglyeol adlpate treated with 
2% phosphoric acid on 60 80 mesh Gas-Chrom P 
(.Applied Science Laboratories, State College, 
Pennsylvania). 

(cow, goat, sheep); and the monogastrics 
(swine, human). The initial amount of lipid 
material in each analysis was 6.0 • 0.4 g, and 
conditions for isolation, concentration and GC 
were held constant. Published data (1,2,6) 
indicating that the 3-C~o, 3-C~, ~-C14, and 
~--C~ lactones occur in the range of 10 to 60 
ppm for tow milk fat may also provide a use- 
ful frame of reference. 

The occurrence of laetones or their pre- 
cursors in the milk fat of monogastrie animals 
tends to eliminate the rumen as an exclusive 
source of the laetone precursors. Admittedly 

the human diet eonslsts of large quantities of 
animal fats which could coneeivably account for 
the presence of these compounds in mother's 
milk. However, with the identification of lae- 
tones in milk fat and depot fat of the swine 
in which the diet was completely devoid of 
animal fat, it is reasonable to conclude that 
these compounds are not unique to ruminants. 

The ~-C10 and 3-C~ lactones have been de- 
tected in bovine tallow but at considerably 
lower levels than in bovine milk fat (1). 
Similarly in this investigation, traces of laG- 
tones were found in steer, sheep and swine 
depot fat. Interestingly, even though the depot 
fats of the animals analyzed are composed 
mainly of long chain fatty acids, namely 16 
and 18 carbon acids (13) ; identifiable amounts 
of ~-C1o, 3-C~ and ~-C14 lactones were evident. 
A similar inconsistency was evident in the swine 
milk fat. I t  is therefore assumed that the cor- 
responding hydroxyalkanoic acid precursors, 
and their keto glyceride analogs (18), may be 
involved in a unique synthesis or degradation 
of fatty acids by four-carbon units. The use 
of intact four-earbon units (fi-hydroxybutyrate) 
has been demonstrated in milk fat synthesis 
(9,10). 

I t  was not surprising to find lactones in 
whole blood of the cow since they occur in depot 
fat, mammary tissue and milk fat. Analyses 
of equal amounts of lipid (2.5 g) fronl a- and 
fi-lipoproteins of blood serum indicated a 
greater proportion of the lactone potential was 
present in the fi-fraetion. This is of particular 
interest since these fi-lipoproteins are major 
contributors of lipids to milk fat (4). 

From these data it is evident that the lactone 
precursors occur commonly in animal fats and 
are related to general lipid metabolism. The 
mechanism involved in formation of the hy- 
droxyalkanoic acid precursors is presently 
under investigation. 
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Fatty Acids in Phospholipids Isolated from Human Red Cells 
J. H. Williams, M. Kuchmak and R. F. Witter, Lipid Standardization Laboratory, Heart Disease Control 
Unit, Laboratory Branch, Communicable Disease Center, 3 Atlanta, Georgia 

ABSTRACT 

Total lipids of packed erythrocytes from 
healthy men 22 to 25 years old were ex- 
tracted with chloroform-methanol mixture. 
Phospholipid classes were separated from 
neutral lipids and pigments on a silicic 
acid column. Phospbatidyl  inositol (PI )  
was freed of its contaminants phosphatidyl 
ethanolamine (PE)  and phosphatidyl 
serine (PS)  on an aluminum oxide column. 
Additional silicic acid columns with modi- 
fied solvent systems were needed for com- 
plete separation of other overlapped phos- 
pholipid classes. The identification of 
phospholipids in each eluted fraction was 
accomplished by TLC, using the appro-  
priate spray tests and reference compounds, 
and confirmed on each of the isolated 
phospholipids by IR  spectrophotometry. 

The total content of phospholipids as 
determined by phosphorus analysis was 
found to be 2.63 mg/ml of packed cells. 
These phospholipids were found to have 
the following composition (in per  cent of 
total phosphol ipid) :  PI ,  2.3; PE,  13.4; 
ethanolamine plasmalogen (EP) ,  14.5 ; 
PS,  3.9; lecithin (L),  34.2; choline plas- 
malogen (CP),  1.4; sphingomyelin (Sph) ,  
28.4 and lysoleeithin (LL),  1.7. The fa t ty  
acid composition of each phospholipid was 
determined by GLC. The average number 
of double bonds per  fat ty  acid in the 
isolated phospholipids was found to be as 
follows: PI ,  1.5; PE, 1.9; EP,  3.6; PS,  
2.1; L, 1.0; CP, 2.0; Sph, 0.2 and LL, 
0.5. The positional distribution of fat ty  
acids in both L and PE was ascertained by 
selective enzymatic hydrolysis with phos- 
pholipase A. Saturated fa t ty  acids of L 
were esterified predominantly in the a'- 
position, whereas in P E  only 63.9 mole 
per  cent of the saturated fa t ty  acids were 
found in this position. 

~Presented  in pa r t  at  the AOCS Meeting in  Los 
Angeles, April  1966. 

'~The following abbreviat ions are used; L, lecithin; 
CP, choline p]asmalogen;  LL, lysolecithin; PE,  phos- 
phat idyl  e thanolamine;  EP,  ethanolamine plas.raalogen; 
]?S, phosphat idyl  serine;  PI ,  phosphat idyl  inositol; Sph, 
sphingomyelin;  TLC, thin-layer ch romatography ;  GLC, 
gas-liquid chromatography ;  IR,  in f ra red ;  a',  denotes 
fa t ty  acids in the 1-, and  /~ in the 2-position of 
phosphoglycerides. 

8 Dept. of Health,  Educatio~ and  "Welfare, USPI-IS. 

INTRODUCTION 

A 
NUMBER OF INVESTIGATORS have contrib- 
uted information in recent years on the 

composition of the phospholipids of human red 
cells employing the techniques of column 
(6-8,14,22,23,29), paper  (2,10,11,17,24,30,31) 
and thin-layer chromatography (3), or succes- 
sive chemical hydrolyses followed by an ex- 
amination of the separated water-soluble frag- 
ments (4,5). Only a few reports have appeared 
on the fa t ty  acid composition of isolated phos- 
pholipid classes. These studies have dealt 
with the major  phospholipid components of 
red ceils: phosphatidyl ethanolamine, phos- 
phatidyl  serine, lecithin (7,8,14,29), and 
sphingomyelin (8,14,29) and have neglected 
the minor components. In  addition, the fa t ty  
acids were derived from the phospholipid classes 
which were not completely resolved. In  two 
of the investigations (8,14) only the major 
fa t ty  acids are given. Also, the fat ty  acids in 
phosphoglycerides described in previous studies 
were given as the total of the acetal and the 
ester forms rather than separately (7,8,29) or 
the values for  fa t ty  acids were even not 
corrected for  the presence in the methyl ester 
mixtures of dimethyl acetals arising from the 
plasmalogens (14). Therefore, it  appeared 
worthwhile to carry out further investigations 
on the fa t ty  acids in human red cells of each 
of the individual classes of phospholipids. 

This study was aimed at the complete chro- 
matographic separation of phospholipid classes 
in red cells by column fractionation and re- 
fractionation of overlapping components until 
the isolated preparat ions were free of con- 
taminants, as justified by TLC and IR spectro- 
photometry, so that the fa t ty  acids could be 
determined by GLC. Other objectives of this 
study were 1) to describe the fa t ty  acids of 
the plasmalogens separately from the fa t ty  
acids of plasmalogen-free glycerophosphatides, 
and 2) to compare the positional distribution 
of fa t ty  acids in highly unsaturated phos- 
phatidyl  ethanolamine, free of plasmalogen, 
with the positional distribution of fat ty  acids 
in plasmalogen-free lecithin in which saturated 
and unsaturated acids were expected to be 
present in about equal proportions. 
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~,XP~',RIMENTAL 
Materials 

A total of 3,844 ml of blood was collected 
from the same 8 students who donated blood 
for investigation of phospholipids in serum 
(32). Each bottle for the collection of 250 ml 
of blood contained 37.5 ml of an anticoagulant 
with the following composition per 100 ml: 
0.73 g citric acid, 2.20 g sodium citrate, and 
2.45 g dextrose. Cells were centrifuged out, 
separated from plasma, and washed twice with 
saline solution. The volume of the packed 
cells in the blood of donors was 46 to 50% 
averaging 47.6%. 

Other materials and reference compounds of 
both phospholipids and methyl esters are de- 
scribed elsewhere (32). 

Lipid Extraction 
The antioxidant -4-methyl-2,6-di-tert-buthyl- 

phenol (BHT) (33) was added to the solvents 
and was present throughout the procedures of 
extraction, separation, and storage of lipids at 
a concentration of 0.005%. One volume of 
water was added to each volume of packed red 
cells in order for lysis to take place. The 
lysed red cells were suspended in methanol 
and chloroform in a Waring blender during 
extraction of the lipids. The extract was filtered 
on a Buchner funnel and the residue re- 
extracted twice with chloroform. Chloroform, 
methyl alcohol, and water present in the com- 
bined extract were in the ratio 8/4/3, v/v/v,  
respectively (9). This amount of water in- 
eludes that present in the cells. The extract 
was left overnight in the cold room for the 
phases to separate, and the lower layer con- 
tained the lipid extract. The lipid extracts 
were pooled at this point. The total phos- 
phorus (1) in the lipid extract was 192.04 mg, 
or 2.63 mg of phospholipid per one nil of 
packed cells. 

Chromatographic Separations 
Lipids in chloroform solution were chro- 

nlatographed on 250 g os silicic acid in a 4.5 
cm diameter column. A load of no more than 
0.04 mg of phospholipid phosphorus was ap- 
plied per gram of sfiieic acid. The thin-layer 
chromatographic procedures for identifying the 
phospholipids in each fraction and for follow- 
ing the elution of each phospholipid class are 
given elsewhere (32). First, neutral lipids were 
eluted with two liters of chlorofrom and pig- 
ments with 4 liters of acetone. Then the phos- 
pholipids were eluted according to the frac- 
tionation scheme outlined in Table I. 

Appropriate fractions were combined into 
groups, and lipid phosphorus was determined 
on all groups. Aliquots of groups of fractions 
containing more than one component were 
chromatographed on thin-layer plates in the 
solvent system of Wagner (28) and the 
separated components determined quantitatively 
as lipid phosphorus after visualization by 
charring with 50% sulfuric acid (1). These 
data served for the calculation of the percentage 
of each component within the mixture and for 
computation of total amount of phosphorus in 
each phospholipid component. 

The bulk of the phospholipids which were 
present in mixtures in the above groups were 
then subjected to further separation by column 
chromatography. Phosphatidyl inositol in 
Group II (Table I) was separated from phos- 
phatidyl ethanolamine and phosphatidyl serine 
on an aluminum oxide colmnn (13). Lecithin 
in Group IV was  separated on a silicic acid 
column using 20% methanol in chloroform 
(v/v) to elute cephalins and methanol to elute 
lecithin. The combined total mixture of phos- 
phatidyl ethanolamine and phosphatidyl serine 
was separated on a hydrated silicie acid silicate 
column (25). Most of the lecithin in Group 
VI I  was separated from sphingomyelin on 
silicic acid colmnn using 30% methanol in 
chloroform to elutc lecithin and methanol to 
elute sphingomyelin. The separation was com- 
pleted on another silicic acid column with the 

TABLE I 

Scheme for Chromatographic Separation of Phospholipids on Silicie Acid Column 

Fraction number 
Group (50 mI each) Eluant Components Muted 

I 1-2 None 
I I  3-16 PI ,  PE, PS 

I I I  17-51 20 % IV[ethanol in chloroform PE, PS 
IV  52-65 ( v / v )  PE, PS, L 

V 66-72 L 

VI  73-101 20 % ]Y[ethanol in chloroform L 
V I I  102--150 containing 1.B5% ~vater L, Sph 

V I I I  151-191 ( v / v / v )  Sph 

IX 192-224 5% Water  in methanol (v /v )  L, Sph, LL  
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solvent system described by Phillips (21). The 
separation of the components in Group IX was 
achieved in a similar way on a silicie acid 
column (21). 

Identification of Phospholil0ids 

The identification and establishment of the 
puri ty  of the isolated phospholipids by TLC 
and IR  spectrophotometry are described else- 
where (18,32). 

Hydrolysis of Plasmalogens 

Aliquots of the lecithin, phosphatidyl 
ethanolamine and phosphatidyl serine fractions 
were each incubated at 38C in 90% acetic acid 
in order to liberate plasmalogen aldehydes. This 
procedure was adopted from Gray (12). The 
separation and quantification of the hydrolysis 
products were previously described (32). 

Enzymatic Hydrolysis of Lecithin and 
Phosphatidyl Ethanolamine 

Enzymatic hydrolysis of lecithin free of 
plasmalogen was achieved with Crotalus 
adamanteus venom in diethyl ether solution by 
the procedure of Tatrie (27). Apparent ly  the 
enzymatic reaction was completely quantitative 
since no phosphorus was detected in the super- 
natant  ether phase af ter  removal of the lyso- 
lecithin by centrifugation. The procedure for 
the enzymatic hydrolysis of phosphatidyl 
ethanolamine free of plasmalogen and for  the 
separation of the products of the reaction is 
described elsewhere (19). This enzymatic hy- 
drolysis also was cmnplete since m~hydrolyzed 
phosphatidyl ethano]amine was not detected. 

Preparation of Methyl Esters 

The methyl esters of phosphoglycerides fat ty  
acids were prepared by I tornstein procedure 
(15,16). Sphingomyelin fa t ty  acids were hy- 
drolyzed and esterified with 5% anhydrous 
methanolic hydrochloric acid (19). 

Gas-Liquid Chromatography 

Gas-liquid part i t ion chromatography, identi- 
fication of fat ty  acids and calculation as mole 
per cent of each fat ty  acid is described else- 
where (32). 

RESULTS AND DISCUSSION 

The phospholipid composition of normal 
human red cells is presented in Table I I .  The 
proportions of lecithin, sphingomyelin and the 
phosphatidyl ethanolamine fraction are in 
general agreement with those reported by other 

TABLE II 

Phospholipid Content of I-Iuman Red Cells 
(us per cent of phosphorus) 

Phosphatidyl inositol 2.5 
Phosphatidyl ethanolamine 13.4 
Ethanolamine plasmalogen 14.5 
Phosphatidyl serine 3.9 
Serine plasmalogen 0.0 
:Lecithin 34.2 
Choline plasmalogen 1.4 
Sphingomyelin 28.4 
Lysolecithin 1.7 

workers (3,7,11,14,24,29). The content of phos- 
phatidyl  serine obtained in this study is in 
agreement with that obtained by paper  chro- 
matography (10) or by chemical hydrolysis 
(4) but lower than that found by several other 
investigators (2,3,7,14,24,29). The fact that a 
clean separation of phosphatidyl serine from a 
phospholipid mixture is difficult to achieve in 
a single chromatographic separation may offer 
an explanation for  the marked differences in 
the proport ion of phosphatidyl serine reported 
in the phospholipids of red cells by various 
investigators. 

Other workers (3,11,22,23,24) have reported 
a low content of lysoleeithin which is in agree- 
ment with the proport ion found in this publica- 
tion. Phosphatidyl inositol in red cells has 
been listed as a component of the phosphatidyl 
serine (6) or lysolecithin fractions by some 
investigators (17,30). Other workers have 
either failed to observe this phospholipid (5) 
or have found it at  twice the level given in 
Table I I  (2). 

In  the present study the proport ion of plas- 
lnalogen in the phosphatidyl ethanolamine frac- 
tion was found to be 52% whereas other 
workers have reported about 36 (5,14,29) or 
67% (7). In  agreement with Dawson et al. 
(5) serine plasmalogen could not be detected 
in the present study although others have re- 
ported from 1 to 8% plasmalogen in this 
fraction (4,7,14,29). The finding that choline 
plasnlalogen made up only 3.9% of the lecithin 
fraction is in agreement with the observations 
of several other investigators (5,14,19) but is 
lower than the 10% plasmalogen reported by 
Farquhar  (7). The discrepancies between dif- 
ferent reports concerning the proportions of 
phospholipid fractions and the contents of 
plasmalogen in phosphoglycerides in normal 
human red cells are probably due to different 
analytical methods used and difficulties in 
achieving clean separations of the phospholipid 
components present. 

The composition of the fat ty  acids of the 
phosphatidyl ethanolamine fraction, ethanol- 
amine plasnialogen, plasmalogen-free phos- 
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phatidyl ethanolamine, including positional 
distribution of fatty acids, is presented in 
Table I I I .  The phosphatidyl ethanolamine 
fraction showed a high degree of unsaturation 
with over 75 mole per cent of unsaturated fatty 
acids. The chief unsaturated fat ty acids were 
arachidonic and oleic acids which were present 
at levels of 26 and 20%, respectively. The 
high content of 2.4 double bonds per molecule 
of acid was due to the presence of about 54% 
of polyunsaturated fatty acids which were 
primarily of chain lengths of 20 and 22 carbons. 
Palmitic acid contributed half of the saturated 
fatty acids. 

Ethanolamine plasmalogen fatty acids were 
predominantly unsaturated as reflected in the 
fact that 93% of the acids present were un- 
saturated. The remaining 7% was scattered 
among nine saturated fatty acids. The main 
unsaturated fatty acids were arachidonic, do- 
cosatetraenoic and doeosahexaenoic fatty acids. 
The ratio between mono- and polyunsaturated 
fatty acids was ahnost 1 to 9 and the amount 

of double bonds per molecule of fatty acid in 
the ethanolamine plasmalogen was 3.6. 

Two-thirds of the fatty acids in plasmalogen- 
free phosphatidyl ethanolamine were un- 
saturated with 1.9 double bonds per average 
molecule of acid. The major unsaturated fatty 
acids were oleic and arachidonie acids. Palmitic 
acid contributed about two thirds of the total 
amount of the saturated fatty acids. The latter 
showed a high tendency to be esterified in a' 
position. Only about 10% of the saturated 
fatty acids were present in fl position, and 
these acids were mainly pahnitic and stearic 
acids. Since the ratio of unsaturated to 
saturated fatty acids in total plasmalogen-free 
phosphatidyl ethanolamine was 2 to 1, it is 
obvious that a part  of unsaturated fatty acids 
had to be present in the a' postion. Among 
unsaturated fat ty acids in the a" position, about 
two thirds were monounsaturated. There was a 
general tendency for the percentage of an un- 
saturated acid in the fl position to increase with 
the degree of unsaturation. 

T A B L E  III 

Fa t ty  Acids  of Phospha t idy l  E thano lamine  of :Human Red Cells 
(mole per cent) 

Plasmalogen-free P E  

P E  Frac t ion  Plasmalogen Total  
fa t ty  

Fa t ty  acid F o u n d  Caleulated~ acids F o u n d  Calculated b a '  /~ 

1 0 : 0  0.4 0.2 0.5 0.3 0.4 
11 :0  0.3 0.3 0.5 0.5 
1 2 : 0  0.4 0.3 0.3 0.3 0.6 
14 :0  0.2 0.5 0.4 0.4 0.3 
15 :0  0.3 0.7 1.4 1.2 0.8 

ISO 1 6 : 0  0.2 1.6 
16:0 12.4 138 2.~ 20.1 233 423 43 
16:1  0.9 0.8 0.9 1.3 1.6 
17 :0  0.2 .... 0.5 1.0 .... 

ISO 18 :0  0.7 
lS:O 7.3 5s i:o s4 89 165 12 
18 :1  20.2 19.0 8.9 24.4 23.5 20.6 26.4 
18 :2  7.6 6.4 3.8 7.8 8.0 6.1 9.8 
l S  :3 0.1 .... 
2 0 : 0  1.4 .... 0.3 1".4 0.1 
2 1 : 0  0.5 0.2 0.8 
2 0 : 3  0.7 1:0 1.3 0:7 1.3 
2 0 : 4  26.4 27.1 43.5 18.3 16.1 1.0 31.1 
2 2 : 1  0.4 0.9 0.7 1.0 0.9 
2 2 : 4  7.3 8.4 14.6 5.2 5.3 .... 10.6 
2 4 : 0  0.3 0.6 
2 2 : 5  4.3 5.6 8.3 4.1 4.1 3:0 5.2 
2 2 : 6  7.5 6.8 10.8 4.7 3.5 2.4 4.6 

Sa tu ra ted  24.6 7.4 32.6 63.9 8.5 
U n s a t u r a t e d  75.4 92.6 67.4 36.1 91.5 

Double bonds 
per molecule 2.4 3.6 1.9 0.7 2.7 

a The values  l isted as calculated were obtained from the fa t ty  acid (A) composition of the plasmalogen- 
free phosphat idyl  e thano]amine ( P E )  and tha t  of the e thanolamine  p lasmalogen ( E P )  u s ing  the fol lowing 
fo rmu la :  P e r  cent calculated A in P E  f rac t ion  = ( % A  in  P E  X 48.0 X 2 q- % A  in  E P  X 5 2 . 0 ) /  
(48.0 X 2 q- 52.0) .  The fo rmula  is based on the observat ion tha t  the phosphat idyl  e thanolamine f rac t ion  
is composed of 4 8 . 0 %  P E  con ta in ing  2 fa t ty  acids per  molecule and 52 .0% E P  h a v i n g  only 1 fa t ty  acid. 

b The calculated fa t ty  acid composit ion of plasmalogen-free P E  was obtained by d iv id ing  the sum of the 
per  cent acid in  the a" and  ~ posi t ions  by 2. 
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Since the data presented in Table I I I  were 
obtained after  many steps of treatment of 
phosphatidyl ethanolamine such as acid hy- 
drolysis of the plasmalogen aldehydes in the 
phosphatidyl ethanolamine fraction, separation 
of hydrolysis products on a silicie acid column, 
enzymatic hydrolysis of plasmalogen-free phos- 
phatidyl  ethanolamine, and separation of 
enzymatic hydrolysis products, the exact 
arithmetic balancing of these data could not 
be expected, part icularly in the case of the 
fa t ty  acids which were minor components. As 
a check on the possible deterioration of these 
fractions during these processes, a calculation 
was made of the fa t ty  acid content of the 
phosphatidyl ethanolamine fraction from the 
fa t ty  acid content of the two fractions, plas- 
malogen-free phosphatidyl ethanolamine and 
ethanolamine plasmalogen, which were derived 
from the original fraction. A similar calculation 
was made for  the total fa t ty  acids in the 
plasmalogen-free phosphatidyl ethanolamine 
from the amounts of fa t ty  acid in the a'  and fl 
positions which were determined independently 
of the total fa t ty  acid. The calculation was 
carried out only for  eight of the major  fat ty  
acids in each fraction which, however, repre- 
sent 93% of the total amount of fat ty  acid 
present. The details of the calculation are given 
in Table III .  

As can be seen in Table I I I ,  there was good 
agreement between the calculated and observed 
values for  the eight fa t ty  acids in both the 
phosphatidyl ethanolamine fraction and the 
plasmalogen-free phosphatidyl ethanolamine. 
This result indicated that despite the highly 
unsaturated nature of these phospholipids it 
was possible to obtain a valid description of 
their fa t ty  acid composition under the condi- 
tions of these experiments. 

In  Table IV are listed the fa t ty  acids of the 
lecithin fraction, choline plasntalogen, plas- 
malogen-free lecithin and the positional dis- 
tribution of fa t ty  acids within plasmalogen- 
free lecithin. Almost equal proportions of 
saturated and unsaturated fat ty  acids were 
found in plasmalogen-free lecithin. This l ipid 
furnishes a different model for  study of posi- 
tional distribution of fa t ty  acids as compared 
with plasmalogen-free phosphatidyl ethanol- 
amine in which the proportions of saturated to 
unsaturated fa t ty  acids were one to two. Palmi- 
tic acid provided 73% of the saturated fa t ty  
acids, stearic acid over 20% and the remaining 
4% was scattered among 7 other saturated 
fa t ty  acids of the plasmalogen-free lecithin. 
The 2 major  unsaturated fat ty  acids were 
linoleic and oleic acids. The unsaturated fa t ty  
acids with chain lengths of 20 and 22 carbon 
constituted only about one sixth of the total 

TABLE IV 

F a t t y  Acids  of L e c i t h i n  of ~ Iuman  Red  Cells 
(mole pe r  cen t )  

P l a sma logen- f r ee  l ec i th in  

L e c i t h i n  f r a c t i on  P l a s m a l o g e n  To ta l  
f a t t y  

F a t t y  ac id  F o u n d  Oalcu la ted  a ac ids  F o u n d  Calcu la ted  a a '  fl 

1 2 : 0  0.4 0,3 0.8 0.2 
1 4 : 0  0.5 0:~ 0.4 0.9 0.2 
1 5 : 0  0.2 0.5 0.2 0.7 0.3 

I S O  1 6 : 0  O,1 0.5 0.1 0.2 
1 6 : 0  32 .9  36 .1  17,3 36 .5  35 ,5  63.2  7.7 
1 6 : 1  1.4 1.2 1.2 1.6 0 .7  
1 7 : 0  0 .5  .... 9 .5  1.2 9.1 

][SO 1 8 : 0  0.1 0.1 0.3 0.1 
1 3 : 0  9.7 10.1 3:~ 10.2 9.7 18.4 l O  
1 8 : 1  18.9  18 .6  2 1 . 7  18 .5  18 .3  8.3 28 .2  
1 8 : 2  23 .5  23 .2  26 .1  23 .1  22 .0  1.8 42 .2  
2 0 : 0  0.2 .... 0 .4  .... 0 .5  
2 0 : 2  0.1 0.1 0.2 
2 0 : 3  1.4 2 :7  1.4 0:8 2 .6  
2 0 : 4  6.3 5.2 19 .6  4 .9  5.8 1.8 9.8 
2 2 : 4  0.6 1.2 0 .4  .... 1.1 
2 4 : 1  0.2 0.1 .... 0.2 
2 2 : 5  0.9 {i~ 0.5 .... 1.5 
2 2 : 6  2.1 4 .5  1.1 .... 3 .4  

S a t u r a t e d  44 ,6  21 .9  4 8 , 7  85 .7  10.1  
U n s a t u r a t e d  55 .4  78 .1  51.3  14.3 89.9  

Double  bonds 
p e r  molecule 1.2 2 ,0  1.0 0.2 2.0 

a The  va lues  l is ted as ca lcu la ted  were  ob ta ined  f rom the  f a t ty  acid  composi t ion of other  fract ions,  as 
descr ibed  in  Table  I I I .  
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unsaturated fatty acids present, and therefore 
the amount of double bonds per molecule of 
acid was only 1.0. Despite an almost equal 
proportion of saturated to unsaturated fatty 
acid in lecithin free of plasmalogen, 7% of 
the total unsaturated fatty acids still were 
found in a" position and 5% of the saturated 
acid in the fl position. In  lecithin a trend, 
similar to that prevailing in phosphatidy! 
ethanolamine, was noted for the amount of the 
acid esterified in the fi position to increase with 
degree of unsaturation. 

The fatty acids of choline plasmalogen con- 
tained a high percentage of unsaturated fatty 
acids, a result similar to that found with 
ethanolamine plasmaIogen, although the nun> 
her of double bonds per molecule of fatty acid 
in choline plasmalogen was only 2.0. The major 
unsaturated fatty acids in this phospholipid 
were linoleie, oleic and araehidonic acids. Since 
there was only 3.9% of choline plasmalogen in 
the lecithin i'raction, the composition of the 
fatty acids in the lecithin fraction is rather 
similar to that of the plasmalogen-frec lecithin 
despite large differences in degree of unsatura- 
tion between the choline plasmalogen and 
plasmalogen-frec lecithin composing the lecithin 
fraction. 

Calculations, similar to those discussed for 
the phosphatidyl ethanolamine, were made of 
the fatty acid composition of the lecithin frac- 
tion and the plasmalogen-free lecithin from the 
observed fatty acid content of the lipids derived 
from these fractions. As can be seen in Table 
IV, there was excellent correlation between the 
calculated and the observed content of the 
major fatty acids. This agreement indicates 
that artifacts could not have significantly in- 
fluenced the fatty acid composition reported for 
the lecithin fractions. 

As shown in Table u  the fatty acids of 
phosphatidyl inositol were divided equally be- 
tween unsaturated and saturated fatty acids. 
The fatty acids of plasmalogen free of lecithin 
were distributed in a similar manner but the 
number of double bonds per molecule was 50% 
higher in the fatty acids of phosphatidyl 
inositol than in the fatty acids of lecithin 
free of plasmalogen. This greater degree of 
unsaturation was due primarily to the 21% 
arachidonic acid present in the phosphatidyl 
inositol. 

The composition of the fatty acids in phos- 
phatidyl serine resembles that in phosphatidyl 
ethanolamine. The major unsaturated acids are 
araehidonic and oleie acids. However, the ratio 
of saturated to unsaturated fatty acids in 
phosphatidyl serine of one to two is similar to 
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T A B L E  V 

Fa t ty  Acids of H u m a n  l~ed Cells Phospha t idy l  Inosi tol ,  
Phospha t idy l  Serine, Lysoleei th in  and Slohingomyelin 

(mole per  cent) 

Fa t ty  acid P I  P S  L L  Sph 

10 :0  .. 0.3 . . . . . . . .  
II :0 0.2 .... 
12  :o . 01~ 0 .9  2i;/ .... 
13 :o 0.2 
14 :0  0:8 2.4 3:8 0:5 
15:0 2.7 2.6 B.1 

IS0 16:0 0.i 0.2 1.0 
16:0 10.4 12.3 37.9 45.7 
16 :i 0.8 0.2 2.5 I.i 

Anteiso 17 :0  0.4 0.8 0.8 
x v : o  o . s  0 . 2  0 . 5  6 1 ;  

ISO 18:0 0.3 1..I 
18:0  24.0 10.2 7:7 7:3 
18 :i 13.5 1 9 . l  15.4 1.1 
18 :2  4.6 6.2 14.0 0.3 

iSO  2 0 : 0  0.7 
2 0 : 0  7 . a  0 . 7  ; : ;  1 . a  
2 0 : 2  0.9 .... 
2 o : a  2 . 1  o . s  1 . a  .... 
2 0 : 4  21.1 22.0 0.6 
2 2 : 0  0.4 0.3 0.5 8.7 
22 :1  0.1 0.4 

2 2 : 4  a . 4  g . i  
2 4 : 0  1 1  0 . 6  d5 li:i 
24 : 1 1.3 15.4 
2 2 : 5  117 5:2 . . . . . . . .  
2 2 : 6  2.3 5.0 . . . . . . . .  

Sa tu ra ted  49.5 33.0 64.9 82.1 
U n s a t u r a t e d  50.5 67.0 35.1 17.9 

Double bonds 
per molecu-e 1.5 2.1 0.5 0.2 

the ratio in the plasmalogen-free phosphatidyI 
ethanolamine. On the other hand, the level of 
6.6% of acids with carbon chain shorter than 
16 in phosphatidyl serine was 3 to 4: times 
higher than in phosphatidyl ethanolamine. 

The fatty acids in lysolecithin were two times 
as saturated as the fatty acids in plasmalogen- 
free lecithin. Pahnitie acid contributed 58% 
of the total saturated fatty acids. Seventy-two 
per cent of the unsaturated fatty acids were 
present in oleic and linoleic acids. 

The fatty acids of sphingomyelin were the 
most saturated among the acids of the various 
phospholipids isolated in this study. Palmitie 
acid at a level of 46% made the main contribu- 
tion to the saturation of these fatty acids. 
Appreciable anmunts of lignoceric, behenie and 
stearic acids also were present. The 15% of 
nervonie aeid, which was present, accounted for 
86% of the unsaturated acid. Lignoeeric, 
nervonie and behenic acids occurred as major 
acids only in sphingomyelin. 

I t  is of interest to eonlpare the composition 
of the fatty acids of human red cells phos- 
pholipids described in this study with that re- 
ported by other workers. The degree of un- 
saturation and fatty acid compositions in lecithin 



FATTY ~I.CIDS I1ff PHOSPHOLIPI])S IN ~[~ED CELLS 397 

fraction is in good agreement with the results 
of  previous workers (7,8,14,29). The fa t ty  
acids of the phosphatidyl ethanolamine fraction 
resemble those found by some other investiga- 
tors (7,8,29), but in contrast to the findings 
in the present publication, a high content of 
palmitie acid and equal proportions of saturated 
and unsaturated fa t ty  acids in phosphatidyl 
ethanolamine also has been reported (14). 
Also, the proport ion of two to one of un- 
saturated to saturated fa t ty  acids in phos- 
phatidyl  serine which can be observed in Table 
V is in disagreement with results of other 
workers (7,8,14,29) who have found equal 
proportions of these acids. These discrepancies 
in the content of fat ty acids in these phos- 
phoglycerides ulight be due par t ia l ly  to in- 
complete resolution of phospholipids in the 
single chromatographic separation utilized by 
these investigators (7,8,14,29), and also might 
be attributable to known difficulties in the 
handling of highly unsaturated phospholipids. 

On the other hand, the composition of 
sphingomyelin fa t ty  acids, characterized by a 
high content of palmitic acid and a major  
contribution of behenic, lignoceric and nervonie 
acids, is in general agreement with the results 
of others (14,29). However, the presence of 
2 to 4% of linoleie acid in these previously 
described preparations of other workers (14,29) 
may indicate the admixture of lecithin in the 
sphingomyelin fraction (32). 

As far  as we are aware, there are no pub- 
lished data on red cell phospholipids with 
which to compare the fa t ty  acid composition 
found in the present study for  human red cell 
lysolecithin, phosphatidyl inositol, choline 
plasmalogen or ethanolamine plasmalogen. The 
same thing is true for  the studies of the 
positional distribution of fat ty  acids in 
plasmalogen-free lecithin or plasmalogen-free 
phosphatidyl ethanolamine. 

The fat ty  acids in the sermn phospholipids 
of the men in the present study have been 
described in a previous publication (32). I t  is 
of interest to compare the fa t ty  acids of the 
red cell phospholipids with those of the sermn 
phospholipids of these men. Red cell sphingo- 
myelin had two times more lignocerie and 
ner'2onic acid than did the serum lipid. Simi- 
larly, the content of oleie acid in red cell 
phosphatidyl ethanolamine was threefold that 
of the corresponding serum lipid. Also, dif- 
ferent ratios of docosapolyenoic acids were 
observed for  this l ipid in the two tissues. The 
fa t ty  acid eonlposition of red cell phosphatidyl 
serine was markedly different front that of the 
corresponding serum lipid. This  difference was 

evident part icularly in the higher content of 
polyunsaturated fa t ty  acids in red cell phos- 
phatidyl serine. The average number of double 
bonds per  fa t ty  acid molecule was twofold 
higher in the red cell phosphatidyl serine than 
in the sermn lipid. In  both tissues the amounts 
of fat ty  acid with carbon chains less than 16 
was several times higher in phosphatidyl serine 
as compared with the percentages of these 
acids in the corresponding phosphatidyl 
ethanolamine. Otherwise, the fa t ty  acid com- 
position of the phospholipids of the red cells 
and serum appeared to be similar. 

The fa t ty  acids of the lysolecithin of red 
cells are of an entirely different composition 
from those of the fa t ty  acids of the choline 
plasmalogen or the fa t ty  acids found in either 
the a" or fi position in the lecithin of the red 
cells. These facts indicate that the small amount 
of lysolecithin in human red cells is a naturally 
occurring phospholipid and not an art i fact  
arising from the decomposition of choline plas- 
malogen or lecithin. These observations also 
support  the findings of other investigators of 
the presence of lysolecithin in normal red cells 
(2-6,11,17,22-24, 30,31). 
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The GLC and TLC Resolution of Diastereoisomeric 
Polyhydroxystearates and Assignment of Configurations 1 
Randall Wood, E. L. Beret ~ and Fred $nyder, Medical Division, 
Oak Ridge Institute of Nuclear Studies, Oak Ridge, 

ABSTRACT 
Trifluoroacetate (TFA) derivatives of 

methyl 12-hydroxystearate, methyl ricin- 
oleate, five positional isomers of n~mthyl 
threo- and erythro-dihydroxystearate, four 
diastereoisomeric methyl  9,10-12-trihy~ 
droxystearates, and four racemic diastereo- 
isomeric methyl 9,10-12,13-tetrahydroxy- 
stearates were prepared and anaIyzed by 
gas-liquid chromatography (GLC). The 
isomeric threo- and erythro-dihydroxy- 
stearates that had not previously been 
resolved by GLC were separated. Excellent 
resolution of the diastereoisomerie pairs 
of methyl threo- and erythro-9,10-12-tri- 
and methyl erythro, erythro- and threo~ 
threo-9,10-]2,13-tetrahydroxystearates was 
obtained by GLC of their TFA derivatives. 
Analyses of these high-molecular-weight 
compounds were carried out on polar and 
nonpolar packed columns used routinely 
for methyl ester analysis. 

The various methyl mono-, di-, tri-, and 
tetrahydroxystearate esters were also ana- 
lyzed by thin-layer chromatography (TLC) 
on Silica Gel G adsorbent layers and on 
Silica Gel G impregnated with sodium 
arsenite. 

Relative and absolute configurations were 
assigned to the various diastereoi~omeric 
~ri- and tetrahydroxystearates based on 
information obtained from GLC, TLC, 
synthetic ratios, and molecular-models. 

A micro hydroxylation method that gives 
quantitative yields of threo- and erythro- 
dihydroxy acids from various concentra- 
tions of C~ monoene geometrical isomers 
was developed. Subsequent GLC analysis 
of the isomeric methyl dihydroxy TFA 
derivatives allows the quantitative deter- 
ruination of double-bond configuration on 
small samples without expensive or 
specialized equipment. 

INTRODUCTION 

T 
~I~-LA~R CI~O~A~OGRAP~Y (TLC) is 
routinely used for the separation and 

isolation of lipid classes followed by gas-liquid 

x Presented a~ the AOOS :~Ieeting, :Los Angeles, April 
1966. 

Research part icipant from Lawrence University, 
Appleton, Wis., under appointment from Oak Ridge 
Associated Universities. 

a An operating unit of the Oak Ridge Associated 
Universities, under contract with the US Atomic Energy 
Commission. 
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chromatography (GLC) for the quantitative 
analysis of closely related members of a homo- 
logous series in each class. Analysis of long- 
chain polyhydroxy acids by these complemen- 
tary analytical methods is an exception. The 
TLC of long-chain mono- and poly-hydroxy 
acids has 'been investigated extensively and 
most successfully by Morris and co-workers 
(1-3) on silica gel impregnated with boric 
acid a n d  sodium arsenite and on silica gel 
adsorbent layers and by other investigators 
(4-5). On the other hand, GLC analysis of 
long-chain polyhydroxy acids has been very 
limited, primarily due to the polarity of these 
compounds and the lack of suitable derivatives 
to raise their vapor pressure. Derivatives that 
have been used for the GLC analysis of long- 
chain mono- and dihydroxy acids have been 
briefly reviewed (6,6A). The trimethylsilyl 
ether derivatives of methyl mono- di-, tri-, and 
tetrahydroxystearates have been found to give 
quantitative GLC results by Wood et al. (6). 
This was the first reported GLC analysis of 
tri- and tetrahydroxy acids ; however, the 
method did not resoNe the diastereoisomeric 
di-, tri-, or tetrahydroxystearates satisfactorily. 
A quantitative GLC method for the analysis 
of diastereoisomeric di- and tetrahydroxy acids 
would be applicable for determining configura- 
tion of geometrical isomers of unsaturated acids. 
The isomeric hydroxy acids resulting from tile 
hydroxylation of the unsaturated acids could 
be analyzed quickly and quantitatively by GLC. 
Such a method would obviously be applicable 
for determining configuration of long-chain 
isomeric dihydroxy acids that occur in various 
seed oils (7), in addition to furthering our 
understanding of the physical and chemical 
properties associated with configuration. 

Each of the geometrical isomers of linoleic 
(cis cis~ cis t~ans~ trans cis~ and trans trans)~ 
yields a racemie diastereoisomeric pair of 9,10- 
12,13-tetrahydroxystearic acids and rieinoleic 
and ricinelaidic acids yield an optically active 
diastereoisomeric pair of 9,10-12-trihydroxy- 
stearie acids upon hydroxylation. The con- 
figuration of the vicinal hydroxyl groups 
becomes apparent when the geometrical con- 
figuration of the unsaturated acids, from which 
they are prepared, and the stereochemistry of 
the hydroxylation reaction are known. How- 
ever, the spatial relation between the hydroxyl 
groups on carbon atoms 10 and ]2 of the 
diastereoisomeric pairs has not been established 
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beyond mere speculation. Each member of the 
four racemic diastereoisomeric 9,10-12,13- 
tetrahydroxystearic acid pairs was prepared by 
MeKay and Bader (8) who assigned configura- 
tions based on the assumption that hydroxyl 
groups threo to each other on carbon atoms 
10 and 12 gave a compound with a lower 
melting point than one in which the hydroxyl 
groups were erythro. The eight optically active 
9,10-12,13-tetrahydroxystearic acids were pre- 
pared by an alternative approach by Bharucha 
and Gunstone (9) who were reluctant to assign 
configurations other than by pairs. All the 
optically active diastereoisomeric 9,10-12- 
trihydroxystearic acids were first prepared by 
Kass and Radlove (10) and more recently by 
Morris (1). These workers declined to assign 
configurations. Recently Morris and Wharry 
(11) prepared an optically active diastereo- 
isomeric pair of threo 9,10-12-trihydroxy- 
octadecanols. They (11) suggested that the 
hydroxyl groups erythro to each other on 
carbon atoms 10 and 12 might have the lower 
melting point. The problem is briefly sum- 
marized by saying that until now there has 
been insufilcient data to assign configurations 
to the members of each diastereoisomeric pair. 

This report describes the resolution of several 
diastereoisomeric polyhydroxystearate trifiuoro- 
acetate (TFA) delJvatives by GLC, assignment 
of absolute and relative configurations, and the 
applicability of the method for the determina- 
tion of configuration of monounsaturated fatty 
acids. 

EXPERIMENTAL 

l~'omenelature 

Confusion and misunderstandings arising 
from terminology and nomenclature applied to 
polyhydroxy acids exist in the literature 
(8,12,13). We do not propose a new system 
of nomenclature, but only wish to make it clear 
which system is being used. The terms threo 
and erythro as set forth by Bharucha and 
Gunstone (9) for open-chain polyhydroxy acids 
are used. By definition threo compounds result 
by trans addition to a cis, or by cis addition 
to a trans double bond, whereas erythro com- 
pounds are the result of eis addition to a cis, 
or trans addition to a tra~s double bond. Threo 
and erythro can also be used to describe the 
spatial relation of hydroxyl groups interrupted 
by a methylene unit as in 9,10-12-tri- and 
9,10-12,13-tetrahydroxystearic acids. Sgoutas 
and Kummerow (4), without elaboration, have 
made this use of threo and erythro, This sys- 
tem of nomenclature, along with Fischer 
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formula projections showing the relative and 
absolute configurations of the di-, tri-, and 
tetrahydroxystearic acids, appear in Table I. 
Each of the diastereoisomeric hydroxy acids 
used in this study has been given a number 
(Column 1, Table I) ,  which is used to compare 
GLC data, TLC behavior, and other physical 
and chemical properties with assigned con- 
figurations. The Cahn-Ingold-Prelog (14) 
system of specifying asymmetric configurations 
was applied to the diastereoisomeric trihydroxy- 
stearic acids. 

Materials 

Purified oleic, elaidic, petroselenic, cis- and 
trans-vaccenic, linoleic, trans, tra,ts-linoleie, ri- 
cinelaidic and 12-hydroxystearic acids of 
greater than 98% purity were obtained from 
the ~tormel Institute, Austin, Minnesota. 
Ricinoleic acid was prepared from castor oil 
esters by preparative TLC as previously de- 
scribed (6). The castor oil used in this study 
was packaged by Welton Laboratories, Inc., 
New York. Solvents and other reagents were 
reagent grade or better and were used without 
further purification. 

Hydroxylation 

Polyhydroxystearie acids were prepared by 
alkaline permanganate oxidation of the cor- 
responding unsaturated acids (50-100 rag) 
according to the procedure of Wiberg and 
Saegebarth (15). This procedure was later 
modified, (see sections on Quantitative Micro 
Hydroxylation). High purity racemic erythro- 
and threo-9,10-, e,rythro- and threo-ll,12- and 
erythro-6,7-dihydroxystearic acids Were obtained 
by preparative TLC (solvent system chloro- 
form-methanol 95:5 v/v).  The uncorrected melt- 
ing points were (127.3-127.7C), (92.5-93.1C), 
(125.2-126.3C), (92.2-93.0C) and (118.5-  
119.6C), respectively. Melting points of the 
other hydroxy acids are given in Table 1. Dia- 
stereoisomeric trihydroxystearic acid pairs were 
purified by preparative TLC (solvent system 
chloroform-methanol 90:10 v/v) .  Each mem- 
ber of the pairs was isolated by preparative 
TLC on layers impregnated with sodium arse- 
nite (solvent system chloroform-methanol 98:2 
v/v) as described by Morris and Wharry (11) 
for trihydroxyoctadecanols. The racemic dia- 
stereoisomeric tetrahydroxystearic acid pairs 
were purified by extraction of the unreacted 
and partially unreacted unsaturated acid im- 
purities with hexane. The racemic diastereo- 
isomeric tetrahydroxystearic acid pairs were 
separated by preparative TLC on layers im- 
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TABLE I 

Phys ica l  a n d  Chemical  P r o p e r t i e s  of D ia s t e r eo i somer i c  P o l y h y d r o x y s t e a r a t e s  R e s u l t i n g  f r o m  
Alka l ine  P e r m a n g a n a t e  Ox ida t ion  of Cls U n s a t u r a t e d  F a t t y  Ac ids  a 
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Cpd. 
no. P a r e n t  ac id  b 

Rel.  spot 
Re la t ive  & posi t ion  

Di-, t r i -  a n d  absolute  on Si l ica  
t e t r a h y d r o x y s t e a r a t e  conf igura t ion  Gel G 

Rel. spot  P e r -  
posi t ion GLC cent  in  
on Sil ica elut ion syn- 

Gel G o rde r  Mel t ing  thet ic  
( 1 0 %  of T F A  po in t s  a mix-  

NaASO~)  der iv .  ~ t u r e  

1. 18:1 (9c)  

2. 1 8 : 1  (9 t )  

erythro-9,1O- O H  OIL L o w e r  
I I 

- - C - - C - -  
I I / /  / /  

threo-9,10- OH IT 

- - C - - C - -  
J 

IT O H  

L o w e r  1st  127.5 

2nd  92.8 

3. 1 8 : 1  (9t )  
12 -OH 

4. 1 8 : 1  (9 t )  
12-Olq 

(9-S, 10-S, 12-R)  c H H O H  H 
threo-9,10-threo.lO,12- I I I I 

- - C - - C - - C - - C ~  
[ I [ [ 

O H  H H 0 H  

(9-R, 10-R, 12-t%) c IT H H O H  
threo-9,10-erythro-10,12- l I I T 

- - C - - C - - C - - C - -  
I I I I 

O t t  H O H  H 

L o w e r  U p p e r  2nd  106.5 50 

1st  85.1 50 

1 8 : 1  (9c)  
12-OH 

1 8 : 1  (9c)  
1 2 - 0 H  

(9-R,  10-S, 12-R)  c H H H H 
erythro-9,10-erythro-lO,12- I I I I 

- - C - - C - - C - - - C - -  
I I I I 

O H  H O H  O H  

(9-S, IO-R, 12-R) r H H 0 H O H  
erythro-9,10-threo-10,12- I I I I 

- - C - - C - - C - - C - -  
I I [ l 

0 H H  H H 

U p p e r  L o w e r  2nd  110.7  42 

1st  135.8 58 

1 8 : 2  (9t, 12t)  

1 8 : 2  (9t, 12t)  

threo-9,]O-erythro-lO,12- ~ OH ]-I O H  H 
thr~o-12,13- I I I I I 

- - C - - C - - C - - - C - - C - -  
I 1 I I I 

0 H H  H H 0 H  

threo-9,10-threo-lO,12. 0 H  H H 0 H  H 
~hreo-12,13- / ] [ I I 

- - C - - C - - C - - C - - C - -  
[ ! I I I 
H OH H H O H  

U p p e r  L o w e r  1st  122 e 43 

2nd  148 e 57 

10. 

1 8 : 2  (9c, 12c) erythro-9,10-erythro-10,12- 
srythro-12,13- 

1 8 : 2  (9c, 12c) erythro-9,10-threo-lO,12- 
erythro-12,13- 

0 H O H I T  0 H O H  U p p e r  
t i l l 1  

- - c - - c - - c - - c - - c - -  
! r i l l  
H H H H H  

H H H O H  O~ 
illll 

- - C - - C - - C - - C - - C - -  
I I I I I  

O H  O H  H H 

L o w e r  2rid 156 e 40 

1st 177 ~ 60 

a L i n e s  s epa ra t e  synthe t ic  d ias te reo i somer ic  pa i r s .  
b The  n u m b e r  a n d  let ter  in  p a r e n t h e s i s  r e p r e s e n t  locat ion a n d  conf igura t ion  of double bond. 
r Cahn- Ingo ld -Pre log  sys tem (14)  of d e s i g n a t i n g  conf igura t ion .  
a Mel t ing  po in t s  r ep re sen t  the  uncor rec ted  m e a n s  of the  r a n g e s  of th ree  de t e rmina t ions .  
e L i t e r a t u r e  me l t ing  points .  

pregnated with sodium arsenite (solvent system 
chloroform-methanol 96:4 v/v) .  However ,  
yields were poor and the isomers were impure 
owing to their high solubility in water and the 
difficulty encountered in the hydrolysis of the 

arsenite  complexes ,  a problem also encountered 
by Morn'is and W h a r r y  ( 1 ] ) .  The lack o f  ab- 
solute pur i ty  of  these diastereoisomers  in no 
w a y  affects the va l id i ty  of  the results  and con- 
c lus ions  reached. 
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Quantitative Micro Hydroxylation 

Eight to 12 mg samples varying' in concen- 
tration of oleic and elaidic acids (see Table I I )  
were placed in a 50-ml Erlenmeyer flask with 
3 ml of sodium hydroxide (4 mg/ml) ,  1 ml of 
ter t iary butyl alcohol, and 18 ml of water. The 
clear solution was stirred rapidly and 1.9 ml 
of freshly prepared potassium permanganate 
solution (10 mg/ml)  was quickly added, after  
which stirring was continued for 10 rain. At  
this time the solution was decolorized with 
sulfur dioxide. After  the addition of 0.5 ml of 
concentrated hydrochloric acid the solution was 
cooled at 0C for one hour, filtered in a fr i t ted 
glass funnel, washed with cold water and dried 
in vacuo at 85C for 2 hr. I tydroxy acids were 
then methylated, trifluoroaeetylated, and ana- 
lyzed by GLC. 

Preparation of Derivatives 

Trifluoroacetate (TFA)  derivatives of the 
hydroxy acid esters were prepared by the 
lnethod recently described by us (16) for iso- 
meric glycew1 monoethers. Methyl esters were 
prepared by reacting the acids with an etheral 
solution of diazomethane. The diazomethane 
was prepared according to the procedure of 
DeBoer and Backer (17). 

Gas-Liquid Chromatography 

An Aerograph Model 600D I t y - F i  Gas Chro- 
matograph (Wilkens Instruments and Research, 
Inc., Walnut  Creek, Calif.) equipped with a 
hydrogen flame ionization detector, was used 
in this study. The oven temperature was con- 
trolled (+---O.IC) with a Wilkens Model 328 
isothermal temperature controller. The signal 
from the ehromatograph was recorded by a 
1.0 MV Brown recorder (Minneapolis- 
Honeywell Reg. Co., Philadelphia, Pa.) .  Ana- 
lyses were carried out on a 5 f t  • 1/s in. O.D. 
stainless steel column packed with 5% methyl 
silicone polymer (SE-3O) coated on 60-80 
mesh Chromosorb W (obtained from Wilkens 
prepacked),  operating at 187C. A high resolu- 

tion 5 in. X ~/s in. 0.D. pyrex column packed 
with 15% ethylene glycol succinate methyl 
silicone polymer (EGSS-X) ,  coated on 100-120 
mesh Gas-Chrom-P (Applied Science Labora- 
tories, State College, Pa.) ,  operating at 180C 
was also used. Columns were packed, tested, 
thermally and trifluoroacetic anyhydride con- 
ditioned as previously described (16). 

Column pressures ranging from 12-15 psi 
were used to maintain a helium flow rate of 
80-100 ml/min through each of the columns. 
The flash evaporator was always operated be- 
tween 240 and 250C. The operational tempera- 
ture of the flame ionization detector located in 
the forced-air oven was equal to that of the 
column. 

Thin-Layer Chromatography 

Sodium arsenite impregnated plates were 
prepared by mixing an aqueous sodium arsenite 
solution (5.8%) with Silica Gel G (2:1 w/w) 
as described by Morris (1). Unimpregnated 
plates were prepared from Silica Gel G. Uni- 
form 0.50-ram preparat ive and 0.25-ram ana- 
lytical layers were spread on 2- • 20- and 
20- • 10-cm glass plates with a Colab ap- 
plicator modified by us (18), (Colab Labora- 
tories, Inc., Chicago Heights, I l l .) .  Af ter  the 
ehromatoplatcs had air  dried for 30 rain they 
were activated for 30 min at  l l 0 C  and placed 
in a desiccator. Development of the chroma- 
toplates was carried out in chambers saturated 
with the developing solvents. Separations on 
the preparat ive plates were visualized by spray- 
ing with 0.2% 2 ~, 7"-dichlorofluorescein in 
ethanol and viewing under UV light. Analytical 
plates were charred according to the procedure 
of Privett  and Blank (19), and the results 
were documented by photography. Selected 
regions were scraped from the preparat ive 
plates into Biichner funnels (fine fr i t ted discs) 
and eluted with several volumes of diethyl 
ether-methanol (1:1).  Arsenite complexes of 
the polyhydroxy acids were hydrolyzed as 
described by Morris and Whar ry  (11). 

TABLE II 

Determination of Configuration of Unsatura ted  Cls 2r by GLC Analysis 
Their Isomeric Dihydroxy TFA Derivat ives 

of 

Expt. No. 1 Expt. No. 2 

Mixture  % of Each  Acid  F o u n d  a Error  Found a Er ror  

No. 1 Oleic 25 26.6 ~-1.6 26.4 H-1.4 
Elaidic  75 73.4 --1.6 73.6 --1.4 

No. 2 Oleic 50 50.4 @0.4 50.5 H-0.5 
Elaidie 50 49.6 --0.4 49.5 --0.5 

No. 3 Oleic 75 76.0 -~1.0 75.5 -L0.5 
Elaidic  25 24.0 --1.0 24.5 --0.5 

a E a c h  experimental  value  represents  the mean  of three determinations .  
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RESULTS AND DISCUSSION 

Quantitative Micro Hydroxylation 

The alkaline permanganate hydroxylation 
procedure described in the experimental section 
was the results of several attempts, some of 
which are of interest. Hydroxylation of the 
oleic and elaidic acid mixtures shown in Table 
I I  by the procedure of Wiberg and Saegebarth 
(15) always resulted in incomplete elaidic and 
corn !ete oleie acid oxidation, especially in the 
higher elaidic acid concentrations. Doubled 
concentration of the permanganate, doubled re- 
action time and ambient reaction temperature 
failed to hydroxylate both acids completely or 
equally. The more rapid and complete oxida- 
tion of oleic acid appeared to be associated with 
solubility differences of the two acids. This was 
confirmed when 1-propanol was used to solu- 
bilize the acids. Under these competitive oxida- 
tion conditions with insufficient permanganate, 
elaidic acid was oxidized at a faster rate: 
however, l-propanol oxidation products  in- 
creased the water solubility of the di-hydroxy 
acids. Tertiary butyl alcohol, which is unreac- 
rive to alkaline permanganate, was found to 
solubilize both acids equally effectively. 
Quantification of the hydroxylation procedure 
in t-butanol was evaluated by GLC of the TFA 
derivatives of the hydroxy acids (Table I I ) .  
Oxidation was virtually complete within 10 
rain as determined by GLC and TLC. Over- 
oxidation was not observed to any appreciable 
degree. Occasionally, a small peak (less than 
1%) was found to elute approximately 4 rain 
after tile isomeric dihydroxy TFA derivatives, 
which was assumed to be the monoketo- 
monohydroxy TFA derivative. The applicabil- 
ity of the method for diunsaturated fatty acids 
was not investigated, since mixtures of tile 
tetrahydroxy TPA derivatives derived from 
geometrical isomeric dienes were not sufficiently 
resolved for quantitative determination by GLC. 

GLC of Monohydroxy Acids 

The resolution by GLC of most derivatives 
of methyl 12-hydroxystearate and the corre- 
sponding unsaturated analogue methyl ricin- 
oleate is more difficult than the separation of 
saturated and monounsaturated esters of the 
same chain length. Methyl 12-hydroxy-stearate 
and ricinoleate TFA derivatives were not re- 
solved with only indications of two components 
on the EGSS-X column. On the other hand, 
the TFA derivatives of methyl 12-hydroxy- 
stearate and rieinoleate were resolved suf- 
ficiently to allow quantitative measurements on 
the SE-30 liquid phase. 

GLC of Dihydroxy Ackts 

Chromatograms of methyl erythro and threo- 
9,10-dihydroxystearate TFA derivatives: peak 
I and 2, respectively, obtained on SE-30 (top) 
and EGSS-X (bottom) liquid phases are shown 
in Figure 1. Resolution was sufficient on the 
EGSS-X column to allow quantitative deter- 
mination of each of the isomers, while both 
isomers were eluted as one peak on the SE-30 
column. Erythro and threo isomers of methyl 
]1,12- and methyl 6,7-dihydroxystearate TFA 
derivatives were also resolved on the EGSS-X 
column. Mixtures of either erythro or threo 
positional isomers were not resolved. Resolu- 
tion of these two diastereoisomers by GLC has 
not previously been reported to the authors' 
knowledge. Resolution of the isomeric dihy- 
droxy acids allows the configuration of geo- 
metrical isomers of monounsaturated fat ty acids 
to be determined by GLC after quantitative 
hydroxy]ation (see Quantitative Micro Hy- 
droxylation). Mixtures varying in proportions 
of oleic and elaidic acids were quantitatively 
hydroxylated as described and discussed earlier, 
methylated, trifluoroacetylated, and analyzed by 
GLC. The close agreement between experi- 
mental values obtained by GLC at all concen- 
trations for each of the acids, and the known 
values are shown in Table II .  

GLC of Tri- and Tetrahydroxy Acids 

Shown in Figure 2 are ehromatogram trac- 
ings of TFA derivatives of two diastereo- 
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FIG. 1. Chromatograms of methyl esters of 

erythro- and ghreo-methyl 9,10-dlhydroxystearate 
TFA derivatives obtained oi1 15% EGSS-X 
(bottom) and 5% SE-30 (top) operating at 180 
and 187C. 
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FIG. 2. GLC analyses of the methyl ester-TFA derivatives of diastereo~someric trihydroxy- 
stearic acids produced by alkaline permanganate oxidation of ricinelaidic acid (top) and 
ricinoleic acid (bottonl) on EGSS-X and SE-30 columns. TLC behavior, (A) unimpregnated 
Silica Gel G and (B) Silica Gel G impregnated with sodium arsenite; GLC data and 
configuration of each isomer are comparable by number. 

isomeric trihydroxystearate pairs, resulting 
from alkaline permanganate oxidation of ri- 
cinelaidic (3 and 4) and rieinoleic (5 and 6) 
acids obtained on EGSS-X (left) and SE-30 
(right) liquid phases. Chromatogram tracings 
of the TFA derivatives of the two diastereo- 
isomeric tetrahydroxystearic pairs resulting 
from alkaline permanganate oxidation of trans; 
trans-linoleic (7 and 8) and cis,cis-linoleic 
(9 and 10) acids obtained on EGSS-X (left) 
and SE-30 (right) liquid phases are shown in 
Figure 3. The relative TLC migration order 
of each hydroxy ester pair  on Silica Gel G 
impregnated with sodium arsenite (B) and 
unimpregnated Silica Gel G (A) is illustrated 
by the sketching in Figures 2 and 3, for com- 
parison with the GLC elation order of the TFA 
derivatives and the Fischer formula projections 
of the configurations assigned to each of the 
diastereoisomers. The assignment of configura- 
tions will be discussed in detail in a later 
section. Each of the diastereoisomeric tri- and 
tetrahydroxystearate pairs [(3 and 4), (5 and 
6), (7 and 8), and (9 and 10)] were easily 
resolved on the EGSS-X liquid phase. Pair 
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5 and 6 eluted as one peak on the SE-30, and, 
surprisingly~ the other three pairs were resolved 
on this phase. The resolution of pairs that have 
identical molecular weights on SE-30, which 
normally separates according to molecular 
weight, demonstrates that other factors affect 
GLC separations on this liquid phase. The 
same elution order on both liquid phases sug- 
gests that those factors responsible for the 
observed separations on SE-30 are also present 
in the EGSS-X column. Furthermore, the dif- 
ferences in observed resolution between SE-30 
and EGSS-X are probably attributable to 
polarity differences. Differences in vapor 
pressure and actual physical shape are probably 
the main contributing factors responsible for 
the observed resolution of identical molecular 
weight isomers on SE-30 and to some degree 
on EGSS-X. Mixtures of all four isomeric 
tri- or tetrahydroxystearate TFA derivatives 
could not obviously he separated on either 
liquid phase. 

GLC of a Polyhydroxy Acid Mixture 

Mixtures of mono-, di-, tri-, and tetrahy- 
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FIG. 3. GLC analysis of the diastereoisomerlc tetrabydroxystearic acids obtained by alkaline 
permangantate hydroxylation of trans,transqinoleic acid (top) and cis, cis-linoleic acid 
(bottom) as methyl ester-TFA derivatives on EGSS-X and SE-30 liquid phases. TLC behavior, 
(A) unimpregnated Silica Gel G and (B) Silica Gel G impregnated with sodium arsenite; 
GLC data and configuration of each isomer are comparable by number. 

droxystearate TFA derivatives were not re- 
solved sufficiently for quantitative estimation 
on either column. This was expected by com- 
parison of retention times shown in Figures 1, 
2, and 3. More surprising than the resolution 
of the diastereoisomerie tri- and tetrahydroxy- 
stearates on SE-30, was the elution order of a 
selected mixture of mono-, di-, and tetrahy- 
droxystearate TFA derivatives, shown in Figure 
4. The expected elution order was mono, di, 
t~, and tetra rather than the tetra, tri, di, and 
mono observed. The molecular basis for the 
eluti0n pattern observed will be discussed 
further under Assignment of Configurations. 
The trihydroxystearate was not added to the 
mixture shown in Figure 4 because it elutes be- 
tween peak 1 and 9 and overlaps them. The 
molecular weight of each successive higher 
homologue is increased by that of the TFA 
molecule, which is 112, yet it eluted more 
quickly than the lower homologue as shown in 
Figure 4. Alternatively stated, the increased 
volatility (all the factors responsible for the 

shorter retention times) of a single trifiuoro- 
acetate unit added to the molecule more than 
compensates for the added molecular weight 
of itself. 

TLC of Mono- and Polyhyflroxy ~.sters 

The TLC separation of methylated mono-, 
di-, tri- and tetrahydroxystearates on Silica Gel 
G plates impregnated with sodium arsenite and 
unimpregnated Silica Gel G is shown in Figures 
5 and 6. Excellent separation of the methyl 
hydroxystearates according to the number of 
hydroxyl groups was obtained on the unim-. 
pregnated Silica Gel G plate, l~Iethyl 12.- 
hydroxystearate (lane 11) and methyl ricin- 
oleate (lane 12) were not separated on either 
plate, as expected. Methyl e~ythro - and threo- 
9,10-dihydroxystearates (lanes 1 and 2, re- 
spectively) were resolved on the impregnated 
layer but not on the unimpregnated. Mixtures 
of either erythro  or threo positional isomers 
(i.e., 6,7-, 9,10-, and 11,12-dihydroxystearates) 
were not sufficiently resolved for quantitative 
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FIe. 4. A chromatogram of methyl esters of 
mono-, di-, and tetrahydroxystearate TFA deriva- 
tives depicting ehtion order inversely proportional 
to molecular weight obtained ca SE-30. The num- 
bered TFA derivative peaks are: (1) methyl 
erythro-9,10-dihydroxystearate; (9 and 10) methyl 
tetrahydroxystearates (see Table I for complete 
names), and (11) methyl 12-hydroxystearate. 

estimation on either the unimpregnated or 
impregnated layers. Each of the diastereo- 
isomeric methyl esters of the tri- and tetra- 
hydroxystearate pairs was separated on both 
plates, but the separations on the impregnated 
plate were much greater than on the unim- 
pregnated one. The top spots of each of the 
isomeric tri- and tetrahydroxystearates on the 
uninlpregnated plate corresponded to the bot- 
tom spots on the impregnated plate. This 
was determined by GLC and TLC analysis of 
individual diastereoisomers isolated from a 
sodium arsenite impregnated preparative plate. 
The ehromatoplates also indicate the puri ty of 
the hydroxy acids used in this study�9 More 
detailed information of each compound identi- 
fied by a compound number at the top and side 
of the ehromatoplates is given in Table I. The 
TLC separations described here are similar to 
those obtained previously by Morris (1). 

Assignment of Configurations 

The relative and absolute configurations as- 
signed to the various polyhydroxystearic acids 
used in this study are shown in Table I. The 
absolute configurations of the trihydroxystearic 
acids are also shown by "to scale" molecular 
models in Figure 7. Assignments were made 
based on the coufbined information obtained 
from synthetic ratios of diastereoisomeric pairs, 
GLC, TLC on impregnated and unimpregnated 
adsorbent layers, and molecular-model data. 

The relation between oleic and elaidie acids 
and the two racemic erythro- and threo-9,10- 
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dihydroxystearic acids derived from them by 
alkaline permanganate oxidation, which pro- 
ceeds via ac is  addition to yield a cyclic inter- 
mediate, has been made clear by Swern (20) 
and Wiberg and Saegebarth (]5). Their rela- 
tire configurations along with chemical and 
physical properties are given in Table I, com- 
pounds i and 2. From this, the spatial relation 
of the vicinal hydroxyl groups are known. 

The remainder of the paper will be concerned 
with the possible spatial relation of the hy- 
droxyl groups on carbon atoms 10 and 12, and, 
hence, the absolute configuration of the 9,10-12- 
tri- and the relative configurations of the race- 
mic 9,:10-12,13-tetrahydroxystearic acids. 

I f  the reaction mechanism is understood, the 
percentage of each isomer in each diastereo- 
isomeric pair obtained from a synthetic mL'(ture 
can hold information about their configurations. 
The tri- and tetrahydroxystearic acids are no 
exception. An attacking permanganate ion 
would be expected to exhibit a preferred attack 
on ricinoleic, cis~cis-linoleic and tra~ns,trans- 
linoleic acids owing to steric hindrance of 
another attacking ion on a neighboring position, 

FIG. 5. TLC separations of methyl esters of 
mono- and diastereoisomerie di-, tri-, and tetra- 
hydroxystearates on Silica Gel G plates im- 
pregnated with 10% sodium arsenite. Solvent 
system was chloroform:methanol (98:2 v/v). The 
hydroxystearates are: (I) erythro-9,10-di-; (2) 
threo-9,10-dl-; (3) threo-9,10-threo-lO,12-trL ; (4) 
threo-9,10-erythro-lO,12-tri- ; (5) erythro-9,10- 
erythro-lO,]2,tri; (6) e.rythro-9,10-threo-lO,12-tri; 
(7) threo-9,10-erythro-lO,12-threo-12,13-tetra- ; 
(8) threo-9,10-threo-10,12-threo-12,13-tetra; (9) 
erythro-9,10-erythro-lO,12-erythro-12,13-tetra; (10) 
erythro-9,10-threo-lO,]2-erythro-12,13-tetra ; (11) 
12-hydroxystearate; (12) rlcinoleate; and (5/[) 
mixture. 
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FIG. 6. TLC separation of methyl esters of 
mono-, and diastereoisomeric di-, tri-, and tetra- 
hydroxystearates on Silica Gel G. Solvent system 
was chloroform:methanol (92:8 v/v). Numbered 
lanes are same as those in Figure 5. 

for the linoleic acids, or by a neighboring group 
already present in the molecule, for ricinoleic 
and the partially oxidized linoleie acids. The 
proximity of groups e~Tthro to each other on 
carbon atoms 10 and 12 and the influence a 
group already present at either position could 
have on an incoming group at the other posi- 
tion becomes apparent from the molecular- 
model representation of the diastereoisomerie 
trihydroxystearic acids shown in Figure 7. In  
accord with these considerations, the more 
abundant isomer in each diastereoisomeric pair 
was assigned the configuration where the hy- 
droxyl groups on carbon atoms 10 and 12 are 
threo to each other. The percentages of each 
isomer for each diastereoisomeric pair  as deter- 
mined by GLC are given in the last column of 
Table I. The ratio of the two possible con- 
formations is approximately 3 to 2 in favor 
of the less sterically hindered one. As pre- 
dicted from a molecular model representation 
of ricinelaidic acid due to the vulnerability of 
attack from either direction, an equal molar 
mixture of compounds 3 and 4 was obtained 
from the synthetic mixture. Assignment of 
configurations to this pair  was based on the 
GLC elution order of compounds 7 and 8. 
tIydroxyl groups threo to each other on carbon 
atoms 10 and :[2 in compound 8 had a longer 
retention time than compound 7; therefore, 
compound 3, with the longer retention time, 
was assumed to have the threo configuration 
between hydroxyl groups on carbon atoms 10 
and 12. A similar relation exists between com- 
pounds 5 and 6 and 9 and 10. Hydroxyl 
groups erythro to each other on carbon atoms 

10 and 12 in these pairs had a longer retention 
time. 

With the configurations assigned according 
to synthetic-mixtnre ratios and GLC elution 
order, other physical and chemical properties 
were examined to confirm or reject the assign- 
ments. I t  quickly became apparent by com- 
parison of the relative TLC spot position of 
each pair [obtained on Silica Gel G adsorbent 
layers impregnated with sodium arsenite 
(column 6, Table I ) ]  with the assigned con- 
figurations (column 4, Table I) ,  that the lower 
spot of each pair corresponded to a configura- 
tion where the hydroxyl groups on carbon atoms 
10 and 12 were erythro to each other. The 
molecular model representation of the dia- 
stereoisomeric trihydroxystearic acids shown in 
Figure 7 indicates the proximity of the hy- 
droxyl groups erythro to each other on carbon 
atoms 10 and 12, which exists in the tetrahy- 
droxy acids as well. Strong hydrogen bonding 
between these two hydroxyl groups would 
render them unavailable for complex formation 
with the arsenite ion and would migrate less 
than those with reduced polarity by arsenite 
complex formation. Hydrogen bonding between 
the erythro-lO-12-hydroxyl groups should re- 
duce the polarity somewhat, and, therefore, 
migrate further on unimpregnated adsorbent 

I~Io. 7. Molecular model representation of the 
four diastereoisomeric 9,10-12-trihydroxystearic 
acids. The numbers on the carbonyl oxygen cor- 
respond to the compound number (column 1) in 
Table I. The numbered hydroxyl groups refer to 
the carbon atoms they are bonded to. The spatial 
relation of the vicinal hydroxyl groups both threo 
and erythro and the proximity of hydroxyl groups 
erythro to each other on carbon atoms 30 and 12 
are illustrated. 
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layers than those not engaged in hydrogen 
bonding. This was found to be true, and is 
summarized in column 5 of Table I. 

Our configuration assignments were further 
supported by comparison of melting points 
(column 8, Table I)  with the assigned con- 
figurations. As suggested by Morris and 
Wharry (11), each isomer o f  each diastereo- 
isomeric pair (excluding the dihydroxy acids) 
with the hydroxyl groups erythro to each other 
on carbon atoms 10 and 12 exhibited a lower 
melting point. This is presumably also due to 
the hydrogen bonding between these proximal 
hydroxyl groups (Figure 7). 

The configuration assignments to the dia- 
stereoisomeric tetrahydroxystearates made by 
5][cKay and Bader and co-workers (8,13) are 
incorrect according to our assignments; there- 
fore, the physical and chemical properties 
assigned to each isomer of the diastereoisomeric 
pairs by these investigators and others (4), 
must be switched. The incorrect McKay and 
Bader assignments were based on the assump- 
tions that hydroxyl groups erythro to each 
other on carbon atoms l0 and 12 have a higher 
melting point than those threo at the same 
position. This might appear to be a logical 
assumption at first by comparison of the melt- 
ing points of erythro- and threo-9,10- 
dihydroxystearic acids (colmnn 8, Table I) .  
However, the pitfall lies in tiTing to apply 
inferences drawn from erythro-l,2-vieinal to 
erythro-l,3-proximal hydroxyl groups. 

Knowledge accumulated over the years for 
each of the diastereoisomers can now be evalu- 
~lted in terms of configurations. The physical 
and chemical properties of the diastereoisomeric 
trihydroxystearates recorded by Kass and Rad- 
love (10) can be ]-'elated to their configuration 
through the melting points. Assignment of 
configurations to the other four diastereo- 
isomeric 9,10-12,13-tetrahydroxystearic acids 
not reported in this study can also be made 
from their behavior on Silica Gel G TLC plates 
impregnated with sodium arsenite reported by 
5Iorris (1) and their melting points given by 
Bharucha and Gunstone (9). They are: threo- 
9,lO-threo-lO,12-e~wthro-12,13-(mp 156) ; threo- 
9,10-erythro-]Ol12-erythro-12,13-(mp ]30) ; 
erythro-9,10-threo-lO,12-threo-12,13-(nlp 165) ; 
and erythro-9,10-erythro-lO,12-threo-12,13-(mp 
112). The tentative assignments of the dia- 
8tereoisomeric 9,10-12-trihydroxy-o ctadeeanols 

made by Morris and Whar]-~y (11) are correct 
according to our criteria of configuration 
assignment. 

The assigned configurations of the trihy- 
droxy acids are absolute, since the absolute 
configuration of ricinoleic acid from which they 
were derived has been previously determined 
by Serck-Hanssen and Stenhagen (21,22). The 
ricinelaidic acid was prepared from ricinoleic 
acid without alteration of configuration. The 
absolute configuration of the eight optically 
active diastereoisomeric 9,10-12,13-tetrahydro- 
xystearic acids prepared by Bharucha and 
Gunstone (9) is now known and the Chan- 
Ingold-Prelog (14) system of specifying asym- 
metric configuration can be applied. 

These configuration assignments, which are 
in agreement with all our experimental ob- 
servations, can now be correlated with the 
physical and chemical properties in the litera- 
ture and should further our understanding of 
these conlpounds at the molecular level. 
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Synthesis of Cholesterol and Total Lipid by Male and Female Rats 
Fed Beef Tallow or Corn Oil 
Jacqueline Dupont, 1 Human Nutrition Research Division, Agricultural Research Service, 
United States Department of Agriculture, Beltsville, Mawland 

ABSTRACT 

Male and female weanling rats were fed 
diets containing 2 or 42% of calories as 
corn oil or 40% as beef tallow plus 2% 
as corn oil until they were 12 or 18 weeks 
of age. Incorporation of C"-aeetate into 
lipids of serum and liver and concentration 
of lipids in serum, liver, and carcass at 
the end of these periods were determined. 

Net synthesis of noneholesterol lipid was 
repressed by changing the diet from 2% 
to 42% of calories from either dietary fat  
in both sexes and at both ages. Cholesterol 
net synthesis was enhanced 29-fold in males 
and 22-fold in females fed 42% corn oil 
compared to 2% corn oil to the age of 12 
weeks. I t  was enhanced only 2.6-fold for 
males and 3.4-fold for females by 40% 
beef tallow plus 2% corn oil. At 18 weeks 
of age cholesterol synthesis in males fed 
42% corn oil was 7.3 and in females 9.1 
times the value for those fed 2% cram oil. 
At this age the values for rats fed 40% 
beef tallow plus 2% corn oil were 1.2 
and 3.7 times those for 2% corn oil fed 
rats of the respective sexes. 

INTRODUCTION 

I T t I A S  B E E N  REPORTED that rate of cholesterol 
biosynthesis is responsive to fat in the diet 

of female rats (1). This observation was sup- 
ported by a study using liver slices of rats fed 
diets containing safflower oil (2). These two 
studies involved use of corn oil (1), a mixture 
of lard and butter (1) and safflower oil (2). 
All resulted in increasing cholesterol biosynthe- 
sis when fed in amounts from 2 to 40% of 
dietary calories. 

I t  has recently been reported from this 
laboratory that beef tallow, when fed to female 
rats in quantities of 20 to 80% of dietary 
calories, resulted in increasing cholesterol 
synthesis. Cholesterol biosynthesis (as indi- 
cated by acetate incorporation) exhibited highly 
significant linear regression upon amount of 
beef tallow in the diet (3). 

I t  appeared desirable to know whether the 
effects observed in female rats also occurred in 
males. I t  also seemed desirable to further 
investigate age as a factor in the reported 
phenomenon. The present study was designed 

1 P r e s e n t  a d d r e s s :  Department of Food Science  a n d  
Nutrition, Colorado State University, Fort Collins 8 0 5 2 1 .  

te determine the effects of sex and kind of 
dietary fat upon cholesterol and total lipid 
biosynthesis in rats of two ages. 

EXPERIMENTAL 

Male and female Carworth Farms CFE rats 
were obtained at weaning (21 days) and upon 
arrival were caged singly and fed pathogen- 
free diet biscuits (Price-Wilhoite, Frederick, 
Maryland) for 24 hr. They were then divided 
into groups of 8 of each sex and placed on 
diets formulated to contain 42% of calories 
as corn oil (high corn oil diet, CO), 40% of 
calories as beef tallow plus 2% of calories as 
corn oil (high beef tallow diet, BT),  or 2% 
of calories as c o r n  oil (low-fat diet, LF) .  Corn 
oil in the LF and BT diets was near the 
minimum required to fmmish essential fatty 
acids. The diets contained similar quantities 
of protein, vitamins, and minerals on a calorie 
basis as previously described (3). The rats 
were allowed food and water ad libitum and 
weight was recorded weekly. Food intake was 
recorded one week out of each four. 

After 9 or 15 weeks on the diets (age 12 or 
18 weeks) the rats were subjected to the fol- 
lowing regime: Food was removed at 10 pro, 
then replaced the following morning; each rat 
was allowed ad libitum access to food for 1 
hr, then was given an intraperltoneal injection 
of 6 tLc/100 gm body weight of Na-l-C14-acetate 
(2.0 me/raM) in physiological saline solution. 
After  4 hr exposure to the tracer, rats were 
anesthetized with amobarbital. A blood sample 
was obtained by heart puncture, tile liver was 
excised and stored, and the gut was excised and 
discarded. Sera, livers, and carcasses were 
stored at --20C until  analyzed. 

Serum and liver lipids were extracted ae- 
cording to the Folch procedure (4). Total 
lipid was determined by drying and weighing 
samples of the washed chloroform-methanol 
extract. The dried samples were counted in a 
Sharp Wide-Beta automated counting system 
(Beckman Instrument Co.) for C ~ activity. 
Samples of the lipid extracts were saponified 
and cholesterol digitonide obtained, assayed and 
counted as previously described (3). 

Carcasses were frozen in powdered dry ice, 
broken up by pounding, then homogenized in 
a heavy-duty War4ng Blendor as a mixture 
with dry ice. This procedure resulted in a 
homogeneous mixture from which samples were 
taken for lipid extraction. Lipid extraction and 
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total lipid and cholesterol analyses were car- 
ried out as for sermu and liver (3). 

Incorporation of labeled acetate into lipid 
fractions is reported using the following terms : 
Noncholesterol total activity (TA) indicates 
per cent of the injected dose of C ~ in total 
lipid minus cholesterol; specific activity (SA) 
of noncholesterol lipid is TA per gram of 
total lipid minus cholesterol. Total activity of 
cholesterol is per cent of injected dose of C ~4 
in cholesterol and specific activity is TA per 
gram of cholesterol. Statistical analyses of the 
data consisted of determination of standard 
errors of the means and estimation of prob- 
ability of difference between means using the 
"t" test (5). Probabilities of 5% or less are 
considered significant, but greater emphasis is 
given to differences having a probability of 
less than 1% of being due to chance. 

RESULTS 
Lipid Concentration in Serum, Liver, 
and Carcass 

Serum. Cholesterol and noncholestero] lipid 
concentrations in serum are shown in Table I. 
Standard errors of the means for noncholesterol 
lipid indicate wide variation among individual 

rats, resulting in few significant differences. 
One difference is that males on BT diet at 12 
weeks of age tended to have higher total lipid 
than other groups. The higher value was 
significant only in comparison to CO males 
at 12 weeks and to BT males at 18 weeks. 
Another significant difference was that the 
female rats after 18 weeks on LF had a lower 
value for noncholesterol lipid than BT females 
the same age or LF  females at 12 weeks of age. 
The groups thus fall into a pattern of high 
serum noncholesterol lipid in young males fed 
beef tallow; no age, sex, or diet differences in 
the majority of groups; and finally an ap- 
parent decline in females fed low-fat for a 
longer time. 

Serum cholesterol (Table I) was not nearly 
as variable among individuals as was non- 
cholesterol lipid. In 12-week-old animals there 
were no significant differences related to diet 
in either sex. After  another 6 weeks on the 
diets, however, serum cholesterol of BT rats 
tended to rise resulting in significantly higher 
values than occurred with either CO or LF  
for both sexes. 

Serum cholesterol in the L F  groups of males 
and females decreased slightly with age, but 

T A B L E  I 

L i p i d  Composi t ion of Serum,  L i v e r  and  Carcass  

ZIa~es Females  

Non- l'qon- 
cholesterol  cholesterol  

Age and  die t  l ip id  ChoIesCerol l ip id  Cholesterol  

S e r u m  

m g / l O 0  ml m g / l O 0  ml m g / l O 0  ml m g / l O 0  ml 

1 2 w k  B T  a 6 3 2 ~  1 0 9 A  b 8 9 ~  4 A D  3 9 5 •  5 5 A B  8 7 ~  1 2 A B D  
CO 3 6 6  ~ 27 B 99 -~- 4 AE 432 --~ 75 B 70 ~ 2 B O F  
L F  360 ~ 67 AB 79 -~- 8 AF  395  ~ 59 B 68 ~ 4 A B ~  

18 w k  E T  312 --~- 32 B 101 ~ 4 D 451  • 71 B 10O -4- 6 D 
CO 2 5 7 •  4 9 B  90----- 3 E 3 0 1 ~ -  3 5 B C  7 6 •  51~ 
L F  4 3 6 •  8 0 B  7 4 ~  21~ 2 4 4 •  2 6 0  6 1 ~  7 F  

L i v e r  

mg  mg  mg  mg  

1 2 w k  BT~ 4 B 4 •  2 5 A  b 1 9 . 6 ~ 0 . 9 A  3 4 1 ~  1 6 C  1 1 . 8 ~ 0 . 6 C  
CO 6 0 4 ~  5 7 B  3 6 . 8 •  3 4 7 •  22 C 1 5 , 1 •  
L F  382 ~ 19 A 19.8  ~" 0.8 A 328 • 18 AC 12.3 ~ 1.0 C 

18 w k  B T  529 ~--_ 26  D 24 .1  ~ 1.8 E 388  ~--- 30 C 14 .0  ~--_ 0.6 D 
CO 530 ~ 38 D E  34.1  --~- 3.3 F B  325  -+" 10 C 15 .0  ~- 0.8 D 
L F  412  -~- 21  AC 22 .1  ~--. 1.3 E A  3 5 4  • 24  C 12 .7  ~--_ 1.0 CD 

Carcass  

g m g  g mg  
12 w k  B T  a 48 .2  ~ 3.2 A b 4 2 9  -~ 23 A B  28 .8  -~ 2.8 B 271 -~- 11 C 

CO 4 8 . 4 •  1 . 8 A  5 0 8 ~ 3 4 B  3 3 . 1 •  B 277+--  1 2 C  
L F  35 .5  --~- 3.9 B 399 ~ 16 A 27 .6  --.~ 2.7 B 285  • 14 C 

1 8 w k  B T  7 7 . 5 ~  6 . 5 C  5 3 2 •  B 4 9 . 8 •  3 1 3 •  1 0 C  
CO 61 .5  • 6 .4  CA 529  -~ 27 B 35 .4  -~ 3.6 ]~F 325  -~- 14 C 
L F  5 5 . 1 •  5 . 5 D  5 1 2 ~ 2 4 B  4 1 . 4 •  3 1 7 •  9 C 

a B T  ~ 4 0 %  beef  t a l low + 2 %  corn oi l ;  CO ---- 42e~  corn  oi l ;  L F  = 2 %  corn  oil. 
b M e a n  - -  s t a n d a r d  e r r o r  of the mean .  Va lues  s h a r i n g  any  one l e t t e r  des igna t ion  a r e  n o t  s ta t i s t i ca l ly  

d i f ferent  f rom each other .  Compare  diets  w i t h i n  sex a n d  age, same diet  be tween sexes, same die t  
be tween ages.  
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sufficiently to make the value for males on CO 
significantly higher than those on LF. There 
were no significant differences related to age. 
The overall pattern of serum cholesterol in- 
dicates very little effect of age, sex, or diet 
under the conditions studied, although there 
appears to be a trend toward increasing serum 
cholesterol of rats fed beef tallow in both sexes. 

Liver. Data on cholesterol and noncholesterol 
lipid of liver are shown in Table I. There was 
little difference in noneholesterol lipid among 
the groups. Males, 12 weeks old, fed CO had 
a higher mean value than their counterpart 
groups for diet and sex. The only notable 
point in regard to liver cholesterol is the rel- 
atively high amount for males fed CO at both 
ages. 

Carcass. Final  carcass weight was closely 
related to food consumption. The calorie intake 
of the rats on LF was somewhat less than that 
of either group fed 42% dietary fat. The 
amount of noncholesterol lipid in the carcasses 
of males was greater when either dietary fat  
was fed than with LF. This was par~iaIiy 
related to size of the rat because the per cent 
lipid in the carcass was only significantly 
greater with BT vs. LF and not with C0, and 
only at 12 weeks (not shown in table). Total 
carcass lipid increased with age in all dietary 
groups with significant gains by the BT group 
and by the LF group. These gains were as- 
sociated with increased body size because the 
small increases in per cent carcass lipid were 
not significant. 

Carcass cholesterol in males was directly re- 
lated to body size. The only significant dif- 
ference in the values is that 12-week-old CO 
rats had higher carcass cholesterol than similar 
LF rats. Concentration of cholesterol in mg/g 
of carcass weight varied only from 1.43 to 1.66. 

There were no significant differences in 
carcass lipids in females at 12 weeks of age. 
The concentrations of noncholesterol lipid (per 

cent of carcass) and cholesterol (mg/g carcass 
weight) were very similar to those of males 
(not shown in table). Carcass noncholesterol 
lipid increased with age in the females on BT, 
both in amount and concentration. The increased 
quantity was significant and the increase 
from 17.2 to 22.5% was also significant. The 
LF group gained fat with both quantity and 
concentration significantly higher at 18 than 
at 12 weeks of age. 

Acetate Incorporation into Li10ids 

The values reported indicate net synthesis 
within the 4-hr period of exposure to C ~- 
acetate. This would include some recycling of 
C ~. The total amounts of cholesterol and non- 
cholesterol lipid in the groups studied in this 
experiment did not vary greatly. I t  is, there- 
fore, assumed that the values reported are an 
estimate of net synthesis useful for comparing 
the several ~o~roups. 

Li~er. Table I I  shows data for biosynthesis 
of fatty acids as estimated by incmxooration 
of acetate into total lipids with subtraction 
of cholesterol radioactivity. In  males at 12 
weeks of age the total activity was less with 
either fat in the diet than for LF  but the 
significance was minimum; specific activity was 
less, however, with high significance. The dif~ 
ference between the two dietary fat sources 
was not significant. At 18 weeks of age the 
differences in total activity had disappeared 
because of a decrease in TA in the group on 
low-fat diet. Differences in specific activity 
were still significant but barely so. 

Females at 12 weeks of age had significantly 
less incorporation of acetate into noncholesterol 
lipid when either fat was fed in comparison 
to the group fed a low-fat diet. Specific 
activity followed the same pattern with BT 
and CO groups having significantly lower SA 
than the LF group. The two fats did not differ 
significantly in SA values from each other. 

T A B L E  I I  

I n c o r p o r a t i o n  of C14-Acetate in to  L i v e r  Noncholes tero l  L ip id s  

Males  Females  

Age a n d  diet  TA X I03a SA b T A  X 103a SA b 

12 wk  B T  c 2 8 6  -4- 37  A d 0 .71  4- 0 .14  A 311 4- 54 AD 0 .93  4- 0 . 1 6  AC 
CO 2 7 4  4-4- 1 2 A  0 . 4 7  I+ 0 . 0 4 A  4 3 9 ~  3 6 D  1 . 3 0 + 0 . 1 3  C 
L F  771 4- 2 2 4  ]3 1 .93 • 0 .48  B 641 4- 79 B E  2 .05  4- 0 .30  B D  

1 8 w k  B T  278  4- 6 5 A  0 .52  4- 0 . 1 2 A  390 4- 3 5 A  1.02 4- 0 . 0 9 C  
CO 2 5 6 4 -  2 4 A  0 .49  4- 0 . 0 4 A  329 4- 7 l A D  0 .99  4- 0 . 1 8 C  
L F  511 4- 141  B A  1.23 4- 0 .34  ]3 626  4- 139  AB 1.98 4- 0 . 6 4  BC 

a To ta l  ac t iv i ty ,  % of in jec ted  dose. 
b Specific act iv i ty ,  T A / g  of compound.  
e B T  z 4 0 %  beef  t anow plus  2 %  corn  oil;  CO ---- 4 2 %  corn oi l ;  L F  ~ 2 %  corn oil. 
d Mean  • s t a n d a r d  e r r o r  of the mean .  Va lue s  s h a r i n g  any  one l e t t e r  des igna t ion  a r e  not  s ta t i s t ica l ly  

di f ferent  f rom each other .  Compare  diets  w i t h i n  sex and  age, s ame  diet  be tween  sexes, same diet  be tween  
ages.  
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None of the differences in TA and SA was 
significant in the females 18 weeks of age. 

There were significant differences in non- 
cholesterol lipid between the two sexes. In  
the 12-week-old CO groups females had sig- 
nificantly higher noncholesterol lipid TA and 
SA than males. Neither BT nor LF groups 
differed in this respect between sexes. In  the 
18-week-old groups noncholesterol lipid TA 
differences were not significant, but SA was 
higher in females than males when either fat 
was fed. 

Acetate incorporation into liver cholesterol 
is shown in Table I I I .  Beef tallow caused an 
increase of approximately 3-fold in total activ- 
ity in comparison to LF in male rats 12 weeks 
old. Corn oil caused a 30-fold increase. These 
marked differences were present in a situation 
where the total amount of cholesterol was 
similar for BT and LF and only 2-fold greater 
for CO. Specific activity of liver cholesterol 
was not significantly greater for BT rats than 
for the LF group, apparently because of a 
large variation among BT rats. The SA for 
corn oil rats was significantly greater than 
that for the LF group. 

Combination of the effect of dietary fat in 
lowering fatty acid synthesis and increasing 
cholesterol biosynthesis is estimated by the 
figure for per cent of C~tcholesterol in total 
lipid-C~t That figure shows significant dif- 
ferences between 40 and 2% fat calories for 
male rats 12 weeks of age and significant dif- 
ferences between the two fats. Corn oil had 
about 7 times as much effect as beef tallow upon 
these combined biosynthetic processes. 

In  male rats ]8 weeks of age the difference 
between BT and LF effects on TA had dis- 
appeared, while the corn oil effect was still 
significantly greater than LF, although de- 
creased from the earlier age. Both TA and SA 
values for corn oil fed rats were significantly 
greater than either beef tallow or low fat fed 
rats. The figures indicating combined effect of 

dietary fat upon fatty acid and cholesterol 
biosynthesis also decreased from 12 to 18 weeks 
of age, but remained significantly higher when 
either fat was fed than with low fat and higher 
with corn oil than with beef tallow. 

In  female rats 12 weeks old, cholesterol TA 
again was significantly higher when the 42% 
corn oil calorie diet was fed than when BT or 
LF diets were fed. BT did not result in a 
significantly higher cholesterol TA than did 
LF, apparently because of wide variation 
among the BT rats. Specific activity followed 
the same patterns as TA, with the same levels 
of significance of differences. 

The combined effect of dietary fat upon 
fatty acid and cholesterol biosynthesis was 
significant for both sources of dietary fat in 
comparison to low fat in 12-week-old rats. The 
effect of corn oil was significantly greater than 
that of beef tallow. In  the females, in con- 
trast to the males, there was an increase in 
cholesterol TA and SA with age when BT 
was fed; this increase, although not statistically 
significant, resulted in a significant difference 
between BT and LF at 18 weeks of age. The 
values of TA and SA for corn oil decreased 
with age, but remained significantly greater 
than those for LF. There was no significant 
difference between corn oil and 'beef tallow 
for either TA or SA at 18 weeks, no doubt 
because of the large variation among the corn- 
oil-fed rats. The combined effect of dietary 
fat upon fatty acid and cholesterol biosynthesis 
reflected the changes shown in TA and SA of 
the BT group, thus making all groups sig- 
nificantly different from each other. 

For  cholesterol TA the only 12-week-old 
groups which exhibited a sex difference were 
those on LF diet. Cholesterol SA in females 
was significantly higher than in males for CO 
and LF groups, but the BT groups were not 
significantly different. The figures for per cent 
of cholesterol TA in total lipid TA were similar 
between sexes. 

T A B L E  I I I  

Incorpora t ion  of C14-Acetate into L ive r  Cholesterol and  Pe r  Cent of Lipid-C 1~ in  Cholesterol 

Males Females 

Cholesterol Cholesterol 
TA cholesterol /  TA cholesterol/  

Age and diet  TA_ X 1O 3a SA b TA total  l ip id  T A X  10 ~ SA TA total  l ip id  

1 2 w k  B T  c 1 1 ~ 3  A d 0 . 6 1 •  3 . 8 •  2 7 •  2 . 0 9 ~ 0 . 8 5 A D  6 . 4 •  
CO 1 2 0 ~ 2 0  B 3 . 7 3 ~ 0 . 7 9 B  2 9 . 3 •  1 7 4 •  1 1 . 2 6 ~ 1 . 4 8  C 2 7 . 6 + 2 . 6 B  
L F  4 ~ 0 . 3  0 0 . 2 2 ~ 0 . 0 2 A  0 . 8 •  C 8-~- 1 A 0 . 6 7 + 0 . 0 7 D F  1 . 2 •  C 

18 wk B T  6 ~ 0.6 A 0.27 ~ 0.03 A 2.7 --  0.3 AD 41 • 6 E 2.95 • 0.41 D 9.6 + 1,1 G 
CO 37 ~ 12 I) 1.12 ~__ 0.38 E 11.3 • 2.8 E 100 ~ 30 ED 6.48 ~_. 1.81 DC 22.2 • 2.2 B 
L~ 5 ~ 0 . 5 A C  0.25~---0.05A 1.3 - ~ 0 . 2 F  11~--- 3 F A  0 . 8 2 ~ + 0 . 1 1 ~  1 . 9 •  CF 

a, b, r d S a m e  as Table I I .  
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Cholesterol TA in 18-week-old groups indi- 
cates that values for  females were significantly 
higher than males when beef tallow was the 
dietary fat, but neither CO nor LF  resulted 
in significant sex differences. SA values, which 
eliminate differences related to total quantity 
of the compound, were significantly higher in 
females than males for  all dietary groups. 

The combined effects of fa t  feeding upon 
cholesterol in relation to total lipid biosynthesis 
in aS-week-old rats indicated a sex difference 
when either fat was fed, but no sex difference 
on a low fat  diet. The value for females was 
higher than males (9.6 vs. 2.7%) when beef 
tallow was fed and also higher (22.2 vs. 11.3%) 
when corn oil was the dietary fat. 

Serum.. The radioactivity found in serum 
lipids indicates synthesis of the lipids at another 
site, primarily liver, and secretion into blood. 
Because these values are obtainable in human 
subjects, whereas liver and carcass values are 
not readily obtainable, it is desirable to deter- 
mine whether they reflect biosynthetic processes 
in the liver. Figure 1 shows that serum values 
for the combined effect upon fatty acid and 
cholesterol biosynthesis of diet, sex and age, 
did indeed, reflect values shown for liver. The 
figures from which those shown were derived 
(TA of noneholesterol lipid and cholesterol) 
are not given, but also paralleled liver values. 
A very high percentage of serum lipid C ~ was 
in cholesterol of both nmle and female rats 

12 WK-OLD RATS 18 WK-OLD RATS 
80 

~ 6O 

~) 4 0  
t -  

w 
v 

~ 2C a. ~ 

N 
~iiiiiiiiil 

ii~i~iiiiiil 

li~iiiiiiiil 

L 

KEY 

Beef tc 

Corn o 

~ l g  L o w  fc 

liiiiii}iiil L 
iiiiiiiiii i 

MALES FEMALES MALES FEMALES 

Fro. I .  Serum cholesterol-O I~ to ta l  ac t i v i t y  ~s 
percent of total lipid-C 1~ in sera of rats fed beef 
tallow, corn oil, or low-fat diets. Columns having 
any one letter designation in common are not 
statistically different from each other comparing 
diets within age and sex, same diet between sexes, 
same diet between ages. (Bar --= mean; ] ---- plus 
one standard error of the mean). 

fed high corn oil diet--more than 70% in the 
younger group and 40-60% in the older groups. 
This compares to a maximum of 29.3% of 
eholestero]-C 1~ in total lipid-C 1~ of liver. These 
very large differences in net synthesis were 
associated with a very stable serum cholesterol 
content. 

In 12-week-old males the value of 10.5% 
cholesterol-C 1~ in total lipid-C ~ for BT rats 
was significantly higher than for LF  (2.6%). 
The corn oil group grossly exceeded all others 
with a value of 70.7%. In females all three 
groups were significantly different from each 
other, also. Females had higher values than 
males at 12 weeks for BT (24.0 vs. 10.5%) and 
also for LF  (6.2 vs. 2.6%). There was no sex 
difference in the corn oil groups. 

Groups 18 weeks old showed decline in values 
for cholesterol-C ~ in total lipid-C ~' with age in 
both sexes when corn oil was fed, an increase 
in females when beef tallow was fed, and little 
change when low fat  diets were fed or, in 
males, when beef tM]ow was fed. The sex 
differences at 18 weeks were greater than they 
were at 12 weeks. For  CO groups there was no 
significant sex difference. When beef tallow 
was fed the sex difference at 18 weeks was 
very pronounced as a result of an increase in 
the value for females (females 36.0, males 
8.6%). Females had higher values on LF  than 
males at 18 weeks. 

DISCUSSION 

Data showing the effects of diet, sex, and 
age upon incorporation of acetate into liver 
fatty acids (the major part of noncholesterol 
lipid which incorporates acetate) and choles- 
terol are summarized in Table IV. When the 
low-fat diet is set at 1 and dietary fat effects 
are compared to it, it is apparent that either 
type of dietary fat  reduced the rate of bio- 
synthesis of fatty acids in the liver. In 12- 
week-old males fat ty acid synthesis was re- 
duced to about one third while in all other 
age and sex groups it was reduced to about 
one half. This difference may or may not have 
physiological significance. There appears to 
be no difference between response to the sat- 
urated compared to polyunsaturated types of 
fat. 

Conversely, the effects of  dietary fat upon 
cholesterol biosynthesis in the liver differed 
with sex and kind of fat. The effect of corn 
oil was extreme in both males and females. 
Incorporation of acetate into cholesterol was 
28.6 and 21.8 times greater in 12-week-old 
males and females, respectively, when 40% 
corn oil calories were added to the low-fat diet. 

L I P I D S ,  VOL.  1 ,  N O .  6 
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TABLE IV  

Ratios of Incorporation of C~4-Acetate into TetM Lipid and Cholesterol of Liver  when Diets ContMning 
40% Calories from Beef Tallow (ET)  or Corn Oil (CO) Were Compared to a Base Line Set at 1 for  

l~ats Fed 2 %  Corn Oil (LF)  

NCales t0emales 

Non- Cholesterol Non- Cholesterol 
cholesterol Cholesterol -Cl~/total cholesterol Cholesterol -Clt/total 

Age and diet lipid-C 1~ -C 1~ lipid-C 1~ lipid-C ~4 -014 lipid-C 1~ 

12 wk BT  0.37 2.6 5.0 0.49 3.4 5.1 

GO 0.36 28.6 38.5 0.68 21.8 22.1 
LF 1.00 1.0 1.0 1.00 1.0 1.0 

18 wk BT 0.54 1.2 2.1 0.62 3.7 4.9 

CO 0.50 7.3 8.6 0.52 9.1 11.5 
LF 1.00 1.0 1.0 1.00 1.0 1.0 

Beef tallow raised cholesterol synthesis only 
2.6 and 3.4 times for the same respective 
groups. The small quantity of cholesterol 
present in beef tallow may contribute to this 
lack of synthetic response. 

Increased age had little effect upon the re- 
sponse of fatty acid synthesis to dietary fat. 
Age had a marked effect, however, upon 
cholesterol biosynthesis in response to dietary 
fat. Both sexes showed decreased response to 
corn oil with age. The response of males to 
beef tallow also decreased, in fac L to a point 
of practically no difference from the low-fat 
base line. Older females remained responsive 
to beef tallow in comparison to low-fat with 
regard to cholesterol biosynthesis. 

The combination of the figures as per cent 
of lipid-C ~ in cholesterol magnifies the dif- 
ferences apparent in the two separate figures. 
In  essence, the results indicate that corn oil 
caused a very large increase in cholesterol 
synthesis accompanied by decreased fatty acid 
synthesis. Males 12 weeks old exhibited a more 
marked response to corn oil than did females, 
but by 18 weeks of age the response of the 
males had declined to less than that of females 
the same age. The response of both males and 
females to dietary beef tallow was less than 
the response to corn oil. At the age of 12 
weeks the difference in response to the 2 fats 
was 4-fold in females and 7-fold in males, 
but the beef tallow effect was similar for the 
sexes. Response to beef tallow declined with 
age in males but not in females. I t  appears 
that females became adapted to beef tallow in a 
way different from males and different from 
adaptation to corn oil. 

In  previous publications in this area of re- 
search it has been proposed that cholesterol 
biosynthesis may perform a direct function in 
utilization of fatty acids for energy (1,3). 
That possibility remains and, in fact, is rein- 
forced by the differing response of cholesterol 
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biosynthesis to dietmT fat in the two sexes 
and with different kinds of dietary fat. Sex 
and fatty acid saturation are known to be 
involved in onset of abnormalities of lipid 
metabolism. Because young females are less 
likely to suffer atherosclerosis than males it 
may be assumed that the response of females 
to fat in the diet is more favorable than that 
of males. Upon this assumption, then, rapid 
cholesterol biosynthesis in response to dietary 
fat should be a favorable condition. The fact 
that this parameter in males showed little 
response to beef tallow in the diet may be of 
importance in further clarification of the role 
of lipids in atheroselerosis. 

Another proposal made in an earlier publica- 
tion (3) was that the incorporation of C 1~- 
acetate into sermn lipids of humans might be 
of some use in diagnosis of state of lipid nutri- 
tion. The differenees observed between sexes 
and type of fat are, indeed, sufficient to be 
applied to individuals. To determine whether 
such individual measurements of lipid recta- 
bolism could be related to onset of athero- 
sclerosis would require extensive human testing. 
I t  is also necessary to investigate the effects 
of advancing age upon rates of lipid bio- 
synthesis in both sexes, to find whether in- 
dividual differences would be discernable as 
rates of lipid metabolism decrease. 
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Fatty Acid Oxidation in Relation to Cholesterol Biosynthesis in Rats 
Jacqueline Dupont, ~ Biochemistry Department, Howard University College of Medicine, 
Washington, D. C. 

ABSTRACT 

Groups of male and female rats were 
fed diets containing (calorie basis) 2% 
corn oil (low-fat, LF) ,  42% corn oil (CO) 
or 2% corn oil plus 40% beef tallow (BT) 
for 2 weeks. Then rats of each sex and diet 
group were given an intraperitoneaI injec- 
tion of ~C-acetate, -stearute, -oleate or 
linoleate. Acetate incorporation into 
cholesterol and rate of oxidation of each 
fatty acid were determined. Specific activ- 
ity of cholesterol was higher in females 
than males, higher with 40% lipid in the 
diet than with 2% corn oil and higher for 
CO than BT. Linoleate was oxidized more 
rapidly than oleate which exceeded stearate. 
An index of dietary lipid oxidation was 
computed based on fatty acid oxidation 
rate, per cent of each fatty acid in the diet 
and per cent of lipid calories in the diet. 
Serum cholesterolf'C was found to be 
proportional to dietary lipid oxidation 
index. 

INTRODUCTION 

ECENTLY IT ]tAS BEEN SIJ[OWN that feeding 
beef tallow to female rats in amounts of 

from 2 to 80% of dietary calories resulted in 
concomitant increments in incorporation of 
~C-acetate into cholesterol of liver, serum and 
carcass (1). Further studies showed that in 
female rats, corn oil fed as 42% of dietary 
calories caused a 22-fold increase in sermn 
cholesterolf'C from ~C-acetate compared to a 
group receiving 2% corn oil calories (2). Male 
rats also exhibited increased incorporation 
(29-fold) of acetate into cholesterol when fed 
42% compared to 2% corn oil calories. Beef 
tallow fed as 40% of calories caused a 2.6-fold 
increase in acetate incorporation into cholesterol 
in males and a 3.4-fold increase in females. 
Other investigators have reported an inverse 
relationship between fatty acid synthesis and 
cholesterol synthesis (3). The contribution of 
fatty acids to energy needs has been discussed 
in relation to the synthesis of cholesterol in an 
earlier publication (1). 

The effects of saturation of fatty acids and 
individual fatty acids in the diet upon choles- 
terol in sermn have been studied extensively. 
Stare has recently reviewed findings in this 
area (4). Studies have also been made of the 
rates of oxidation of individual fatty acids. 

1Present  address: Department of Food Science and 
Nutrition, Oolorado State University,  Fort  Gollins. 

Mead et al. (5) fed mice 1-1~C labeled stearate, 
oleate or linoleate and found that oleate and 
linoleate were more rapidly oxidized than 
stearate. Lynn and Brown (6) reported that 
l~C-linoleate was more rapidly oxidized than 
~*C-stearate when they were fed to rats. That 
sex may be involved in rates of fatty acid 
oxidation has been shown by Kritchevsky (7). 
Oxidation of oetanoate by rat liver mito- 
chondria was more rapid in females than in 
males. 

I t  appears :from the above observations that 
the factors which result in greater cholesterol 
synthesis are also factors which are involved 
in more rapid fat ty acid oxidation. The fol- 
lowing experiment was designed to determine 
whether rate of oxidation of dietary lipid and 
rate of synthesis of cholesterol vary in propor- 
tion to each other in rats. 

PROCEDURES 
Animals 

Rats were obtained from t{oltzman Farms 
in 4 groups of 18 of each sex. Upon arrival 
they were caged singly and fed laboratory chow 
(Wayne Lab Blox) until they were placed on 
experimental diets. Each group of 36 rats 
was divided into 3 subgroups containing 6 
of each sex. The first group was used for 
study of 1'C-acetate incorporation into choles- 
terol. The other 3 groups were used for study 
of l~C-fatty acid oxidation. The ~C-fatty acid 
oxidation studies constituted 3 replications car- 
ried out at one-week intervals using 2 ruts of 
each sex for each of 3 fatty acids. Mean 
initial weight of group 1 females was 179 g; 
males 266 g. Mean initial weight of groups 2, 
3 and 4 females was 195 g;  males 273 g. 

After 2 weeks of feeding the experimental 
diets the following regime was used for I~C- 
acetate and for ~C-fatty acid studies. Food 
was removed in the evening; 10-12 hr later it 
was replaced and the rat was allowed access 
to it for exactly 1 hr. Then the food was again 
removed and the radioactive compound injected 
intruperitoneally. Four  hours later rats given 
~C-acetate were anesthetized with sodium 
amytal, and a blood sample taken by heart 
puncture. Immediately upon injection of a 
fatty acid the rat was put into a respiration 
chamber and the expired C02 was collected 
for 3 hr. 

Diets 
Diets were formulated as previously described 

(1) to contain on a calorie basis either 2% 
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corn oil (low fat diet, LF) ,  42% coru oil (high 
corn oil diet, CO), or 2% corn oil plus 40% 
beef tallow (high beef tallow diet, BT).  All 
other nutrients were supplied in adequate 
amounts. Throughout the feeding period food 
and water were allowed ad libitum. 

Radioactive tracers 
Group ] was given Na-l-~C-acetate (30.7 

mc/mM) ; females received 10 ~c, males 20 t~e. 
Two rats of each sex in groups 2, 3 and 4 
received Na-l-~C-stearate (3.2 me/raM), Na-1- 
~'C-oleatc (22.5 me/raM), or Na-l-~C-linoleate 
(6.3 mc/mM). All radioactive compounds were 
obtained from Chem Trac Division of Baird 
Atomic, Inc. The fatty acids were saponified 
with alcoholic NaOIt, neutralized with HCI, 
diluted with physiological saline solution and 
stored at --20C. The process was performed in 
an atmosphere of nitrogen. Actual doses were: 
stcarate 3.81 • 10 ~ cpm, oleate 4.89 • ]0 ~ 
cpm, linoleate 4.81 X 10 ~ cpm. 

Chemical and Radiochemical Analyses 

Samples of the saponified ~C-fatty acids 
were counted in a Nuclear-Chicago liquid 
scintillation counter (efficiency, 68%) in a 
toluene solution containing 0.05 g/1 1,4-di 2- 
(5-phenyloxazolyl) -benzene and 4 g/1 2,5- 
diphenyloxazole. Serum obtained from rats 
given ~C-acetate was stored at --20C until 
analyzed. Lipids were extracted by the Folch 
procedure (8) and the chloroform-methanol 
extract was washed with 0.73% NaC1. Samples 
of the resulting solution were saponified and 
cholesterol obtained as the digitonide. Choles- 
terol digitonide was dissolved in methanol, then 
added to the scintillation solution for counting. 
Quenching was checked by internal standards. 
A sample of the nonsaponifiable material was 
analyzed for total sterol colorimetrically using 
an acid iron reagent (9). 

Carbon dioxide was collected from rats 
given a ~C-fatty acid. Air was freed of COs 
by passing through NaOH absorbers, then 
passed through the respiration chamber by 
suction. Expired CO~ was collected in standard 
NaOH solution. Collecting absorbers were 
changed at 30-rain intervals. Samples of the 
solution were titrated with standard HC1 solu- 
tion to a phenolphthalein end point. From 
other samples BaCOs was precipitated and 
plated on filter paper with a suction apparatus. 
These samples were counted in a low-background 
Geiger system (Wide-Beta, Beckman Instru- 
ment Company). Counting rates were cor- 
rected to infinite thinness by use of a self- 
absorption curve. The efficiency of the 
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instrument was 22% and data were corrected 
to equivalence with the data obtained by liquid 
scintillation counting. 

RESULTS 
Acetate Incorporation into Cholesterol 

The values for total serum cholesterol and 
1~C in serum cholesterol are shown in Table I. 
Total activity (TA) is per cent of injected dose 
in 1 ml of serum and specific activity (SA) 
is TA per milligram of cholesterol. In  males 
the ratio of TA when beef tallow was the 
dietary fat to TA when the rats were fed 
low-fat diets was about 9. The same ratio for 
corn oil to low-fat was about 22. Specific activ- 
ity values allow similar comparisons. 

Females had higher TA and SA values 
(Table I) than males for each dietary treat- 
lnent. The values for LF and BT were sig- 
nificantly higher than similar values for males. 
The TA values for males and females fed CO 
were not significantly different, but SA values 
were. The ratio of TA when CO was fed to TA 
when LF was fed, in females, was about 6. The 
same ratio for BT compared to LF was about 4. 

In  general, males had lower TA and SA 
values for serum cholesterol than comparable 
females. The effect upon those values of feed- 
ing fat, however, was greater in the males. In  
both sexes corn oil had a greater effect upon 
TA of serum cholesterol in comparison to a 
low-fat diet than did beef tallow. 

Oxidation of t'atty Acids 

The values for ~C in C0~ after intraperi- 
toneal administration of carboxyl labeled fatty 
acids to rats are. shown in Figure 1. The points 
indicate per cent of injected ~C expired in each 
1/~ hr interval, not emnulative totals. Cumula- 
tive totals for 3 hr are shown in Table I1. 
The base 10 logarithm of the per cent of ~'C ex- 

T A B L E  I 

Cholesterol  in  1 ml S e r u m  4 h r  a f t e r  Intraperitoneal 
Injection of Na-l-14C-Acetate  

Cholesterol 

Diet mg/lO0 ml TAa X lO S SA b )< 10 3 

~Iales 

lj]~c 42  q- 5.2 d 0 .14  --~ 0 .02  0 .33  --+ 0 .04  
B T  54 ~--- 5.0 1.22 • 0 .26  2 .34  ~ 0 .52 
CO 64 • 3 .9  3 .17  • 0 .55  5 .12 • 1 .01 

~ema le s  

L F  45 • 4 .6  0 .65  • 0 .18  1 .44  -4- 0 .33 
B T  54 -~ 4 .4  2 .34  • 0 .21  4 .34  -4- 0 .31  
CO 42 ---+ 3.9 4 .17  ~ 0 .70  10 .29  -~- 1 .90  

" Tota l  ac t iv i ty  (~v of in jec ted  dose) .  
b Specific ac t iv i ty  ( T A / g ) .  
c L:F ~ low-fat,  B T  ~ beef  tal low, CO ~ corn oil. 
a ~Iean --_+ s t a n d a r d  e r r o r  of the m e a ~  of 6 observations. 
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FIG. 1. ~4C0~ expired by rats fed various diets 
and intraperitoneally injected with Na-]-~C-fatty 
acids. 

pired per half hour was used to accentuate the 
differences in the rates of ~4C0~ expiration. 
Appearance os ~C02 indicated disappearance 
of the 1'C-fatty acid. Total activity was used 
for ~'CO~ because specific activity of COs 
indicates only the contribution of the particular 
fatty acid to the fuel of respiration. The por- 
tion of the curve for the first half hour in- 
dicated absorption of the fatty acid and mixing 
with the liver-serum pool of fatty acids. 
The pool at that time reflected ingested lipid 
and/or  biosynthesized lipid. The next 11/2 hr 
on the curve appeared to represent metabolism 
of the labeled fatty acid in connection with the 
meal consumed just prior to administration of 
the label. The curve over the last hour appeared 
to indicate completion of the process of metab- 
olism in relation to the meaI and attainment 
of a constant rate of oxidation of fatty acids 
which was similar for all fatty acids. Pre- 
sumably the source of lipid by that time was 
adipose tissue or other "endogenous" sources. 
Dilution of the label by oxidation of fatty acids 
over the time studied was not great enough 
to constitute a separate factor in interpretation. 

Low-Fat  Diet. There was a clear difference 
in amount of *'C expired between Anoleate and 
oleate, but no difference iu rate of expiration 
in the first 2 hr (Fig. 1). The total linoleate 
completely oxidized in 3 hr was almost twice 
as great as oleate (Table I I ) .  Stearate was 
different from linoleate and oleate both in 
amount expired and rate of expiration. The 
amount expired was one-sixth that of linoleate 
in 3 hr. The rate of appearance of ~C in ex- 
pired C0~ from stearate was extremely slow 
and apparently unrelated to ingestion of a meal. 
In  rats on the LF diet there was no sex dif- 
ference in oxidation of oleate or linoleate. The 
cumulative total for 3 hr of stearate oxidation 
was greater in females than males but the dif- 
ference was not statistically significant. 

T A B L E  I I  

T o t a l  A c t i v i t y  of  l a C 0 2  E x p i r e d  i n  3 H o u r s  a f t e r  I n t r a -  
p e r i t o n e a l  I n j e c t i o n  of  N a - l - l ~ C - s t e a r a t e ,  -o l ea t e ,  o r  

- l i n o l e a t e  

1~CO2 

Diet Stearate 01eate Linoleate 

% of i n j e c t e d  d o s e  

M a l e s  
L F  a 1 . 1 0  • 0 . 1 7  b 3 . 6 3  ___ 0 . 6 4  6 . 9 0  ~+ 0 . 9 1  
B T  ] . 7 7  • 0 . 3 7  3 . 8 5  ~ 0 . 4 6  7 . 5 0  ~ 0 . 9 7  
C O  1 . 1 7  • 0 . 1 1  4 . 3 7  ~ 0 . 6 8  7 . 5 8  ~.~ 0 . 6 2  

F e m a I e s  
L F  1 . 5 2  • 0 . 1 2  3 . 6 0  ----- 0 . 3 4  7 . 0 0  ~--~ 0 . 8 7  
B T  2 . 7 2  ---~ 0 . 3 6  3 . 5 7  .~  ~ 0 . 2 6  8 . 3 9  --~ 0 . 4 9  
C O  1 . 7 6  • 0 . 4 5  4 . 4 7  • 0 . 6 7  8 . 2 0  ~ 0 . 1 0  

L F  ---- l o w - f a t ,  B T  ---- b e e f  t a l l o w ,  C O  ---- c o r n  oi l .  
b M e a n  -~ s t a n d a r d  e r r o r  of  t h e  m e a n .  
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High Corn Oil Diet. The expiration of 
~CO~ from each fatty acid when rats were fed 
diets containing 42% corn oil was almost 
identical with values from rats fed only 2% 
corn oil (Table I I  and Fig. 1). I t  thus appears 
that the rate of oxidation of linoleate was not 
affected by the large difference in the linoleate 
pool brought about by ingestion of a meal con- 
taining corn oil. 

High Beef Tallow Diet. Linoteate and oleate 
were oxidized to CO~ at the same rate in rats 
fed 40% beef tallow and those fed 2% corn 
oil, regardless of sex (Table I I  and Fig. 1). 
The cumulative total of *'CO~ expired from 
stearate was greater when the rats were fed 
beef tallow than when they were fed either 2 
or 42% corn oil  In  females the difference was 
statistically significant at the 5% level, com- 
paring BT to LF. The presence of a large 
amount of stearate apparently caused some 
adaptation of the rats to more rapid stearate 
oxidation. In  females stearate oxidation was 
not significantly less than oleate. Although the 
value for females was higher than that for 
males, the difference was not statistically sig- 
nificant. Obviously the pool size was not a 
factor because dilution of the label with dietary 
stearate should result in lowering the quantity 
of expired ~CO~. 

General. The observed differences in ap- 
pearance of ~'C in respired CO~ after admin- 
istration of different fatty acids were not re- 
lated to changes in total CO~ expired. Table 
I l I  shows data for total CO: expired and the 
specific activity of respired CO:. The values for 
specific activity differ little in relation to each 
other from total activity values, because within 
each sex CO~ expired was very uniform. The 
only difference between TA and SA compari- 
sons is that females fed BT had significantly 
greater SA of ~4C0~ from oleate than from 
stearate, contrary to the values for TA. 

The specific activity data indicated that when 
linoleate was available it was selectively used for 
energy and oleate was more readily used than 
was stearate. These conditions held even when 
the rat had just consumed a high carbohydrate 
meal. The contribution of those two fatty acids 
to respiration was unrelated to dietary s u p p l y  
of the fatty acids. The contribution to respira- 
tion made by stearate was increased somewhat 
when the diet contained stearate. 

Relationship between Incorporation of Acetate 
into Cholesterol and Oxidation of Fatty  Acids 

The computation of a "dietary lipid oxidation 
index" was made from the above data for each 
diet and sex. Per cent of the injected dose of 
each fatty acid expired in 1 hr was multiplied 
by the per cent of that fatty acid in the dietary 
lipid (10) and by the per cent of calories sup- 
plied by dietary lipid. Palmitate was assumed 
to be oxidized at the same rate as stearate for 
the purpose of this computation. Assuming 
palmitate to be the same as oleate changed the 
figures only slightly. The resulting values were 
plotted against SA of serum cholesterol of 
comparable rats. Figure 2 shows the straight 
line relationship between dietary lipid oxidation 
index and cholesterol biosynthesis (SA of serum 
cholesterol) for each sex. There appeared to be 
a sex difference in overall rates of both param- 
eters as shown by the different intercepts. 
There also appeared to be a sex difference in the 
relation of the two parameters to each other as 
shown by the different slopes. 

DISCUSSION 
The data for incorporation of acetate into 

cholesterol are in agreement with previous re- 
sults obtained under similar conditions (2). In  
earlier reports differences in specific activity 
of cholesterol between treatments in the pres- 
ence of constant total body cholesterol were 

T A B L E  I I I  

Specific Ac t iv i ty  of ~4C02 E x p i r e d  in  3 H o u r s  a f t e r  I n t r a p e r i t o n e a l  
I n j e c t i o n  of Na- l - l~C-s teara te ,  -oleate, or - l inoleate  

C p m / m M  Cos 

Die t  m~[ COs S t e a r a t e  Oleate  Linoleate 

Mules 

L F  a 7 .86  • 0 .14  ~ 1 .72 • 0 .31 e 6.83 • 1 .39 13 .26  + 2 .28  
B T  7.83 ~--- 0 .13 2 .71  • 0 .61 7 .59 ~ 1 .20 14 .40  ~--- 2 .02  
CO 7 .64  ~ 0 .08  1 .78 + 0 .19 8 .64  ~ 1 .36 15 .08  ~--. 1 ,85  

Females  

L F  7 .34  ~ 0 .09  2 .43  ~ 0 .21 7 .40 • 0 .84  14 .36  _~ 1 .56  
B T  7 .09  • 0 ,12  4 .51  • 0 .70  7 .68 • 0 .50  17 ,79  + 1 .32 
CO 7 .18  ~ O.10 3 .00  • 0 .82  9 .24  4- 1 .41  17 .11  ~ 2 .61  

a L F  ~ low-fat,  B T  : beef  tal low, CO ~ corn oil. 
b Mean  • s t a n d a r d  e r r o r  of the m e a n  of 18 observations. 
r M e a n  • s t a n d a r d  e r r o r  of the m e a n  of 6 observations. 
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l~m. 2. Relationship between cholesterol turn- 
over as shown by ~4C-aeetate incorporation into 
cholesterol and oxidation of dietary lipid by rats. 
SA = % of injected dose per gram cholesterol in 
1 ml serum • 103. Dietary lipid oxi(latlon index ---- 
% of injected dose of each fatty acid expired in 1 
hour • % of that fatty acid in the dietary lipid X 
% of calories supplied by dietary lipid. LF in- 
dicates values for rats fed 2% corn oil calories; 
BT, 40% beef tallow plus 2% corn oil calories; 
CO, 42% corn oil calories. 

interpreted to indicate differences in excretion 
of total steroids. Several reports have shown 
that total steroid excretion does not vary con- 
sistently with the kind or amount of fat in the 
diet (reviewed by Miettinen et al., 11). The 
specific activity of fecal total steroids does 
vary with kind of fat in the diet (12). Serum 
cholesterol specific activity has been shown to 
be very similar to fecal steroid specific activity 
and has been used as the basis for determina- 
tion of net steroid excretion (13,14). I t  is 
thus apparent that the differences in specific 
activity of serum cholesterol indicate differences 
in turnover rate (or half-life) rather than in 
excretion rate. Direct determination of bio- 
logical lifetime of cholesterol when either lino- 
leate or stearate was fed also indicated a shorter 
half-life with linoleate (15). 

The conclusions which may be reached about 
the present cholesterol specific activity data are 
that females had a more rapid rate of choles- 
terol turnover than males regardless of diet; 

and that dietary corn oil markedly accelerated 
cholesterol turnover in both sexes in coin- 
parison to a low-fat diet. Dietary beef tallow 
slightly accelerated cholesterol turnover in both 
sexes. 

The fatty acid oxidation data are in agree- 
merit with reports in the literature (5,6,16) 
showing that unsaturated fatty acids are more 
rapidly oxidized than are saturated fatty acids. 
Neither sex nor diet had a marked effect upon 
rate of oxidation of individual fatty acids. 
There is some indication that the rats, particu- 
larly females, were able to adapt to more rapid 
oxidation of stearate when a large quantity was 
in the diet. Perhaps this adaptation would be- 
come significant over a longer period of time. 
Although individual fatty acid oxidation was 
independent of diet, the fatty acid composition 
of the diet determined its overall rate of oxida- 
tion. The presence of a large amount of slowly 
oxidizable lipid would necessarily mean that 
dietary lipid would be more slowly oxidized 
than if a large amount of rapidly oxidizable 
lipid were present. That the rate of dietary 
lipid oxidation bears a linear relationship to 
the turnover time of cholesterol suggests that 
the two processes may have some physiological 
connection. 

One possibility for a physiological connec- 
tion is that the acetate formed from :fatty acid 
oxidation is the substrate for cholesterol bio- 
synthesis. Mead et al. (5) found no such con- 
nection in their study. De Leo and Foti (17) 
specifically studied this possibility and found 
no relationship between cholesterol labeling and 
fatty acid source of acetate. 

Other possibilities must take in a wider range 
of physiological utilization of lipids than can 
be seen in one tissue. In  tracing" fatty acid 
and cholesterol metabolism through absorption 
from the gut to final oxidation and excretion, 
respectively, some possibilities for their inter- 
dependence emerge. 

A b s o r p t i o n  f r o m  G u t  

Most of the lipid absorbed from the gut 
appears in the thoracic duct as ehylomicrons. 
Chylomierons contain 2-4% cholesterol (18) 
which is present even in the absence of dietary 
cholesterol. Intestinal wall cells have a large 
capacity to synthesize cholesterol (19). In  the 
process of absorption of lipids with the forma- 
tion of chylomierons there is considerable 
specificity for location of fatty acids in lipid 
classes. The net specificity (disregarding path- 
ways) has been studied (20,21) and there was 
a strong selectivity of cholesterol esters for 
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oleate, and of phospholipids for  stearate and 
less pronounced for  linoleate. Glycerides were 
not selective of fa t ty  acids and contained 92% 
of all the fa t ty  acids in chylomierons. 

Chylmuicron lipids enter liver and then lipids 
reenter the circulation from liver in the form 
of lipoproteins which contain 20-60% of the 
lipid as cholesterol. Naidoo et a]. (22) studied 
the disappearance of chylomicrons into liver. 
Cholesterol-l*C from labeled chylomicrons dis- 
appeared from serum at a rapid  rate at  first 
then began to increase in concentration in the 
serum. This indicated entrance of the chylo- 
microns into liver, then reappearance of the 
cholesterol, probably as higher density lipo- 
proteins. The amount of cholesterol in the chylo- 
microns is insufficient to account for  the amount 
found in lipoproteins secreted from the liver. 

Liver is the most active organ in cholesterol 
biosynthesis, and is the major  site of lipo- 
protein synthesis. In  the presence of large 
quantities of dietary lipid, specific activities of 
liver and serum cholesterol have been shown to 
increase (1,2). There have been several reports 
upon the specificity of lipoproteins for  certain 
fa t ty  acids, part ic tdarly certain cholesterol 
esters. Gidez et al. (23) studied the effects 
of diet upon composition of liver and plasma 
lipoprotein cholesterol esters. In  general, the 
lower density lipoproteins were the most similar 
of the lipoproteins to diet in fa t ty  acid com- 
position of cholesterol esters. (They also con- 
tained the most glyceride which was non-fat ty 
acid specific in gut.) Higher density lipopro- 
tein cholesterol esters were selective in incor- 
porating linoleic and arachidonic acids. The 
highest density group contained the most 
cholesteryl-arachidonate. Goodman and Shira- 
tori (24) used *~C-labeled cholesterol to study 
turnover of cholesterol esters. Both the mass 
and specific activities of those esters con- 
taining linoleic and arachidonie acids were 
greater in plasma than in liver. Stearic and 
oleic acid cholesterol esters were consistently 
lower in plasma than in liver. Oleate ester was 
the nmst abundant in liver and had the highest 
specific activity of any cholesterol ester in liver. 
The differences between cholesterol esters in the 
liver and those secreted into plasma indicate 
some specificity in esterification in the liver. 
Swell and Law (25) studied cholesterol ester 
turnover using *~C-labeled cholesterol and 
labeled cholesterol esters. They found more 
rapid turnover of linoleic and arachidonic esters 
than of pahnitic and oleic esters. 

These various observations indicate that there 
is specificity in formation of cholesterol esters 
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and in content and type of cholesterol esters in 
lipoproteins of different density. I t  is proposed 
that this specificity is associated with the 
destination of the lipoproteins secreted by the 
liver. 

Utilization of Lipids 
Low density lipoproteins contain fa t ty  acids 

in a pat tern similar to diet. Adipose tissue can 
gradually assume a pattern of fa t ty  acids 
similar to diet (26-28). The lipids of low 
density lipoproteins and chylomicrons can be 
removed from circulation by extrahepatic tis- 
sues (29). I t  is proposed that the specific 
destination of low density lipoproteins secreted 
by liver is adipose tissue. 

The use of fa t ty  acids as fuel of respiration 
occurs in heart (30), kidney (30), and skeletal 
muscle (31). Human myoeardium has been 
shown to preferential ly extract oleic acid (32). 
Bressler and Friedberg (33) reported that 
heart mitochondria oxidized linoleate in pref-  
erence to oleate or palmitate. Linoleate suc- 
cessfully competed with those two fa t ty  acids 
when both were in the medium. Those results 
are in close accord with oxidation of fa t ty  acids 
by the intact rat  reported herein. 

The rate of oxidation of fa t ty  acids appears 
to decline with chain length for  saturated fat ty  
acids (34) and increase with unsaturation, ex- 
cept for arachidonate. Coots (35) ascribes the 
lower rate of oxidation of arachidonate than 
linoleate to specific use of the araehidonate for 
a structural role in the cell. This may also 
explain its specific concentration into choles- 
terol esters of high density lipoproteins. The 
graph of stearate oxidation in this report  
presents a more complicated picture than 
merely a lower rate. I t  appears to have a 
route of metabolism entirely different from 
that of unsaturated fa t ty  acids. I ts  systematic 
exclusion from cholesterol esters and incor- 
poration into phospholipids may be par t  of 
the difference. I t  may also be that it must go 
through some extra intermediate step. Elovson 
(36) has shown that a large percentage (30-50) 
of stearate injected into the ra t  was rapidly 
converted to oleate. Another small percentage 
(10-20) was converted to palmitate without 
further oxidation (37). The selective placement 
of stearate into phospholipids may be par t  of 
these processes. 

To this point a summary of l ipid metabolism 
indicates rapid  synthesis of cholesterol in gut 
during absorption of lipids, and in liver during 
synthesis of lipoproteins. Low density lipo- 
proteins go to adipose tissue becoming "endo- 
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genous" in terms of further metabolism and 
highest density lipoproteins take araehidonate 
as the cholesterol ester to its cellular site of 
further metabolism. High and medium density 
lipoproteins, then, may go to muscle, delivering 
their fa t ty  acids as cholesterol esters for oxida- 
tion. During oxidation of the fa t ty  acids, 
cholesterol must be released. During times of 
high specific activity of serum cholesterol there 
is concomitant high specific activity of bile 
sterols (12,14). The possibility arises that 
during oxidation of the fa t ty  acid moiety of 
cholesterol esters, cholesterol is also oxidized 
to bile acids and thereby completes a cycle, 
returning to gut, This would imply that choles- 
terol oxidation is proport ional  to fa t ty  acid 
oxidation in muscle mitoehondria. The opposite 
has been reported for liver mitochondria (38). 
The liver mitochondria of rats fed a low fat  
diet oxidized eholesterol-26-~C to propionate 
faster than those fed hydrogenated shortening 
which did so faster than those fed corn oil. 
Similar studies of muscle mitochondria have 
not been reported, and this question remains 
open. 

In  conclusion, an hypothesis has been offered 
to explain the observed graphic relationship 
between oxidation of dietary lipid and bio- 
synthesis of cholesterol. Cholesterol is syn- 
thesized in gut and liver in response to lipid 
ingestion, some fa t ty  acids are esterified in 
gut, requiring bile acids, and the l ipid goes 
to liver as chyIomierons; more cholesterol 
synthesis and esterification occurs in the liver 
with preferential  arrangement of fat ty  acids 
so that lipoproteins are synthesized wis dis- 
creet cholesterol ester composition; those lipo- 
proteins rich in oleic and linoleic acid esters 
of cholesterol go preferential ly to muscle for 
fa t ty  acid oxidation; the cholesterol ester eonl- 
position conveys some specificity to acceptance 
of the fat ty  acid for  oxidation in mitochondria 
and in the process eholesterol is oxidized 
(probably not 100%) to bile acids. This pro- 
eess is fast  or slow depending upon the fa t ty  
acid composition of the diet. Tile rate regu- 
lating par t  of the cycle must be oxidation of 
the fat ty  acids. The development of this 
hypothesis presumes that  only dietary l ipid 
oxidation causes concomitant turnover of 
cholesterol. Fat-free diets, or diets mildly re- 
stricted in calories are associated with lipid 
metabolism, but cholesterol turnover is low 
and constant in those conditions (1,2). Starva- 
tion and other extreme conditions of l ipid 
metabolism may not be explainable by this 
hypothesis. 
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Thin-Layer Chromatographic Separation of Dimethylphosphatidates 
Derived from Lecithins 

C. F. Wurster, Jr., ~ and J. H. Copenhaver, Jr., Department of Biological Sciences, 
Dartmouth College, Hanover, New Hampshire 

ABSTI~ACT 

The separation of lecithin derivatives 
based on their fa t ty  acid substituents has 
been investigated. Several synthetic and 
natural lecithins were converted to their 
corresponding dimethylphosphatidates by 
hydrolysis with phospholipase D (phos- 
phatidylcholine phosphatidohydrolase , EC 
3.1.4.4) and methylation of the resulting 
phosphatidic acids with diazomethane. 
These dimethylphosphatidates were sep- 
arated into fractions by reversed-phase 
thin-layer chromatography. Separations 
were dependent on the total number of 
methylene groups and double bonds in the 
two fat ty  acid chains. Fractionated di- 
methylphosphatidates were extracted from 
the plates and fa t ty  acids were determined. 

INTRODUCTION 

t~ CEh'T FAPERS HAVE b e e n  concerned with the 
fraetionation of lecithin mixtures accord- 

ing to their fa t ty  acid substituents (1-5).  
These separations have generally been based 
on the degree of fa t ty  acid unsaturation, and 
have often involved removal of the phosphorus, 
thereby eliminating the possibility of studying 
P~: incorporation. There is need for a method 
retaining the phosphorus and effecting separa- 
tions according to fat ty  acid chain length. We 
have found that dimethylphosphatidate deriva- 
tives of lecithins can be separated on this basis 
using reversed-phase thin-layer chromatography 
(TLC).  This paper  describes the technique 
and applies it to lecithin mixtures of both 
synthetic and biological origin. 

Dimethylphosphatidate preparat ion involved 
hydrolysis of the leeithins with phospholipase 
D (phosphatidylcholine phosphatidohydrolase, 
EC 3.1.4.4) (6), followed by methylation with 
diazomethane to form the corresponding di- 
methylphosphatidates [phosphatidic acid di- 
methyl ester; dimethyl-(1,2-diacylglycerol-3- 
phosphate)]  (7,8) as follows: 

Present address: Department of Biological Sciences, 
State University of New York, Stony Brook, Long 
Island, N.Y. 

phospholipase D 
Lecithin > phosphatidic acid 

H* 
CHzOCOW 

--> CHOCOI~" 
T 
CH~OPO ( 0 CH+) ~, 

Dimethy]phosphatidate 

The dimethylphosphatidates were cleanly sep- 
arated into various fractions by reversed-phase 
TLC. Fractions differed by the total nmuber of 
methylene groups in the two fa t ty  acid chains, 
with each double bond reducing the number of 
effective methylene groups by two. The proce- 
dure is applicable to other phospholipid classes 
(7,8). 

EXPERIMENTAL 

Materials and Analytical Methods 

Reagent grade solvents were used as obtained 
commereial]y. Silica gel G and kieselguhr G 
were from E. Merck AG (distributed hy Brink- 
mann Instruments Inc., Westbury, N. u  ; TLC 
plates were developed in closed tanks lined 
on all four sides by solvent-saturated filter 
paper.  The kieselguhr G was prewashed with 
chloroform-methanol (2:1, v /v) .  Infrared 
spectra were run in KBr  pellets containing 0.3 
to Img of sample, using a Perkin-Elmer Model 
21 spectrophotometer. Ester  analyses were per- 
formed by the method of Rappor t  and Alonzo 
(9), and phosphorus was determined as de- 
scribed by Bart let t  (10). Phospholipid samples 
were stored in chloroform-methanol (2:1, v /v)  
solution within glass-stoppered containers at 
--15C. 

Source and Purity of Lecithin Samples 

Dimyristoyl a-lecithin was kindly supplied by 
Prof.  E. Baer, and samples of dioleoyl, 7- 
stearoyl-fl-oleoy% and ~-oleoyl-fi-stearoyl a- 
lecithins were generous gifts of Prof.  L. L. M. 
van Deenen. Bovine brain ]ecithins were pre- 
pared by silicic acid chromatography (5) from 
a commercial sample of' beef brain phospho- 
lipids (Nutritional Biochemieals Co.), while 
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rabbit kidney cortex lecithins containing P~ 
were prepared by tissue slice incubation, extrac- 
tion by the method of Folch et al. (11), and 
silicic acid chromatography as described earlier 
(5). TLC analysis using silica gel G plates 
developed with chloroform-methanol-water 
(65:25:4, v/v) showed all lecithin samples to 
be either pure or with only minor impurity 
(Fig. lb) ,  and all exhibited infrared spectra 
identical to those published by Rouser et al. 
(12) and DeHaas and Van Deenen (13). In  
addition, the bovine brain, rabbit kidney cortex, 
and dimyristoyl lecithins gave ester/phosphorus 
ratios approximating 2. 

Lecithin Hydrolysis with Phostoholipase D 

The hydrolysis procedure was similar to that 
of Davidson and Long (6). To 5-10 mg of 

lecithin in a 10-nil volumetric flask equipped 
with a ground glass stopper was added 1.25 ml 
of 0.1 3/[ sodium acetate (pH 5.6), 0.25 ml of 
1 3i calcium chloride, 1 ml of ethyl ether, and 
2 ml of fresh enzyme solution. Enzyme solution 
was prepared when needed from equal weights 
of cabbage and water; these were homogenized 
in a blender for 5 rain, filtered through filter 
paper, centrifuged for 30 rain at 13,000 • g, 
and the supernatant was used directly. The 
stoppered flask was shaken vigorously by hand, 
then agitated in a vortex mixer at room tem- 
perature for 3 hr. The product was transferred 
to a 20-mI beaker and adjusted to p t I  2.5 by 
the addition of a few ml of glacial acetic acid. 
In  a 15-ml centrifuge tube with ground glass 
stopper this solution was extracted three times 
with 4-ml portions of chloroform-methanol 
(2:1, v /v) ,  each extraction involving vigorous 
shaking, centrifugation, and removal of the 
lower phase with a Pasteur pipette. Solvent was 
removed from the three combined extracts 
with a rotary evaporator, with waI~ning to 45C 
at the end until no residual odor of acetic acid 
remained. The residue, primarily phosphatidic 
acid, was dissolved in 1 ml of ethyl ether; a 
representative TLC analysis of this product 
is shown in Figure lc. 

A B C D E F 
FIG. 1. Thin-layer chromatograms of phospho- 

lipids on silica gel G plates. Developing solvents: 
A-l), chloroform-methanol-water (65:25:4, v/v) ; 
E-T, carbon tetraehloride-ehloroform-glacial acetic 
acid-ethanol (60:40:0.5:3, v/v). Samples: A, 
mixed rabbit kidney cortex phospholipids and 
neutral lipids; B, bovine brain lecithins; C, 
phosphatidic acids after rabbit kidney lecithin 
hydrolysis ; D-E, crude dimethylphosphatidates 
after methylation of C with diazomethane; F, 
dimethy]phosphatidates after purification of D-E 
by preparative TLC. Plates were charred after 
spraying with sulfuric acid saturated with 
potassium dichromate. 

Phosphatidic Acid 1VIethylation 
with Diazomethane (7) 

A solution of diazomethane in ethyl ether, 
prepared from commercial diazomethane pre- 
cursor (EXR-101 from E. I. du Pont de 
Nemours and Co., Wilmington, Del.), was added 
to the ethereal phosphatidic acid solution until  
a bright yellow color remained. The container 
was glass stoppered and allowed to stand at 
room conditions for 16-18 hr. Ether was re- 
moved, and the residue was dissolved in 1 ml 
of chloroform-methanol (2:1, v /v) .  Repre- 
sentative TLC analyses of this crude dimethyl- 
phosphatidate product are shown in Figure ld  
and le ;  developing solvents of two different 
polarities were used. 

Dimethylphosphatidate Purification 
Procedure 

The crude dimethylphosphafidates were puri- 
fied by preparative TLC, using 8 in. • 8 in. 
silica gel G plates and carbon tetrachloridc- 
chloroform-glacial acetic acid-ethanol (60:40 : 
0.5:3, v/v)  as developing solvent. The product 
from 5-10 mg of lecithin could be purified on 
2 or 3 plates. Material was applied in a line 
along the bottom of the plate. After develop- 
ment, the dimethylphosphatidates near R, 0.4- 
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0.5 were detected by masking most of the plate 
with two panes of glass and spraying a narrow, EMN 
vertical strip with 0.005% aqueous rhodamine 
6G. Under ultraviolet light the desired spot 28  
was outlined, and corresponding horizontal lines 
were drawn across the plate. With a razor 30  
blade, all material between the lines, except the 
sprayed area~ was scraped into a 15-ml glass~ 
stoppered centrifuge tube and extracted twice 
with centrifugation, using 3-4 ml portions of 32 
chloroform-methanol (2:1, v/v) .  Alternatively, 
the material was sometimes scraped into a 
small fritted-glass filter and extracted with the 
same solvent. Solvent was removed and the 3 4  
dimethylphosphatidates were dissolved in 1 ml 
of chloroform-methanol (2:1, v/v) .  A repre- 36 
sentative TLC analysis of the purified dimethyl- 
phosphatidates is shown in ~igure l f .  Based 
on phosphorus analyses, yields varied (29- 
81%) for different lecitbins. Dimethylphos- 
phatidates from bovine brain lecithins showed 
ester/phosphorus ratios approximating 2. All 
dimethylphosphatidates yielded infrared spectra 
similar or identical to that published by Crone 
(8). 

Separation of Dimethyll~hosphatidates by TLC 

After preheating for 1 hr, kieselguhr G plates 
were dipped in a 5% solution of ~-tetradecane 
in ethyl ether (14) and used after evaporation 
of the ether. After spotting the dimethylphos- 
phatidates (20-100 t~g per spot), the plates 
were developed with acetonitrile-acetone-water 
(8:1:1, v/v) saturated with n-tetradecane. 
Spots were readily visible after spraying the 
plates with either water, or 0.005% rhodamine 
6G when viewed under ultraviolet light. The 
separation of several dimethylphosphatidates is 
shown in Figure 2. 

Extraction from Plates and :Fatty Acid 
Determination 

For fatty acid determination, plates were 
sprayed with water and spots were outlined. 
The encircled material was then scraped into a 
small fritted-glass filter and extracted several 
times with small portions of chloroform- 
methanol (2:1, v /v) ,  the extract dripping into 
a 5-ml glaSs-stoppered centrifuge tube. Solvent 
was removed with a stream of nitrogen. 

Methanolysis was essentially by the method 
of Morgan, I:[anahan, and Ekholm (15). The 
sample (dimethylphosphatidate or lecithin) was 
dissolved in a drop of chloroform and 200 /A 
of 0.5 N methanolic NaOH was added. After  
standing at room conditions for 10 rain, 20 
td of 6 N aqueous HC1, I ml of water, and 2 
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A B C D E F 
FIG. 2. The reversed-phase TLC of various di- 

methylphosphatidates on a kieselguhr G plato. 
The plate was impregnated with n-tetradeeane by 
dipping in a 5% solution of n-tetradeeane in 
ethyl ether. Developing solvent: acetonitri]e- 
acetone-water (8:1:1, v/v) saturated with n- 
tetradecane. Dimethylphosphatidate samples: A, 
dimyristoy]; ]3, dio]eoyl; C, 7-stearoyl-fl-o]eoy]; D, 
7-oleoyl-fl-stearoyl ; E, from bovine brain leeithins ; 
F, from rabbit kidney cortex lecithins. The ef- 
fective methylene numbers (EMN) of the spots 
are as indicated. Spots were outlined under 
ultraviolet light after spraying with 0.005% 
aqueous rhodamine 6G. 

ml of chloroform were added, and the tube 
was shaken vigorously. The pH of the aqueous 
upper layer was then below 2. The lower 
layer was removed with a pipette, concentrated 
to less than a drop of solution with a stream 
of nitrogen, and injected directly into a Jarrell- 
Ash Model 28-710 gas chromatograph contain- 
ing a 6 ft • 1~ in. column packed with :1_5% 
diethylene glycol ~uccinate on 80-90 mesh 
Anakrom (Jarrell-Ash Co., Waltham, Mass.). 
Fat ty  acid methyl esters were identified by 
comparing retention times with those of known 
samples; no attempt was made to identify minor 
components consisting of a few percent. 
Quantitative analyses of these esters are re- 
ported in area percent as determined by tri- 
angulation, and minor components were gen- 
erally ignored. Fat ty acid compositions of each 
of the starting lecithins, their corresponding 
dimethylphosphatidates, and individual di- 
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TABLE I 

Fat ty  Acid, Phosphorus ,  and  8~p Determinat ions on Lecithins,  Their  Corresponding Dimethy]phosphatidates,  and  
Individual  Frac t ions  af ter  Separat ion of the Dimethylphosphat idates  by TLC (see Fig. 2) 

7-Stearoyl-  
D i m y r i s t o y l  Dioleoyl ~-oleoyl 

Bovine b r a i n  Rabb i t  k i d n e y  cor tex  

~/-Oleoyl- F a t t y  % ~ P  Fatty 
~-stearoyl  % P h o s p h o r u s  ac ids  P h o s p h o r u s  sp. act .  a acids  

P 31% P 44% 
Lec i th in  M 1 0 0 %  0 10"0% S 5 2 %  S 4 8 %  S 15 S 12 

0 46 O 50 O 52 O 15 
~! 1 L 2 6  

Dimethyl -  P 31 P 48 
phospha-  ]Y[ i00 O 1O0 S 53 S 48 S 14 S 9 
t ida te  0 46 O 50 O 52 0 15 

N 1 L 2 5  

EMN of spot 
28 1~ lO0 

30 4 . 6 %  c 

3.5% 59 

8.0 197 

32 O 1OO 52.8 P 48 43.4 30[, 
O 49 

P 1 5  
34 S 48 S 50 30.6 S 46 37.6 298 

O 45 O 47 O 29 
N 5 

36 6.2 P ,S ,O b,a 7.6 281 

L b 
P 54 
S ~ 1  
O 4 
L 3 5  

P 53 
S 1 5  
O 2 1  
L 1 0  

P 3 3  
S 45 
O 1 5  
L 2 

A b b r e v i a t i o n s :  EMN,  effective methy lene  n u m b e r ;  ]VI, m y r i s t a t e ;  P,  pa lmi t a t e ;  S, s t e a r a t e ;  O, oleate;  L, lino- 
leate;  N, Linolenate .  

C o u n t s / m i n / ~ g  phosphorus ,  b Insuf f ic ien t  ma te r i a l  fo r  quan t i t a t i ve  analys is ,  bu t  m a i n  cons t i tuen t  as indica ted .  
e Insuf f ic ien t  ma te r i a l  for  m e a n i n g f u l  ana lys is ,  d TWO spots  of lower  R f  va lue  c on t a in ing  5 . 7 %  of recovered  phos- 
p h o r u s  yielded insuff ic ient  ma te r i a l  fo r  m e a n i n g f u l  ana lys is .  

methylphosphatidate spots shown in Figure 2, 
are presented in Table I. The table also gives 
phosphorus analyses to estimate ratios of the 
spots from biological mixtures, as well as 
specific activities for each spot resulting from 
the rabbit  kidney leeithins. 

D I S C U S S I O N  

The behavior of the dimethylphosphatidates 
on a reversed-phase TLC system is evidently 
similar to the fa t ty  acid methyl esters (16) 
and the triglycerides (17,18), in that separa- 
tions are based on chain length and number 
of double bonds, and "critical pairs" are not 
readily separated. Thus the migration rate of a 
lipid with one double bond is about the same 
as a saturated lipid with two fewer methylene 
groups. Therefore palmitate, with an effective 
methylene number (EMN) of 16, is readily 
separated from stearate (EMN 18), but not 
from oleate (EMN 16), and linoleate (E1VIN 
14) is separated from palmitate, stearate, and 
o]eate, but not from myristate (EMN 14). 
Dimethylphosphatidate separations, then, are 
based on the total EMN in the molecule, ir- 
respective of ~- or fl-positioning. The same 
fa t ty  acid might appear  in several spots, de- 

pending on the nature of the fa t ty  acid with 
which it is paired in the nmlecule. 

Given the fa t ty  acid content of a lecithin 
mixture, it  is therefore possible to predict the 
number of spots expected from separation of 
the corresponding dimethylphosphatidates, and 
the potential fa t ty  acid content of each spot. 
Bovine lecithin, for example, contains three 
major  fat ty  acids (Table I)  : palmitate (EMN 
]6) ,  stearate (E!V[N 18), and oleate (EMN 16). 
Other than the relatively unlikely stearate- 
stearate combination (EMN 36), and ignoring 
minor components, two major  spots with EMN 
32 and 34 should be expected. The EMN 34 
spot should contain palmitate, stearate, and 
oleate, resulting from stearoylpahnitoyl and 
stearoyloleoyl dimethylphosphatidates. The 
EMN 32 spot should contain palmitate and 
oleate, but no stearate, since the mixture con- 
rains no fa t ty  acid with an EMN of 14 with 
which stearate could pair  to produce a total 
EMN of 32. With  the rabbit  ]ecithins, however, 
linoleate (EMN 14) is a major constituent with 
which stearate can be paired;  stearate would 
therefore be expected in the EMN 32 spot in 
this case. The results in Table I generally con- 
firm the validity of this reasoning. 

LIplDS. Vom i, No. 6 



426 C.F. WURSTER, JR., AND J. H. COPERTI~AVEI~, J-R. 

Whi le  d i m e t h y l p h o s p h a t i d a t e s  can be p r o -  

duced d i rec t ly  from leci thins by  reac t ion  w i th  

d i azomethane  (8 ) ,  ou r  p r o d u c t  by  th is  m e t hod  

w a s  heavi ly  con t amina t ed  (methy lene  po ly-  

m e r s ? ) ;  a p r o d u c t  of  h i g h e r  p u r i t y  resu l ted  

f r o m  the two- s t ep  p roces s  employed .  The da ta  

in Table  I s h o w  tha t  f a t t y  acid select ivi ty in 

the n o n q u a n t i t a t l v e  convers ion  of  leci thin to 

d i m e t h y l p h o s p h a t i d a t e  did no t  occur,  a l t hough  

the poss ib i l i ty  wi th  o the r  leci thins c anno t  be 

el iminated.  The me thod  was  also used  to in- 

ves t iga te  r a t e s  of  P ~ : ( p h o s p h a t e )  i n c o r p o r a t i o n  

d u r i n g  incuba t ion  (3 ,5 ) ;  Table  I includes  these 
resul ts .  

The combina t ion  of  r eve r s ed -phase  and  si lver  

n i t r a t e  TLC sys tems  has  yielded more  t h a n  

50 frac, t ions  f r o m  a n a t u r a l  t r ig lycer ide  nlix- 

tu re  (14) .  A s imi la r  combina t ion  involv ing  

s i lver  ion TLC (1,2) and  the  r eve r s ed -phase  

TLC method  descr ibed in this  p a p e r  should  be 

sui table  f o r  p h o s p h o l i p i d  class analyses .  
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Fatty Acid Relationships in an Aquatic Food Chain 
Peter F. dezyk ~ and A. John Penicnak, ~ Zoology Department, 
University of Massachusetts, Amherst, Massachusetts 

ABSTRACT 

The relationships amongst the fa t ty  acids 
of the lipids from members of a model 
aquatic :food chain were examined. The 
basic pat tern of the fat ty  acids in the 
members, Mgae-brine shrimp-hydra, orig- 
inated in the phytop]ankton. Fa t ty  acids 
in the neutral lipids of adult brine shrimp, 
Artemia salina~ closely resembled dietary, 
or algal, fa t ty  acids, whereas the phos- 
pholipid acids differed considerably from 
those in the algae. Fa t ty  acids from the 
total lipids of Hydra pseudoligactis fed 
brine shimp nauplii  also resembled the 
dietary acids, but more C~ polyunsaturates 
and fewer Ca8 unsaturated acids were pres- 
ent in those raised at 10C than were found 
at 20C. 

INTRODUCTIOI~ 

OVERN (1) REPORTED that the fat ty  acids of 
freshwater and marine fish oils reflect the 

fa t ty  acid patterns of the freshwater branehio- 
pods (high in C,s nnsaturates) and marine 
copepods (high in C~0 and C:, polyunsaturates) 
on which the fish feed. In  a model food chain 
consisting of the diatom Chaetoceros simplex, 
the brine shrimp Artemia salina, and the fish 
Lebistes retieulates, Kayama et al. (2) found 
that Artemia ]ipids contained araehidonic and 
eieosapentaenoic acids, Lebistes lipids had, in 
addition, docosatetraenoic, docosapentaenoic 
and docosahexaenoic acids, whereas Chaetoce~:os 
contained no highly unsaturated acids. Thus, 
highly unsaturated acids appeared in the food 
chain beginning with less unsaturated acids. 
When the fish were raised at 17C and 24C, the 
degree of unsaturation in the fat ty  acids was 
greater at the lower temperature. Farkas  and 
IIerodek (3) reported that lowering the tent- 
perat~re at which freshwater planktonic 
erustaeea were grown led to an altered fa t ty  
acid pat tern quite similar to that found in 
marine species. 

Clearly, there is a continuity in the nature of 
fat ty  acids in a food chain, which is tempered 
by the regulatory mechanisms of members of 
the chain, including their response to tern- 

1 Present  address :  Biological Chemistry Department, 
Universi ty of Michigan, Ann Arbor,  Michigan.  

2Presen~ address :  Pfizer Diag'nosbies, New York, lgew 
York. 

perature changes in the environment. These 
phenomena have been further explored by 
culturing the brine shrimp Artemia salina on 
algae, and feeding Hydra pseudoligactis~ which 
were raised at 10C and 20C, on A rtemia nauplii. 
The food chain was therefore not a continuous 
one, the size of the brine shrimp culture re- 
quired for such a chain being impractical to 
maintain. Each of the relationships studied 
must therefore be considered separately. How- 
ever, the specific relationships may be con- 
sidered to be typical  of those occurring in a 
continuous situation. 

EXPERIMENTAL 

Desiccated Artemia salina (Conn. "Valley 
Biol. Supply, Southampton, ~{ass.) were placed 
in artificial sea water, the nauplii  harvested 36 
hr later and fed to Hydra pseudoligactis cul- 
tured according to Loomis and Lenhoff (4). 
Similar nauplii  were grown to the adult stage 
at room temperature, with unicellular green 
algae from Long Island Sound as the food 
source. Hydra were removed from continuous 
cultures maintained at 10C and 20C and were 
deprived of food for 24 hr pr ior  to use to 
insure the absence of undigested nauplii. 

Lipids were extracted and washed by the 
method of Folch et ah (5). All  washed lipid 
samples were evaporated to dryness under 
nitrogen in a tailed container, weighed, and 
diluted to a volume suitable for preparat ion of 
the fa t ty  acid esters by BF~-eatalyzed meth- 
anolysis (6). Where noted, neutral and phos- 
pholipids were separated by silicic acid chro- 
matography (7) before transesterifieation. 

The methyl esters were purified on silicic 
acid columns and analyzed in a Glowall Corp. 
gas chromatograph equipped with an argon 
ionization detector. Six foot columns (3.4 mm 
I.D.) packed with 15% EGS on 100/120 mesh 
Gas-Chrom CLZ (Applied Science Labora- 
tories) were used at  an operating temperature 
of 170C. Identifications of individual esters 
were made by comparison of their relative 
carbon numbers to those established for  known 
acids under the same conditions (8) and the 
percentage composition of the samples were 
calculated by the method of Carroll (9). 
Identifications of the esters were confirmed by 
hydrogenation (10) and reehromatography of 
a portion of several ester preparations,  an 
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equivalence of the total amount of esters of 
given chain lengths found before and after  
hydrogenation being used as the criterion. 
Preparat ive thin-layer chromatography of the 
esters on silica gel plates impregnated with 
25% silver nitrate (11) was also used to 
separate ester samples on the basis of unsatura- 
tion, each class then being analyzed by GLC 
for comparison to the total esters. 

RESULTS 

F a t t y  acids from the neutral (49.4 rag) and 
phospholipid (25.3 rag) fractions of nauplii  
lipids were similar, but the phospholipids con- 
tained less palmitic and palmitoleic and more 
oleic and C2o polyunsaturates than the neutral 
lipids (Table I, cols. ] and 2). Acids from the 
lipid (6.4 rag) obtained from 372 mg of algae 
differed considerably from those in the naupli i  
lipids, with less palmitoleie and oleic acids and 
much more linolenic acid. No acids containing 
more than 18 carbons were found in this l ipid 
(Table I, col. 3). The neutral lipids (3.6 rag) 
of adult brine shrimp (278 rag) grown on these 
algae had a fat ty  acid composition very similar 
to the algal lipid~ with a high percentage of 
linolenic acid, but did contain some C~ acids, 
mainly eieosapentaenoic, as in the nauplfi 
neutral lipids (Table I, col. 4). The phos- 
pholipids (1.9 rag) of the adults were more 
similar to those of the nauplii  phospholipids, 
but with reduced oleic and eicosapentaenoic and 
raised stearic and linoleic content. 

The fat ty  acids from the total lipids of Hydra 
raised at 10C and 20C (3.5 and 4.7 rag, 
respectively) had a pattern generally like that 

of the fa t ty  acids from the brine shrimp 
nauplii  on which they were fed (Table I ,  
eols. 6 and 7). In  both cases, the oleic acid 
level was lower, while in the 20C animals the 
linolenic acid content was higher, and in the 
10C animals the C:o acids were increased, 
especially arachidonic. The total amount of 
unsaturation in the fa t  was the same in both 
groups, although the individual acids differed, 
the 10C group having ].75 moles of double 
bonds per  mole of fat ty  acid and the 20C 
group having ].76. 

DISCUSSIOI~ 

F a t t y  acids in the liplds of brine shrimp are 
easily altered by diet, as is evident from the 
considerable change in the fat ty  acids from 
egg to adult in this study and by comparison 
with the findings of Kayama et al. (2). The 
fat ty  acids of the diatoms in Kayama's  experi- 
nlents were very different from those of the 
algae used in our studies and the difference 
was reflected in the fa t ty  acids of brine shrimp 
fed these algae. I t  is clear, however, that brine 
shrimp can synthesize higher polyunsaturated 
acids, probably through the pathways of the 
linolenic family (12). Phospholipid fat ty  acids 
are apparent ly  less influenced by diet than those 
of the neutral lipids, as has also been suggested 
for crayfish lipids (13). The higher percentage 
of the long-chain polyunsaturates found in the 
phospholipid fa t ty  acids conforms to a com- 
monly observed pat tern (14), which is thought 
to be related to the structural role of the 
phospholipids. In  natural  and in synthetic 
phospholipids, the hydrocarbon chains of those 

T A B L E  I 

Gas C h r o m a t o g r a p h i c  Analyses  of F a t t y  Acid I~ethyl  E s t e r s  
(as  pe r cen t  to ta l  es te rs )  

(1 )  (2 )  (3 )  (4 )  (5 )  (6 )  (7 )  
F a t t y  B r i n e  sh r imp  B r i n e  sh r imp  Algae B r i n e  s.hrimp B r i n e  sh r imp  H y d r a ,  t t y d r a ,  
ac id  naupl i i ,  N L  a naup l i i ,  PL adul ts ,  NL adul ts ,  P L  10~ 20~ 

1 4 : 0  1.4 0.3 0.6 2.8 1.4 1.0 0.7 
1 4 : 1  0.6 0.2 0.6 0.8 0.8 0.6 0.7 
1 5 : 0  0.4 0.1 ...... t r  t r  0.5 0.3 
1 5 : 1  0.3 t r  ...... t r  t r  0.5 0 .7  
16:0 15.5 10.7 14.5 i0.7 11.8 11.6 10.2 
1 6 : 1  16.6  10 .9  5.3 4.0 12.9  8.4 8.1 
1 7 : 0  t r  0.3 t r  t r  t r  0 .7  0.9 
1 7 : 1  1.4 1.1 2 .4  2 .7  1.6 1.3 1.7 
1 8 : 0  4.0 6.1 1.7 4.2 11.1  6.7 5.5 
18 : 1 30 .7  37 .8  2 0 . 4  13 .9  24 .7  2 3 . 4  24 .5  
1 8 : 2  4.8 6.4 6.8 8.1 17.0  5.2 6.6 
1 8 : 3  15.8  13.5  43 .0  45 .4  16.6  16.1  23 .7  
1 8 : 4  1.5 2.4 ...... 1 .6  2.3 1.8 3.6 
2 0 : 0  0.2 t r  . . . . . . . . . . . .  3 .4  1.5 t r  
2 0 : 2  t r  . . . . . . . . . . . .  0 .2  
2 0 : 3  t r  t r  . . . . . . . . . . . .  t r  0.3 0.3 
2 0 : 4  0.9 3.0 ...... 0.9 4 .2  9 .4  5.3 
20 ;5 5.3 8.0 ...... 4 .4  2 .3  6.2 4.0 
2 2 : 4  1.1 t r  . . . . . . . . . . . .  t r  1.2 ...... 

a N L  = n e u t r a l  Iipids, P L  ~- phosphol ipids ,  t r  = t r ace .  
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lipids containing unsaturated fa t ty  acids exist 
in an essentially liquid state at  room tempera- 
ture, while those with only saturated acids do 
not (]5) .  This characteristic may be of con- 
siderable importance for their function in the 
biological system, since the liquidity determines 
the part icular  phase which can exist at any given 
temperature and is in tm~n related to per- 
meability processes. 

Hydra fed on brine shrimp nauplii  display 
a fa t ty  acid pat tern similar to that of the 
nauplii  but cold-adapted Hydra have a higher 
concentration of the C~ and C= unsaturated 
fa t ty  acids and smaller amounts of the less- 
highly unsaturated C~s acids than do the 20C 
animals. A similar increase in docosahexaenoic 
and other unsaturated acids has been noted in 
the brain lipids of goldfish exposed to lowered 
temperatures while maintained on a constant 
diet (16). Such regulations of unsaturation in 
homeotberms also has long been known (17). 
Johnston and Roots (16) suggest that the pro- 
cess of temperature acclimation involves the 
ability to control the degree of unsaturation of 
cellular lipids, thereby maintaining the specific 
liquid-crystalline state of the cell membranes. 
From our results, it  would appear  that the 
specific type of acids in the lipids, not just  
the total amount of unsaturates, may be im- 
por tant  in this control. 

The results of this study support  the view 
that  the higher members of aquatic food chains 
maintain a degree of control over the composi- 
tion of their fa t ty  acids, and part icularly of the 
polyunsaturates, but that  the basic pat tern 
originates in the pr imary members of the chain, 
the phytoplankton, and is carried throughout 
the chain. F a t t y  acids of phytoplankton are 
known to be considerably altered by such fac- 
tors as the availability of nitrate, the age of the 
culture and the temperature (3,18), thus allow- 
ing a great  variabil i ty in the acids of any 
given food chain. The need for control o f  

phospholipid liquidity could therefore be the 
basic cause of the higher percentage o f  poly- 
unsaturated fa t ty  acids in the lipids of animals 
from the colder marine waters. Neutral lipids 
may not be pr imari ly  affected in this way, as 
suggested by the present investigation and 
atso by Van Handel (19), who has reported 
that the synthesis of fa t ty  acids into the 
triglycerides of mosquitos is unaffected by 
temperature. Such variation might occur 
secondarily~ however, as a result of the turn- 
over of fa t ty  acids from endogenous 
phospholipids. 

ACKNOWLEDG)/ IENTS 

Suppor ted  in p a r t  by g r an t s  No. AI-04953 and  GM- 
06377, US Public Heal th  Service. 

I~EFERENCES 

1. Lovern,  J .  A., Biochem. J.  99, 847-849  (1935) .  
2. Kayama,  ~r Y. Tsucbiya and  g. F. Mead, Bull. 

gap. Soc. Sci. Fish. 29, 452 -458  (1963) .  
3. Farkas ,  T., and  S. g. Herodek,  J .  Lipid l~es. 5, 

369-373  (1964) .  
4. Loomis, W. F., and  ~[. Lenhoff, J .  Exp. Zool. 182, 

555-568,  (1956) .  
5. Folch, g., ~[. Lees and  G. H.  Sloane Stanley, J .  

Biol. Chenl. 226, 497 -509  (1957) .  
6. Borgstrem,  B., Acta Physiol.  Scand.  25, 101 -110  

(1952) .  
7. 1Viorrisen, W. R., and  L. ~ .  Smith, g. Lipid l~es. 

5, 600 -608  (1964) .  
8. Rahm, J.  J., and  R. T. t te lman,  J .  Nutr .  84, 

15-19  (1964) .  
9. Fa rquha r ,  J .  W., W. Insuil, P .  l~osen, W. Stoffel 

and  Ahrens,  E. H.,  Nutr .  Rev. 17, 1 - 3 0  (1959) .  
1O. Carroll, K. K., Na tu re  191, 377 -378  (1961) .  
11. deYries, ]~., JAOCS 41, 4 0 3 - 4 0 6  (1964) .  
12. Klenk, E., gxpe ren t i a  17, 199 -204  (1961 ) ;  I~ead, 

J .  1 ~. Fed. Proc.  20, 952 -955  (1961) .  
13. Wolfe, D. A., F.  V. l~ao a n d  D. G. Cor~well, 

JAOCS 42, 633 -637  (1965) .  
14. Carroll, K. K., Ibid.  42, 516-528  (1965) .  
15. Chapman,  D., Ibid. 42, 353 -371  (1965) .  
16. Johnston,  P.  V., and  B. J .  l~oots, Comp. Bioehem. 

Physiol.  11, 303 -309  (1964) .  
17. ~Ienriques, V., and  C. l-Iansen, S tand .  Arch.  

Physiol.  11, 151 (1901) .  
18. Ackman,  t~. G., P. Ir J-angaard,  R. J .  Hoyle and  

H.  Brockerhoff,  J .  Fish. l~es. Bd. Canada  21, 747 -756  
(1964) .  

~19.-Van I-Iandel, E. J., J .  Lipid Res. 7, 112-115  
( I 9 6 6 ) .  

[t~eceived January 28, 1966] 

LIPIDS, VOL. ~, NO. 6 



The Behavior of Glyceride-Fatty Acid Mixtures in Bile Salt Solution: 
Studies by Gel Filtration 
Elaine Bossak Feldman ~ and Bengt Borgstr~m, Department of Physiological Chemistry, 
University of Lurid, Lund, Sweden 

ABSTRACT 

Bile salt l ipid emulsions were prepared 
which simulated the emulsified oil-micellar 
phase system of the small intestinal content 
during fat  digestion. 

Applicat ion of such emulsions to gel 
columns prepared and eluted with 6 mM 
sodium taurodeoxycholate separated an 
emulsion phase and a micellar phase. The 
distribution of lipid solutes into the two 
phases under these conditions was 
measured. 

Micellar dimensions were larger as l ipid 
concentrations were increased. Inclusion 
of multiple l ipid classes resulted in larger 
micellar particles. 

Monoglyceride and fa t ty  acids were 
eluted completely in the micellar phase 
under these conditions. Minimal measur- 
able aruounts of triolein were recovered in 
micellar solution. This was confirmed by 
extraction, chromatographic separation and 
quantitative analysis. As diolein concentra- 
tion was increased, less was recovered in 
the micellar phase. When monoglyceride 
was added, more diolein entered the micellar 
phase. Addition of triglyceride enhanced 
the distribution of diolein into the emulsion 
phase. 

INTRODUCTION 

L IPIDS IN INTESTI_NAL content during fa t  di- 
gestion coexist in an oil-in-water emulsion 

phase, and a micellar phase in equilibrium (1). 
5iicelles are aggregates of amphipathic mole- 
cules in equilibrium with dispersed single mole- 
cules in solution. Micelles form spontaneously 
in some solutions above a certain concentration, 
the critical micellar concentration (CMC). The 
size an(t ~~ape of micelles vary with tempera- 
ture and concentration and depend in par t  on 
the carbon chain length (2). An emulsion is an 
organic nonequilibrium dispersion of particles. 
Particle diameters usually range from 0.1 to 
10 ~, in diameter. Emulsification can be pro- 
duced by mechanical methods, and emulsions 
can be stabilized by addition of a micellar 
colloid. The intestinal emulsion contains diglyc- 

1 Present  address :  Department  of Medicine, State Uni- 
versi ty of New York Downstate Medical Center, 
Brooklyn, New York. 

erides and triglycerides. The end products of 
digestive lipolysis, fa t ty  acids and monoglyc- 
erides, are highly soluble in the micellar phase 
and are absorbed readily. The surface-active 
conjugated bile salts are pr imari ly  responsible 
for  spontaneous micellar aggregation. The dis- 
tribution of lipids into micelle and emulsion 
might determine the selectivity of fa t  absorp- 
tion (3). 

Gel filtration separates particles according to 
size. Large emulsion particles are "excluded" 
from the gel. Such samples pass through 
rapidly in the elution liquid in column elution 
experiments. With Sephadex O 100 gel, pre- 
pared and eluted with bile salt solution, sam- 
ples of l ipid micelles behave like macromole- 
cules of corresponding "molecular weight" of 
40,000, par t ly  "included" in the gel and eluted 
later (4). 

Bile salt  l ipid emulsions can be prepared to 
simulate the fa t  content of the small intestine 
during digestion. Elution volumes obtained after  
gel filtration of such mixtures of glycerides, 
fa t ty  acid and bile salt will provide data con- 
cerning micellar dimensions. By gel filtration 
of samples incorporating radioactive lipid 
solutes, the distribution of labeled solutes into 
elucnts containing particles of different sizes 
can also be determined. 

MATERIALS AND METHODS 

Sephadex G-10O (TO 5218) obtained from 
Pharmaeia was the /~lteri~g gel. Sodium 
taurodeoxycholate (NaTDC) was synthesized 
and was at least 98% homogeneous as assessed 
by thin-layer chromatography (TLC) (5). 
Triolein and oleic acid were obtained from 
Merck & Co. Triglyccride and fa t ty  acid homo- 
geneity was assessed by TLC as better than 
9,~%. Homo~ogue puri ty  was examined by gas- 
liquid chromatography (GLC) and was better 
than 99% for oleic acid; triolein contained 
81% oleic acid, 13% palnfitoleic acid and small 
amounts of 14:1 and 18:2 fa t ty  acids. 1,3- 
Diolcin was obtained from L. W. Deck, Procter 
& Gamble Co. I ts  pur i ty  was greater than 
99% by TLC and GLC. 1-Monooleia was ob- 
tained from Distillation Products Industries, 
purified by TLC; the fa t ty  acid composition 
was 58% oleic acid, 17% pahuitoleic acid, and 
about 5% each of 14:0, 14:1, 16:0, 18:0 and 
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]8:2 fatty acids. A commercial intravenous fat 
emulsion, Intralipid (Vitrum), containing per 
ml 220 mg soybean oil and 12 mg egg" lecithin, 
was used for the preparation of mixed triglyc- 
eride emulsions incorporating other glycerides 
or fatty acid. 

(1-~C) 1-Monoolein, (9,10-'H_~) 1,2-diolein 
and (1-~C) triolein were synthesized as de- 
scribed elsewhere (6,7). The radioactive label 
was in the fatty acid portion of the molecule. 
(12'C) oleic acid, (9,102H~) oleie acid and 
(2PH) glycerol were obtained from The Radio- 
chemical Centre, Amersham, England. Radio- 
homogeneity was verified by TLC with purifica- 
tion when indicated by preparative TLC. Pur- 
ity was better than 98%. 

Sodium taurodeoxycholate has a CMC for 
monoolein of 0.6 raM, in contrast to the higher 
CMC's of chenodeoxycholate (0.8 raM) and 
cholate (4.2 raM) conjugates. The CI~IC of a 
solution of mixed bile salts of composition 
similar to that of human intestinal content, is 
1.4 mlVi (8). Micellar solutions and emulsions 
prepared from Intralipid in bile salt-NaCl 
solution had a pI I  of 6.0. The triolein emul- 
sions prepared in the laboratory with phosphate 
buffer were at p i t  7. The pI-I of intestinal 
content is about 6. t Iofmann's  previous ex- 
periments (8) indicated that monoolein solubil- 
ity in sodium taurodeoxycholate was identical 
from pH 5.5 to 7.0. Gel filtration studies of 
o]eic acid (4) yielded the same elution volumes 
despite variation of the p t I  of the solution from 
5 to 12. Emulsions prepared with Intralipid 
contained lecithin (about 2.5 t~moles per ml) 
which also enters the bile salt micellar phase 
and may enhance the solubility of other lipids. 
1-Monoolein and 1,3 diolein, lipids not normally 
occurring in intestinal content, have micella~- 
dispersions similar to those of 2-monoolein and 
],2 diolein (3,8) normally found in intestinal 
eonten~ during fat digestion by pancreatic 
lipase. 

Micellar solutions were prepared in glass 
ampoules. The lipids were added in organic 
solvent. The specimens included one solute 
labeled with either (~C) or ( 'H),  or two solutes, 
each labeled with one isotope. After evapora- 
tion of solvent, 3 ml 6 ml~i NaTDC in 0.15 ~[ 
NaC1 were added, the ampoules sealed and 
shaken at 37C for at least 12 hr. To indicate 
the void volume, a few crystals of Blue Dextran 
500 (op. no. 8459B, Pharmacia, Uppsala) were 
added to the ampoules before sealing. 

Emulsions were prepared in ampoules. The 
lipids were added in organic solvent and the 
latter evaporated. Appropriate amounts of 
Intralipid and NaTDC were added to give the 

final desired concentration of triglyceride in 6 
mM bile salt in 0.15 !YI NaC1. The ampoules 
were then treated as described above. 

Emulsions were also prepared by combining 
labeled triolein, diolein, monoolein and oleic acid 
in organic solvent. After the solvent was evap- 
orated and 5 to 10 ml 6 m ~  •aTDC in 0.15 M 
phosphate buffer (p i t  7) added, the mixture 
was emulsified by ultrasonication for one minute 
with a Branson Sonifier. Such emulsions were 
stable for 14 days at room temperature. 

The gel was packed in columns with a dia- 
meter of 16 mm and a total gel volume of 60 
ml. The gel was equilibrated with bile salt 
solution before packing and washed with the 
same solution. Columns were run in a thermo- 
stated room at 37C. One milliliter of the sample 
mieellar solution or emulsion was added to the 
top of the column. This solution was made up 
with the same bile salt concentration and salt 
composition as that used for column equilibra- 
tion. The column was eluted with 60 ml of bile 
salt solution of the same concentration as that 
used for gel equilibration. Flow rates between 
6 and 12 ml per hour were used. Fractions 
c]ose to I ml were collected using a drop counter 
and weighed in tared test tubes. Since the 
drops of the emulsion phase failed to actuate 
the drop counter, drops from these tubes were 
counted visually. The concentration of Blue 
Dextran was measured in a spectrophotometer 
at 600 mt~. Radioactivity was assayed in a 
liquid scintilIation spectrometer using dioxane- 
naphthalene with PPO and POPOP as scintil- 
lators (9). On the average, 96% of the activity 
applied to the column was eluted (range 86- 
3.10%). 

The fraction of the volume of the gel available 
for the substance applied, K.~, was calculated 
according to Laurent and Killander (10) as 
follows : 

V e - - V o  

Vt -- Vo 

Vo, the void volume of the column, was ob- 
tained from the peak elution volume of Blue 
Dextran or from the peak elution volume of 
radioactivity in the turbid fractions. V., the 
effluent volume, was the volume of maximum 
radioactivity which was obtained by trisangnla- 
tion of the radioactivity values plotted vs. 
elution volume. Vt, the total volume of the gel 
bed, was 60 m]. In  all experiments Vt, included 
the dry volume of the dextrau. Radioactivity 
(counts/rain) or optical density of each fraction 
collected were plotted as the ordinates. The 
serial number of 1 ml fractions collected were 
the abscissas. The points plotted were connected 
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by triangulation. The peak volumes, given by 
the intersecting lines, of radioactivity or optical 
density were corrected for the actual volumes 
collected as determined by weights. As u  
approaches Vt, IK~, increases and approaches 1 
and particle size is smaller. As Vo approaches 
Vo, K,~ decreases and approaches 0, indicating 
larger particle size. 

The proport ion of radioactivity eluted in 
each phase was calculated. The total emulsion 
phase radioactivity was usually recovered in 
4-5 ml volume and the mieellar phase radio- 
activity in 8 10 nfl volume. 

Other experiments reported earlier (4) in- 
dicated that duplicate and tr ipheate experi- 
ments with the same sample mixtures applied 
to columns gave values for K , .  that varied by 
0.02 or less; therefore, each column elution 
experiment was usually performed once. (With 
3 mM monoolein in bile salt, K ~  values in 3 
experiments were 0.36, 0.35, 0.36.) 

In  one experiment, the part i t ion of (~tt) 
diolein between emulsion and micellar phases 
was estimated by ultraeentrifugation. A bile 
salt-lipid emulsion was centrifuged in a Spineo 
Model L preparat ive ultracentrifuge for  1 hr 
at 40,000 rpm. The rotor and solutions were 
equilibrated at 37C at the start  and the refrig- 
eration of the rotor housing was not used during 
the run. Under these conditions the emulsion 
"floated" to the top, whereas the nficelles were 
evenly distributed in the centrifuge tube. The 
volumes of the top (emulsion q- micelles) and 
bottom portions were measured and radio- 
activity determined in 1 ml portions. The ratio 
of micellar diolein to emulsion diglyeeride was 
0.45. 

Radioactivity eluted from the Sephadex 
column was recovered in the same chemical 
l ipid class as that applied. This was verified 
in two column elution experiments carried out 
with the same emulsion containing (~tI)-triolein 
and (~C)-oleic acid. One column was treated as 
usual. With  the second column, the fractions 
containing the emulsion and micellar phases 
were pooled separately. The pooled micellar 
phase, the emulsion phase and a portion of the 
emulsion sample applied were individually ex- 
tracted with 3 times their volume of diethyl 
ether-heptane-ethanol ( 1 : 1 : t  by vol). Ether-  
heptane phases were combined after  re- 
extraction. Af ter  solvent evaporation, the lipids 
were dissolved in heptane and separated by 
thin-layer silicic acid chromatography (9). 
Af te r  identification, mono-, di- and triglycerides, 
and fa t ty  acids were scraped off from one plate 
into counting vessels. Of the radioactivity ap- 
plied to the plate, 92.8% was recovered in the 
LIPIDS, %rOL. 1, NO. 6 

appropr ia te  l ipid class (dtt as triglyceride, ~*C 
as fa t ty  acid). Mono-, di- and triglycerides 
were each scraped off duplicate plates. The 
lipids were eluted with 5 ml chloroform af ter  
the scrapings were placed in small chroma- 
tography columns. Ester bonds were determined 
by the hydroxamic acid reaction (11). This 
permitted calculation of l ipid distribution into 
micellar and emulsion fractions by quantitative 
methods for comparison with radioactivity 
measurements. 

RESULTS 

The present experiments (Fig. 1) investi- 
gated the following situations: 

1) Lipids were incorporated into micellar 
solutions (diagram a, Fig. ] ). Solute concen- 
trations and composition were varied. The 
dimensions of the resultant bile salt l ipid 
mieelles were characterized. 

2) Lipids were incorporated in quantities 
exceeding that which could undergo micelIar 
dispersion. Excess monoglyceride yielded a 
liquid crystalline phase; excess diolein was 
emulsified. These phases were in equilibrium 
with a micellar phase. 

3) Lipids were dispersed in buffer without 
bile salt, yielding an emulsion (diagram b, 
Fig. 1). 

4) Lipids were incorporated in bile salt- 
triglyceride emulsions, yielding an emulsified oil 
phase in equilibrium with a micellar phase 
(diagram e, Fig. 1). The relative distribution 
of l ipid solutes into the two phases was 
measured. 

The determinations of K~v in column elution 
experiments are summarized in Table I and 
Figs. 2 and 3. Three mM solutions of oleic 
acid or monoolein, and 0.1 mlVI diolein solutions 
in 6 mIV[ NaTDC were clear and were eluted 
in one pea]; from 8ephadex co]umns. Oleic acid 
bile salt micelles had the highest K~,.. Mono- 
olein bile salt micelles were intermediate. Dio- 
]ein bile salt micelles had the lowest K~. 

Increasing the solute concentration of oleic 
acid, monoolein or diolein in 6 mM Na, TDC 
resulted in variable lowering of mice]]ar K~ 
(Table I, Figs. 2, 3). Despite the turbidity of 
9 mM solutions of oleic acid and 30 mM 
monoolein (the excess forming liquid crystals 
or emulsions), these lipids were still eluted in 
one peak of clear solution (volume 8-10 ml). 
"Solutions" of 2 mM and 6 mA~ diolein applied 
to the column were turbid (the excess forming 
an emulsion) and were eluted in two or more 
peaks, one totally excluded from the gel and 
turbid. The lowering of K~,. was more pro- 
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FIG. l. Design of column elution ex- 
periments. The specimens contain lipid 
labeled with (~'C) and/or ('~K). Ap- 
plications to the column are depicted in 
the boxes at the top of each diagram. 
The columns are drawn as porous struc- 
tures containing the equilibration solu- 
tion. The particles depicted include: 
~-radioaet ive- labelcd emulsion, diam- 
eter 5000X; O pure bile salt micelle, 
diameter 48X; O-bile salt-lipid mice]le, 
radioactive-labeled, K~v 0.43-0.33, diam- 
eter 48 54X; ~ ,  bile salt-lipld mice]le, 
radioactive-labeled, in equilibrium with 

3 
3 
2 
3 
3 
3 
--] 

3 

Ve: V o 

c )  

~ooc x)oc 
co o, ooo ~ c u ~  ' 

DOr,C 
h'ooX( 30Xr ] 
r, Oo Ur )o~ ~ 

0 u )O~C D 
~oOC 3 
~ooO ,o60 
� 88 ~oo n 
rJO00 0 o~ 
~QOC '000' D 
n,,,,,,,,,,,,,,,,,,~D 00 C ~000 
~ o o  o )o o 3 

oOo' n [~oOo( ,ooq _ 

E: Ve:Vo 
M: Ve-V~ 

v t -Vo 
emulsion, K~ 0.33-0.24, diameter 54-66A. 
Vo, V~, Vt and K~ defined in Materials 
and Methods. E, enmrsion phase; M, 
micellar phase. In a, a micellar solution 
of lipid and bile salt is applied to a 
column equilibrated with the same con- 
centration bile salt. b, a lipid emulsion 
in buffer is applied to a colunm equili- 
brated with buffer, c, a lipid emulsion 
in bile salt in equilibrium with a micellar 
phase, is applied to a column equilibrated 
with the same concentration bile salt 
solution. 

nounced with solute increments at low con- 
centrations, and tapered off at higher 
concentrations. 

When a second lipid solute was added to bile 
salt lipid raicelles K~,. was lower in 12 of 14 
experiments (Table I ) ,  Addition of monoolein 
did not change K~,. Solution of two additional 
lipids into bile salt-lipid raicelles gave still 
lower t(~,. values than addition of either solute 
alone. The lowest K,v value was observed when 
three solutes were included in the bile salt-lipid 
micelles. As the total anlount of lipid incor- 
porated into the mieelle increased, the K ~  
decreased (Fig. 3). The approximate amount 
of lipid in the raieelle was derived by assuming 
that 98-100% of the oleic acid or monoolein 
applied was recovered in micellar solution, 
calculating the diolein distribution from the ex- 
periraental data in Table I and assuming a value 
of 0.4 t~Eq for raicellar triolein. 

The corresponding molecular radii, assuming 
the particles to be spherical, have been inter- 
polated for the K~  values obtained by Laurent 
and Killander (10) for various proteins using 

Sephadex G-100. The radii transposed from 
their data to Figure 3 ranged from 24f~ for 
the "dilute" bile salt raicelle containing one 
lipid solute to 33f~ for the bile salt-lipid raieelle 
containing three lipid solutes. I t  was assumed, 
without calibration, that the elution properties 
of proteins would be similar in columns pre- 
pared in either laboratory using Sephadex 
G-100. 

In one experiment, 10.8 mM labeled oleic acid 
was incorporated into an enlulsion containing 
]0.8 ralV[ triolein, 5.4 rnM diolein and 5.4 ram 
raonoolein in 0.]5 M phosphate buffer brought 
to pH 9 by addition of 6N NaOH. NaTDC 
was not included in this emulsion. After  gel 
filtration all the radioactivity was recovered in 
the emulsion phase. 

Distribution experiments are summarized in 
Figure 4. Oleie acid or monoolein in bile salt 
solution in various mixtures with other lipids 
were always recovered in the raicellar peak 
(99%). Results were identical, when measured 
by recovery of activity in individual fractions 
eluted from the column, or by pooling the 
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T A B L E  I 

Column E lu t ion  Exper iments  a 

Appl ied  to Column 

Labeled 
l ip id  

Conch, Other l ipids,  
m~I concn m!~[ 

Labeled 
l ip id  

recovered in  
micellar  
solution, 
/Lmoles Ka~ 

Diolein 0.1 
1.0 TG, 32 

1.0 ]M:O', 3 

2.0 
3.0 ~ 0 , 3  
3.0 OA, 9 

3.0 OA', 

3.0 OA 9 
TGI 15 

6.0 ............ 

0.1 0.42 
0.4 0.32 

0.3 0.28 

1.6 0.29 
2.7 0.33 
2.3 0.27 

2.5 0.24 

1.0 0.25 

3.1 0.28 

OIeic acid 3.0 3.0 0.42 
3 0  ---T~,32 2.9 0.33 I P  

" 9.0 9.0 0.34 
9.0 -_~0,' ~ 9.0 0.34 t P  

" 9.0 DO, 3 9.0 0.31 
" 9.0 TG, 32 8.8 0.27 

" 9.0 DO', 9.0 0.27 

3 ] 
,, 9 . 0  s.o ~  

/ TG,' 15 

~Ionoolein 3.0 3.0 0.36 
3 0  - - - r d ,  32 2.9 0.32 p t  

{oo } 
" 3.0 TG,' 32 3.0 0.34 

" 30.0 ............ 30.0 0.31 

Triole in  NIO, 5.4 } 
10.8 OA 10.8 0.41 0.26 

DO', 5.4 

21.6 OA 10.8 0.37 ...... 
DO', 5.4 

TG z tr iglyceride,  ]~IO z monolein, OA ~ oleic acid, DO ~ diolein. 
a All solut ions were p repared  i n  6 m~[ NaTDC. 1 mI solut ion or emuls ion  was  appl ied to columns of 

Sephadex G-100, total  volume 60 ml. Columns were prepared  and elated wi th  6 mlV[ NaTDC. 

eluted fractions, extracting the lipids and de- 
termining activity after class separation by 
TLC. 

As the concentration of diolein in NaTDC 
was increased, the solution applied became 
progressively more turbid. The portion re- 
covered in the micellar phase decreased to about 
55% of the total activity eluted (ratio micellar 
diolein:emulsified diolein, 1.2). Addition of 
oleic acid (alone or with monoolein) to the 
diolein-bile salt mixture did not alter the dis- 
tribution of diolein into the micellar phase. 
Addition of monoolein alone enhanced the re- 
covery of diolein in micellar dispersion. Addi- 
tion of triglyceride mad~edly reduced the re- 
covery of diolein in the micellar phase, so that 
diolein distribution favored the emulsion. In-  

:LIPIDS, VOL. ] ,  NO. 6 

clusion of fa t ty  acid or monoglyceride in the 
diolein-triolein-bile salt emulsion produced no 
change in the distribution of diolein. 

A small, but measurable quantity of labeled 
triolein was persistently recovered in the 
micellar phase (Table I ) .  I t  was verified that 
the radioactivity was eluted as triglyceride by 
extracting the lipids from the pooled micellar 
phase, and determining the radioactivity in 
triglyceride isolated by TLC. Ninety-six per 
cent of the triglyceride activity in the emulsion 
applied to the colunm was recovered in triglyc- 
eride of the pooled emulsion phase plus triglyc- 
eride of tile pooled micellar phase. Chemical 
analysis yielded a small (although higher) 
value for  trig]yceride in the micellar phase. 
From 0.2 to 0.4 ~motes total of triolein were 
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FIG. 2. Elution curves of mixed micelles 
of 6 mM NaTDC and varying concentra- 
tions of (1~C) 1-monoolein, (all) 1,3- 
diolein or (14C) oleic aeld with Sephadex 
G-100. Sixty milliliter columns were 
equilibrated and elated with 6mM NaTDC 
in 0.15]~ NaC1. A 1-ml "solution" of 
lipid in concentrations varying from 
0.1 to 30 mM was applied to the column. 
The elation volumes (number of 1 ml 

24.0 

16.0 

8.0 

fractions collected) are the abscissas. 
Radioactivity per fraction, expressed as 
per cent of total activity recovered, and 
optical density of blue Dextran at 600 
m~ are the ordinates. The void volume 
is indicated by the peak at the left. 
Shaded curves at left  in top graph rep- 
resent radioactivity. The numbers to the 
right of the peaks are the K~.  DO, 
diolein ; MO, monoolein ; OA, oleic acid. 

recovered in micellar solution under the ex- 
per imental  conditions. When  the same triolein- 
labeled emulsion was prepared  in buffer ( p i t  9) 
without  bile salt, and eluted f rom gel columns 
with phosphate  buffer (pI-I 7) all the radio- 
act ivi ty was recovered in the emulsion phase. 

I n  one experiment, 48.6/~moles (3H) glycerol 
was included in the glycerides-fat ty  acid-bile 
salt emulsion. All  the act ivi ty  was eluted f rom 
the column in one peak with K,~ 0.85. This 
indicated molecular solution of glycerol in the 
bile salt water  phase, with V~ approximat ing  ~ t .  

DISCUSSION 

Bile salt solutions form micelles at concen- 
trat ions f rom about 0.6 to 2 m!V[ for  NaTDC 
(8). The bile salt micelle is negat ively charged. 
Po la r  water  molecules are bound through dipole 
a t t ract ion and hydrogen bonds, result ing in a 
protect ing layer of t ight ly bound water  in 
addit ion to counter-ions. Micelles of  NaTDC,  
studied by ul t racentr i fugat ion,  were found to 
have an anhydrous micellar weight  of  11,900 
(12). These data were obtained f rom sedimenta- 
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FIG. 3. K.,~ values of bile salt micelles 

1 8  

of 6 mM i~aTDC containing labeled lipid 
solutes (see Table I for composition) vs. 
the total lipid content of the mice]lar 
phase (see text). The lines were fitted 

�9 12,000 

�9 35,000 

visually. R, radii in ~ of equivalent 
spheres corresponding to the K~v (de- 
rived from Laurent and Killander, 10); 
W, analogous molecular weight (derived 
from Whitaker, 16). 

tion and diffusion experiments in 0.15 M phos- 
phate buffer, by extrapolation to infinite dilu- 
tion. The frictional ratio of 1.58 indicated a 
high degree of hydration, confirmed by data 
obtained in 0.15 M buffer. Measurements by 
light scattering gave values of 11,000 for NaTDC 
micelles (13). Gel filtration data gave a mole- 
cular radius of the bile salt Inicelle of about 
207~ (see re/. 12). 

The addition of an amphiphilic substance like 
~onoolein is thought to expand the bile salt 
micelle. By increasing the effective liquid hy- 
drocarboll "interior," soluhilization of relatively 
rJonpolar hydrocarbons is enhanced. A change 
in micellar structure as well as a simple increase 
in size may occur when added hydrocarbon and 
amphiphile are present (8). 

The behavior of glycerides and fatty acids 
in bile salt solution has recently been studied 
in some detail. ~%t 37C, monoglycerides of low 
melting point showed a remarkably high 
solubility in bile salt solution forming mixed 
inicelles in isotropic solutions (8, 14). Excess 
of low melting point monog]ycerides formed a 
liquid crystalline phase. Di- and triglycerides 
showed a low solubility in bile salt solution. 
The excess was emulsified or crystalline, de- 
pending on the melting point. The behavior 
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of long chain fatty acids in bile salt solution 
was complex, depending on pII.  At p i t  values 
around 7, excess fatty acid was emulsified or 
crystalline depending on the melting point. I f  
a mixture of glycerides and fatty acids was 
dispersed in a bile salt solution at a concen- 
tration above the CMC, an emulsified oil phase 
was believed to coexist with a micellar 
phase (15). 

The micelle behaves like a macromo]ecule on 
gel filtration when columns are equilibrated and 
eluted at bile salt concentrations at or above the 
CMC (4). In  the column elution experiments, 
designed to measure the size of nlicelles, it 
was assumed that the labeled solutes were not 
in molecular solution but existed only in the 
micellar and/or  emulsion phases. I t  was also 
assumed that the micelles in any one experiment 
had the same dimensions, and that the maximum 
dimension indicated by I ( ,  represented one 
population of micelles (Figs. la, lc). The 
values of K ,  represent dilution of the micellar 
solute concentration 8 to 10-fold since the 
sample volume was 1 ml compared to the 
eluted micellar phase volume of 8 to 10 ml. 
These conditions were constant in all 
experiments. 
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Fro. 4. Distribution of diolein into micellar and 
emulsified oil phases. The amount of diolein in 
each phase was calculated from the portion of 
radioactivity recovered, assuming constant specific 
activity. Values above I indicate distribution 
primarily in the micellar phase. Each point in the 
diagram represents one of the eight experiments 
with diolein (see Table I) in 1.0 mM concentra- 
tion or higher. The open circles, open and closed 
triangles indicate that one or more of the ap- 
propriate lipid class (triglyceride, monoglyceride, 
fatty acid) was also included in the sample. 

By plotting the K~v of various proteins vs. 
the radius of an equivalent sphere (10), a 
radius of 24X, corresponding to a K ~  of 0.43 
in Sephadex G-100, can be calculated for pure 
micelles of NaTDC. This agrees exactly with 
the radius calculated by Laurent and Persson 
(12) from the diffusion coefficient of NaTDC. 
Similar Kay values were obtained with dilute 
diolein and with 3 mM oleic acid in 6 m~[ 
NaTDC. K~,, was lower with monoolein, cor- 
responding to an increase in molecular radius 
of 3#~. The increase in elution volumes to 
yield lower K~  values corresponds to a doub- 
ling of the analogous anhydrous "molecular 
weight" (Fig. 3) as determined by Whitaker 
(16) in gel filtration experiments of proteins 
of known molecular weight. Micellar dispersion 
of additional lipids resulted in further increase 
in the radius and analogous molecular weight, 
indicating that such micelles were bigger. The 

maximum size observed of mixed micelles in 
6 mM NaTDC corresponded to a radius of 33~. 
These values are somewhat higher than those 
obtained in earlier column elution experiments 
in this laboratory using different batches of 
Sephadex G-100 (see ref. 4). The increase in 
"size" and "weight" of mieelles may be related 
to the steric configuration and polarity of the 
dissolved lipids as well as to the actual mole- 
cular weight and carbon chain length of the 
molecules. Changes in hydration of the micelle 
may also occur. The micellar sizes interpolated 
from experimental values of Ka~ appear in- 
dependent of the "pore size '~ of the gel. Other 
experiments gave identical micellar radii for 
cholesterol bile salt lipid mieelles when a 
cholesterol lipid bile salt emulsion was applied 
to 60 ml gel columns of Sephadex G-100 and 
G-200 (17). 

Interpretation of data derived from colmnn 
elution experiments was based on the assump- 
tion that labeled solutes were distributed into 
two phases. Micelles of radius less than 557~ 
would be detected by partial inclusion in the 
gel. Any particle with a larger radius (weight 
greater than 100,000) would be eluted with the 
void volume and ascribed to the  emulsion 
(excluded) phase. Relative distributions of 
lipid solutes into micellar and emulsion phases 
appear independent of the gel column total 
volume. Similar distribution values for 
cholesterol were obtained using Sephadex G-100 
columns of 30 ml and 60 ml total volume with 
sample size 1 ml (17). 

Aeker's (18) experiments demonstrated that 
equilibrium distribution ratios closely paralleled 
column distribution coefficients with Sephadex 
G-100. His theoretical calculations are appli- 
cable only when all of the molecular species 
under investigation is present in one phase. The 
present experiments are somewhat analogous to 
those of Iterries, Bishop and Richards (19) 
who studied partitioning of solutes between a 
totally excluded micellar and an aqueous 
detergent phase using Sephadex G-25. The 
systems would be similar if, in the present 
experiments, a bile salt-lipid emulsion rather 
than a bile salt solution had been used for 
equilibration and elution. 

The recovery of oleie acid and monoolein 
included in bile salt emulsions was almost ex- 
clusively in the micellar phase with all the 
concentrations used. Conversely triolein was 
recovered only slightly in the micellar phase, 
although it was clear that some triolein could 
enter the bile salt micelle. In  the absence of 
triglyceride, diolein was readily dissolved by 
bile salt mieelles. The presence of triglyceride 
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m a r k e d l y  a l te red  the d i s t r i bu t ion  of  diglycer ide  
in f a v o r  of  the emuls ion  phase .  I n  con t ras t ,  
the  addi t ion  of  t r ig lycer ide  h a d  no  effect on the 
mice l la r  so lubi l i ty  of  f a t t y  acid a n d  
monoglycer ide .  

The r ecovery  of  diolein and  t r io le in  in micel- 
l a r  so lu t ion  indica tes  t ha t  these  5 p i d s  m a y  
reach  the  in tes t ina l  mu cosa  in the f o r m  of  small  
a g g r e g a t e s  a n d  sugges t s  the poss ib i l i ty  t ha t  
these l ip ids  m a y  be able to p e n e t r a t e  the in- 
tes t ina l  mucosa  in th is  f o rm.  E x p e r i m e n t a l  
da t a  in  s u p p o r t  of th i s  h y p o t h e s i s  have  been 
r e p o r t e d  (20) .  The effect of  t r io le in  to en- 
hance  diolein r ecovery  in the emuls ion  p h a s e  
m a y  aid in the r e t en t ion  of  the diglycer ide  sub-  
s t r a t e  in the oil p h a s e  where  p a n c r e a t i c  l ipase  
is mos t  active. This  enzyme induces  hyd ro ly s i s  
o f  p r i m a r y  es ter  bonds  at  a r a p i d  ra te  (7) .  
The  2-monoglycer ide  and  f a t t y  acid p r o d u c t s  
of  l ipolys is  are  solubil ized in to  the micel lar  
phase  (1) a n d  t aken  u p  by  the  in tes t ina l  
mueosa (20). 

Gel f i l t ra t ion  of  l ip id  mice l la r  so lu t ions  and  
emuls ions  p rov ided  i n f o r m a t i o n  a b o u t  the  di- 
mens ions  of  bile sa l t  l ip id  micelles. The  re-  
covery  as  micel lar  and  emulsified oil p h a s e s  of  
l ipid i n c o r p o r a t e d  in to  bile sal t  emuls ions ,  
s in lu la t ing  smal l  in tes t ina l  con ten t  m a y  be 
ind ica t ions  of  the i r  re la t ive  behav io r  in vivo. 
D a t a  p rov ided  b y  this  model  sys t em in v i t ro  
m a y  aid in the i n t e r p r e t a t i o n  of  s tudies  of  
f a t  d iges t ion  a n d  a b s o r p t i o n .  
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The Total Synthesis of Dilinoleoylphosphatidylserine and Its Activity 
in Blood Clotting Systems 1 
D. L. Turner, M. J. Silver and E. Baczynski, Cardeza Foundation, 
Jefferson Medical College, Philadelphia, Pennsylvania 

ABSTRACT 

A total synthesis of DL-phosphatidyl- 
(dilinoleoyl)-L-serine was achieved by the 
aeylation of the barium salt of the 
phthalimidomethyl ester of glycerophos- 
phoryl-N-anisyloxycarbonyl-L-serine. The 
dilinoleoyl intermediate was treated with 
hydrazine to remove the phthalimidomethyl 
group and with hydrogen chloride to re- 
move the anisyloxycarbonyl protecting 
group. The resulting phosphatidylserine 
was purified by Rouser's methods, solu- 
bilized, and tested for biological activity in 
the antithromboplastin, reealeifieation, and 
Hicks-Pitney tests. I t  was found to have 
about the same anticoagulant activity as 
beef brain phosphatidylserine and hence 
was more active than the less unsaturated 
phosphatidylserine synthesized earlier. 

INTRODUCTION 

T HE ~'OTAL SYNT~ES~S of unsaturated, phos- 
phatides increases in difficulty as the num- 

ber of double bonds increases because of the 
elaborate precautions necessary to prevent 
oxidation. The recent innovation of Baer, in 
which the barium salt of a glycerophosphoryl- 
phthalimidoethanol was acylated (1,2), reduces 
the number of steps in phosphatide synthesis 
in which the unsaturated fa t ty  acid is available 
for  oxidation and hence has important  ad- 
vantages. In  addition, highly unsaturated di- 
glycerides are difficult to make (3,4), but 
dilinolein would be required for  a synthesis by 
our earlier technique (5,6). Accordingly, we 
decided to explore the acylation of the barium 
salt of a protected glyeerophosphorylserine and 
chose the phthalimidomethyl ester of anisyloxy- 
carbonyl-L-serine for conversion to the glycero- 
phosphoryl derivative. The protected serine 
combined with phosphorus oxychloride and 
acetone glycerol readily. The resulting product 
was str ipped of its acetone protecting group 
and the water soluble product was converted 
to a barium salt. This salt was aeylated with 
linoleoyl chloride and the protecting groups 
were str ipped from the product to give phos- 

a An abst rac$ of the  ma te r i a l  in  th i s  p a p e r  appea red  
in Fed.  P roc .  24, No. 727 ( 1 9 6 5 ) .  

phatidyl(dilinoleoyl)-L-serine (PS) .  This sub- 
stance was tested in several blood clotting 
systems as described below. 

EXPERIMENTAL 

Materials and Methods 

Linoleic acid of 99.5% puri ty  by gas-liquid 
chromatography (GLC) was purchased from 
Lachat Chemicals, Inc., Chicago Heights, I l -  
linois; Amberlite XAD-2 was a gift  of the 
Rohm and Haas Co., Philadelphia, Pa. All dry 
solvents were dried over molecular sieve 4A 
of the Linde Products Division, Union Carbide, 
Inc. Pyridine and dimethylformamide were al- 
lowed to stand over one third of their volume 
of the sieve for weeks. Chloroform was dried 
by shaking with the sieve for i hr on a shaking 
machine. I t  was not stored because of its 
tendency to form phosgene when dry. Anisyl- 
azidoformate was made from phenylthiol- 
ehloroformate according to the general methods 
of Carpino (7). In  the preparat ion of anisyl 
S-phenylthiolformate, i t  is not necessary to 
reflux the reaction mLxture. Af ter  the addition 
of the phenylthiolehloroformate to the solu- 
tion of anisyl alcohol in pyridine chloroform, 
tile nfixture is stirred at room temperature for 
several hours, left  overnight, and then worked 
up. Anisyl S-phenylthiolformate is a crystal- 
line compound, from methanol, mp 50C. (Anal. 
Calcd. for C~I.I~O~S: C, 65.67; H, 5.14; S, 
11.70. Found:  C, 66.10; H, 5.35; S, 11.71). 
Anisyl carbazate can be prepared from the 
phenylthiol ester by treatment with hydrazine 
in the usual manner (7). 

The other methods and materials were similar 
to those used in our earlier work (6) including 
the paper  chromatography of Marinetti  (8) 
and the DEAE cellulose (acetate) column 
chromatography of Rouser and co-workers 
(9,10). All  operations involving unsaturated 
linoleate derivatives were carried out under 
oxygen-free nitrogen. Melting points were 
determined with a Kofler hot bench and 
infrared (IR) spectra were determined with an 
Infraeord speetrophotometer of Perkin-Elmer,  
I n c .  

Phthalimidomethyl Ester of Anisyloxycar- 
bo~,yl-L-serine. Anisyloxyearbonyl-L-serine (19.8 
g) prepared according to Weygand and Hunger 
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(11) was dissolved in 200 nil of dry dimethyl- 
formamide and treated with equimolar quantities 
of dieyclohexylamine and phthalimidomethyl 
chloride (12). After  standing overnight at  40C, 
the mixture was diluted with water to pre- 
cipitate an oil which soon crystallized. The 
collected crystals were washed well to remove 
dicyclohexylammonium chloride, and recrystal- 
lized from ethanol, mp ]24C, yield 20.8 g 
(66%), a~ : +1.03 (chloroform). 

Anal. Calcd. for C~H~,,N~O~ (428.39): C, 
58.87; H, 4.71; N, 6.54. Found:  C, 59.25; I-I, 
4.92; N, 6.61. 

DL-a-glycerophosphoryl-anisyioxycarbonyl-L- 
serine Phthalimidomethyl Ester. To a vigor- 
ously stirred solution of 5.86 ml of phosphorus 
oxychloride in 50 ml of dry chloroform at 
--10C was added a solution of 8.4 g of acetone 
glycerol and 9.0 ml of quinoline in 250 nfl of 
chloroform following the conditions described 
by Baer, Suzuki and Blackwell (1) in an 
analogous preparat ion from phthalimidoethanol. 
The conditions of Baer were also followed 
in the reaction of the product with a mixture 
of 27.4 g of anisyloxycarbonyl-L-serine phtha- 
limidomethyl ester in 300 ml of chloroform 
and 20.6 ml of pyridine. The product was 
treated in a manner similar to that described 
by the earlier authors except that the product 
here could not be dissolved in benzene. The 
dried oil was deacetonated with Amberlite IR  
120 (H § essentially as described (1). How- 
ever, the lead salt purification must be omitted 
here because of the greater sensitivity of the 
serine derivative to hydrogen sulfide. The 
water-soluble product was converted directly 
to the barium salt, which was obtained as a 
colorless glass in a yield of 20 g. The IR  
spectrum (KBr  disc) showed the characteristic 
carbonyl bands of the serine derivative together 
with the bands characteristic of phosphate 
esters. A better sample for  analysis was ob- 
tained by chromatography of an aliquot of the 
aqueous solution from the Amberlite IR  120 
column on a column of Amberlite XAD-2 resin. 
The material was applied to the column and 
eluted with water which removed acidic ma- 
terial. When the eluate became neutral, af ter  
a short wash with water, the organic acidic 
fraction was eluted with methanol, and the 
methanol solution was evaporated to give a 
product which was converted to barium salt 
with barium carbonate. The dried barium salt 
was analyzed. 

Anal. Caled. for C~H~2N~O~6P~Ba: N, 4.31; 
P,  4.76. Found:  N, 4.45; P, 5.29. 

The product was examined by thin-layer 
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chromatography (TLC) using silica gel H (E. 
hlerck, Darmstadt) with chloroform-methanol- 
acetic acid-water (25:15:4:2) and appeared as 
a spot staining with the Pataki  procedure (13) 
for  carbobenzoxyanfino acids and also with the 
Zinzadze stain (14) for phosphate. 

DL-Phosphatidyl(dilinoleoyl)-L-serine. A por- 
tion of the crude barium salt (16 g) from the 
preceding preparat ion was acylated in di- 
methylformamide with linoleoyl chloride using 
the technique of Bacr and Blackwell (2) ex- 
cept that the temperature was 37C instead of 
60C. The crude oily product, af ter  concentra- 
tion of tile ether extract, was dissolved in 
ethanol and centrifuged. The solution in 
ethanol (500 ml) was cooled to --15C and 
treated with 50 ml of 0.95 ~ hydrazine in 
ethanol prepared from 95% hydrazine (Distil- 
lation Products Industries, Inc.).  The mixture 
was stored at 37C for 2 days. The p H  was 
7.5. Evaporation in vacuo gave an oil which 
was dissolved in 150 ml of dry chloroform. This 
solution was treated in portions in the next 
step in order to permit immediate column 
chromatography of the product. A portion 
of one third was cooled to 0C and dry hydrogen 
chloride was passed through for  5 min. The 
chloroform was then evaporated in vacuo. 
DEAE cellulose column chromatography 
(6,9,10) of this material yielded 980 mg of 
ciude PS, which was purified further by chro- 
matography on silicic acid as described pre- 
viously (6) to give 580 mg of phosphatidyl- 
serine from one third of the hydrazinolysis 
product. The product showed only one spot 
when applied to silicic acid impregnated paper  
in amounts of 250 ~g, us ing  the solvent system 
diisobutylketone-acetic acid-water (40:25:5).  
The diisobutylketone was first freed of peroxides 
by distilling over triphcnyi phosphine and con- 
tained 0.05% butylated hydroxytoluene as anti- 
oxidant (8,15). The synthetic PS also showed 
a single spot by TLC on silica gel H using 
the solvent recommended by Grisdale and Okany 
(16) as well as those recommended by Skipski 
and co-workers (17,18). I t  had the same 
mobility as natural  phosphatidylserine and 
gave the same staining reactions. GLC of the 
fa t ty  acid methyl esters obtained by methanoly- 
sis of the phosphatide showed 99.7% .linoleic 
acid and 0.2% oleic acid. The oleic acid was  
an impurity in the linoleic acid used as start ing 
material. The IR  spectrum of the synthetic 
phosphatide (KBr  disc) was also that of PS. 

Anal. Calcd. for C~HT~NO~oP: C, 64.3; I-I, 
9.5; N, 1.79; P, 3.95. Found:  C, 64.3; I-I, 9.7; 
N, 2.03; P, 4.07. 
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Activity of DL-Phosphatidyl(dilinoleoyl)-L- 
serine in Clotting Tests. The technique of these 
tests has been described elsewhere (6,19). The 
results of the antithromboplastin and recalcifiea- 
tion tests are shown in Table I. Results from 
the t t icks-Pi tney (20) test are presented in 
Table I I .  In  each table, the corresponding data 
are given for pure beef brain PS. In  the 
Hicks-Pitney test it  was found that as little 
as 5 /zg of the PS was able to overcome the 
potent aeceleratory activity of the crude brain 
phosphatides of Bell and Alton (21). The 
activity of this mixture is shown for  comparison 
in Table I I .  In  all experiments, solubilization 
was effected with sodium desoxycholate exactly 
as described before (6,19). ~or  reasons dis- 
cussed below, the clotting tests were performed 
in a 0.05 ~ veronal buffer at p H  7.4 instead 
of the imidazole buffer used in our earlier work 
(19). The buffer was prepared with 0.85% 
sodium chloride solution, and dilutions were 
made with the buffered saline. 

Similar experiments were carried out with 
solutions of PS solubilized with albumin 
(19,22). The clarification of solutions of PS 

T A B L E  I 

An t i coagu lan t  Act iv i t i es  of SoIubilized ~ DilinoIeoylphos- 
pha t idy l se r ine  a n d  Beef  B r a i n  Phospha t i dy l s e r i ne  i n  

the  An t i th rombop las t in  a n d  Recale i f ica t ion Tes t s  

Ant i -  
thrombo-  Reealcif ica-  
p las t in  c t ion  

t e s t  t e s t  a 
/zgb c lot t ing clot t ing 

Subs tance  Clot t ing t i m e  t ime  
tes ted  a tes t  (sec)  ( s e c )  

B B  

L L  

Sod ium desoxycholate  
control  
Buf fe red  sal ine 
control 

100 185 ...... 
�9 50 86 

25 50 1070 
5 34 770 
1 21 430 
0.5 20 275 

100 150 
50 72 830 
25 5O 75O 

5 33 618 
1 24 240 
0.5 20 275 

100 21 445 

20 400 

a A b b r e v i a t i o n s :  B B  ~ Beef  B r a i n  Phospha t idy l se r ine .  
L L  ~ Di] ino]eoylphosphat idylser ine ,  E a c h  p r e p a r a t i o n  
of phospha t idy l se r ine  w a s  solubilized in  a solut ion of 
sodium desoxyeholate  in 0.05 M Veronal  buffer,  p H  
7.4 ( 1 9 ) .  

b Th i s  co lumn shows  the  ac tua l  q u a n t i t y  in  micro-  
g r a m s  in the  tes t  m ix tu re .  

e The  an t i t h rombop las t in  tes t  g ives  the  clot t ing t i m e  
in  seconds of a m i x t u r e  of 0.1 ml of h u m a n  plasma,  
0.1 ml  of the  tes t  solution of phospha t idy l se r ine  or  of 
s o d i u m  desoxychola~e (100  /zg in  the  buf fe r )  a n d  0.1 
ml of b r a i n  th romboplas t in .  The  t i m e  is t a k e n  f r o m  
the  addi t ion  of 0.1 ml of 0.02 ra ca lc ium chloride.  

d The recalc i f icat ion ~est is the  same  as the  tes t  de- 
sc r ibed  in (b) except  tha t  t h rombop las t in  is  omit ted.  

T A B L E  I:[ 

A n t i c o a g u l a n t  Act iv i t i es  of Solttbilized a Dillnoleoylphos- 
pha t idy l se r ine  and  Beef  B r a i n  P h e s p h a t i d y l s e r i n e  in  the  

H i c k s - P i t n e y  Tes t  b 

I n c u b a t i o n  t i m e  ( ra in)  & 6 8 10 

/tg, 
Subs tance  I n c u b a t i o n  S u b s t r a t e  c lot t ing t ime, 

tested ~ m i x t u r e  (sec)  

L L  5 > 1 0 0  > 1 0 0  > 1 0 0  91 
B B  5 > 1 0 0  > 1 0 0  > 1 0 O  64 
L L  2.5 > 1 0 0  > 1 0 0  62 24 
B B  2.5 > 1 0 0  > 1 0 0  93 28 

VBA 1 ;15  
.{ + ~. { § > i o o  >:[oo >1oo ~oo 
ILLJ 15o 

+ > l e o  >~oo 9o 30 
ILL] L 5 

Controls 
B A  15 45 9 9 9 
fBA f15 9 9 9 9 

[Desoxy- [25 
chelate  

Desoxychola te  
25 > 1 0 0  85 33 26 

a A b b r e v i a t i o n s :  L L  ~ di l inoleoylphosphat idylscr ine .  
B B  ~ Beef  B r a i n  Phospha t idy l se r ine .  B A  ~ c rude  
phospha t ides  of Bell  a n d  Alton ( 2 1 ) .  E a c h  p r e p a r a t i o n  
of phospha t idy l se r ine  w a s  solubilized in  a solut ion of 
sod ium desoxycholate  in  0.05 M V er ona l  buffer ,  ph  7.4 
( 1 9 ) .  

b The  modif ied H i c k s - P i t n e y  tes t  is descr ibed  in  
r e fe rence  19. Shor t  c lot t ing t imes  (9 sec) ind ica te  t h a t  
the  phospha t ide  p r e p a r a t i o n  accelera tes  the  gene r a t i on  of 
p l a sma  thromboplas t ln .  L o n g  clot t ing t imes,  especial ly 
w h e n  cha l leng ing  an  acee le ra tory  p repa ra t ion ,  ind ica te  
an t i coa gu l a n t  ac t iv i ty .  

by albumin is complete when PS is in the salt 
form (19). The acidic PS was converted to 
the sodium suit of PS according to the method 
of Abramson, Katzman and Gregor (23). Af ter  
this treatment the synthetic PS was almost 
completely solubilized and had activity similar 
to the solutions in sodium desoxycholate. 

Simple suspensions of the synthetic dilin- 
oleoyl PS had weak to moderate activity in 
tests designed to detect acceleratory activity of 
phospholipid suspensions. Such data for  other 
phosphatidylserines have been published else- 
where (6,19) and the data are essentially the 
same for this synthetic PS. 

D I S C U S S I O N  

In  the synthesis of unsaturated phosphatidyl- 
serines, two protecting groups must be employed 
to safeguard the amino and carboxyl of the 
serine, and these groups must be removable 
without destruction of the unsaturated glyc- 
eride. The phthalhnidomethyl group serves well 
for  the carboxyl (5,6). 

We chose the anisyloxyearbonyl protecting 
group for the amino function after  having 
discouraging results with various alternative 
groups in the acetone glycerol type of synthesis. 

L I P I D S ,  VOL.  1, N O .  6 



442 D . L .  TURNE~, M.  J .  SILVEg AND ]~. ]~ACZYNSKI 

The anisyloxycarbonyl protecting group was 
introduced by Weygand and Hunger (11) who 
removed it with trifluoracetic acid, which is 
undesirable for  unsaturated glycerides (24). 
We found it to be removable with dry hydrogen 
chloride under mild conditions. F o r  phos- 
phatide synthesis it  appears  to have advantages 
over the tert.-butyloxycarbonyl group in that 
the Carpino reagents used to introduce the 
group are crystalline and the serine derivative 
is easier to make. The phthalimidomethyl ester 
of anisyloxycarbonyl-L-serine was accordingly 
used in the phosphatide synthesis which pro- 
ceeded as given in the accompanying flow-sheet 
(Fig. 1). 

The synthetic phosphatidylserine was first 
tested in the antithromboplastin, recalcification, 
and Hicks-Pitney tests using the imidazole 
buffer of Mertz and Owen (25) commonly 
employed in blood clotting work. However, 
af ter  the tests, the test preparations were 
examined by paper  chromatography. The phos- 
phatide was found to have undergone proges- 
sire hydrolysis apparent  even after 1 hr, so 
that material being tested in a protracted Hicks- 
Pitney experiment became a mixture con- 
taminated with such degradation products as 
lyso PS and phosphatidic acid. This effect was 
traced to the imidazole buffer, since the dilino- 
leoyl PS was not altered in a barbiturate buffer. 
Either buffer serves for testing beef brain PS 
or egg' phosphatides which retain their integri ty 
in imidazole as in other buffer systems for 
12 hr. 

C H ~ - -  
I 

Z = CH--NHCOOCH:--C~H,- -0CH:~ (p)  

CO 
/ \ 

C 0 0 C H : N  C.H. 
\ / 

CO 

POCI:, 
ZOH > 

Acetone g~yeeroi 

CH~--0  COR 
1 

PS <----- CH--O--COR 
( 

CH~--0  P - - O  Z 

C H,_.~O CIL 

I \c / 
/ X  

CH --0 CIL 

C H . . - - O - - P - - 0 Z  

*o\o  

C H : - - O H  
I 

4----- CH - - O I I  
I 

C H ~ - - O - - P - - O Z  

R -~ C17 Its, 
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I t  is evident that very unsaturated phos- 
phatides like the one studied here cannot be 
expected to remain unaltered in aqueous disper- 
sions. The effect of imidazole as a general base 
catalyst (26) has been extensively studied, but 
the l i terature does not offer a specific clue to 
the enhanced sensitivity of the dilinoleate as 
compared to natural phosphatides. Oxidative 
changes may play a par t  in this (27). I t  is 
possible that other phospholipids may be de- 
graded in a manner similar to that of dilinoleoyl 
PS during the preparat ion of a suspension or 
while the aqueous dispersion is standing pr ior  
to a biological test. In  this event, the prepara-  
tion being studied would not have the assumed 
chemical composition, and its biological activity 
may reflect the activity of hydrolytic products, 
or the influence of these products on the 
activity of the phospholipid. Such an explana- 
tion might account for some surprising results 
in the literature such as the report  that a com- 
bination of dilinoleoyllecithin and a phos- 
phatidyl  (linoleoyl palmitoyl) serine was com- 
pletely inactive in a clot accelerating test 
while similar combination of less unsaturated 
phosphatidylserine and lecithin had strong 
activity (28). 

Solubilization of unsaturated phosphatidyl- 
serines is easily effected in either sodium 
desoxycholate solution or albumin solution. 
Such solubilization is necessary for  the demon- 
stration of anticoagulant activity (6,19), and 
solubilization becomes more easily achieved 
with greater unsaturation in the phosphatide. 
In  addition, solubilization in albumin requires 
PS as a salt rather than as a free acid (19,22). 
When proper ly  solubilized, the highly un- 
saturated phosphatide of this paper  has anti- 
coagulant activity essentially similar to that 
of beef brain PS. 
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A Micromethod for the Stereospecific Determination of 
Triglyceride Structure 
Will iam E. M.  Lands, Ronald A. Pieringer, Sister 
The University of Michigan, Ann Arbor, Michigan, 
Philadelphia, Pennsylvania 

ABSTRACT 
Triglyceride lipase and diglyeeride kinase 

can be used in a sensitive stereospecific 
analysis of the separate fa t ty  acid com- 
positions at the 1, 2 and 3 positions of a 
triglyceride. 

Diglyceride kinase from Escherichi~ coli 
selectively catalyzes the phosphorylation of 
1,2-diglycerides but not the 2,3-diglycerides. 

The composition of the 3-position in rat  
liver triglycerides is clearly different from 
that at the 1-position. 

INTRODUCTION 

A N A L Y S E S  O:N H U N D R E D S  O f  triglyeeride mix- 
tures led Hilditch to propose rules of 

"even distribution" and "random distribution" 
for vegetable and animal fats (2). These rules 
were designed to indicate the manner in which 
the various acids were combined to form the 
triglyceride mixtures. A considerable modifica- 
tion of these rules was needed after  pancreatic 
lipase was used to produce 2-monoglycerides 
from triglycerides (3). The fa t ty  acids were 
clearly recognized to be distributed between 
the pr imary and secondary positions in a non- 
random manner. This new reagent showed no 
preference for one of the pr imary ester groups 
over the other, but hydrolyzed both at the same 
rate (4). In  interpreting the data obtained 
from studies using pancreatic lipase, Vander 
Wal  (5) and Coleman and Fulton (6) assumed 
that  fa t ty  acids are distributed in the same 
proportion in the 1- and 3-positions. They 
suggested that the relative amounts of tri- 
glyceride species in a naturally occurring mix- 
ture could be predicted assuming a 1,3-random 
-2-random distribution of the fa t ty  acids. 
Recently Vander Wal  (7) proper ly  indicated 
that the calculated percentage compositions of 
the triglycerides in a mixture are barely a l -  
l'coted by large deviations from the 1,3-random 
distribution. Thus, the currently available data 
on the percentages of the individual triglyc- 
erides in a mixture (e.g., 8) neither support  
nor deny the 1,3-random hypothesis. 

The discussions of stereochemistry by 
Schwartz and Carter (9) and Hirschmann (10) 
have emphasized the fact that regardless of 

~ p r e l i m i n a r y  repor t  of th is  w o r k  has  been p re sen ted  
(1). 

2 Nat iona l  Science F o u n d a t i o n  G r a d u a t e  Fellow. 
3 P r e s e n t  a d d r e s s :  Bad i sche  Ani l in  and  Soda Fab r ik ,  

L u d w i g sho fen ,  G e r m a n y .  
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fa t ty  acid substituents, the 1- and 3-positions 
of glycerol are not interchangeable. This con- 
cept led us to at tempt a stereospecific analysis 
of the separate acid compositions at the 1, 2 and 
3 positions of a triglyceride. We felt that the 
new method needed to be sufficiently sensitive to 
characterize the small amounts of triglycerides 
generally obtained in metabolic studies. The 
method developed uses the diglyceride kinase of 
Escherichia coli to selectively phosphorylate the 
1,2-diglycerides from the mixture of diglycer- 
ides formed by pancreatic lipase. Thus a com- 
parison of the fa t ty  acids in the intact triglycer- 
ide, the monoglyceride produced by lipase, and 
the phosphatidate formed in the kinase reaction 
indicates the acids esterified at  each position of 
the triglyceride. Brockerhoff has described a 
different procedure to achieve the same goal 
(11). The present paper  presents evidence that 
diglyceride kinase is a suitable reagent for use 
in a sensitive stereospecific determination of 
triglyceride structure. 

MATERIALS AND METHODS 

Stereoisomers of  Dipalmitin 
1-O-Benzylglycerol and 3-O-benzylglycerol 

were prepared as described by Lands and 
Zschockc (12). The benzylglyeerols were 
acylated with palmitie anhydride essentially as 
described by ~/[attson et al. (13). Benzyl- 
glycerol (10 mmoles) and palmitic anhydride 
(22 mmoles) were dissolved in dry chloroform 
and 0.055 nfi (0.66 mmoles) of 70% I-IC10~ 
were added. The reaction was stirred at  room 
temperature for 1.5 hr, stopped by the addition 
of water, and shaken with ether. The ether 
layer was washed three times with water, then 
washed with 0.1 N NaOH in 50% ethanol until 
the washings were basic. The ether solution was 
washed once with 50% ethanol, dried over 

�9 0 R3 0 R3 0, 
Triglycerlde. "--~ 1,2-ond ~),3-Diglyceride - " * 2 - N o n o g l y c e r i d e  

Rft0f0t l 0  or~ 
, Rfc0L0 0  L0 H 

0 
1,2-DiglycerJde ~- ATP m Phosphatidic Acid § ADP 

FzG. 1. Stereospecific analysis of trlglycerldes. 
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sodium sulfate, and then evaporated. The 
product was recrystallized from acetone to give 
4.6 g of 1,2-dipahnitoyl-3-benzylglycerol, mp 
34-36C, as d- 5.5 ~ in chloroform. The yield of 
2,3-dipalmitoyl-l-benzylglycerol was 4.8 g, mp 
35-37C, as -- 6.25 ~ in chloroform. 

Hydrogenolysis of the benzyldipalmitoylglye- 
erol to dipalmitin was carried out in acetic acid 
using Pd/C catalyst. The sample was shaken 
at room temperature under 16 psi of hydrogen 
for 7 hr. The insoluble dipalmitin was taken 
up in ether and the catalyst removed by filtra- 
tion. The ether was evaporated and the product 
reerystallized once from ether. The amount of 
0.11 g of dipalmitin rap 57-59C was obtained 
from 1.5 g benzyldipalmitoylglycerol. The as 
in chloroform for the 1,2-dipalmitin was 
~2.15 ~ and for the 2,3-dipalmitin, +2.6 ~ 

Preparation of Enzymes 
Triglyceride Lipa~e. Steapsin (Nutritional 

Bioehemieals Co.) was extracted with ]0% 
saturated NaC1 (200 mg steapsin per ml), ad- 
justed to pH 7.0. Diisopropyl fluorophosphate 
(5 X 10 -~ ~)  was added to inhibit proteolytic 
enzymes. The ]ipase was measured by a micro- 
adaptation of the procedure of Desnuelle (14). 
One unit  of activity is one nfieroequivalent o~ 
ester hydrolyzed/ml/min. The enzyme was 
precipitated with 60% saturated (NH~)~SO~, 
dissolved in 0.05 ~ sodimn acetate --0.005 
cMcium chloride, pH 5.3 and dialyzed against 
the same buffer. The solution was then chro~ 
matographed on Sephadex G-200. The most 
active fractions were combined and the enzyme 
was precipitated as above and rechroma- 
tographed. The pooled active fractions from 
the second chromatography (specific activity, 
270 units/rag; protein concentration, 0.1 rag/ 
ml) were used for the routine triglyceride 
analyses described below. 

Diglyceride Kinase. Diglyceride kinase was 
prepared as described by Pieringer and 
Kunnes (15). I t  was stored after heat treat- 
ment in cysteine phosphate buffer at --10C. No 
loss of activity was observed for 1-2 months. 

Chromatographic Methods 
Thin-layer chromatography was done on 

plates coated 0.25 mm thick with Mallinckrodt 
reagent grade silicic acid, 200 mesh. The plates 
were dried in air for 1 hr after spreading, 
activated for 1 hr at 105C, and stored in air 
until use within one or two days. 

Gas chromatography of the methyl esters was 
done using a Barber-Colman instrument 
equipped with a hydrogen flame detector and 
a ~/t in. X 8 ft colunm packed with 10% 

ethylene glycol sueeinate on Gas-Chrom P. The 
column temperature was 195C. 

Stereospeeificity of Diglyceride Kinase 
The specificity of the diglyeeride kinase of 

Escherichia coli for either 1,2- or 2,3- 
diglycerides was determined by measuring the 
amount of radioactivity incorporated from ~P- 
ATP (labeled in the ~-phosphate) into phos- 
phatidic acid in the presence of either stereo- 
isomer of dipalmitin under conditions described 
by Pieringer and Kunnes (15). 

Triglyceride Analysis 
The triglyceride (2 to 5 mg), dissolved in 

ether or hexane, was pipetted into a 13 X 100 
mm test tube and the solvent was removed with 
a stream of nitrogen. The amounts of 0.15 ml 
of 1.0 ~ NaC1, 0.10 ml of 1.0 ~ tris HC1 (pH 
8.05) and 0.05 ml of lipase (2.7 units/ml) 
were added. The reaction was mixed on a 
Vortex mixer at room temperature for ap- 
proximately 3 rain, then stopped by the addition 
of 0.20 ml of 1 N HC1. The lipids were 
extracted first with 1.3 ml of CtICI~:MeOH, 
2:1 (v/v) and then with 0.80 ml of CHela. 
The combined chloroform extracts were evap- 
orated and the lipid taken up in 0.10-0.20 ml 
of CItCI,:MeOH, 2:1 and put  on a TLC plate. 
The plate was developed with 60% diethyl 
ether in petrolemn ether (30-60C) to about 4 
cm from the origin, dried in air for at least 
15 rain, then developed to the top in 12% 
diethyl ether in petroleum ether. The bands 
were visualized by spraying with 1% Is in 
methanol. Dichlorofluorescein should not be 
used to visualize the bands because it is carried 
along with the diglyceride and inhibits the 
kinase. The diglyceride and monoglyeeride 
bands were scraped into small columns and the 
lipid eluted with 10 ml of 5% methanol in 
ether. 

The solvent was evaporated from the diglyc- 
eride, and the following reagents were added: 
:10/,1 of 200 mg/ml of mixed bile salts (Difco 
Laboratory, Detroit, Mich.) ; 0.10 ml of 0.05 ~[ 
ATP;  0.05 ml of 1.0 ~ MgCl~; 0.05 nil of 0.50 
~ sodium phosphate buffer, pH 7.95; 0.10 ml 
of crude diglyceride kinase, ca 8 mg/ml. (The 
final pH of the reaction mixture was 7.0). The 
reaction was incubated with constant shaking 
at 37C. At the end of one hour 0.20 ml 1 N 
HCI was added and the lipids extracted with 
2.0 ml of CHCI~:MeOIt, 2:1, followed by 1.3 
ml of CHela. One drop of triethylamine was 
added to the combined chloroform extracts, the 
solvent evaporated, and the residue taken up 
in 0.10-0.20 ml CHCI~:MeOH, 2:1, and ap- 
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plied to a TLC plate. The plate was developed 
to the top with 80% diethyl ether in petroleum 
ether (30-60C), allowed to dry at least 15 rain, 
then developed to a distance of 12 cm with 
chloroform:ethanol:formic acid, 100:10:5. The 
bands were visualized with dichlorofluorescein. 
The phosphatidic acid band was scraped and 
eluted with 10% methanol in ethanol. Two 
components of the bile salt mixture run just 
above and just  below the phosphatidic acid; 
however, contamination from these bands does 
not interfere with the analysis. 

A known amount (ca 150 mt~moles) of methyl 
pentadecanoate was added as an internal 
standard to each sample. The solvent was evap- 
orated and 2 ml of 0.5 N sodium .methoxide 
in methanol added. The reaction was stopped 
after 10 rain with 0.2 ml of 6 NHC1. 5 ml of 
petroleum ether and 5 ml of water were added 
and mixed on the Vortex nlixer. The petroleum 
ether layer was dried over Na2SO~:NaHCO.~, 
2:1 (w/w) for at least 10 rain, then decanted 
from the drying agent. The solvent was re- 
moved under a streanl of nitrogen, with gentle 
warming, and the methyl esters were taken up 
in 20-30 t~l of CS~. Portions of this solution 
(1-4 td)  were used for injection into the gas 
chromatograph. 

The amount of each ester present was cal- 
culated from the product of the peak height 
and the retention time, measured in centimeters 
from the point of injection. The latter was 
directly proportional to the peak width at 
half-height, and can be measured more precisely. 
This product, P, was used to calculate the 
fatty acid content as shown below. 

m/xmoles of acid = 
(e  . . . . .  / P i ~ : o )  (M.W.~:o/M.W ...... ) (mgmoles 15:0) 

The nlole per cent compositions of acids in 
the triglycerides, the monoglycerides, and the 
phosphatidic acids were calculated and the 
distribution of the acids was calculated as shown 
in the sample calculation in Table I I I .  

RESULTS 

To determine that the hydrolysis of the 
triglycerides was independent of the fatty acid 
composition under the conditions used, the un- 
reacted triglycerides and products formed at 
different extents of reaction were recovered and 
analyzed. The results in Table I show that 
throughout the course of the reaction, the fatty 
acid compositions were constant within the 
limits of experimental error. The triglycerides 
were almost completely hydrolyzed by the 
lipase by the time that 58% of the total esters 
was cleaved. 

A similar check was made of the fatty acid 
composition of the product and unreacted 
substrate during the phosphorylation of mixed 
1,2-diglycerides with diglyceride kinase. For  
this experiment a mixture of 1,2-diglycerides 
was prepared from the lecithins of pig liver 
using phospholipase C from Clostr idium 
welchii  as described by Lands and Hart  (16). 
This diglyceride mixture, which contained a 
variety of commonly encountered types, was 
incubated with diglyceride kinase as described 
above. The results in Table I I  show that the 
relative amounts of the component acids in 
the substrate and product are essentially con- 
stant throughout the course of the reaction. 
The small differences in 20:4co6 and 22:6o~3 
could indicate a difference in phospholTlation 
rates, but when 45% of the diglyceride was 
reacted, the phosphatidate composition was 

TABLE I 

Composit ion of L ipase  Hydrolys is  P roduc t s  
Composi t ion (moles % )  

P roduc t  a Acid 0 min  3 min 6 min 12 rain Average  

TG 14 :0  3.1 2.4 2.2 2.4 2.5 
1 6 : 0  25 27 29 29 27 
1 6 : 1  6.9 5.3 5.8 6.1 6.0 
1 8 : 0  4.5 4.9 4.8 5.3 4.9 
18 :1  27 27 29 25 27 
18 :2  33 33 30 31 32 

DG 1 4 : 0  2.4 2.3 2.1 2.3 
1 6 : 0  29 26 26 27 
16 :1  4.7 5.2 6.3 5.4 
18 :0  4.7 4.4 4.1 4.4 
18 :1  26 27 26 27 
1 8 : 2  33 35 34 34 

]YfG 1 4 : 0  2.4 1.1 1.3 ] .6 
16 :0  11 8.6 10 10 
16 :1  5.7 5.7 6.6 6.3 
18 :0  0.9 1.2 0.7 
1 8 : 1  30 29 30 30 
18 :2  51 54 50 51 

Total  este~ hydrolyzed 27 % 42 % 58 % 

a TG, t r ig lycer ides ;  DG, diglycerides;  1VIG, monoglycerides.  
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TABLE I I  
Diglyceride Kinase : 

Composition of Substrate and Product  a 

447 

15 rain 30 rain 45 min 60 rain 
0 min 

Acid DG DG PA DG PA DG PA DG PA 

16:0 12 12 15 12 12 11 15 12 12 
16:1 < 1  < 1  2 1 < 1  < 1  <1  1 <1  
18:0 80 32 32 32 32 33 31 33 31 
18:1 19 18 19 18 19 18 19 18 19 
18:2 13 12 ]2 13 13 12 13 12 13 
18:3w3 3.4 3.1 2.9 3.3 3.3 4 . I  3.3 2.8 3.5 
20:3w6 4.7 4.8 4.2 4.8 4.3 4.9 4.6 4.8 5.0 
20:4w6 5.5 5.4 3.7 5.3 4.7 5.3 5.2 5.3 5.5 
22:5~06 1.6 1.6 1.7 1.3 3.8 1.0 0.7 5[.7 1.2 
22:6~03 7.5 7.4 5.8 7.3 6.3 7.5 6.7 7.0 7.2 
24:4w6 1.3 1.6 0.8 1.3 1.3 1.4 0.8 2.2 1.4 

Extent of 
reaction 0 15 % 19 % 38 % 45 % 

a DG, diglyeerides; PA, phosphatidic ~eid; acid compositions, mole percent. 

identical to that  of the initial diglycerides. The 
closer the phosphorylation reaction approaches 
completion, the less the differences in reaction 
rate are likely to influence the composition of 
the product. 

The stereospecificity of the kinase reaction is 
indicated in Figure 2. The rapid  leveling off 
of the reaction mixture containing 2,3- 
dipalmitin suggests that the reaction observed 
may have been due to some impuri ty in the 
reaction system. 

The data obtained in analyzing the fa t ty  acid 
distributions in a sample of rat  liver triglyc- 
erides are given in Table I I I .  The table is 
arranged to indicate the method of calculating 
the distribution of acids between the three 
positions of the trigiycerides. The per  cent of 
total acids at each position is, of course, 33%, 
so that palmitate at the l-posit ion is 19% 
of the total acids or 57% of those acids at that 
position in the triglycerides. The 1-position 
clearly contained most of the saturated fa t ty  
acids and thus differed markedly from the 
3-position which contained principally un- 
saturated acids. Oleate and linoleate con- 
stituted over 70% of the acids at the 3- 
position and over 90% of those a~ the 2- 
position. 

DISCUSSION 

The present method for  calculating the acid 
composition at 1- and 3-positions involves 
differences between separate gas chroma- 
tographic analyses. These analyses must be 
determined with reasonable precision to avoid 
large percentage errors in the final calculated 
values. In  addition, the conditions for  the 
enzyme-catalyzed reactions were designed to 
produce monoglycerides, diglycerides and phos- 
phatidates that would be truly representative 
of the acids in the corresponding positions in 
original triglyceride. 

Pancreatic lipase catalyzed hydrolysis of tri- 
glycerides has been shown to proceed inde- 
pendent of the long chain fa t ty  acid com- 
position of the glyceridcs (3,17). This 
generalization may not hold for  giycerides 
containing short-chain acids (18), but the re- 
sults in this and earlier (3) work indicate that 
the lipase was not influenced by the slight 
differences between palmitate, oleate, linoleate 
and stearate. Recently Bottino et al. (19) 
showed that certain long chain esters (20:5 
and 22:6) in triglycerides of marine origin 
were resistant to hydrolysis with pancreatic 
lipase. On the other hand, Mattson and Vol- 
penhein (20) found that the acids of chain 
length greater than 18 carbons were esterified 
ahnost exclusively at the 1- and 3-positions in 
vegetable fats, and were thus cleaved with 

~6 , T  

o ~ /" * 1,2-Dipalmitin 
i~ z0 / �9 2,5-Dipalmitin 

/ t / )  

~ / 
E >---" 

6 0  12.0 I 8 0  
minutes of incubation 

FIG. 2. S t e reospee i f i c i t y  of d i g l y c e r i d e  k inase .  
T h e  i n c u b a t i o n  s y s t e m  c o n t a i n e d  2.4 m M  3 2 P - A T P ;  
93 m M  m a g n e s i u m  c h l o r i d e ;  0 . 9 3 %  ( v / v )  C u t s c u m  
( F i s h e r  Scient i f ic  Co., F a l r l a w n ,  N . J . ) ;  46.5 m M  
s o d i u m  p h o s p h a t e  b u f f e r ,  p i t  7 .5 ;  0.58 m g  o f  
p r o t e i n  of  a h e a t - t r e a t e d  p a r t i c u l a t e  p r e p a r a t i o n  
of  E. coli s u s p e n d e d  in  0.05 m l  of  0 . 1 %  cys%eine 
h y d r o c h l o r i d e  0.01 ~ s o d i u m  p h o s p h a t e ,  p H  7 .0 ;  
and either 0.47 mM 1,2- or 2,3-dipalmitin. The 
reagents in a final volume of 0.215 ml were in- 
cubated at 37C for various times as indicated. 
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TABLE I I I  
Distribution of Acids Among the Three Positions 

of Rat Liver Triglycerides 
Distribution (percent) 

Composition (mole percent) position 

Acid (I) (II)  ( I I I )  (IV) (V) 1 2 3 
TG a PA b MG b P A X 2 / 3  ~ G X 1 / 3  (IV)-(V) (V) (I)-(IV) 

16:0 26.2 30.3 3.7 20.2 1.2 19 1.2 6.0 
(28.6-29.6) c (26.1--37.9) (3.0-4.0) 

16:1 4.0 1.7 2.4 1.2 0.8 0.4 0.8 2.8 
(3.3--~1.4) (1.3-2.5) (2.0--2.7) 

18:0 3.1 4.1 0.7 2.7 0.2 2.5 0.2 0.8 
(2.8--3.6) (2.8--6.8) (0.5-0.8) 

18:1 33.8 28.9 39.3 19.3 13.1 6.2 13 14 
(33.1-35.6) (25.3--32.4) (38.9--39.6) 

18:2 32.9 34.9 53.9 23.3 18.0 5.3 18 10 
(31.0-34.5) (31.4-37.4) (52.9-55.1) 

Average of 4 experiments. TG, triglyceride. 
b Average of 3 experiments. PA, phesphatidic acid; :~r monoglyceride. 
c Numbers in parentheses indicate range. 

l ipase.  Severa l  conflict ing r e p o r t s  in the l i tera-  
t i r e  [e.g. Co leman  (21 ) ]  nmke it difficult to 
s ay  tha t  all t r ig lycer ides  tes ted will be sat is-  
f ac to r i ly  ana lyzed  by  this  p rocedure .  The ease 
of  ana lyz ing  the p r o d u c t s  and  u n r e a c t e d  t r i -  
g lycer ides  makes  it des i rable  to check a n y  new 
t r ig lycer ide  m i x t u r e  d u r i n g  the stereospecif ic 
ana lys i s  to es tabl ish  t h a t  the l ipase  reac t ion  ra te  
was  i n d e p e n d e n t  of  the c o m p o n e n t  acids u n d e r  
the condi t ions  used.  

The observed  rela t ive d i s t r i bu t ion  of  oleate 
(Tab le  I I I )  be tween  the 2- and  3-pos i t ions  re- 
qu i res  a modif ica t ion of  the gene ra l i za t ion  t h a t  
the u n s a t u r a t e d  f a t t y  acids are  esterified p re -  
f e ren t i a l ly  at  the 2-pos i t ion  (22) .  I n  the  pas t ,  
on ly  the ave rage  es ter  compos i t ions  of  the 
p r i m a r y  pos i t i ons  could be m e a s u r e d  and  the 
differences be tween  the 1- and  3-pos i t ions  s h o w n  
in Table  I I I  were  no t  recognized.  The  recent  
w o r k  o f  Brockerhof f  et al. has  also s h o w n  t h a t  
these two pos i t i ons  have  di f ferent  compos i t ions  
in some t i ssues  (23,24).  W e  f o u n d  a g r e a t e r  
degree of  a s y n l m e t r y  in the t r ig lycer ides  o f  r a t  
l iver t h a n  has  been r e p o r t e d  f o r  ad ipose  t issue 
of  r a t s  (24) .  

Diglycer ides ,  which  are  u n d o u b t e d l y  the  p re -  
cu r so r s  of  t r ig lyeer ides ,  m a y  be f o r m e d  e i ther  
f r o m  p h o s p h o l i p i d s  o r  p r e e x i s t i n g  t r ig lycer ides .  
I f  t r ig lycer ide  l ipase  p r o d u c e d  bo th  1,2- and  
2,3-diglycerides,  a nons te reose lec t ive  r eaey la t ion  
(25) to t r ig lycer ides  could lead to a r a n d o m i z a -  
t ion of  the  acids be tween  the  two p r i m a r y  
esters.  On the o the r  hand ,  acy la t ion  of  1,2- 
d iglyeer ides  der ived f r o m  p h o s p h o l i p i d s  wou ld  
lead to differences in compos i t i on  be tween  the 
p r i m a r y  pos i t ions .  This  w o u l d  occur  i f  the 
diglycer ide  :acy l -CoA a c y l t r a n s f e r a s e s  had  spee-  

ificities different  f r o m  those  o f  the enzymes  

which  acylate  the ] - p o s i t i o n  o f  the va r i ous  

p h o s p h o l i p i d s ,  o r  i f  these enzymes  o p e r a t e d  on  

di f ferent  pools  of  acyl -CoAs.  O u r  ana lyses  in-  

dicate t ha t  in r a t  liver, the cont ro l  of  the  
compos i t i on  of  the 3-pos i t ion  is clearly different  
f ron l  t ha t  at  the  1-posi t ion.  
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SHORT COMM UNICA TiONS 

The Very Long Chain Fatty Acids of Human Brain Sphingolipids 

S PHINGOLIPIDS have long been known to con- 
tain fa t ty  acids with comparatively long 

chains (centering around C~) including a- 
hydroxy saturated and unsaturated members. 
With the application of gas-liquid chromatogra- 
phic technique to this problem, the true nature 
of this fa t ty  acid mixture has been determined 
and has been found to comprise almost the 
entire series, both odd and even chain un- 
substituted and a-hydroxy, of fa t ty  acids from 
relatively short chain lengths to acids with 24, 
25 and even 26 carbons (1-3).  O'Brien and 
Rouser (3) reported a trace of 27:1, but, in 
general, analysis of brain fa t ty  acids has not 
been carried out past  C:~. In this laboratory~ in 
connection with a study of the lipid composi- 
tion of the aging human brain, analysis of 
the component fat ty  acids of the sphingolipids 
was carried to the limit of the presently avail- 
able equipment. The results demonstrate the 
existence of significant quantities of fat ty  acids 
with much greater chainde~gths than had 
heretofore been detected. 

Brain specimens were obtained from ap- 
parently normal adults (ages 26-53 years) with- 

out gross evidence o f  neurological disease. 
Five- to ten-gram samples from the frontal 
lobes were removed at autopsy and were kept  
at --20C for different periods of time before 
separation of gray and white matter  and 
extraction. Extraction and separation of the 
sphingolipids, methanolysis to obtain the fa t ty  
acid methyl esters and chromatographic pro- 
cedures based on the methods of Rouser et al. 
have been described in detail previously (4). 
Ceramide was isolated from a silicie acid- 
silicate-water column with chloroform/methanol 
9/1 or from a Florisi l  column with chloroform- 
methanol 19/1. Cerebrosides plus sulfatides 
were eluted from Florisil  with chloroform- 
methanol 2/1 and were separated by DEAE 
cellulose column chromatography. The eere- 
brosides were eluted with chloroform-methanol 
2/1 and the snlfatides with chloroform- 
methanol-ammonium hydroxide 4/1/0.1. Sphin- 
gomyelin was elated from a silicic acid-silicate- 
water column using chloroform-methanol-water 
4/1/0.025. Gas-liquid chromatography (GLC) 
was carried out on samples of methyl esters 
purified by elution from a Florisi l  column with 

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  of  H u m a n  B r a i n  S p h i n g o l i p i d s  
( E x p r e s s e d  a s  a r e a  p e r  c e n t  o f  t o t a l  m e t h y l  e s t e r s  o f  e a c h  c l a s s )  

C e r e b r o s i d e  C e r b r  o s i d e  s u l f a t e  C e r a m i d e  S p h i n g o m y e l i n  
F a t t y  G r a y  W h i t e  Gray W h i t e  G r a y  W h i t e  G r a y  W h i t e  

A c i d s  a 5 3  y r s  3 8  5 3  y r s  2 8  53  y r s  2 6  2 8  y r s  3 8  

C1,-C2a 2 4 . 9  2 7 . 8  2 4 . 4  2 8 . 9  2 6 . 2  2 8 . 5  3 1 . 7  3 2 . 0  
2 4 : 1  1 8 . 8  2 2 . 2  1 1 . 4  9 .3  1 6 . 8  1 4 . 4  1 8 . 7  1 2 . 7  
2 4 : 0  1 4 . 1  1 7 . 4  1 0 . 7  1 3 . 0  7 . 4  6 .2  1 2 . 9  1 9 . 4  
2 5 : 1  1 3 . 5  8 .3  6 .9  5 . 4  4 . 6  b 1 7 . 6  b S .0  b 6 .9  b 
2 5 : 0  7 .5  6 .2  8 .3  1 0 . 9  6 .9  5 .6  5 . 6  1 2 . 0  
2 6 : 1  ] 5 . 7  b 1 1 . 1  b 1 2 . 9  b 1 4 . 4  b 3 .0  b 1 7 . 2  b 1 0 . 2  b 3 . 5  
2 6 : 0  2 .3  2 .2  5 .5  6 .7  6 .7  5 .6  3 .2  4 . 7  
2 7 : 1  0 . 4  0 .1  0 . 6  b 0 . 4  0 .5  0 . 5  0 . 5  b 1 .3  
2 7 : 0  0 . 1  d 3 . 4  2 . 2  5 .2  0 .3  1 .9  a 
2 S : l  0 . 3  0 . 9  0 . 4  I~ 0 . 2  0 .9  b 0 .1  0 . 4  0 . 6  
2 8 : 0  0 . 4  0 . 5  4 . 2  2 . 5  5 .1  0 , 5  2 . 1  0 . 5  
2 9 : 1  ~ a 0 . 4  0 . 2  0 . 8  b 0 .2  0 , 2  d 
2 9 : 0  0 .2  0 .3  3 .3  1 .6  4 . 1  0 . 4  1 .5  0 .2  
3 0 : 1  0 .3  d 0 . 4  b 0 .3  b 0 . 7  b (i 0 . 1  d 
3 0 : 0  0 . 4  0 .3  3 .1  1 .6  3 .9  0 . 4  1 .5  0 . 4  
3 1 : 1  d d 0 .3  0 .2  0 . 6  0 .1  d a 
3 1 : 0  0 . 5  0 .3  2 . 0  0 .9  2 .3  0 .3  0 ;8  d 
3 2 : 1  0 .6  a d 0 . 1  0 . 3  d d d 
32:0 d 0 . 4  1 . 8  0 . 8  1 . 8  0 .3  0 . 7  1 .3  
3 3 : 1  a 0 . 7  e a 0 . 2  0 . 1  d d 
3 3 : 0  e 0 . 6  e 0 . 3  0 . 8  0 . 2  0 . 2  a 
3 4 : 1  e e e e a d e d 
3 4 : 0  e e e e 0 . 6  d e 1 . 1  
3 5 : 0  e e e e 0 . 5  e e e 

O t h e r  c 0 . 1  0 . 7  0 . 1  0 . 0  0 .2  1 .4  0 . 0  2 . 9  

F a t t y  a c i d s  a r e  d e s i g n a t e d  b y  t h e  c h a i n - l e n g t h  a n d  n u m b e r  of  d o u b l e  b o n d s .  
b M a n y  of  t h e  u n s a t u r a t e d  f a t t y  a c i d s  c o n s i s t e d  of  i s o m e r s  t h a t  w e r e  n o t  w e l l  s e p a r a t e d  a n d  a r e  c o m b i n e d ,  
e T h i s  g r o u p  i n c l u d e s  d i e n o i e  a n d  b r a n c h e d  c h a i n  a c i d s  a n d  o t h e r  p o o r l y  i d e n t i f i e d  acids. 
d N o n e  s e e n .  
e A n a l y s i s  n o t  c o n t i n u e d  t o  t h i s  p o i n t .  
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pentane-ether (95:5, v /v) .  Thin-layer chroma- 
tography and infrared absorption spectro- 
photometry revealed no components other than 
methyl esters. Two types of procedures and 
apparatus  were used: a Barber-Colman model 
20 equipped with an argon ionization micro 
detector and a 100-ft Apiezon L Golay column 
(0.020 in. I.D. stainless steel capillary) operated 
at  235C, and a Barber-Cohnan model 10 ap- 
paratus with an argon ionization detector and 
a 6-ft glass column (6 mm I.D.) and 12% 
stabilized diethylene glycol succinate on 
Anakrom 60/70 mesh operated at 190C. The 
usual sample injected was 4 t~l of a 10% solu- 
tion of the mixed methyl esters and 30-fold 
changes in detector sensitivity were employed, 
thus permitt ing easy visualization of peaks 
with high signal-to-noise ratios. F a t t y  acids 
were identified by comparison of their retention 
times with those of synthetic standards obtained 
from Applied Science Laboratories, State Col- 
lege, Pa. (for 14:0, 16:0, 18:0, 20:0, 22:0, 24:0) 
and from Fluka Laboratories, Buchs, Switzer- 
land (for 30:0) or from a log retention time 
vs. carbon number plot which included the 
retention times of many known fa t ty  acid 
esters. 

The examples of fa t ty  acid composition in 
Table I are typical for the lipids shown. They 
are from several individuals, indicating that 
the observations are not of an isolated 
phenomenon. Although samples were not avail- 
able for all lipids from one hldividual, a 
comparison can be made of gray matter cere- 
broside, cerebroside sulfate and ceramide. More 
detailed comparisons will be the subject of 
future research. Only the unsubstituted fat ty  
acids have been included. Acetoxy methyl 
esters with similar chain lengths have been 
detected, but retention times are corres- 
pondingly longer and fewer examples are 
presently available. Fa t ty  acids from C~, 
through C.~ were grouped together since they 
are not under consideration in this report. The 
data tabulated are entirely from the capil lary 
colunm. The packed column was used only 
to check these results. 

F a t t y  acids with chain-lengths greater than 
C,~ represent a substantial fraction of the total 
of the brain sphingolipids. The amounts vary- 
ing from an average of around 4% of the total 
in the cerebrosides to as high as 28% for the 
unsubtituted fa t ty  acids of ceramide. I t  may 
be significant that eeramide and eerebroside 
sulfate (part icularly of gray matter) contain 
similar quantities of these fa t ty  acids and, in 
this respect, are quite different fronl cerebroside. 
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There are probably several reasons for  the 
neglect of these possibly important  constituents. 
First ,  part icularly in the GLC apparatus with 
packed columns operated at fa i r ly  low tem- 
peratures, traces of very long chain fa t ty  acids 
are difficult to distinguish from variations in 
the baseline. Second, in packed columns with 
a polyester liquid phase, fa t ty  acids with very 
long retention times may simply not emerge at 
all. ( In  the present study, however, the DEGS 
column at 190C did not appear  to retain the 
long-chain methyl esters.) Third, despite the 
obvious possibility that such fat ty  acids should 
exist, it has not been customary to wait the 
long periods necessary for  their emergence from 
the column, part icularly since the available 
information in the literature stops at C,,~. I t  
should also be pointed out that in order to 
visualize the recorded peaks for  the very long 
chain esters, relatively large samples were in- 
jected and extreme changes in detector sensi- 
tivity were employed. 

In  any event, it seems evident that a true 
picture of fa t ty  acid composition cannot afford 
to neglect these compounds. The stability of 
the myelin membrane appears to depend in 
par t  on its content of lipids with such long 
chains affording the possibility of "interdigita- 
tion" and increased hydrophobic bonding. I t  
is also evident that they must play an important  
par t  in formulation of models of membrane 
structure. 
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Purification of Triglycerides With an Alumina Column 1 

S Y N T H E T I C  ]YIIXED ACID triglycerides (TG's) 
are usually prepared by acylating mono- 

(MG's) or diglycerides (DG's) with the req- 
uisite fa t ty  acid chloride. I f  acylation is in- 
complete, a mixture of varying quantities of 
tri-, di- and monoglycerides and fa t ty  acid 
results. In  our hands, the TG content of acyla- 
tion mixtures has ranged from about 55-90%. 
Purification of these aeylation mixtures can 
be difficult and laborious as silieic acid column 
chromatography will handle relatively small 
quantities and crystallization is often wasteful 
with accompanying reduction in yield. Chap- 
man et al. (1) avoided these difficulties to a 
large extent by using a column of neutral 
alumina to remove the impurities (DG's) from 
their preparations of synthetic TG's. 

We purified preparat ions of glyceryl-1- 
palmitate-2,3-dibutyrate (PBB) with the 
column as this compound cannot be crystallized 
except at very low temperatures ( - -96C).  We 
have since purified many synthetic and natural  
TG's with the alumina column. The data ac- 
cumulated indicates that the technique will 
clean up relatively large quantities, with good 
recovery and without structural alterations. We 
believe the procedure will be useful to others, 
hence this report. 

Neutral alumina, Brockman activity I 
(Fisher) Alcoa alumina (F-20 for chrmna- 
tography) and heated Alcoa alumina (260C, 12 
hr) all performed equally. We use the Alcoa 
alumina because it is relatively inexpensive. 
The alumina is routinely heated at 260C for 
12 hr in batches after  removal froul the drum. 
I t  is then kept in a tightly sealed jar .  Any 
standard chromatographic tube will suffice to 
hold the alumina which is usually added at  the 
rate of 2 g per  gram of material to be purified. 
The dry almnina is wetted with petroleum ether 
(30-60C) or a mixture of petroleum ether- 
ethyl (9:1),  the lipid material dissolved in a 
minimum amount of ether solvent and placed 
on the column. The TG's are eluted with 200 
ml of solvent per  10 g of material and 20 g of 
alumina. Methyl esters or other compounds 
less polar  than TG's are also eluted, while di- 
glycerides, free fat ty  acids, etc., remain on the 
column. The whole process requires about 15 
rain and eluted TG's have always been color- 
less. The process can be scaled up. We added 
81.6 g of alumina and 106.8 g of impure 
syn the t i c  g l y c e r y l  1-palmita te-2-oleate-3-  

1 Scient i f ic  con t r ibu t ion  No. 204 ,  A g r i c u l t u r a l  Ex-  
p e r i m e n t  Sta t ion ,  U n i v e r s i t y  of Connect icut ,  S tor rs .  

stearate (POS) to a column 3 cm in diameter 
and recovered ]00.4 g of TG, pure by thin- 
layer chromatography (TLC),  with 400 mI of 
petroleum ether-ethyl ether 9:1. The POS had 
been crystallized to 95% puri ty as estimated by 
TLC and contained DG's and fa t ty  acid. Ninety 
nine grams of TG was recovered in the first 
200 ml of solvent, 1.4 g in the second 200 nil. 

Diglycerides can be eluted with 1:1 petroleum 
ether-ethyl ether, but they are recovered as a 
mixture of isomers. We have used this to 
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T A B L E  I 

Fat~y A c i d  C o m p o s i t i o n  of T r ig lyce r ide s  P u r i ~ e d  wi th  
an A l u m i n a  Column and  of the F r e e  F a t t y  Acids  a n d  

Monoglycer ides  De r ived  T h e r e f r o m  by P a n c r e a t i c  
Lipolysis  

F a t t y  acid  (1K%) 
Tr ig lyc-  
e r ide  a F r a c t i o n  1 6 : 0  1 8 : 0  1 8 : 1  

S O 0  I n t a c t  TG b ...... 33 .7  66.3  
MG 0.3 99 .7  

P o p  TO 66:6 ...... 38.4 
F F A  b 99 .1  ...... 0.9 

O P P  T G  6 6 . 7  . . . . .  33.3  
F F A  5 0  0 ...... 50 .0  
MG 98 .8  ...... 1.2 

P O O  T G  33.3  ...... 66 .7  
F F A  49 .8  ...... 50 .2  
)r ...... ~ 9 8 . 5  

o . o  T o  i ~ : o  .. . . .  6 7 . 0  
F F A  ...... ~ 9 9 . 0  
M e  ;;:o 

s o e  TO 33.8 3;:i  3311 
F F A  50.3  49 .7  

a S- s teara te ,  O- oIeate, P-  pa lmi ta te .  
b TG- t r ig lycer ide ,  MG- monoglycer ide  , 

f a t ty  acids.  
FFA-  f ree  

L I P I D S ,  ~r 1,  NO.  6 
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Effect of 

TABLE II 

Purification with an Alumina Column on Fat ty  
Acid Position in Olive Oil 

MG a FFA b 
Fat ty 
acid P r e  Post  Pre  Post  

M% 
16:0 0.6 0.5 19.8 20.4 
16:1 0.6 0.5 0.5 1.1 
18:0  0.4 0.1 4.1 4.6 
18 : I  85.5 88.3 69.4 69.4 
18:2 11.9 9.9 5.2 3.6 
19:0 0.4 0.5 
18:~ i:o o:~ 0 6  0.3 

a Olive oil eluted from column of alumina with 9 :1  
petroleum ether-ethyl ether. 

b MG- monoglyceride, FFA- free fat ty acids. 

arise. I f  the TG content is less than about 50% 
then absolute recoveries are depressed. 

Exposure of double bonds to alumina has 
been reported to result in positional isomerism 
(2). To test this, triolein (Hormel) was passed 
through the alumina column, converted to 
methyl esters, examined for  t rons  isomers by 
infrared spcctrophotometry and for  positional 
isomers by oxidation as described by Tinoco and 
Miljanieh (3). T r a n s  isomers were not detected. 
Fur ther  there was no difference between the 
oxidation patterns as determined by gas-liquid 
chromatography (GLC) of the original and that 
after  passage through alumina. The major  
peaks obtained corresponded to retention times 
of authentic methyl azeleate, oleate, and 
pelargonate. Diearboxylic acids other than 
pelargonic were not detected. We concluded 
that the alumina colunm did not cause isomeriza- 
tion. This experiment was repeated on methyl 
linoleate (Hormel) with similar results and the 
same conclusion. 

To determine if  alumina affected positional 
integrity we examined some of the synthetic 
TGs above with pancreatic lipolysis. In  ad- 
dition, purified olive oil was similarly checked 
before and after  column treatment. The fa t ty  
acid composition (GLC) of the resulting free 

fa t ty  acids and monoglyeerides from the syn- 
thetic TG's in Table I and from the olive oil 
in Table I I  indicates that the alumina column 
did not cause disproportionation of the fa t ty  
acids. Many other synthetic TG's containing 
a large variety of acids; short-chain, t rans  

isomers, etc., have been tested with pancreatic 
lipolysis after  purification and positional pur i ty  
was maintained. 

The virtues of the column are apparent.  
Purification of TG's from acylation mixtures, 
part icularly those that are difficult to crystal- 
lize, is rapidly achieved without alterations in 
structure. Recoveries of TG's from these mix- 
tures are close to 90%. Further ,  no difficulties 
are caused if the column runs dry. I f  however, 
the mixture to be purified is not readily soluble 
in the eluting solvent, flow is delayed and 
purification does not occur. Nevertheless, the 
advantages of speed, good recovery, lack of 
structural alterations and large column load 
should recommend its widespread application. 
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A Simple Device For 

A 'cSAlqDWICtI~ TYPE plate holder has been 
developed f o r  preparat ive TLC using 

plates of 0.25 and 0.50 mm thickness of silicic 
acid. This device requires only readi ly available 
materiMs and can be made up easily in any 
sheet metal shop. 

The materials used were No. 18 gauge stainless 
steel sheet, type 316 satin 2B finish, and 3~2 
in. diameter type 316 stainless steel wire which 
should be obtained in straight lengths rather 
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Preparative TLC 

than coiled. The holder (F)  was slightly larger 
than the plates used, with enough clearance to 
prevent jamming, e.g., 8~.% in. • 81/s in for 
8 in. • 8 in. plates. The handle (A) was "safe 
edged" and spot welded to (F)  at  a height above 
(F)  sufficient for  finger clearance. The sides of 
(F)  were turned out ~6 in. to hold the cover, 
and cut so as to allow a small tab (E) to be 
turned down to prevent the cover sliding off. 
To accommodate 6 plates and 5 spacers, the 
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than coiled. The holder (F)  was slightly larger 
than the plates used, with enough clearance to 
prevent jamming, e.g., 8~.% in. • 81/s in for 
8 in. • 8 in. plates. The handle (A) was "safe 
edged" and spot welded to (F)  at  a height above 
(F)  sufficient for  finger clearance. The sides of 
(F)  were turned out ~6 in. to hold the cover, 
and cut so as to allow a small tab (E) to be 
turned down to prevent the cover sliding off. 
To accommodate 6 plates and 5 spacers, the 
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height of the side was 17/56 in. A ~6 in. ledge 
(B) turned in on each side retained the plates 
in (F ) .  The sides of the cover (C) were folded 
to fit over the holder edge (B) and allow per- 
fectly free sliding' on and off. The wire spacers 
had a 2 ~ or 3 ~ kick outward about half way 
along the length of each leg (D) to provide 
pressure for holding them in place. 

Three pairs of plates were used. On each 
plate, a strip of silica gel 3~ in. wide was 
removed from 3 sides of the plate. The plates 
were spotted uniformly and the first plate laid 
silica gel side up in (F ) .  A wire spacer was 
compressed, put  in place and the second plate, 
prepared in the same way as the first, was 
laid face down. Two more pairs of plates, with 
spacers between, were placed similarly in (F ) .  
The cover was then slid in place and the unit 
stood handle up in a chromatographic tank 
containing the desired solvent system. 

This unit has been used for different types of 
lipid separations. Generally the plates de- 
veloped more quickly than single plates. With  
most of the solvent systems used, the resolution 
was good so long as the spots were 1 cm or more 
from the sides of the silica gel. The "sandwich" 
unit gave satisfactory lipid separation with the 
following solvent systems: hexane-diethyl ether 
used both with silica gel and silver nitrate- 
silica gel; hexane-diethyl ether-acetic acid ; 

chloroform; disobutyl ketone-acetic acid-water; 
benzene-methanol; butanol-acetic acid-water. 
However, when solvent systems containing both 
chlorofolnn and methanol were used, it  was 
found necessary to use in each pair  one silica 
gel coated plate facing a plate lined with solvent- 
moistened paper  (Eaton-Dikeman 320) as in 
a "saturation" tank. For  the separation of sugar 
derivatives, it  has performed well with solvent 
systems containing methyl acetate-petroleum 
ether; methanol-benzene ; chloroform-acetone ; 
acetone-petroleum ether. 

Although developed to permit  preparat ive 
TLC using plates coated with a standard thick- 
ness of silicic acid, this holder has proved 
equally useful, over tile past  18 months, for  
nonpreparative purposes. 

R. P. A. SI~S 
G. M. INcs 
M. E. ]V[cKILLICAi~ 
J. A. G. LAROSE 
Food Research Institute, 
Canada Dept. of Agriculture, 
Ottawa, Canada, and Ottawa 
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Branch, Canada Dept. of Ag- 
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LETTER TO THE- EDITOR 

Separation of Methyl Eicosatetraenoate from 
Methyl Docosenoate by Gas-Liquid Chromatography 

S EVEaA5 F~ASES have been used for the sep- 
aration and estimation of fa t ty  acids by 

gas-liquid chromatography, diethylene glycol 
succinate (DEGS) and Apiezon L being among 
the most widely used. Despite the fact that 
separation of 20:4 and 22:1 acids has been 
reported with DEGS, we have not been able to 
obtain satisfactmT separation with this phase. 

The acids are readily separated on Apiezon L 
and use of this phase in combination with 
DEGS is strongly urged. A further demon- 
stration of the variabil i ty of separations with 
DEGS is our ability to separate some methyl 
esters reported as inseparable by others. Our 
conditions and results are described. 

An analytical procedure utilizing DEGS and 

LIPIDS, VOL. 1, NO. 6 



. . . . . . . . . . .  . :  ~ ' ~  

D 

453  

height of the side was 17/56 in. A ~6 in. ledge 
(B) turned in on each side retained the plates 
in (F ) .  The sides of the cover (C) were folded 
to fit over the holder edge (B) and allow per- 
fectly free sliding' on and off. The wire spacers 
had a 2 ~ or 3 ~ kick outward about half way 
along the length of each leg (D) to provide 
pressure for holding them in place. 

Three pairs of plates were used. On each 
plate, a strip of silica gel 3~ in. wide was 
removed from 3 sides of the plate. The plates 
were spotted uniformly and the first plate laid 
silica gel side up in (F ) .  A wire spacer was 
compressed, put  in place and the second plate, 
prepared in the same way as the first, was 
laid face down. Two more pairs of plates, with 
spacers between, were placed similarly in (F ) .  
The cover was then slid in place and the unit 
stood handle up in a chromatographic tank 
containing the desired solvent system. 

This unit has been used for different types of 
lipid separations. Generally the plates de- 
veloped more quickly than single plates. With  
most of the solvent systems used, the resolution 
was good so long as the spots were 1 cm or more 
from the sides of the silica gel. The "sandwich" 
unit gave satisfactory lipid separation with the 
following solvent systems: hexane-diethyl ether 
used both with silica gel and silver nitrate- 
silica gel; hexane-diethyl ether-acetic acid ; 

chloroform; disobutyl ketone-acetic acid-water; 
benzene-methanol; butanol-acetic acid-water. 
However, when solvent systems containing both 
chlorofolnn and methanol were used, it  was 
found necessary to use in each pair  one silica 
gel coated plate facing a plate lined with solvent- 
moistened paper  (Eaton-Dikeman 320) as in 
a "saturation" tank. For  the separation of sugar 
derivatives, it  has performed well with solvent 
systems containing methyl acetate-petroleum 
ether; methanol-benzene ; chloroform-acetone ; 
acetone-petroleum ether. 

Although developed to permit  preparat ive 
TLC using plates coated with a standard thick- 
ness of silicic acid, this holder has proved 
equally useful, over tile past  18 months, for  
nonpreparative purposes. 

R. P. A. SI~S 
G. M. INcs 
M. E. ]V[cKILLICAi~ 
J. A. G. LAROSE 
Food Research Institute, 
Canada Dept. of Agriculture, 
Ottawa, Canada, and Ottawa 
Services Section, Research 
Branch, Canada Dept. of Ag- 
riculture, Ottawa, Canada 

Contribution No. 45 of the Food Research Inst i tute .  

[Received Sept. 6, 1966] 

LETTER TO THE- EDITOR 

Separation of Methyl Eicosatetraenoate from 
Methyl Docosenoate by Gas-Liquid Chromatography 

S EVEaA5 F~ASES have been used for the sep- 
aration and estimation of fa t ty  acids by 

gas-liquid chromatography, diethylene glycol 
succinate (DEGS) and Apiezon L being among 
the most widely used. Despite the fact that 
separation of 20:4 and 22:1 acids has been 
reported with DEGS, we have not been able to 
obtain satisfactmT separation with this phase. 

The acids are readily separated on Apiezon L 
and use of this phase in combination with 
DEGS is strongly urged. A further demon- 
stration of the variabil i ty of separations with 
DEGS is our ability to separate some methyl 
esters reported as inseparable by others. Our 
conditions and results are described. 

An analytical procedure utilizing DEGS and 

LIPIDS, VOL. 1, NO. 6 



4 5 4  SHORT CO]~{ i',I UNIC ATION S 

T A B L E  I 

Carbon  N u m b e r  of Methyl  Es t e r s  of F a t t y  Acids  
on Die thylene  Glycol Succ ina te  and  Apiezon L Columns  

Die thylene  glycol succ ina te  Apiezon L 
Methyl  
es ters  A B C D 

1 8 : 0  18.00 18.00 18.00 
18 :1  18.55 17.64 17.70 
1 8 : 2  19.42 17.61 17.66 
1 8 : 3  20.50 17.64 17.66 
2 0 : 0  20.00 20.00 
2 0 : 4  22.48 22.56 19.00 19.05 
2 0 : 5  23.55 19.00 19.05 
2 2 : 0  22.00 22.00 
2 2 : 1  22.48 22.56 21.61 

A column t e m p e r a t u r e  180C, gas  p r e s s u r e  14 psi, 
flow ra t e  75 m l / m i n .  

B column t e m p e r a t u r e  165C, gas  pres.sure 10 psi, 
flow ra t e  50 m l / m i n .  

C column t e m p e r a t u r e  165C, gas  p r e s s u r e  10 psi, 
flow r a t e  300 m l / m i n .  

D column t e m p e r a t u r e  170C, g a s  p r e s s u r e  10 psi ,  flow 
r a t e  120 m l / m i n .  

The  methyl  es ters  w e r e  r u n  on (1)  Ba rbe r -Co lman  
Model 10, (2)  E I R  gas  c h r o m a t o g r a p h  Model A U  8 
and  (3)  EI I~  c l in igraph .  U-shaped  co lumns  w e r e  used  
for  the  Barbe r -Co lnmn and  E I R  A U  8 g a s  chroma-  
t o g r a p h s  and  coiled columns for  the  E I R  c l in igraph .  

Apiezon L that is suitable for separation of 
20:4 and 22:1 acids is as follows. Gas Chrom P, 
80-100 mesh (Applied Science Laboratories, 
Inc.) is acid washed and siliconized with 2% 
dimethyldichlorosilane in toluene, 100 nfl being 
used for evelT 15 g of support. Separate 
batches of the washed and siliconized support 
are coated with the two phases; 200 ml of an 
8% solution of DEGS in acetone and 200 ml 
of a 4% solution of Apiezon L in chloroform 
were taken for every 15 g of support. Sili- 
conized glass colunms are used, 8 ft X 4 mm 
I.D. for the DEGS coated support and 6 ft X 
5 mm I.D. for Apiezon L. 

The methyl esters of standard 20:4 and 22:1 
acids were not separated on DEGS under the 
conditions used in our laboratory (Table I ) .  

The carbon number of the methyl esters of these 
two acids, determined according to the method 
of Woodford and van Gent (J. Lipid Res. 1, 
188, 1960), remained the same even at a con- 
siderably lower temperature and flow rate 
(165C, 50 ml/min).  Supina (in "Biomedical 
Applications of Gas Chromatography," H. A. 
Szymanski, ed., Plenum Press, N.Y., 1964, p. 
271) reported that under the conditions usually 
employed there was an overlap of the methyl 
linolenate and methyl araehidonate peaks, while 
Woodford (in "Fatty Acids," K. Markley, ed., 
2nd edition, Vol. 2, Interscience Publishers, 
Inc., New York, 1964, p. 2260) noted that 
methyl linolenate and methyl arachidonate could 
be confused with methyl behenate. However, 
we have been able to separate these three pairs 
of fatty acids compeletly (Table I) .  

A clear separation of the nlethyl esters of 
the 20:4 and 22:1 acids was obtained on 
Apiezon L columns, but in this ease the methyl 
esters of 20:4 and 20:5 acids appeared as one 
peak. The methyl esters of the 18:2 and 18:3 
acids eounld not be separated; the methyl ester 
of the 18:1 acid could be partially separated 
when a lower temperature and flow rate were 
employed (175C, 120 ml/min).  
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