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tion space is at  a premium, use of mild aeration should 
be considered. 

Rapid  freezing of the culture superna tan t  with stor- 
age at  a low tempera ture  affords a simple procedure 
for  prolonged storage of small quanti t ies of enzyme. 
However,  since the concentration, dialysis, and lyo- 
philization procedure wilI reduce several liters of ma- 
terial  to a few grams, it has obvious advantages  for 
any  extensive study. 

I t  is reasonable to expect tha t  fu r the r  s tudy on the 
interrelat ionships of p t I ,  aeration, and supply  of nu- 
tr ients dur ing  the entire growth cycle would bring 
about addit ional increases in yield of these lipases. 
However,  with the media and conditions of growth de- 

scribed here, coupled with proper  recovery and stor- 
age procedures, stable prepara t ions  can be routinely 
p repared  which are suitable for  the s tudy of the struc- 
ture of triglycerides. 
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The Unsolved Problems of Triglyceride Analysis 
M. H. COLEMAN,  Unilever Research Laboratory, Colworth House, Sharnbrook, Bedford, England 

Abstract 

The nmdern techniques of eountercurrent  dis- 
t r ibut ion between solvents, GLC and TLC (espe- 
cially on silver ni trate  impregnated silica gel), 
and enzymic hydrolysis have great ly  simplified 
and speeded up the analysis of tr iglyeeride mix- 
tures, such as are found in na tura l  fats. The ap- 
plication of these methods has provided data for 
the formulat ion of a number  of new theoretical 
descriptions of the f a t ty  acid distributions found 
in fats. 

But  it is clear that  neither the experimental  
techniques, nor the theories of glyceride s t ructure  
arr ived at with their aid, are entirely satisfac- 
tory. On the one hand analytical  methods are 
inadequate for such fats as the nut  oils; and in 
no case can the accuracy of the analysis be re- 
garded as complete. On the other hand present  
theories have yet to accommodate minor compo- 
nents, enantiomorphic forms, and recent evi- 
dence concerning the biosynthesis of na tu ra l  
triglyeerides. 

At tent ion is drawn to some of the outstanding 
problenls still facing those eoneerned with the 
analysis of tr iglyceride mixtures ;  and an a t t empt  
it made to indicate the direction in which solu- 
tions to these problems may  be sought. 

Introduction 

N ATURAL FATS ARE COld, POSED Of triglycerides,  the 
esters of a var ie ty  of f a t t y  acids with the tri-  

hydrie alcohol, glycerol. The consequence of the tri-  
hydrie  character  of glycerol is tha t  tr iglyeerides may  
be simple (containing one f a t t y  acid species) or mixed 
(containing two or three f a t ty  acid residues per  mole- 
cule). The presence of two p r i m a ry  and one secon- 
da ry  hydroxyl  group in glycerol gives rise to posi- 
tional isomers of the same fa t ty  acid composition: two 
in the case of diacid triglycerides, and three in the 
case of tr iaeid triglycerides. I f  the two p r i m a r y  hy- 
droxyls are esterified with different f a t ty  acids, the 
central glycerol C atom becomes asymmetr ic ;  and 
such triglyeerides can exist in two enantioinorphie 
forms. Fo r  the complete analysis of a mixture  of 

1 Presented at the AOCS meeting in Houston, Texas. 1965. 

mixed tr iglycerides of the kind encountered in na- 
tura l  fats, it is therefore necessary to know: (a) the 
overall f a t ty  acid composition; (b) the distr ibution of 
these acids between the various tr iglycerides present ;  
(e) the distribution of the acids between the p r i m a r y  
and secondary hydroxyls,  within each mixed triglyc- 
eride molecule; (d) the distribution between the two 
p r ima ry  hydroxyls  of each asymmetric,  mixed, tri- 
glyceride molecule. 

The methods for making each of these determina- 
tions will be considered separately, as fa r  as p r e s e n t  
techniques allow. 

Experimental  Methods Available 

(a) To Determine Overall l~atty Acid Composition 

I t  is not proposed to consider here the identifica- 
tion of unusual  f a t t y  acids by chemical means, al- 
though much remains to be done. This work of Korn  
(1) i n  ident ifying and analysing the f a t t y  acids of 
Euglena graciIis may be cited as an example of the 
kind of careful  work required in a comprehensive 
analysis. 

There are a number  of methods available for f a t t y  
acid analysis (see Ref. 2), but  for  most purposes the 
speed and high resolution of gas-liquid chromatog- 
r aphy  (GLC) renders it superior  to other methods. 
I t  is very versatile, and is probably  the easiest method 
to operate for  quant i ta t ive analyses:  and in biological 
work the small size of the sample required is a fu r the r  
advantage.  A comprehensive review (3) of the ap- 
plieation of GLC to f a t t y  acid analysis, renders de- 
tailed consideration of the technique unnecessary here. 

Sources of error  or difficulty with this method are 
now well documented. Thus it is necessary to make 
sure tha t  samples for  analysis contain only f a t t y  
acids: a pre l iminary  purification by thin-layer chro- 
ma tography  (TLC)  may  be advisable. Samples are 
usually run  as methyl  esters, and care should be 
taken to ensure tha t  methylat ion is complete (4) and 
to avoid ar t i facts  (1,2,5). I t  may  be desirable to 
pu r i fy  the methyl  esters (6). For  identification of 
the emergent peaks it is unwise to rely on retention 
volume alone; Fontel l  et al. (7) have advocated the 
use of two s ta t ionary  phases, or two column tempera-  
tures, to be sure of identification. Certain classes of 
f a t t y  acids are subject to al terat ion dur ing the process 
of GLC (8,9). 



D E C E M B E R  1 9 6 5  C O L E M A N  : PROBLEI~IS 

Since all methods of triglyceride analysis depend 
ult imately on fa t ty  acid analysis, the question of 
quanti tat ion in GLC is very important.  In general 
the error  appears to be within ± 5 %  of the total of 
any one component;  and this may be reduced to 
± 2 . 5 %  with extra care. This may be regarded as 
reasonably satisfactory, and doubtless will be im- 
proved further .  I t  must be remembered that  errors 
in f a t ty  acid analysis may be multiplied three-fold 
when used to calculate triglyceride composition. 

(b) T o  D e t e r m i n e  D i s t r i b u t i o n  B e t w e e n  t h e  T r i g l y c e r i d e s  

For  this purpose it is necessary to resolve the mix- 
ture of triglyeerides into its components, unless some 
assumption is made about the way in which the fa t ty  
acids are distr ibuted;  e.g., the theories of Kar tha  
(10), VanderWal  (11) or Gunstonc (12). 

In the past this resolution was at tempted by oxi- 
dation (13) or fractional erystallisation (14);  and 
more recently counter-current  distribution between 
solvents (15). I t  is clear that  resolution was never 
complete by any of these methods. 

Two methods which have been gaining in impor- 
tance recently are the separation by degree of unsat- 
urat ion on silica gel impregnated with AgNOa using 
column (16) or TLC (17) ; and by molecular weight 
using GLC (18). Neither of these methods alone, or 
in combination, can effect the complete resolution of 
a tr iglyeeride mixture. Only a limited number of po- 
sitional isomers can be separated by AgNO~ chroma- 
tography, and numbers of triglyeerides are known 
with different f a t ty  acid compositions, but  with the 
same molecular weight, and containing the same num- 
ber of double bonds (see Table I ) .  

Another  technique in which the separation depends 
both upon the molecular weight and the degree of un- 
saturation is reversed phase chromatography. Kauf-  
mann and Wessels (19) have used TLC on paraffin- 
impregnated kieselguhr; Vereshchagin (20) has  
employed paper  chromatography in a similar way. 
A combination of TLC on AgNQ-si l ica  gel, followed 
by reversed phase separation can effect a complete 
separation of the triglycerides listed in Table I, into 
their  individual groups. 

(c)  T o  D e t e r m i n e  D i s t r i b u t i o n  B e t w e e n  
P r i m a r y  and  S e c o n d a r y  P o s i t i o n s  

Undoubtedly the simplest technique for determin- 
ing the distribution of the commoner fa t ty  acids be- 
tween the pr imary  and secondary positions of a 
triglyceride, is to subject it to hydrolysis with pan- 
creatic lipase (21,22). This enzyme catalyses the 
hydrolysis of fa t ty  acid residues from the pr imary  
positions of the t r iglyceride;  so the 2-monoglyeeride 
produced contains the acid originally present at the 
2-position of the triglyceride. The other acid, or acids, 
known to be present from the overall fa t ty  acid analy- 
sis must therefore have been present in the 1- and 3- 
positions. The positional specificity of pancreatic 
lipase has been demonstrated by the use of synthetic 
mixed triglycerides (21,22); and although no com- 
pletely pure monoglyceride appears to have been re- 
ported in such experiments, it seems likely that  this 
is due to impurities in the triglycerides, or to the con- 
ditions under  which the hydrolysis is conducted, 
ra ther  than a lack of complete positional specificity 
of the enzyme. The part ial  glycerides produced are 
liable to undergo acyl migration, so that  acids of the 
2-positions by migrat ing to the 1- or 3-positions may 
be hydrolysed, and appear  in the free f a t ty  acids. On 
the other hand the equilibra lie in favour  of 1,3- 
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TABLE I 

A Classification of the 40 possible Triglycerides 
Prepared from the 4 Acids :Listed a 
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No. of No, ef double bonds 
acyl 

C atoms 0 I 2 3 4 5 6 

48 PPP 

50 PPS PPO PPL 
PSP POP PLP 

PO0 
PSS POS OPO POL PLL 

52 SPS PSO PLS PLO LPL 
SPO PSL LPO 

SPL 

SO0 SOL SLL 
54 SSS SSO OSO SLO LSL LLO 

SOS SSL LSO OOL LOL 
SLS 0 0 0  OLO 

L L L  

P- -Pa lmi t i c  S- -Stear ic  O--Oleic L--Linole ie  
a Enantiomorphic forms are not distinguished here. 

diglycerides or 1-monoglycerides, and hydrolysis 
should be faster than acyl migration;  hence there is 
little likelihood of acids of the 1- and 3-positions being 
found in the monoglyccride fraction. I t  is important  
to remember that  under  physiological conditions of 
pancreatic hydrolysis, Hofmann (23) has found no 1- 
monoglycerides in human intestinal contents. 

I t  is clearly important  to achieve the maximum 
yield of monoglyceride in the shortest convenient 
t ime; i.e., the conditions for the optimal activity of 
the enzyme should be employed. These include: (a) 
a p H  of 8-9 maintained throughout  the hydrolysis 
(24) ; (b) high ionic strength (21) ; (e) presence of 
bile salts (21);  (d) presence of Ca ++ ions to remove 
inhibiting free f a t ty  acids (25) ;  (e) temperature  
around 40C; (f)  good dispersion of the insoluble 
substrate (26). 

Unless the amount  of triglyceride used is small com- 
pared with the amount of buffer, the release of the 
fa t ty  acids will cause a marked drop in p H ;  and 
pancreatic lipase activity falls sharply below p H  8 
(24). This may be avoided by the continuous addition 
of alkali, which also serves as a check on the extent 
of the hydrolysis, and the point of maximum mono- 
glyceride yield; since at this point the rate of hy- 
drolysis tails off. Bile salts serve not merely to 
emulsify tbe substrate, but  also activate the enzyme 
(27). I f  Ca ÷÷ ions are omitted the reaction rapidly 
ceases  (25), due to inhibition of the enzyme by the 
free f a t ty  acids (24). The use of phosphate buffers 
precludes the use of Ca ++ ions. 

When conditions (a) to (e) are satisfied the reac- 
tion rate depends upon condition (f)  and the enzyme 
concentration. This last is best adjusted to give the 
required degree of hydrolysis (ca. 65%) in the short- 
est convenient time. I t  is also necessary to make sure 
the enzyme preparat ion is free of extractable lipid, 
and nonspecific esterase activity. 

When, as is usually the case, a mixture of triglyc- 
erides is subjected to hydrolysis, there is the addi- 
tional complication that  different acids may be hydro- 
lysed at different rates from the p r imary  positions 
(28,29). This, together with the early appearance of 
glycerol (30) may lead to difficulties i f  the composi- 
tion of the free f a t ty  acids is used as a measure of the 
composition of acids occupying the 1- and 3-positions. 

The anomalous behaviour of triglycerides contain- 
ing short-chain acids is now well established (28,29) ; 
and it seems doubtful  that  pancreatic hydrolysis can 
give a completely quanti tat ive picture of the fa t ty  
acid distribution of fats such as but terfat ,  which con- 
tain appreciable quantities of these acids (especially 
butyr ic) .  There are other examples of anomalous be- 
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haviour during pancreatic hydrolysis, where the fats 
contain unusual fa t ty  acids (31,32). 

Where the triglyeeride composition is sufficiently 
simple, the configuration of positional isomers may be 
detemnined by infrared spectroscopy, in the way 
which Chapman et ah (33) have used for cocoa but- 
ter. I t  seems doubtful if mass spectrometry, which 
can distinguish individual positional isomers frost  
each other, could be applied to nfixtures such as occur 
in natural  fats. 

(d)  To D e t e r m i n e  t h e  D i s t r i b u t i o n  
B e t w e e n  t h e  P r i m a r y  P o s i t i o n s  

The recent work of Broekerhoff (34,35) has intro- 
duced a method in which the fa t ty  acid composition 
of the 1-positions may be determined independently 
of those of the 3-positions. The method involves re- 
moving one fa t ty  acid residue from the triglyeeride 
with pancreatic lipase, converting the diglyceride to 
a phosphatidyl  phenol with phenyl dichlorophosphate, 
and subjeeting this to hydrolysis with a phospholipase 
A of snake venom. Since this hydrolysis is stereospe- 
eifie, only the L-isomer is attacked. The fa t ty  acids 
found in this lyso-phosphatidyl phenol are derived 
from the original 1-positions of the triglycerides. The 
composition of the acids of the 2-positions is known 
from that  of the 2-monoglyeerides produced in the 
original hydrolysis;  and the composition of the 1-, 2- 
and 3-positions is known from the overall f a t ty  acid 
anMysis of the original fat. The composition of the 
3-positions may then be calculated by difference 
(Fig. 1). 

A difficulty of this scheme is that  all f a t ty  acids 

are not hydrolysed from the pr imary  positions at  
exactly the same rate. This may render the diglyc- 
erides unrepresentative, which in tu rn  affects the 
compositions of the phosphatidyl  and lyso-phospha- 
t idyl phenols, and hence the calculated compositions 
of the acids of the 1- and 3-positions. Broekerhoff 
(35) has added hexane to the hydrolysis, to reduce this 
effect, but  this is not entirely effective. The problem 
might be solved by prepar ing the diglyeeride without 
Ca ++ ions, and with a high enzyme concentration, in 
the hydrolysis;  the monoglyceride being prepared 
separately under  the usual conditions. 

Another  approach (36) which merely establishes 
qualitatively the existence of any difference in the 
composition of the acids of the 1- and 3-positions, is 
suitable for vegetable fats containing appreciable 
amounts of asymmetric monosaturated triglyeerides. 
After  hydrolysis with pancreatic lipase to yield as 
nmeh diglyeeride as possible, the products  are re- 
esterified with acetic acid (37), and subjected to a 
Von Rudloff oxidation (38). I t  is to be expected that  
the product  should contain an optically active com- 
ponent, if the original asymmetric monosaturated tri- 
glyeeride existed exehsively,  or largely, in one en- 
antiomorphie configuration. In  this method, the more 
rapid removal of oleic acid from say, 1-stearodiolein, 
is actually an advantage, since the diglyeeride will 
contain more of the mixed 1-stearo 2-oleo diglyceride, 
which gives rise to the optically active product  
(Fig. 2). 

Another method has been used by Norr is  (39). The 
largely asymmetrical disaturated (lard) or mono- 
saturated (malabar tallow) fraction of the fat  is 
isolated by TLC on AgNQ-si l ica gel. The fraction 
is subjected to pancreatic lipolysis, and the 1, 2- 
diglycerides isolated by TLC on silica gel. These are 
converted to the corresponding trimethylsilyl  ethers 
(40), and then are fract ionated by TLC on AgNOa- 
silica gel. In each ease the mixed acid ethers are ex- 
unlined for optical activity. 

Two other methods have been introduced by  Sehlenk 
(41), employing X-ray  diffraction, or the piezoelectric 
effect. A difficulty here is the necessity for  ioslating 
individual triglycerides, which at present can oMy 
be achieved for a few fats of comparatively simple 
triglyceride composition. 

Little asymmetry has been detected in such vege- 
table fats as cocoa but ter  (41), corn oil (34) or mala- 
bar tallow (36,39,42). Broekerhoff (43) has reported 
asymmetry in mammalia~z depot fats (lard, hmnan 
depot fat)  but not in fats of birds and crustaceans. 
Morris (39) has detected asymmetry in lard. 

Scope and Limitations of Present Methods 

We may now consider the mixtures of triglyeerides 
which are encountered in natural  fats and how fa r  
tile methods outlined have been successful in elucidat- 
ing their compositions. I t  is easily shown (44) tha t  
the number of distinct triglyeerides, N, which can be 
prepared from n different f a t ty  acids is given by the 
expression : 

N =  ( n ~ + n  3) + 2  

(In this formula,  only positional isomers are distin- 
guished, enantiomorphic forms are not.) I f  we con- 
sider only the major  component acids, a large num- 
ber of natural  fats contain at least four, including 
palmitic, stearic, oleie and linoleie; which means that  
40 different triglyeerides may be present in these. 
These are listed in Table I, where it will be seen they 



I)ECEMBER 1965 COLE3/[AN : PROBLE~[S 

fall into 4 groups by C number, and 7 groups by de- 
gree of unsaturation. 

I t  is possible to separate such a mixture in both 
ways, by unsaturat ion with column chromatography 
(16) or TLC (45) (m AgNO3-siliea gel; and by aeyl 
carbon nmnber  with GLC of the oxidised (46) or hy- 
drogenated (47) mixture. But  the important  point 
to note is that  the methods are not (at present) com- 
mutative. Fract ions from AgNO.~-silica gel chroma- 
tography may be subjected to GLC, (or enzymic 
hydrolysis etc.) ; but  it  is not possible to examine fur-  
ther, fractions obtained by GLC. The consequence of 
this restriction is that  it is not possible to isolate and 
estimate all of the 40 triglyeerides listed in Table I, 
individually. Tripalmit in may be estimated by GLC 
alone, and tr istearin by GLC af ter  oxidation. Tri- 
linolein may be obtained by AgNO:~-siliea geI chroma- 
tography;  and triglycerides containing 4 or 5 double 
bonds may be estimated by a combination of these 
two techniques with enzymic hydrolysis. But  there 
remain 29 triglycerides which cannot be estimated 
individually, with these methods. 

Various simplifications of the problem have been 
made to meet this experimental  difficulty. Thus 
Youngs (48) originally used a combination of column 
chromatography (af ter  oxidation) with lipase hy- 
drolysis to estimate the proportions of the six glyc- 
eride classes, t r isaturated,  symmetrical and unsym- 
metrical di- and monosaturated, and tr iunsaturated.  
Youngs and Subbaram (46) then extended the scope 
of this analysis by combining it with the GLC of an 
oxidised sample of the fat. This permits the differen- 
tiation of the two saturated acids considered, palmitic 
and stearie. The analysis was fur ther  extended by 
these two authors (49) by combining the previous 
techniques with a separation by degree of unsatura-  
tion (16) on a column of AgNOa-impregnated silica 
gel. As lipolysis was not applied to the individual 
fractions, no estimate of the proportions of isomeric 
triglycerides was possible. In  another publication 
(50) these authors have examined 14 animal and vege- 
table fats, by their technique of GLC of an oxidised 
sample; and compared the results with those calcu- 
lated from lipolysis data, using VanderWal ' s  theory. 
In this instance, the unsatura ted acids were consid- 
ered together. 

Bar re t t  et al. (45) have simplified the problem by 
considering the saturated acids together. Six natural  
fats were examined by TLC on AgNO3-impregnated 
silica gel, and by lipase hydrolysis. I t  was possible 
to distinguish 10 triglyceride groups in terms of un- 
saturat ion;  but  the isomeric monosaturated dioleins, 
triolein and monosaturated oleolinolein, and triglyc- 
erides containing 4 or more double bonds were not 
isolated individually. Of the positional isomers, only 
the 1- and 2-oleo disaturated classes were distin- 
guished, because lipolysis was applied only to the 
whole fat,  not to the fractions isolated by TLC. 

Jurr iens  and I(roesen (47) have also used TLC on 
AgNO~-impregnated silica gel; but  in this case par t  
of each fract ion so obtained was subjected to lipase 
hydrolysis, whilst the renminder was hydrogenated 
and analysed by GLC. In this instance also, it  was 
not possible to determine the distribution of all the 
saturated acids, between and within the triglycerides 
present;  and the assumption was made that  these were 
statistically distributed amongst the 1- and 3-posi- 
tions, subject to the restriction that  each group sepa- 
rated by TLC contained triglyeerides with the same 
number of double bonds. For  the more unsatura ted 
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vegetable oils examined, there was the experimental  
difficulty of examining the very  small amounts of tri- 
glycerides containing more than 6 double bonds; and 
the theoretieal difficulty resulting from the introduc- 
tion of a fifth acid, linolenie, which is discussed belo~v. 

I f  the separations by GLC and AgNO3-impregnated 
silica gel chromatography were eommutative, com- 
plete resolution of the 40 triglycerides of Table I 
would be possible, when these techniques are combined 
with enzymic hydrolysis. Af ter  an initial separation 
by C number into 4 groups, the triglycerides could be 
fur ther  separated into the 16 groups of Table I. Fur -  
ther resolution within each group is then possible by 
lipolysis; and may be il lustrated for the 5 triglye- 
erides with an aeyl carbon number of 52, each con- 
taining 2 double bonds. The proportions of POO, 
P LS  and PSB will be given directly by the molar pro- 
portions of oleie, linoleie and stearie acids in the 
monoglycerides produced by lipolysis. The remaining 
stearie content of the 1~ and 3-positions unaccounted 
for by PLS will give the amount  of SP L ;  and OPO 
can be calculated by difference. Similar calculations 
permit  the estimation of the remainder of the 40 pos- 
sible triglycerides. 

An alternative to gas-chromatography for the sepa- 
ration by molecular weight is reversed-phase TLC. 
To eliminate the effects of unsaturat ion on this sepa- 
ration, Kaufmann  and Wessels (19) have first sepa- 
rated sunflower oil by unsaturation,  on AgNOa-siliea 
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T A B L E  II 

Lipolys is  D a t a  and  Calcula ted  Glycer ide  Composition 
( V a n d e r W a l ' s  t heo ry )  of Sow-Milk  Fat 

Fatty ac id  composi t ion (1Vi % )  Tr ig lyce r ide  composi t ion  (M % )  
Fatty 
acid Sow 

Tr ig lyc .  Monoglyc.  Glyc. mi lk  Lard a 
class  fat  

8 1.0 0.8 
10 0.3 - -  S S S  10.1 4.9 
12 0.5 0.5 
14 4.0 6,9 S S U  30,2 27.0  
1 4 : 1  0.5 0.2 
16 36.5 54.3 S U S  5.9 1.9 
1 6 : 1  13.0 15.8 

? 17 : 1 0.3 t S U U  17.8 11.2 
18 4.4 0.5 
1 8 : 1  27.2 12.4 U S U  22.7 38.9 
1 8 : 2  10.8 8.6 
20 1.0 - -  U U U  13.3 16.1 
2 0 : 1  0.5 - -  

D a t a  f r o m  J A O C S  38, 685 ( 1 9 6 1 ) .  

gel plates. The fractions from this separation were 
then further resolved by molecular weight, using re- 
versed-phase TLC. The examination of each fraction 
by lipolysis would also permit all the triglyeerides to 
be estimated individually. 

When we consider the wider group of fats which 
include linolenie in addition to the four acids so far 
considered, a theoretical difficulty arises in connection 
with triglyceride analysis. The number of possible 
triglycerides is 75; and they fall into 22 groups of 
differing acyl carbon number and degrees of unsatu- 
ratioD. It will be found that even if such a mixture 
can be first separated by acyl carbon number, then 
by AgNO3-siliea gel chromatography, and finally by 
enzymic hydrolysis, there remain two groups (acyl 
carbon number 54 containing 4 or 5 double bonds) 
each containing 7 triglycerides, of which only one in 
each group can be estimated. 

Our inability to estinlate the triglycerides of a fat 
containing these 5 fatty acids means that fats, such 
as the fish oils, with an even wider range of the poly- 
unsaturated fat ty acids, are even less amenable to our 
present methods of analysis. 

When we turn to another group of fats, the nut 
oils, which include such commercially important fats 
as coeomIt and palm kernel oils, the situation is even 
tess satisfactory. The wide range in molecular weight 
of the fat ty acids present, and their largely saturated 
character, offer very limited opportunities for sepa- 
rating their mixed triglycerides. The 6 normal, even- 
numbered saturated fatty acids from caprylic to 
stearic can give rise to 126 different triglyeerides, 
ranging from acyl carbon numbers of 24 to 54. Kuksis 
and McCarthy (51) using GLC have reported 14 com- 
ponents in coconut oil, with aeyl C numbers of 28 to 
54. I f  such fractions could be subjected to enzymic 
hydrolysis, those with 48 or more carbon atoms in the 
acyl residues could be estimated individually: but this 
would still leave over 100 possible triglycerides 
unresolved. 

Another important group of fats which is not sus- 
ceptible to present methods of analysis, includes many 
of the milk fats. It is true that sow-milk fat for ex- 

T A B L E  III  

Tr ig lyce r ide  Composi t ion of I - Iuman Depot  Fat 

Calcula ted  for  Calcula ted  for  
Glycer ide  1 r andom.  2 r a n d o m  13 r andom,  2 r a n d o m  

3 r a n d o m  F A  F A  d i s t r i bu t ion  
d i s t r i bu t i on  ( VanderV,  raI)  

S S S  5.1 5,3 
S S U  12.5 12.1 
S U S  15.9 16.5 
S U U  39.1 37.7 
U S U  6.7 6.9 
U U U  20.7 21.5 

Data f r o m  Brocke rhof f  ( 3 5 ) .  

ample, contains very little short-chain acid, and is 
therefore suitable for examination by pancreatic hy- 
drolysis. Table II  gives hydrolysis data for this fat 
(36), in which the short-chain acids (ca. 2%) have 
been neglected. The triglyeeride composition calcu- 
lated from VanderWal's theory, resembles that of 
lard: this is to be expected from the preponderance 
of palmitic acid in the monoglycerides (52). The 
presence of appreciable amounts of short-chain acids 
in most milk fats makes it difficult to assign quantita- 
tive significance to the results obtained by lipolysis. 
Jensen et aI. (53) has suggested that the native lipase 
of milk exhibits the same positional specificity as pan- 
creatic lipase, but does not differentiate between long 
and short-chain acids. For this group of fats there- 
fore, this enzyme may be more suitable for use in hy- 
drolysis studies. 

A consideration of the methods for trigtyceride 
analysis currently available, clearly gives no justi- 
fication for complacency. But there is one aspect of 
the situation we have not yet considered. The fore- 
going discussion has been confined to the problems of 
experimental analysis, without reference to any theory 
of fat ty acid distribution in natural fats. If  the theory 
of VanderWal (11), (which represents a more em- 
pirical approach than that of Gunstone's theory (12) 
for the vegetable oils), is valid, then this provides a 
very considerable short-cut for triglyceride analysis 
of many of the commoner natural fats. Evidence for 
the validity of VanderWal's theory is provided by the 
agreement between results calculated from lipolysis 
data with its aid, and those obtained experimentally 
by other methods. Comparisons with oxidation, frac- 
tional crystallisation and countercurrent distribution 
have been made elsewhere (2,11,52); more recently, 
comparisons have been made with TLC (17,19), GLC 
of oxidised samples (50), and a combination of TLC, 
GLC and lipolysis (47). In general the agreement is 

• very good, although small departures have been noted 
for palm oil (47,50) and human depot fat (50) ; but 
whereas one investigation reports differences for lard 
(47) the other does not (50). Similarly, differences 
for cocoa butter are noted in one (50) but not in the 
other (47). One fat which has been reported as not 
conforming to VanderWal's theory is that of the bit- 
ter gourd seed (32), and there is some doubt if the 
fat from Cuphea llavia seed (54) conforms to this 
theory. But both these fats contain more than 50% 
of an acid other than those specified by Savary and 
Desnuelle (55) as being hydrolysed at much the same 
rate; the anomalous results may therefore arise from 
this source. It  may be noted in this connection that 
the analysis of castor oil (56) gave results in agree- 
ment with Vander~Val's theory, even though it con- 
tains about 90% of hydroxy-acids. The independence 
of the monoglyeeride composition of the extent of hy- 
drolysis is also consistent with (30), but not con- 
clusive evidence in favour of (57) VanderWal's 
theory. 

I f  VanderWal's theory is true, the analysis of a fat 
suitable for pancreatic hydrolysis (55) is a relatively 
simple matter. But it must be stressed that fats con- 
taining short-chain or unusual acids cannot be an- 
alysed quantitatively in this way. From the appro- 
priate lipolysis data, complete information on the 
distribution of fa t ty  acids between the triglycerides, 
and the primary and secondary positions within each 
molecule, may be calculated using the theory. But 
the theory assumes that each primary position has the 
same fatty acid composition, i.e., the asymmetric 
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mixed triglycerides cannot exist in one enantiomor- 
phic form. 

The close agreement between the proportions of 
various triglyeerides calculated from the theory and 
those determined experimentally for a number of fats 
suggests that these triglycerides do not exist exclu- 
sively in one enantiomorphic configuration. But 
Broekerhoff's data for human depot fat (35) give the 
fat ty acid compositions of the 1- and 3-positions sepa- 
rately. If  it is assumed that the fat ty acids of each 
position are randomly distributed with respect to 
those of the other two positions, it is possible to ea]~ 
eulate the triglyceride composition of the original fat. 
A triglyeeride composition may also be calculated in 
the usual way (52) from VanderWal's theory (as- 
suming an average composition in the 1- and 3-posi- 
tions). Table I I I  gives these results in terms of the 
six main classes, and it will be seen that there is very 
little difference between them. This indicates that al- 
though the triglyeeride compositions calculated for 
vegetable oils (2,17,47), and fats (2,11,17,47), and 
some animal fats (2,11,47,52), may be fairly accurate, 
they give no indication of the existence of particular 
enantiomorphs. But this leaves all those fats such as 
the nut oils, milk fats, fish oils and fats containing 
unusual fat ty acids, for further investigation by other 
methods. 

Future Investigations 
It is now clear which problems seem likely to be 

resolved in the near future, and which require a 
radically different approach from those already in- 
vestigated. But it is convenient to mention here two 
general topics which have not so far received 
consideration. 

Firstly there is the question of whether a sample 
of any particular fat can be regarded as more than a 
rather arbitrary collection of triglycerides. This 
question arises from a number of observations that the 
fat ty acid composition in one oilseed may vary quite 
markedly from one part of the seed to another (58- 
60). This suggests that the triglyceride composition 
may vary throughout the seed, and the composition 
of the extracted fat may have no particular signifi- 
cance. But against this must be set the fact that re- 
peated analyses of the same kind of fat agree in 
assigning a fairly characteristic triglyceride spectrum 
to it ; and that different kinds of fat with similar fatty 
acid compositions often differ very markedly in tri. 
glyceride composition (Table IV). The investigations 
of Litehfield and Reiser (61) have sho~m that even 
though the fatty acid composition may vary dramat- 
ically in different parts of a seed, the triglyeeride 
composition calculated from data for the whole seed 
scarcely differs from that calculated from the sum of 
the component parts. 

Secondly, little has so far been said of the minor 
component acids of natural fats. Now it is true that 
they may complicate the analysis of triglyeeride mix- 
tures, but those containing more than 18 carbon atoms 
are probably easily detected with GLC, taking the 
usual precautions for the measurement of smalI peaks 
(62). Pancreatic lipolysis shows that many of these 
minor components are confined to the primary posi- 
tions of triglyeerides (63). As far as present knowl- 
edge goes, most of these minor components appear 
to be without biologieM significance; and for this 
reason they do not seem to warrant particular con- 
sideration, untiI the problems associated with the 
analysis of the trigIyeerides of major component acids 
have been resolved. 
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TABLE I V  

Di f fe rence  in  Monoglycer ide  Composi t ions  for  Two  F a t s  w i t h  
S imi l a r  Overa l l  F a t t y  Acid  Composi t ions  

F a t t y  ac id  compos i t ion  (~[. % ) 

F a t t y  T r ig iyce r i de s  Monoglycer ides  ac id  

P i ~  P h e a s a n t  P i g  P h e a s a n t  

14 1.7 0.9 4.1 t 
16 24.8 25.2 60.1 8.9 
1 6 : 1  3.9 8.6 7.9 5.9 
17 t - -  2.2 - -  
17:1 t -- 1.7 -- 
18 14.3 5.4 4.4 2.8 
18 :I 43.6  46.7 15.2 62.6 
1 8 : 2  11.7 10.9 4 .4  16.2 
1 8 : 3  - -  2.3 - -  3,6 

If  all possible triglyeerides of a mixture contain- 
ing palmitie, stearic, oleie and linoleic are to be esti- 
mated individually, it will be necessary to effect an 
initial separation by molecular weight, before further 
separation by AgNOs-si]ica gel chromatography and 
examination by enzymic hydrolysis, is to be applied. 
This might be achieved by preparative GLC, but 
liquid/liquid column chromatography appears a more 
attractive prospect; especially since several methods 
of detection have been described (64-66), and at least 
one detector is available commercially. Alternatively 
the fat may first be fractionated by degree of unsatu- 
ration with AgNO3-silica gel TLC, then by molecular 
weight by reversed phase chromatography, and finally 
the fractions examined individually by enzymic 
hydrolysis. 

If  a fifth acid, linolenie, is added to the other four, 
there remains the difficulty of estimating the triglyc- 
erides containing 54 aey] C atoms, and 4 or 5 double 
bonds. If  the separatibn of triglyeerides pairs such 
as SLL and LSL, or LO0 and OLO can be achieved 
on AgNO3 impregnated silica gel, this problem can 
be overcome. 

The prospects for the complete resolution of tri- 
glyceride mixtures containing appreciable amounts of 
short-chain fatty acids remain unpromising. Again 
GLC provides one method of separation by molecular 
weight, but liquid/liquid chromatography either on 
columns or by TLC, would be more convenient; par- 
ticularly for providing samples of the fractions for 
further investigations. Alternatively displacement 
chromatography may offer some advantages. But 
methods for the subsequent investigation of the frac- 
tions are more difficult to envisage, at the present time. 

One possibility for triglyeeride analysis is the sepa- 
ration by GLC both by molecular weight and degree 
of unsaturation, on a suitable stationary phase. But 
apart from the difficulty of devising such a material 
capable of withstanding the high temperatures needed 
for such relatively nonvolatile samples, the difficulty 
arises of collecting samples unchanged, for further 
investigation. Liquid/liquid chromatography would 
probably be more suitable in this instance, also. 

There remain the fats such as the fish oils, with a 
wide range of polyunsaturated acids, which will 
clearly require radically different methods from 
those now in prospect, if they are to be analysed 
exhaustively. 
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The Triglycerides of Sable Fish (Anal/of ores fimbria ). II. 

Fatty Acid Distribution in Triglyceride Fractions as 

Determined with Pancreatic Lipase 1 
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Department of Nutritional Sciences, Institute of Marine Resources, University of California, Berkeley, California 

Abstract 

SaMe fish muscle lipids were f raet ionated on a 
silicie acid colmnn with mixtures  of chloroform 
and inethanol as eluting solvents. Three main 
peaks containing only triglycerides were isolated; 
11 addit ional peaks contained phosphorous. Each 
of the 3 tr iglyceride peaks was separately  frac- 
t ionated into 300 fractions on silica gel columns 
impregnated  with silver nitrate. Mixtures of 
petroleum ether and ethyl ether were the eluting 
solvents. About  25 distinct fractions were iso- 
lated f rom each eolunm. The fractions were char- 
acterized for f a t ty  acid content by gas chroma- 
tography  of the methyl  esters. The results showed 
tha t  the fract ionation did not depend upon the 
presence of single f a t t y  acids but  upon total un- 
saturation. F a t t y  acid distribution within each 
fract ion was determined with the use of hog pan-  
creatie Iipase, followed by thin-layer chromatog- 
r aphy  and gas chromatography.  

Introduction 

p REVIOUS ATTEi~{I'TS to characterize tr iglycerides (1) 
have depended upon the use of total carbon num- 

ber with gas-liquid chromatography  (2,3), according 
to par t i t ion number  on rubber  columns (4,5) and 
l iquiddiquid eolmnn par t i t ion  chromatography  (6). 

1 Presented at the AOOS l~{eeting in Houston, Texas, 1965, 

The development of adsorption chromatography  on 
silicic acid impregnated with silver ni t ra te  (7,8) for 
fraet ionation of the tr iglycerides was a significant 
break-through. This combined with the use of pan-  
creatie tipase to determine the positional distr ibution 
of the fa t ty  acids (9),  were the methods used in the 
present  study. While it was in progress, several other 
papers  based on the same combination of methods were 
published (10,11). 

111 this study, we describe the nature  of the triglyc- 
erides of a marine  oil that  contains 21 different f a t t y  
acids. 

Experimental 
The methods used for extraction of the lipids, and 

the fract ionation of the different tr iglyeerides by col- 
unto ehromatography,  were those described previ-  
ously (12). 

Separation of N e u t r a l  L i p i d s  a n d  P h o s p h o l i p i d  r r a c t i o n a t i o n  

Neutral lipids were separated from the rest of the 
lipid components by column chromatography on 
silicie acid gel column using a modified method of that 
described by Shuster et al. (13). The silica gel (Mal- 
linckrodt, 100 mesh) was washed three times with 
chloroform and two identical columns were packed 
wet (4.0 em I.D., 55 cm long, packed silica gel height 
46 era). Chloroform was run continuously through 
the columns for 24 hr before application of the lipid. 
A sample eontaining 11.30 g of sabIe fish muscle lipids 
mixed with 15 ml chloroform was applied to one of 


