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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). 
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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. 



STEREOSPECIFIC DETER~INATIOI"~ OF TRIGLYCERIDES 445 

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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