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Since glycerol enters  into the composition of the major i ty  of natural neutral lipids and phospholipids, 
rapid and accurate  methods for its quantitative determination are of great  importance. An investigation 
of any glycerolipid necessar i ly  compr i ses  an est imate of the amount of bound glycerol and a determination 
of the rat io of the s tructural  units of the lipid molecule: glycerol ,  fatty acids, phosphorus,  and organic 
bases.  The relevant resul ts  permi t  an evaluation of the homogeneity of the lipid fraction and also make it 
possible to draw some pre l iminary  conclusions concerning the s t ructure  of the l ipids. 

The main difficulties in the quantitative determination of lipid glycerol  ar ise  principally in the prep-  
aration of the sample for analysis.  High losses  of glycerol are possible in the hydrolysis  of lipids, and 
also in the extraction and evaporation of the hydrolysates ,  etc. In the acid or alkaline deacylation of neutral 
lipids, the glycerol is split out quantitatively, and therefore  the accuracy  of its subsequent determination 
depends on the completeness of the isolation of the glycerol from the hydrolysates  and the accuracy  of the 
method of analysis used. 

It is considerably more  difficult to obtain a quantitative yield of glycerol in the hydrolysis  of phos-  
phatides. The hydrolysis  of the initial lipids takes place to completion only in the presence  of concentrated 
mineral  acids, which cause a considerable destruction of the glycerol  l iberated [1, 2]. In view of this, 
Holla et al. [3] proposed to pe r fo rm the cleavage of phospholipids in two stages: dephosphorylation by 
heating with a mixture of acetic acid and acetic anhydride [4], and alkaline methanolysis  of the resulting 
di- and monoglyceride acetates.  The reaction products were acetylatedand analyzed by gas-liquid chro-  
matography (GLC) for their  t r iacet in  content. However, under these conditions a quantitative yield of glyc-  
erol could be obtained only for the cephalin fractions of the lipids of egg yolk. The lecithin fractions un- 
derwent only 30-50% dephosphorylation [3]. 

Later ,  the same authors [5] proposed to pe r fo rm acetolysis  under more  severe  conditions - by heating 
with a mixture of t r i f luoroacet ic  acid and acetic anhydride. In the presence of t r i f luoroacet ic  acid, the 
acetolysis  of egg-yolk cephalin and lecithin took place quantitatively. After the per formance  of the appro-  
riate operations, the yield of glycerol in both cases was 96-101% [5]. These authors give no information 
on the determination of the amount of glycerol in phospholipids isolated from other sources .  The quan- 
titative dephosphorylation of glycerophosphatides by acetolysis  in the presence of t r i f luoroacet ic  acid leads 
to a considerable destruction of the unsaturated fatty acids, which must  be determined on an aliquot part  
of the lipid sample.  The presence  of foreign peaks on the chromatogram in the determination of glycerol 
t r iacetate  may lead to e r r o r s  in quantitative calculations. The defects of the method given by Holla et al. 
[5] include the contamination of the meter ing device and the column of the chromatograph with phosphoric 
acid, phosphates and acetates of bases,  and also products of the decomposition of the fatty acid. Fu r the r -  
more,  this method is very laborious:  one determination occupies more  than 20 h. 

From the br ief  review considered it can be seen that the methods of determining the glycerol  present  
in glycerophosphatides require  further  improvements.  The present  paper descr ibes  a new method of 

M. M. Shemyakin Institute of the Chemistry of Natural Compounds, Academy of Sciences of the USSR. 
Translated from Khimiya Prirodnykh Soedinenii, No. 2, pp. 158-165, March-Apri l ,  1972. Original ar t icle  
submitted November 23, 1971. 

0 19ZI Consultants Bureau, a division o f  Plenum Publishing Corporation, 227 ff'est 17th .5"treet, New York, .Y. Y. 10011. 
No part of  this publication may be reproduced, stored in a retrieval system, or transmitted, in any form or by any means, 
electronic, mechanical, photocopying, microfilming, recording or otherwise, without written permission of  the publisher. I 
copy of  this article is available from the publisher for $1.'~.00. 

164 



determining phospholipid glycerol  f ree  f rom the major i ty  of def ic iencies  of the method of Holla et al. [3, 5]. 

The main  s tages  of the new method of de termining  glycerol  in phospholipids a re  shown in the scheme.  

The total phospholipids or  the phospholipid f rac t ions  a re  deacylated by b r i e f  heating with an aqueous 
methanol ic  solution of po tass ium hydroxide [141. The react ion  products  a r e  sepa ra ted  by par t i t ion in the 
c h l o r o f o r m - m e t h a n o l - w a t e r  (8: 4: 3) sys tem.  The fatty acids ,  the i r  methyl  e s t e r s ,  and the unsapontfiable 
phospholipids pass  into the ch lo ro form l a y e r ,  and the po tass ium sa l t s  of the deacylated phosphat ides (glyc- 
erylphosphocholine,  g lycerylphosphoethanolamine,  etc.) pass  into the aqueous methanol .  Control expe r i -  
ments  have shown that the ace to lys i s  of the po tass ium sal ts  of the phosphates  takes place only to the ex-  
tent  of 20%, and the re fo re  the l a t t e r  a re  conver ted into the f ree  phosphates  by passage  through a smal l  co l -  
umn containing cat ion-exchange res in .  The eluate is evapora ted  and ace to lys i s  is p e r f o r m e d  [12]. The 
p re sence  of a l a rge  amount of acet ic  acid in the react ion mix ture  in te r fe res  with the d i rec t  g a s - c h r o m a t o -  
graphic de te rmina t ion  of the t r i ace t in  formed.  Consequently, the ace to lys i s  products  a re  dis t r ibuted be -  
tween ch lo ro form and aqueous methanol .  At this s tage,  the t r iace t in  pa s se s  into the ch loroform,  while the 
bulk of the acet ic  acid, the phosphoric  acid, and the phosphates  and ace ta tes  of ba se s  and of inositol r ema in  
in the aqueous methanol ic phase.  The amount of g lycerol  t r t ace ta te  in the ch loroform is de te rmined  by 
GLC. According to the resu l t s  of control exper iments ,  the lo s ses  of t r iace t in  in the dis t r ibut ion of t h e p r o d -  
ucts of the ace to lys i s  of phosphates  a re  insignificant (see Table  1). 

A check of the whole scheme on egg-yolk  leci thin and cephalin showed that it is poss ib le  by this m e t h -  
od to de te rmine  96-97% of the glycerol  enter ing into the composi t ion of the g lycerophosphat ides  mentioned 

Total phospholipids [ 
or phospholipid,,,fractions , [ 

Alkalirte deaeylatiOrt; partition[ 
in tae cmorotorm-mefhanol- } 

I water (8; 4-~ 3)sy.em I 

4 
Chloroform layer." - - I  [methyl esters of fatty acids, 
[alk-l-enyl 
]phosphates, 
~ansaponffiable ethers 

Hydrolysis wtth 
90% acetic acid, 
partition in .the 
chlorofarm-methanol--water 

(see Table 3). 

(8: 4: 3) system 

I 

Chloroform layer: 
[aldehydes, 
[unsaponifiable ethers 

re~ Aqueous-methanolic laye 
water-soluble phosphates 
and their potassium salts 

Treatment with 
Dowex-50 
cation-exchange 
resin (H~' form~ 

l Water-soluble 
, phosphates 

Acetolysis; 
partition in the 
chloroform-- 
methanol--water 
(8: 4: 3) system 

Aqueous-methanolic layer:, 
phosphoric acid, acetic acid, 
acetates and phosphates of 
bases 

Chloroform layer.. 
glycerin triacetate 

$ 
GLC 

165 



TABLE 1. 
Conditions 

Losses  of Glycerol under Acetolysis  

I Initial 
Experi- amount of 
ment No. I glycerol, 

mg 

5,00 
5,02 
5,10 

Olyce~yl- triacetate found 
in chloro- 
form layer 
after parti- 

inacetolysis tion oface- 
~roducts tolysis prod- 

ucts 
mg I ~ ~ g g ]  

11,781100,0 11,58 98,5 
11,70 99,5 11:46~ 97,0 
11,95 99,5 ll 97,0 

in chloroform 
layer after 
neutralization 

mg[ 

I1,10 94,5 
11,20 94,8 
11,40 95,0 

TABLE 2. Acetolysis  of Synthetic 
ce-Glyceryl Phosphate 

L Amt. of triacetin 
| found in chloroform 

Initial | layer after distribu- 
Experi- amount of |tionof acetolysis 
ment glyceryl | products 
No. phosphate, | 

mg | mgg 7 

1 3,50 4,45 98,5 
2 3,65 4,62 98,0 
3 3,70 4,65 98,2 

The method of analysis that we have proposed 
can be used to est imate the amount of bound glyc-  
erol of the plasmalogens entering into the compo-  
sition of the phospholipid fractions.  On mild alkaline 
deacylation of the phospholipids [14], the vinyl ethers  
of the acylalkenylphosphatides are not destroyed.  
They only split off a molecule of fatty acid, and on 
parti t ion in the c h l o r o f o r m - m e t h a n o l - w a t e r  s y s -  
tem they pass intothe ch lo ro fo rmlaye r  (see scheme).  
On mild acid hydrolysis  [15] of the products present  
in the chloroform layer ,  with subsequent partition 
of the hydrolysate between chloroform and aqueous 
methanol, the water-soluble  phosphates pass into 
the aqueous phase. An analysis of the aqueous meth-  
anolic layer  according to the scheme shown permits  
the determination of the amount of glycerol in the 
acylalkenylphosphatides of the fractions under in- 
vestigation. The use of a column of cation-exchange 
resin in this case is due to the fact that the a lk-1-  
enyl phosphates l iberated on acid hydrolysis  are 
present  partially in the form of salts the acetolysis  
of which does not take place quantitatively. 

The possibility of the separate  determination 
of glycerol in diacyl-  and acylalkenylphosphatides 

was shown on the basis of an analysis  of the lecithin and cephaltn fractions of the cardiac muscle of l a rge -  
horned cattle (see Table 3). 

The method of analyz ing phospholipids by the scheme given can be used successful ly to determine 
the s t ructure  of natural polyglycerophosphatides.  As an example, we have performed the analysis of the 
cardiolipin of the cardiac muscle of large-horned cattle. 

The cardiolipin fraction isolated by column chromatography on silica gel was deacylated, and the 
reaction products were distributed between chloroform and aqueous methanol. The water-soluble  phos-  
phates were analyzed by the scheme given, and the amounts of phosphorus and glycerol in the acetolysis  
products were determined (see Table 3). The chloroform layer  was treated with diazomethane to convert  
the free fatty acids into their methyl es te rs ,  and these were analyzed by the GLC method with methyl m a r -  
ga ra t eas  internal standard.  A calculation of the chromatograms  obtained showed that the mixture contained 
11.2 mg (0.036 meq) of methyl linoleate, and also t races  of methyl palmitate,  s tearate ,  oleate, and linolenate. 
The mola r  rat io of fatty acids to phosphorus to glycerol of 4 : 2  : 3 shows that the cardiolipin of the cardiac 
muscle  is in fact a 1 ,3-diphosphat idyl-sn-glycerol .  

The determination of the phospholipid glycerol  by the scheme given has a number of advantages over 
that of Holla et al. [3, 5]. The method that we have descr ibed opens up the possibility of the subsequent 
determination of glycerol in the dtacyl-  and acylalkenylphosphatides: the analysis  of the aqueous methanolic 
layer  after  alkaline deacylation gives an idea of the amount of glycerol in the diacyl phosphatides, and mild 
acid hydrolysis  of the chloroform layer  with subsequent analysis of the water-soluble  phosphate permits  
the determination of the glycerol of the acylalkenylphosphatides of the fractions studied. 

Working by the given scheme eliminates the contamination of the meter ing device and the column of 
the chromatograph with phosphoric acid and phosphates of bases ,  since the la t ter  are  separated in the pa r -  
tition of the acetolysis  products between chloroform and aqueous methanol. 

The cleavage of the deacylated phosphatidestakes place quantitatively under comparat ively mild con- 
ditions (heating at 150°C for 5 h with a mixture of acetic acid and acetic anhydride). The sequence of op- 
erat ions used (alkaline methanolysis  and acetolysis  of the deacylated phosphatides) ensures  the possibility 
of the simultaneous determinat ion of the fat ty-acid composition of the phosphatides studied. 

The determination of phospholipid glycerol by the method that we have developed occupies a com-  
paratively short  t ime. 
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TABLE 3. Determination of Glycerol Tr iaceta te  in the Products  of the 
Acetolysis  of Deacylated G!ycerophosphatides 

Experi- 
ment 

No. 

Phosphate" 
fractions 

,} 2 Egg cephalin 
3 

2 Egg lecithin 
3 

2 Cardiac-muscle 
3 cephalin 

1 / Cardiac-muscle 
23 j lecithin 

1 t Cardiac-muscle 
cardioliptn 

Amount of phosphorus Amount of triacetin in 
tin deacylatext products of acetolysis of 

In initial [ phosphatides 
phos- ] ~  la--q, meth- 
phatides form anol ic  plasmalogem esters 

I layer " layer 

500 495 3,40 97,0 
500 490 3,36 96,0 
500 505 3,40 97,0 

540 530 3,70 98,2 
675 662 4,45 94,0 
510 495 3,30 95,0 

980 287 675 1,90 94.0 4,70 99,0 
1150 350 780 2,41 98,0 5,49 100,0 

II00 330 770 2,25 97,0 I01,0 
1200 400 750 2,73 97.5 5,12 97,0 
2200 635 1500 4,40 9%0 10,60 100,0 

585 580 15,40 198,0 

*Calculated on the phosphorus found in the chloroform laye r  of the 
deacylation products.  
$Calculated on the phosphorus found in aqueous methanolic l aye r  of the 
deacylation products.  

E X P E R I M E N T A L  

The solvents were purified and made absolute by standard methods [6]. Before use, the acetic acid 
and the acetic anhydride were fractionated through a column with a glass  packing. The glycerol  used for 
the control experiments  was redist i l led in vacuum, a -Glyce ry l  phosphate was isolated from its potassium 
salt in a column containing the cation-exchange res in  Amberli te IR-120 (H* form) and was neutral izedwith 
10% potassium hydroxide solution, and stored at 0-5°C. The phosphorus content was determined by the 
method of Gerlach and Deuticke [7]. 

Isolation of Lecithin and Cephalin of Egg Yolk.* Chromatographically homogeneous egg lecithin was 
obtained by the homogenization of yolks with ch lo ro fo rm-me thano l  (2: 1) and chromatography of the lipids 
on a column of alumina [8]. To isolate the cephalin, an aliquot par t  of the ch lo ro fo rm-me thano l  extracts  
of egg yolks containing 2.5-2.7 mg of lipid phosphorus was evaporated and chromatographed on a column 
of si l ica gel under the conditions descr ibed previously [11], a fract ion being collected with Rf 0.45 [13× 18- 
cm plate with KSK sil ica gel; c h l o r o f o r m - m e t h a n o l - w a t e r  (65 : 25 : 4) system].  On chromatography on 
paper impregnated with silica in the dibutyl e t h e r - a c e t i c  a c i d - c h l o r o f o r m - w a t e r  (80: 70: 12: 10) sys tem 
[9], the isolated cephalin fraction gave a single ninhydrin-positive spot with Rf 0.57, corresponding to 
phosphatidyl eth anol am ine. 

Isolation of the Cardiolipin, Cephalin, and Lecithin Fract ions  from the Total Phospholipids of the 
Heart of Large -Horned  Cattle. The total lipids were extracted from the hear t  t issue by the method of Folch 
et al. [10] and were chromatographed on si l ica gel under the conditions mentioned above [11]. Cardiolipin, 
cephalin, and lecithin f rac t ions  were isolated. The homogeneity of the cardiolipin fraction was checked by 
th in- layer  chromatography (TLC) on sil ica gel [one spot with Rf 0.64 in the c h l o r o f o r m - m e t h a n o l - w a t e r  
(65 : 25 : 4) system].  The eephalin fraction was analyzed by chromatography on paper  impregnated with 
sil icic acid [9]. Inthe dibutyl e t h e r - a c e t i c  a c i d - c h l o r o f o r m - w a t e r  (80 : 70 : 12 : 10) system, this f ract ion gave 
an intense ninhydrin-posit ive spot with Rf 0.57 (phosphatidylethanolamine + phosphatidalethanolamine) and 
also weak spots of phosphatidylserine (Rf 0.50) and of lysophosphatidylethanolamine (Rf 0.27). The cardiac 
lecithin fraction was investigated by TLC on silica gel. In the c h l o r o f o r m - m e t h a n o l - w a t e r  (65: 25: 4) s y s -  
tem, it showed one Dragendorff-posi t ive spot with Rf 0.25. 

*Here and below, the t e r m s  "eephalin" and "lecithin" are  used to denote the phosphatidylethanolamine and 
phosphatidyleholine fractions,  respect ively.  
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Control Exper imen t s .  A___:. Determinat ion  of the Loss  of Glycerol  under the Conditions of Ace to lys i s .  
A solut ion of 5.0-5.1 mg of g lycero l  in 1 ml of a mix ture  of ace t ic  acid and ace t ic  anhydr ide  (3: 2) was 
heated in a sea led  tube at 150°C for  5 h [12]. The tube was cooled and opened, 10 mg of hexamethylene 
d iaceta te  was added as  a s t andard  and the mix ture  was analyzed by the GLC method on a column (2000× 3 
ram) containing 10% of poly(ethylene succinate)  on s t lanized Chromosorb  W at 160°C. The ins t rument  used 
was a ~Khrom-2" chromatograph  with a f l ame- ion iza t ion  de tec to r .  The c h r o m a t o g r a m s  were  in t e rp re t ed  
with al lowance for the e m p i r i c a l  co r r ec t i on  fac to rs  found prev ious ly  for the quanti ta t ive ana lys i s  of polyol 
ace ta tes  [13]. Then the ace to lys i s  products  were  d i s t r ibu ted  in the c h l o r o f o r m - m e t h a n o l - w a t e r  (4 : 2 : 1.5 
ml) sys t em,  the ch lo roform l a y e r  was s epa ra t ed  off and t r ea t ed  with pentamethylene  d iace ta te  (9.0 mg) as 
a s tandard ,  evapora ted  at 20°C/20 mm,  and again analyzed  by GLC. F ina l ly ,  the ch lo ro fo rm solution of 
the polyol ace ta te s  was neu t ra l i zed  with Amber l i t e  XE-52 (OH- form),  a th i rd  s tandard  - t e t r ame thy lene  
d iace ta te  (9.0 rag) - w a s  added, and the ch r om a t og r a m  of the mix ture  of ace ta te s  was r e c o r d e d  for the th i rd  
t ime.  

The r e su l t s  of all three  de te rmina t ions  of g lycero l  in three  pa ra l l e l  expe r imen t s  a r e  given inTable  1. 

B. Ace to lys i s  of the Po ta s s ium Salt  of Synthetic a - G l y c e r y l  Phosphate.  In sea led  g lass  tubes,  3.0- 
3.5 mg of the po tass ium s a l t  of a - g l y c e r y l  phosphate was heated with 1 ml of a mix tu re  of acet ic  acid and 
acet ic  anhydride (3: 2) at  150°C for 5 h [12]. After  cooling, the tubes were  opened and the contents were  
d i s t r ibu ted  in the c h l o r o f o r m - m e t h a n o l - w a t e r  (4: 2." 1.5 ml) sys t em.  The ch lo roform l a y e r  was s t anda rd -  
ized with hexamethylene d iace ta te  and analyzed by GLC. The amount of g lycery l  t r i a c e t a t e  formed did not 
exceed 20% of the theore t i ca l  amount. 

C. Ace to lys i s  of F r e e  ~ - G l y c e r y l  Phosphate.  A solution of 3.5-3.7 mg of the po ta s s ium sa l t  of ~ -  
g lycery l  phosphate was f i l t e red  through a column containing 2.5 g of the ca t ion-exchange  r e s in  Dowex-50 
(H + form),  and the l a t t e r  was then washed with wa te r  until the reac t ion  was neut ra l .  The combined eluate  
was evapora ted .  The fur ther  t r e a t m e n t  was s i m i l a r  to that  d e s c r i b e d  above for the po ta s s ium sa l t  of the 
g lycery l  phosphate.  The r e su l t s  of a quanti ta t ive de t e rmina t ion  of the t r i a c e t i n  a re  given in Table 2. 

Determinat ion  of the Amount of Glycerol  in Acylphosphat ides .  A__= Deacylat[on of the Phosphol ip ids .  
A solut ion of 12-17 mg of a phospholipid f rac t ion  in 0.1 ml of ch lo roform was t r ea t ed  with 1 ml of a 0.1 M 
solution of po tass ium hydroxide  in 98% methanol [14]. The reac t ion  mix ture  was kept  at 40°C for 30 min,  
a f te r  which the exces s  of a lka l i  was neu t ra l i zed ,  and then the mix tu re  was heated with 0.1 ml of f resh ly  
d i s t i l l ed  ethyl fo rmate  (40°C, 5 rain). Af ter  cooling,  4 ml of ch lo ro fo rm,  1.0 ml of methanol ,  and 1.2 ml of 
wa te r  were  added to the hydro lysa te .  The mix ture  was shaken v igorous ly ,  and the ch lo ro fo rm and aqueous 
methanol ic  l a y e r s  were  s epa ra t ed  and ana lyzed  for the i r  phosphorus contents [8]. 

B. Ace to lys i s  of the Deacyla ted Phosphol ipids .  The aqueous methanol ic  solut ions were  pa s sed  through 
a column of Dowex-50 ca t ion-exchange  r e s in  (H + form),  and the r e s i n  was washed with wa te r  to neut ra l i ty .  
The combined e lua tes  were  analyzed for  the i r  phosphorus  content [7], evapora ted  at 40-45 ° C/20 ram, and 
d isso lved  in 0.5-0.7 ml of methanol .  The methanol ic  solution was t r a n s f e r r e d  to th ick-wal led  g lass  tubes.  
The solvent  was evapora ted  by pass ing  a c u r r e n t  of a rgon at  50-55°C through the tubes.  The fur ther  t r e a t -  
ment  of the phosphate was s i m i l a r  to that  d e s c r i b e d  above. The r e s u l t s  of the de te rmina t ion  of g lycero l  
a re  given in Table  3. 

Determina t ion  of the Amount of Glycerol  in Alkenylphosphat ides .  The ch loroform l a y e r  obtained 
af te r  the d i s t r ibu t ion  of the products  of a lkal ine  methano lys i s  of the phospholipid f rac t ions  containing p l a s -  
malogens  was evapora ted  and the r e s idue  was t r ea t ed  with 2 ml of 90% acet ic  acid at 40°C for 20 min [15]. 
The ace t ic  acid was evapora ted  off and the hydro lys i s  products  were  d i s t r ibu ted  in the c h l o r o f o r m - m e t h -  
a n o l - w a t e r  (8: 4: 3) sys tem.  The aqueous methanol ic  l a y e r  was passed  through a column of Dowex-50 
ca t ion-exchange  r e s i n  (H + form).  The eluate was t r ea t ed  and analyzed jus t  as has been given for  the acy l -  
phosphat ides .  The r e su l t s  of the ana lys i s  a re  given in Table  3. 

Analys is  of the Cardiol ip in  F rac t i on  of the Cardiac  Muscle  of L a r g e - H o r n e d  Catt le.  The ca rd io l ip in  
f rac t ion  (14.7 mg) was subjec ted  to a lkal ine  methanolys i s ;  the reac t ion  products  were  d i s t r ibu ted  in the 
c h l o r o f o r m - m e t h a n o l - w a t e r  sys tem.  The amount of g lycerol  in the aqueous methanol ic  phase was de-  
t e rmined  as d e s c r i b e d  above. The r e su l t s  a re  given in Table  3. 

The ch lo roform l a y e r  was t r ea t ed  with an excess  of an e the rea l  solution of d iazomethane  and the 
produc ts  were  analyzed by the GLC method for  methyl e s t e r s  of fatty ac ids .  Methyl m a r g a r a t e  was added 
to the sample  as internal  s tandard .  The amount of methyl e s t e r s  of fatty acids  was about 11.2 mg. 
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SUMMARY 

1. A new method for the quantitative determination of glycerol entering into the composition of nat- 
ural glycerophosphatides has been developed. 

2. The method described has been used for the analysis of egg-yolk cephalin and lecithin and also 
the cephalin, lecithin, and cardiolipin of the cardiac muscle of large-horned cattle. 

3. Using heart phospholipids as an example, the possibility has been shown of the separate deter- 
mination of the glycerol in diacyl- and acylalkylidenephosphatides. 
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