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SUMMARY 

I. Plasma membranes were prepared from rat liver homogenates. The membrane 
preparation was characterized by its composition and the presence of particular en- 
zynles which have been associated with membrane function. Lipid composition of 
the membrane was studied in detail and was compared with that reported for other 
membranes. 

2. Pahnityl-, stearyl-, oleyl- and linoleyl-CoA esters were prepared enzymati- 
tally froln radiocarbon labeled acyl precursors. These substrates were incubated with 
the membranes and the incorporation of isotope into various lipids was investigated. 

3. Under these conditions, small amounts of neutral glycerides were formed. 
In this process, unsaturated acyl-CoA derivatives were better utilized precursors than 
the saturated analogs. Fat ty  acids were principally incorporated into phosphatidic 
acid, phosphatidylethanolanline and phosphatidylcholine, presmnably through a re- 
acylation of their lyso derivatives. 

4. The major portion of the fatty acids from [14C]acyl-CoA esters was recovered 
as free fatty acid and in the form of S-acyl pantetheine. 

INTRODUCTION 

In a recent study of the utilization of free fatty acids for lipid synthesis in 
the liver in vivo, we observed that the phospholipid fraction of the hepatic plasma 
nlenlbrane had a higher specific activity than phospholipids isolated from other sub- 
cellular particles". 

So far, very little is known about lipid metabolism in isolated plasma mem- 
branes and the participation of the membrane in metabolic reactions has been inferred 
mostly from studies on isolated cells. However, several papers have appeared on the 
protein, enzymic and lipid content of isolated membranes x-s. The studies presented 
here and in the accompanying communication were undertaken in an effort to enlarge 
our knowledge of the composition, structure and function of plasma membranes. 

* E. A. BROWN, W. L. STAHL and E. G. TRAMS, manuscript in preparation. 
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MATERIALS AND METHODS 

Source of materials 
[I-14C" Pahnitic, -oleic and -stearic acids: New England Nuclear; [I-l~C[linoleic 

acid : Applied Science Labs., State College, Pa. ; sptfingomyelin and phosphatidic acid : 
Pierce Chemical, Rockford, Ill. Other lipids: Applied Science Labs.; 2,6-dichloro- 
phenolindophenol: Sigma Chenfieal; CoA: Pabst Laboratories; silica gel F,,~, pre- 
coated thin-layer chromatographic plates, 25o/~ (Merck, Darmstadt, Germany): 
Brinkmann Instruments; silica gel pre-coated thin-layer chromatographic plates, 
25o/~ (Uniplate): Analtech, Wilmington, Del. 

Liver cell membranes 
Male Sprague-Dawley rats weighing from I20-xSo g were decapitated and the 

livers were rem()ved, dissected free of vascular and adjacent tissue, and chilled in ice. 
The liver cell membrailes were isolated from 4 ° g (or nmltiples there()f) ()f minced 
liver according to the method of NFA:II.I.F. 2. 

Preparatio~z q/subslrates 
Rat liver microsomes were prepared by the method of SCHgHH,;R AXJ) HO(;E- 

J~OO5'¢. The nficrosolnal pellet derived from 2o--2I g of liver was resuspended in 60 ml 
,Jr cold, glass-distilled water and was centrifuged at 78ooo g (I h). The washed 
microsomes were resuspended in distilled water and lyophilized to yield an average 
900 mg of dry powder. This could be stored for several months at 2o ~ without loss 
of fatty acid activating enzvlm'. 

Long chain acyl-(h~A derivates were prepared according to KORNm,;I~(; ,\Xl) 
P~I~:EI¢ I°. The incubation mixture contained: 2.5 mmoles Na2ATP (pH 7.4 with 
I M NaOH), 5.o lnmoles cysteine. HC1 (adjusted to pH 7.4 with I M NaOH), o. I mmole 
CoA (pH 7.4 with I M KH2PO4), 5.o mmoles NaF, 5.o mmoles MgC12, 5.o mmoles 
KH2PO ~ (pH 7.4 with x M NaOH), 35o mg microsomal powder and o.I man(fie of 
Li-l~C]fatty acid in a final volume of 200 ml. The fatty acid was sonicated in 80 nll 
H,,O for 2-3 miu utilizing a t~ranson Sonifier tuned for optinmm sonication. 

The final opalescent acx'l-CoA was stored at 20 .  Conversion of [~4C fatty acid 
to [laC acyl-CoA, based on radioactivity, was usually 4o-75 %. Lipid ester was esti- 
mated by the method of K()RNBERG AND PI{ICI:,R TM, and adenine by absorption at 
26o m~. The isolated acvl-CoA compounds had ester/adenine ratios of unity, and 
were chronmtographed on Merck silica gel thin-layer chromatographic plates using 
chloroform -methanol-I  M sodium acetate (pH 3.55) (7o:3o:5, by v~fl.). They were 
found to be 95-99 % pure as judged by radioactivity scans. 

Extractio~z amt estimatioTl of lipids 
A suspension of membranes was extracted with 20 vol. of chlorofl)rm--methanol 

(z : I, by wfl.) by the technique of FOLCH, LE~,;s AND SLOn~U.;-SxANI~EY H. Alter evapo- 
ration to dryness the lipid extract was dissolved in chlorcffornl -methanol (2 : I, by vol.) 
and was washed with o.2 vol. of water. The upper phase washes were combined and 
dialyzed against cold distilled water and subsequently lyophilized. The gangliosides 
were estimated by the method of WAm~EN ae using N-acetylneuraminic acid as 
standard. The lower phase lipids were initially separated on a silicie acid colunm as 
described in Fig. x. Fraction A (neutral lipids) was further separated using thin-layer 
ehromatograplfic System D whose composition is indicated in the next paragraph. 
Phospholii)ids were set)arated by thin-layer chromatographic System C. The lipids 
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were extracted from thin-layer chromatographic spots by extracting the appropriate 
areas of silica gel on a small sintered glass funnel with I ml CHC13, 2-5 ml CHC1 a-  
methanol (2 : I, by vol.) and methanol containing 5 % concentrated NH4OH to a finat 
effluent volume of IO ml. After evaporation under N2, samples were analyzed for 
total lipid and phospholipid phosphorus by the methods of B~AGDO~ "13 and BART- 
LETT 14, respectively. Recovery of neutral lipids from thin-layer chromatographic 
plates averaged 95-7 % and recovery of phospholipids was 9 ° %. 

Thin-laver-chromatographic systems 
System A. Ethyl ether-glacial  acetic acid (IOO: I, by vol.) (Merck silica gel pre- 

coated plates). 

System B. Light petroleum (b.p. 3o-6o°)-e thyl  ether ( i : i ,  by vol.) (Merck 
silica gel pre-eoated plates). 

System C. Chloro fo rm-methano l - i  M sodium acetate solution (pH 3.55) 
(50:50:4, by vol.) (Merck silica gel pre-eoated plates). 

System D. Thin-layer plates (20 cm x 34 cm) were prepared and lipids separated 
by the method of FREEMAN AND WEST 15 using diethyl e t h e r - b e n z e n e - e t h a n o l -  
acetic acid (4o: 5o: 2 : o.2, by vol.) followed by diethyl ether~hexane (6: 94, by vol.). 
These systems in combination give good separation of the lipid classes. 

System E. Chloroform-methanol  (9:1, by vol.) (Analteeh. "Uniplate"). 
Plates were activated prior to application for 15 nfin at lO5 °. Lipids were 

visualized by one of the following methods : (i) exposure to iodine vapors ; (2) spraying 
with rhodamine G; spraying with the reagent of DITTMEI~ AND LESTEld 6 for phos- 
phates; spraying with orcinol reagent for glycolipids ~7 and for hydroxamic acids by 
spraying with a FeC13 reagenO s. Radioactivity was located with a Vanguard Model 88o, 
scanner on strips 5o nml wide. 

Amino acid analysis 
Delipidated membranes were hydrolyzed in 6 M HC1 for 2 4 h at lO5 ° in an 

evacuated sealed tube. Analysis was performed as previously described 19 on a Phoenix 
amino acid analyzer. The data reported in Table I I I  represent the average of two 
determinations. 

Protein 
This was deternfined by the method of LowRy et al. 2° using human plasma 

albumin, Fraction V as standard. 
Enzymic assays 
Suecinate dehydrogenase was measured by the method of DAVENPORT 21, which 

had been modified to use a I.o-ml volume at 25 ° in a Cary Model 14 recording speetro- 
photometer.  Glucose 6-phosphatase was assayed in 4 ° mM sodium glucose 6-phos- 
phate, 7 mM histidine, I mM potassium EDTA (pH 6. 5 (KOH)) in a final volume 
of 50 ~I. After incubation at 37 ° for IO rain, the reaction was terminated with 25 ~1 
of 15 o.,/o trichloroacetic acid and the phosphate liberated was measured using the 
procedure of LowRY AND LOPEZ 22. Phosphatidic acid phosphatase was assayed in 
a medium containing 3 mM sodium phosphatidate, 60 mM maleic acid (pH 6.5 (KOH)) 
in a final volume of 5 °/~1. The stock solution containing phosphatidic acid and maleic 
acid was initially sonieated for 2-3 rain to disperse the substrate. Incubation was 
for 30 rain at 37 ° and the reaction was stopped by the addition of 25 ~l of 15 % 
triehloroaeetic acid. Liberated phosphate was measured as indicated above. Cholin- 
esterase was measured using acetylthiocholine iodide as substrate by a slight modifi- 

Biochim. Biophys. Acta, 163 (i968) 459-471 



462 W. L. STAHL, E. (;. TRAMS 

cation of the method of ELr~MaN eg al. 2a which is described elsewhere 2.. Lipase was 
assayed using glyceryl tri[I-14Q]oieate as substrate. Tile reaction mixture consisted 
of 12 m/zmoles of tile triolein (37oo0o disint./nlin), 0. 5 °o sodium deoxvcholate,  o.I mM 
CaC12, 15o mM Tris--HC1 (pH 7.4) and approx. 4o0 t,g of membrane protein in a final 
volume of 200/,1. This was incubated at 3 7  for 30 rain and the reaction was termi- 
nated with 5 °/,1 of 2 M HC1. The mixture was extracted two times with is:)octane 
and the combined extract  was dried and chrolnatographed using thin-layer chromato 
graphic System B. Free fa t ty  acid and triglyceride were recovered and counted. The 
method was validated using crude pancreatic lipase (Sigma}. 

General conditions for  i,zcubalion and aJmlvsis ~[ membraTzes 
Membranes (usually 15o-18o >g of protein), [i-~aC acvl-( 'oA or :I-HC !pahnitic 

acid, as indicated, and Tris-HCl (pH 7.4) (70 -I4O raM) in a final volume of 21o -220/~1 
were incubated at 37 ° for o.5 h in a I2-ml gradient conical centrifuge tulle. When 
indicated, membranes were boiled for 5 rain in buffer and before additima of acyl-( 'oA. 
After incubation the reaction was stopped by addition of 2 ml of chloroform -methanol 
(2:1, by vol.) and the nfixture was stored at 2 0 .  The mixture was washed with 
i ml of water and the upper phase was aspirated and discarded. Methanol was added 
to a volume of 2.0 ml. a I.O-nll aliquot was taken to drvI]ess under a stream of N 2 
at 30'~ for thin-layer chromatography.  The lipid extract  in zoo -200/,l chloroform - 
lnethanol (2: I, by  vol.) was applied to the origin (0) of a 2o cm 2o rm we-coa ted  
Merck silica gel thin-layer chromatographic plate (as ill Fig. 2) and was chromato-  
graphed with Systems A, B and C as indicated. R a d i o a c d v i t \  was initially localized 
by scanning. Tile lipid-containing areas were transferred into counting vials; i nil ()f 
Hyamine  IO-X and Io  nfl of naphthalene--dioxane scintillation fluid 2a were added 
and the samples were counted in a Packard Tri-Carb scintillation spectrometer, Model 
3oo3, equipped with automatic  external standardization. Conversion of ctmnts/min 
to disint./nfin was made by referring to a s tandard quench curve constructed for the 
solvent systenl with s tandard [14C!benzoic acid (National Bureau of Standards). 

RESt*LTS AND DISCUSSION 

Composilion of  liver plasma membranes 
Our data  on tile chemical and enzynfic composition of tile isolated liver plasma 

lnembranes are listed in Tables I - I I I .  In our opinion, tile current method for preparing 
rat liver plasma membranes 2 is an improvement  of those previously used, since there 
was an improvement  in yield, consistency and time of preparation. The significance 
of some of the differences in composition from those reported by others will have to 
be established. Approx. 0.5 mg of membrane protein was derived fronl I g of liver, 
a yield of about  0.2 % of the original protein, and very similar to the yield obtained 
by EMMELOT et al. 4. The ratio of lipid protein (0.39: I) was rather  low compared to 
tha t  of SKIPSKI et al. s (0. 7 : I) and Doo  AXD GRAY a" (0.6 : I) ; however, the phospholipid 
content  compares with tha t  found by  EMMELOT el al. 4 (0.39 /*mole membrane P/nlg 
membrane protein). The carbohydrate  content,  of about  28 °,o, appeared high, and 
could have been due to residual sucrose. The hexosamine and sialic acid contents 
appeared rather lower than those of EMMELOT et al?. 

The results reported here for tile lipid composition of tile membranes are in 
general agreement with those of DOD AND GRAY a9 and SKIPSKI et al.S; although the 
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T A B L E  l 

COMPOSITION OF L I V E R  PLASMA M E M B R A N E S  

Yield of prote in* (mg/g wet wt. liver) 
Yield of d ry  de l ip ida ted  menl/)rane (mg/g wet wt. liver) 
1 )ensi ty  (g/nil) 
Lipid con t en t  (rag/rag m e n l b r a n e  protein)* 
l 'hosphol ipid  con ten t  

Mean ± S.E. ** 

0.48 ± o.13 (Io) 
0.66 ± o . 1 3  (3) 
1.18 
0'39 ± 0.04 (3) 

(t~moles phosphol ip id  phosphorus / r ag  n l embrane  protein)* 
Hexose  (pnloles /mg n l embrane  protein) 
H e x o s a m i n e  (/~nloles/nlg men l b r ane  protein) 
N - A c e t y l n e u r a m i n i c  acid con t en t  ( /mmles /mg  dried del ip idated membrane)  
Succ ina te  dehydrogenase  

(In umoles  d ich lorophenol indophenol  reduced/n lg  prote in  per  rain) 
Glucose 6 p h o s p h a t a s e  (/~moles Pl formed/ rag  prote in  per h) 
Chol ines terase  ( /mmles  ace ty l th iochol ine  h y d r o l y z e d / m g  prote in  per h) 
Lipase  (m/mmles  fatty, acid l ibe ra ted /mg pro te in  per h) 
Phospha t id i c  acid p h o s p h a t a s e  (/ ,moles l ' l  f o rmed / mg  prote in  per h) 

• D e t e r m i n e d  on n l e m b r a n e  fract ion before lipid ext rac t ion .  

0.33 ± 0.06 (2) 
0.55 ± 0.06 (4) 
0.030 ± 0.005 (2) 
o.oi (2) 

4 .6 (3) 
0.58 (2) 
1 . 9 5  ] 2 0 . 2 5  (2) 
Nihil 
0 . 2 8  ( I )  

** The  n u m b e r  in pa ren thes i s  represents  the  n u m b e r  of p repara t ions  analyzed,  each in dupli- 
ca te  or tr iplicate.  

T A B L E  l I  

L I P I D  COMPOSITION OF RAT L I V E R  CELL M E M B R A N E S  

Lipids were ex t rac ted  f rom a suspens ion  of l iver cell m e m b r a n e s  (19 and  28 m g  protein),  and  
af ter  pa r t i t ion ing  wi th  0.2 vol. wa te r  to r emove  gangl ios ides;  the  lower phase  lipids were ini t ial ly 
separa ted  on a silicic acid co l unm (Fig. I). Ind iv idua l  lipids were separa ted  by  th in - layer  chro-  
n l a t o g r a p h y  us ing  S y s t e m s  C and  D. In  one case phosphol ip ids  were separa ted  by  two-d imens iona l  
c h r o m a t o g r a p h y  on W h a t m a n  SG-8I sil ica-gel-loaded paper  as described by  WUTHIERaS: chloro- 
f o r m - m e t h a n o l  di isobuty]  k e t o n e - a c e t i c  a c i d - w a t e r  ( 23 :1o :45 :25 :4 ,  by  vol.) in the  first di- 
n lension and  c h l o r o f o r m - m e t h a n o l  di isobutyl  k e t o n e - p y r i d i n e - o .  5 M Ntt4C1 (pH io.4) 
(3 °:  17-5 : 25 : 35: 6, by vol.) in t he  second dimension.  Neut ra l  lipids were q u a n t i t a t e d  by  the  
BRAGI)ON m e t h o d  la and  phosphol ip ids  by  phospho rus  analys is  14. The  resul ts  are an  average  from 
two m e m b r a n e  prepara t ions ,  c h r o m a t o g r a p h e d  in duplicate.  

Lipid % of total 
lipid extracted 

Free f a t t y  acids 9.0 
Monoglycer ides  3-3 
Diglycerides and  tr iglycerides 8.8 
Cholesterol  r 3-4 
Cholesterol  esters  o 
Phospha t idy lcho l ine  * 

(plus l y sophospha t idy l e thano lamine )  * * 25.8 
P h o s p h a t i d y l e t h a n o l a m i n e *  * 

(plus phosphat idylg lyeerol )  I7.8 
Phospha t idy l inos i to l  1.3 
Phospha t idy l se r ine  3.9 
Sph ingomyel in*  8.8 
Po lyg lyce rophospha t ides  3-5 
Uncharac te r i zed  cerebrosides and  glycolipids 7.2 
Gangliosides o. i 

Tota l  recovery lO2.9 

* "Fotal choline content ,  0.68 i tmole/mg lipid. 
* * Tota l  e t h a n o l a m i n e  content ,  o .46 / tmole / tng  lipid. 
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latter authors were unable to account for 26 % of the total membrane lipids. The 
data reported in Table II, and that of DOD AXD GRAY a'~ and SKIPSKI et al. 8 all indicate 
that 34-35 % of the lipids of the plasma nlembrane are 'neutral lipids' i .e.  cholesterol, 
cholesterol esters, free fatty acids, and glycerides, of which cholesterol conlprises the 
major eonlponent (39-5o %). Table iI shows that 61% of the total lipid was recovered 
as phospholipid; DOD aND GRAY s'~ found phospholipids comprised 59 % of the lipids 
of  the membrane. Within the class of phospholipids the data for phosphatidylcholine 
and phosphatidylserine given in Table II agree well with that of DoD AXD GRAY, 
but the percentage of phosphatidylethanolamine reported here is threefold higher, 
and the sphingomyelin value half that reported by DoD Ax b GR~w. These differences 
may have been due to differences in technique used for membrane isolation, strain 
of animal or diet, or in the chromatographic methods used. Phosphatidylcholine, 
t)hosphatidylethanolamine, and sphingomyelin comprised 86 °,o of the total phospho- 
lipid. This compares with rat red cell ghosts where the choline phosphatides and 
ethanolamine phosphatides COlnprise 99 o; of the phospholipid fraction"~; the bulk 

sot  ~ A , -  B ' '  C - ,  D - ,  E . ~ - -  F - ~ G ~  
/ A t /  

L 

5 
L 
O 

X 

0 I0 20 30 40 50 60 70 80 90 I00 I10 120 

TUBE NUMBER 

F ig .  I .  C o l m n n  c h r o m a t o g r a p h y  of  l i p i ds  f r o m  l i v e r  m e m b r a n e s .  M e n l b r a n c s  (27 rag) w h i c h  had  
been frozen for 14 days at --zo:: were incubated with o.4 z ffmole of [ t-l~C]palmityl-CoA (I.98. lO 7 
disint. /min) and 3o0/tmoles of Tris HC1 (pH 7.4) in a final v o h m c  of io.o nil for o. 5 h at 37 % 
The reaction was halted by addition of lOO ml of c f i lo roform-methanol  (2:1, by  vol.) and was 
stored for several hours  at  - -2o ~. The mixture  was washed with I vol. of water, and after brief 
centrifugation, the  upper phase  was aspirated off. Methanol was added to clarify the mixture  
which was then filtered through a sintcrcd glass funnel and the filtrate was taken to dryness. 
The  lipid extract  was chromatographed  on a t c m  X io cm cohmm of act ivated (3 ° rain at lO5 °} 
Unisil (ioo 20o mesh). Fract ions (5 ml) were collected during sequential  elution by 5o-ml port ions 

o f  tile following solvent systems:  chloroform (Fraction A); ch lo ro fo rm-me thano l  (99: I, by  vol.) 
(Fract ion B}; ch lorofor ln-methanol  (96:4, by  vol.) (Fraction C); chloroform naethanol (7: i, 
by  vol.) (Fraction D); c h l o r o f o r m - m e t h a n o l  (2:L by vol.) (Fractiou E); ch lo roform-methano l  
(~:2, by vol.) (Fraction F); methanol  (Fraction G). Radioactivity in tile fractions was measured 
lly liquid scintillation spectrometry.  The major  components  of the colunul fractions were identified 
tly thin-layer ch romatography  by comparison to authentic  s tandards;  radioactivi ty was localized 
using a Vanguard  autochromatographic  scanner and the  major  radioactive lipids were identified 
above the peaks. 
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of the neutral lipid in red cell ghosts is cholesterol. Likewise, in rat liver mitochondria 
and microsomes, the choline and ethanolamine phosphatides account for 8o-9o % of 
the total  phospholipid (cf. ref. 27). 

The lipid content of these membranes contrasts sharply with the recently 
studied renal glomerular basement membranes which has a total  lipid content of less 
than 1% of its dry weight 2s. I t  was also observed that  the ganglioside content of 
the plasma membrane fraction was very low while about 7 % of the lipid consisted 
of cerebrosides and glycolipids. These latter components appeared in Fraction C 
(trig. I) from the silicic acid column, and after thin-layer chromatography in System E, 
at least 7 - Io  discrete spots were observed with iodine vapor, anisaldehyde spray '~9 
and benzidine spray (for glycolipids) 3°. The identity of the neutral glycerides, free 
fa t ty  acids and phospholipids was established by  thin-layer chromatography with 
authentic reference compounds in several solvent systems, including the system of 
MARIIX'ETTI al with silicic acid impregnated paper. In certain cases phospholipids were 
isolated and P/ester ratios were determined. The presence of cardiolipin, which was 
not found by others in plasma membranes, may have been due to nlitochondrial 
elements. Low but measurable succinate dehydrogenase activity may also be indicative 
of contamination with mitochondrial membranes, although no mitochondria were 
visible in the preparation either under phase contrast or in electron micrographs. 

The amino acid analysis shown in Table I I I  does not differ significantly from 
that  of published values for most purified proteins, e.g. egg albumin 32 or from the 
glycoprotein of glomerular basement membrane 28, except that  the latter has a signifi- 
cantly higher alanine content. However, the composition is unlike mitochondrial 
structural protein which appears to have a relatively higher content of amino acids 
with nonpolar side chains 3a. I t  is important  to remember that  the liver and other 
membrane preparations contain many  proteins. NEVILLE 1 has shown that  the alkaline- 

TABLE I I I  

A M I N O  A C I D  C O M P O S I T I O N  O F  L I V E R  P L A S M A  M E M B R A N E S  

A m i n o  acid A m i n o  acid 

Glutamic acid 

Cysteic acid o.oi 
Asp o.78 
Thr  o.39 
Ser o.31 
Pro 0.44 
Glu* I .oo 
Ely o.59 
Ata 0.69 
Val o.54 
Cy~ 0.07 
Met o. 19 
lle o.39 
Leu o.88 
Tyr  0.25 
Phe o.38 
Orn o.oo 3 
Lys o.65 
His o.21 
Arg 0.38 

* 2.36/~moles glutamic acid were derived from 2 rag, dry  weight of delipidated membranes  
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soluble  f r a c t i on  f r o m  l iver  m e m b r a n e s ,  c o n t a i n i n g  7 ° °o of t h e  t o t a l  m e m b r a n e  p ro t e in ,  

has  a t  leas t  25 p r o t e i n  c o m p o n e n t s  a n d  SCHNEIDERMAN '34 has  d e m o n s t r a t e d  the  

h e t e r o g e n e i t y  of r ed  cell s t r o m a  p ro t e in .  The  specific a c t i v i t y  of g lucose  6 - p h o s p h a t a s e  

in t h e  n l e m b r a n e  p r e p a r a t i o n  was  seven  t i m e s  less t h a n  l iver  micxosomal  p r e p a r a t i o n s  

(@ Tab le  I I  of a c c o m p a n y i n g  c o m n m n i e a t i o n )  i n d i c a t i n g  a v e r y  low c o n t e n t  ol 

m i c r o s o m a l  e l emen t s .  E l e c t r o n  m i c r o g r a p h s  of t he  p r e p a r a t i o n  i n d i c a t e d  on ly  ve ry  

few f r a g m e n t s  of e n d o p l a s m i c  r e t i cu lum.  EMMELOT et al? h a v e  r e p o r t e d  t h a t  l iver 

m e m b r a n e s ,  p r e p a r e d  b y  a s l ight  m o d i f i c a t i o n  of NEVILLE'S or ig ina l  p r o c e d u r e ,  had  

g l u e o s e - 6 - p h o s p h a t a s e  specific ac t iv i t i e s  five t i m e s  less t h a n  l iver  m i c r o s o m e s  and  

were  d e v o i d  of m e a s u r a b l e  s u c c i n a t e - c y t o c h r o m e  c r e d u c t a s e .  The  p r e p a r a t i o n  under  

s t u d y  here  e x h i b i t e d  p h o s p h a t i d i c  ac id  p h o s p h a t a s e  a c t i v i t y  w h i c h  was  n e a r l y  ident i -  

cal to  b o t h  t h e  or ig inal  l iver  h o m o g e n a t e  as well as to  va lues  r e p o r t e d  b y  HOKIN 

ANI) HOKIN aa for  av ian  sa l t  g l a n d  mic roso lnes  (assayed  in t he  p r e s en ce  of d e t e r g e n t ) .  

The  l iver  m e m b r a n e s  h a d  cho l i ne s t e r a se  a c t i v i t y  b u t  were  d e v o i d  of l ipase using 

t r io le in  as t h e  s u b s t r a t e .  

f 
4 ~ a [ , :  C;OIV~ r,? r ,  , r , ,  '2 I :j ', 

for Syslem C Acy l  pon te the lne  

~ J ~  Cereb¢osldes 

@ _.. \ 
(,, 3 D G: 

. - - - - . ,  . . . . .  

" 'L ' ,sc ~'E i SOLVENT 

P6 ,, 1 

,i i 

] SOLVENT SYSTEM A . . . . .  

Fig. 2. Separation of membrane lipids by thin-layer chromatography. Liver plasma membranes 
(I8o#g protein) were incubated with Tris-HC1 (pH 7-4, I4O mM) and [I-14C]pahnityl-CoA 
(o.3I mM, 3.59" Io6 disint./min) in a final volume of 2_,o #1 for 3 ° min at 37 C The reaction was 
halted with 2 ml of chloroform-methanol (2 : t, by voh) and the mixture was washed with [ ml 
of water; the upper phase was aspirated and discarded. Methanol was added to clarify the washed 
extract and one half was taken to dryness under a stream of N,~ for chromatography. This lipid 
extract in 2oo/d of chloroform-methanol (2:i,  by vol.) was applied to the origin (O) of a 
2o cm × 2o cm precoated Merck silica gel thin-layer chromatographic plate and was chromato- 
graphed with solvent System A to within a tew mm of the top of the plate. A thin-layer plate 
was then scored and cracked along Lines A and B and the two resulting end plates (5 cm ~ 2o era) 
were chromatographed as indicated in Systems B or C. Lipids were localized and radioactivity 
traces made as indicated in the text. The radioactivity scale is relative and the trace on the left 
was made at three times the sensitivity of that  on the right. Lipids were recovered and radio- 
activity was as follows: Acyl-CoA, 3.z5. io ~ disint./min; acyl pantetheine, z.69-IO 5 disint./min; 
MG, 3.73'zo4 disint./min; DG, i.o 7 . Io  4 disint./min; TG, 1.8.io 4 disint./min; VA, z.84.Io 6 dis- 
int./rain. Abbreviations: CL, cardiolipin; PA, phosphatidic acid; PE, phosphatidylethanolamine; 
PS, phosphatidylserine; PC, phosphatidylcholine; SM, sphingomyelin; TG, triglyceride; DG, di- 
glyceride; MG, monoglyceride; FA, fatty acid. 
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Incorporation of fatty acids into the plasma membrane neutral lipid fraction 
Preliminary experiments indicated that free fa t ty  acids were poorly incorpo- 

rated into plasma membrane lipids, but were very effectively utilized as the CoA 
derivatives. With palmityl-CoA as substrate, the most prominent products were 
phospholipids, free fat ty acid and S-palmityl pantetheine (Fig. I). 

For routine analysis after incubation of membranes utilizing ~L4C2acyl-CoA as 
substrate, the protocol described in Fig. 2 was used. This procedure has the advantage 
that a reasonably large number of samples can be run daily, and these commercially 
available plates give excellent, consistent separation of the major lipid classes. In 
certain instances where rather large amounts of labelled fat ty acid were present, it 
was desirable to utilize thin-layer chromatographic System D for separation of neutral 
lipids. Recovery of radioactivity applied to thin-layer chromatographic plates and 
separated by these thin-layer chronmtographic systems was 95 °o using the Hyamine 
scintillation fluid combination described in the text. Recovery of radioactivity using 
the scintillation fluid alone was inadequate. 

Incorporation into neutral glycerides, as shown in Table IV, was in general oI 
a low order of magnitude over a fairly wide range of substrate concentrations. With 

T A B L E  I V  

INCORPORATION OF FATTY ACIDS FROM LI-I4C]ACYL-CoA INTO NEUTRAL GLYCERIDES OF LIVER 
PLASMA MEMBRANES 

L i v e r  p l a s i n a  m e m b r a n e s  (18o/*g  p r o t e i n )  were  i n c u b a t e d  w i t h  T r i s - H C 1  (pH 7.4) (14o InYD a n d  
LI- taC]acyl -CoA as  i n d i c a t e d ,  in  a v o l u m e  of 22o /~ l  for o. 5 h a t  37 °. T h e  spec i f i c  a c t i v i t i e s  of 
t h e  a c y l - C o A  c o n a p o u n d s  w e r e  as fo l lows :  [ I -14C~palmi tyI -CoA,  5.29" lO 7 d i s i n t . / m i n  pe r  / , m o l e ;  
[ i - l aC~s t ea ry l -CoA,  4 . 3 4 . 1 o  7 d i s i n t . / m i n  pe r  /*nIole;  [ I - l aC]o ley l -CoA,  I.O2. lO 7 d i s i n t . / n l i n  pe r  
/ , n lo le ;  [ i - l aC] l ino l ey l -CoA,  7.53" IO~ d i s i n t . / m i n  p e r  Hnlole.  The  l ip ids  w e r e  c h r o m a t o g r a p h e d  and  
r a d i o a c t i v i t y  d e t e r m i n e d  as  d e s c r i b e d  in  Fig .  2 a n d  in  t h e  t e x t .  

Substrate 
acyl-CoA 
(raM) 

Fatty acid incorporated 
(mllmoles per mg protei~z) 

Monoglyceride Diglyceride Triglyceride 

, t - 1~C J P a l m i t y I - C o A  o.o 15 o. 26 o. 05 o. 17 
o.o31 0.44 0.09 0.34 
o.o77 1.29 o.42 o.4S 
o.155 1.85 o.58 1.47 
0.232 2.54 0.85 1.59 
o.3Eo 3.92 I . t 2  1.8o 

~ t -14C]Stea ry l -CoA o .o i  o.o39 o.029 o.o22 
o.o2 o.o9o o.o48 o.o43 
o.o 5 o.2o 9 o. IO9 o.o92 
o . i o  o.363 o. 185 o.o82 
o.15 o.761 o.3o3 O. lO3 
o.2o I.O36 o.375 o.2o 5 

[ I - l~C]Oley l -CoA 0.073 1.8 5 o.13 0.28 
o . I 4 7  4.61 o.36 o.64 
0.367 lO.45 - -  1.84 
0.734 21.39 0.69 2.49 
I . IO 36.76 o.51 4.52 

[ i -14C2Linoleyl -CoA 0.073 1.25 0.093 0.484 
o.147 2.5 ° 0 .224 0.336 
0.367 6.92 0.235 1.o7 
0.734 15.1o o.621 1.97 
i . i o  22.07 o.721 3.29 
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sa tu r a t ed  acyl-CoA as subs t ra te ,  conversion ranged f rom 2.9 to z.2 % with  increasing 
subs t ra te  concen t ra t ion ;  with oleyl- and  linoleyl-CoA, as much as ~.7-3.4 % of the  
subs t ra te  was conver ted  to t o t a l  neu t ra l  glyceride.  

The for lnat ion of free f a t t y  acid from acyl-CoA is due p r imar i ly  to deaeyla t ion  
of the  coenzyme der iva t ive  and of the  acyl  pante theine .  Wi th  s a tu r a t ed  acyl-CoA 
compounds ,  increasing subs t ra te  concent ra t ion  produces  an appa ren t  increase in 
veloci ty  of the  deacylase  react ion (Fig. 3) whereas  with the  unsa tu r a t ed  acyl-CoA 
compounds ,  this  ac t iv i ty  p r e sumab ly  p la teaus  with an increase in acyl-CoA concen- 
t ra t ion .  This poss ibly  indicates  two modes for the  format ion  of free f a t t y  acid. In  
the  former case this  m a y  s imply  represent  a deacy la t ion  of the  s a tu ra t ed  acyl-CoA, 
whereas in the  l a t t e r  case a more complex in te rmedia te  t r ansacy la t ion  m a y  be in- 
volved.  
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Fig. 3. Yormation of free fatty acids on incubation of liver plasma membranes with Lt-uC]acyl - 
CoA. incubation conditions and chromatographic procedures were as in Table I V. 

Fig. 4. Incorporation of fatty acids from LI-1lCJacyl CoA into phosphatidylcholine of liver plasma 
membranes. Incubation conditions are described in Table IV and chromatographic procedures 
as in Fig. 2. 

I~tcorporatio~t of fatty acids from acvl-CoA i~to phosphatidylcholine and phosphatidyl- 
ethanolamiJle 

The format ion  of two of the ma jo r  plaospholipids has been s tudied  in a similar 
manner  to the  neu t ra l  glyeerides.  For  synthesis  of phosphat idylehol ine ,  pa lmi ty l -CoA 
was a good subst ra te ,  even though the  to ta l  incorporat ion with  unsa tu ra t ed  aeyl-CoA 
was grea ter  (Fig. 4). This m a y / l a v e  been due to format ion  of lysophosplmt idylchol ine ,  
\ \ :e  would like to suggest t ha t  lysophospha t idy lchol ine  is the  subs t ra te  for the 
acyla t ion  react ion to form phosphat idylehol ine ,  especial ly in view of the  finding tha t  
phosphat idyh-hol ine  synthesis  was greates t  at  pH 5.6. Such a inechanism has been 
demons t r a t ed  by  SCHERPHOI" AND VAN DEENEN a6. Moreover,  RESHEF AND SHAPIRO a7 
have shown tha t  at  pH 5, incubat ion  of l iver  subcel lular  part icles  induced phosplm- 
l ipase ac t iv i ty ,  t he reby  provid ing  endogenous lysoleci thin as an acceptor  leading to 
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phosphatidylcholine synthesis. The data shown in Table V further substantiate this. 
Phosphatidylcholine synthesis was highest when no other cofactors were present in 
the system. [14C 1 Palmitic acid alone was poorly utilized in phosphatidylcholine syn- 
thesis even in the presence of ATP, Mg 2+ and CoA. Both NaF and deoxycholate 
strongly inhibited phosphatidylcholine synthesis. 

TABLE V 

INCORPORATION OF F A T T Y  ACID FROM [ I - 1 4 C j P A L M I T Y L - C o A  AND [ 1 - 1 4 C ] P A L M I T I C  ACID INTO 

P H O S P H A T I D Y L C H O L I N E  OF LIVER PLASMA M E M B R A N E S  

In Expt .  1 the control incubation mixture  contained 7 ° mM Tris-HC1 (pH 7-4), o.34 mM EI-t4C]- 
palmityI-CoA {4.4" I°5 disint./min), 174 ~tg of m~mbrane  protein in a final volume of 21o/tl. When  
indicated the following were present:  2 mY[ CDP-choline, 3 ° imV[ ~¢,/~-diglyceride (diolein), 5 ° [tM 
~-glyeerophosphate,  15 mM NaF,  or 0. 5 % sodimn deoxycholate. In  Expts .  2 and 3 the incubat ion 
mixtures  contained 13 o mM Tris-HC1 (pH 7.4), 214 #g  membrane  protein and either o.46 mM 
[I- l lC]palmity I-CoA (4.94' 1 o6 disint./min) or o.22 mM ~i-14C]palmitic acid (1.27. IO 6 disint./min) 
as indicated, in a final volume of 225 #l. When  indicated i mM MgCle, I mM CoA, or 1 mM NaaATP 
were added. All incubations were carried out  for o. 5 h at 37 ° and were halted and analyzed as 
described in Fig. 2 and in the text.  

System Phosphatidylcholine 
(rn/tmoles fatty acid 
incorporated per mg protein) 

Expt. 
Control (~14C]palmityl-CoA) I9.55 
Membranes boiled 2.79 
Control + CDP-choline 7.67 
Control + CDP-choline 

+ ~,]5-diglyceride + ~-glycerophosphate 1.71 
Control + N a F  o.71 
Control + deoxycholate o.o 5 

Expt. 2 
Control (E14C]palmityl-CoA) 7.oi 
Membranes boiled 0.54 

Expt. 3 
Control (El~C]palmitic acid) o.12 
Membranes boiled o. I i 
Control + MgCI~ + CoA + ATP o.17 
Control + MgC12 0.09 
Control + CoA 0.09 
Control + ATP o.23 
Control + CoA + ATP 0.39 

In a series of experiments which will not be described in detail it was found 
that incorporation of 3~p from [a2p~ ATP into phosphatidylcholine could not be demon- 
strated. Similarly [3Hlcholine and ,q/~@4CIdiglyceride were not incorporated into 
phosphatidylcholine. Using L-~-E14C~glycerophosphate as a precursor, very small 
amounts of radioactive carbon were utilized for phosphatidylcholine synthesis, but 
this reaction was not studied in detail. 

Synthesis of phosphatidylethanolamine was studied under conditions identical 
to those used in the study of phosphatidylcholine synthesis. The pattern and order 
of magnitude of phosphatidylethanolamine formation from acyl-CoA derivatives were 
similar to that of phosphatidylcholine except that fatty acid from palmityl-CoA was 
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not as well utilized (Fig. 5)- In SOlne experinlents there was an apparent  formation 
of a phospholipid which has been tenta t ively  identified as lysophosphatidylethanol-  
amine, but  details of this reaction have not  been worked out. 
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Fig .  5. I n c o r p o r a t i o n  of f a t t y  ac id s  Iron1 Ll- l~C~acyl-CoA i n t o  p h o s p h a t i d y l e t h a n o l a m i n c  of l i ve r  
p l a s m a  m e n l b r a n e s .  I n c u b a t i o n  c o n d i t i o n s  are  d e s c r i b e d  in  T a b I e  IV a n d  c h r o l n a t o g r a p h i c  pro- 
c e d u r e s  as in  Fig .  2. 
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