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Lipid Class and Fatty Acid Composition of Rat Liver Plasma
Membranes Isolated by Zonal Centrifugation®

Raymond C. Pfleger,} Norman G. Anderson, and Fred Snyder

ABSTRACT: Plasma membranes of rat liver were isolated
by zonal centrifugation for analysis of lipid classes and
fatty acid composition. The yield of plasma membranes
by this technique was 880 ug of protein and 390 ug of
total lipid per g of liver. Neutral lipids represented 27 9
of the total extractable lipids, and this was mainly cho-
lesterol. Phosphatidylcholine accounted for almost 40 9
of the phospholipids in the plasma membranes of rat
liver. Phosphatidylethanolamine and sphingomyelin
amounted to approximately 20 and 18 9, respectively,
of the total phospholipids. Phosphatidylserine and phos-
phatidylinositol were not resolved from each other; this
mixed fraction contained approximately 139 of the
total lipid phosphorus. Lysophosphatidylcholine and
polyglycerolphosphatides plus phosphatidic acid were
present as minor components of the membrane lipids.
An unidentified polar lipid containing no phosphorus
was resolved from other phospholipids and accounted
for approximately 1297 of the total lipids. The alkyl
and alk-1-enyl ethers of glycerol liberated from the to-
tal lipids of liver plasma membranes were 0.97 and
0.24%, respectively. The fatty acid composition of

Hcise knowledge of the composition of mammalian
cell membranes has been limited because of the diffi-
culty in preparing pure material. Until recently our
understanding of the composition of cell membranes
was limited to data concerning the erythrocyte (Ponder,
1961 ; De Gier and Van Deenen, 1961), which might be a
poor model for mammalian cells. But in 1960, Neville
described a procedure for isolating rat liver cell mem-
branes, and several other investigators (Emmelot et al.,
1964; Takeuchi and Terayama, 1965; Ashworth and
Green, 1966) partially characterized the lipids found in
such membrane preparations. Recently, Skipski and
coworkers (1965), using the isolation procedure of Ne-
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all phospholipids, triglycerides, and free fatty acids was
determined by gas-liquid partition chromatography.
The fatty acid composition of phosphatidylcholine and
phosphatidylethanolamine was similar. About twice as
much palmitate (28 %) and stearate (319;) as linoleate
(14 %) and arachidonate (14 %) was found in these frac-
tions. The fatty acid composition of the mixture of phos-
phatidic acid and polyglycerolphosphatides was similar
to that of phosphatidylcholine and phosphatidylethanol-
amine,

The sphingomyelin fraction of the liver cell mem-
branes contained most of the polyunsaturated acids
(Cz and above), whereas lysophosphatidylcholine con-
tained the highest percentage of saturated fatty acids.
The unidentified polar lipid containing no phosphorus
had a fatty acid composition of 16:0 (32%), 18:0 (48%),
18:1 (10%), and 18:2 (10%). Triglycerides were com-
prised mainly of 16:0, 18:1, and 18:2 acyl moieties. The
plasma membranes of rat liver isolated by zonal cen-
trifugation appear to have many features of lipid com-
position similar to those reported by others for pure
membranes of rat erythrocytes.

ville, presented a detailed analysis of lipid classes in
plasma membranes of rat liver. However, the plasma
membranes isolated by the technique of Neville (1960)
and the modifications of Emmelot er al. (1964)
and Finean and coworkers (1966) were shown by Fin-
ean et al. to yield a preparation contaminated (10-15%)
with mitochondria and endoplasmic reticulum. A later
report by Skipski’s group (Barclay et al., 1967) also in-
dicated that the membrane fraction contained swollen
mitochondria with fragmented cristae, amorphous ma-
terial, and small vesicles of unknown origin.

Liver cell plasma membranes essentially free of other
particulate constituents were recently sedimented (El-
Aaser et al., 1966) in the A-XII low-speed zonal cen-
trifuge rotor (Anderson et al., 1966b) as a band that oc-
cupied an intermediate position between nuclei and mi-
tochondria, confirming the view that cell-membrane
fragments tend to sediment faster than mitochondria.
Anderson er al. (1967, 1968a) have extended the zonal
technique to achieve sequentially a high-resolution rate-
zonal separation and an isopycnic-zonal separation of
pure liver cell membranes in the A-XII rotor. This paper
describes the lipid classes and fatty acid composition of
each lipid class found in the plasma membranes purified
by zonal centrifugation. It also indicates the value of
zonal rotor systems which can be partially unloaded
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during a rate separation and therefore allow one frac-
tion to be banded isopycnically in the same rotor. The
advantage of unloading from the rotor edge is apparent;
new experimental rotors (B-XXIII and B-XXIX) have
been designed which may be unloaded from either the
center or the edge.

Experimental Procedures

Isolation of Rat Liver Plasma Membranes by Zonal
Centrifugation. Livers from a total of 10 male Sprague-
Dawley rats weighing approximately 300 g and main-
tained on a Purina Laboratory diet were used to pre-
pare 13 different liver-membrane samples. Fresh un-
perfused rat liver was diced with scissors in chilled 1 mm
NaHCO; (pH adjusted to 7.6 with NaOH) and ho-
mogenized with 15 even strokes of a loose-fitting Dounce
homogenizer. The homogenate was filtered through
eight layers of cheesecloth and diluted to a final volume
of 30 ml/g of liver. The suspension was centrifuged for
15 min at 260 rpm (1720g) at 0° in an International PR-2
centrifuge using 250-ml tubes in the no. 259 head. The
supernatant was discarded and the loose pellet was re-
homogenized (five strokes) and resuspended in the bi-
carbonate buffer (12 ml, 1 mm NaHCO;/g of liver).
This suspension was used for zonal centrifugation.

The B-XV titanium zonal rotor recently described
(Anderson ef al., 1968b) has a capacity of 1666 ml, It
was operated in a modified Spinco Mode! L centrifuge
equipped with an Jord: integrator previously described
(Anderson ez al., 1966a) and a device for sensing and
controlling temperature. A 190-ml membrane suspen-
sion was layered over a 500-ml sucrose gradient (19-35
w/w 7 sucrose) formed by a Spinco Model 131 gradient
pump. The membrane suspension was followed by an
overlay (200 ml, 1 mm NaHCO;) and centrifuged at
5000 rpm until w? = 2 X 108. The first 800 ml (20 40-
ml fractions) at the top of the gradient was unloaded by
displacing the lighter portion by a 45 % sucrose pushout
solution, which was the same concentration as the cush-
ion.

After removal of the centripetal 800 ml, containing
the bulk of the soluble, mitochondrial, and microsomal
fractions (Figure 1), a 50-ml HyO overlay was added and
the rotor was accelerated to 20,000 rpm and run until
w? = 3.5 X 10° at unloading. The membrane frag-
ments were found to be sharply banded at an average of
41.04 % (w/w) sucrose. The 260-my optical density pro-
file of Figure 1 shows the sharp banding of the mem-
brane fraction (tubes 22-26). Observations of the
banded membranes in numerous phase-contrast and
electron micrographs (Figure 2) confirmed the high
purity of the preparation. Other criteria used to judge
the purity for the plasma membranes were (1) absence
of cytochrome oxidase (D. H. Brown, personal com-
munication), (2) high concentration of alkaline ATPase
(Lieberman ez al., 1967 ; Anderson et al., 1968a), and (3)
absence of material banding above 429 sucrose during
isopycnic centrifugation (Figure 1). Each of the mem-
brane fractions was diluted 2:1 (v/v) with bicarbonate
buffer and centrifuged at 30,000 rpm for 30 min at 0°
in a no. 30 rotor. The sucrose was drawn off and dis-
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FIGURE 1: Rate-zonal and isopycnic-zonal two-stage sep-
aration of plasma membranes of rat liver in a sucrose
(19-35 w/w %) gradient in the B-XV titanium rotor. The
overlay, soluble protein fraction, mitochondria, and micro-
somes (part of gradient to the left of the arrow) were re-
covered after a short rate-zonal centrifugation (w? = 2.11 X
108). The plasma membranes banded sharply at 41,04 w/w %
sucrose after centrifuging until w? = 3.5 X 100,

carded, and the membrane samples were stored at —23°
until further analysis.

Total Protein and Total Lipid Analyses. The membranes
were thawed and resuspended in 20~30 ml of 1 mm bi-
carbonate. Aliquots were taken for lipid extraction and
for protein analysis using the Lowry method (Lowry
et al., 1951) with the Folin reagent. Total membrane
lipids were extracted twice by the procedure of Bligh
and Dyer (1959), first from the 1 mM bicarbonate solu-
tion in which the membranes were suspended and then
from 3%, NH,OH to assure complete extraction of the
polyglycerolphosphatides (Rouser er al., 1963). Aliquots
of the total lipid extract were weighed on a Cahn elec-
trobalance;® all aliquots that were dried for weighings
were discarded. The following precautions were used to
minimize alterations in lipids during the extraction,
storage, and chromatographic procedures. (1) All tissue
samples were maintained at Dry-Ice or liquid nitrogen
temperatures during the period immediately after zonal
centrifugation until lipid extraction. (2) All extractions
were carried out in the cold. (3) All lipids were stored in
solvent at —27° prior to chromatography. The measure-
ment of polyunsaturated fatty acid standards that have
been handled under these experimental conditions is
quantitative. The experimental conditions for the
preparation and analysis of lipid samples are based on

! Cahn Electrobalance, Model M-10, W, H. Curtin & Co.
Memphis, Tenn.
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FIGURE 2: Phase-contrast (A, left) and electron micrographs (B, right) of plasma membranes of rat liver isolated in the B-XV
titanium rotor by the rate- and isopycnic-zonal centrifugation technique described in the text.

the suggestions of James (1960) and Entenman (1961). In
some samples the neutral and phospholipids were quan-
titatively separated on a silicic acid column (Bio-Sil HA,?
325 mesh) and the percentage of each in the total lipid
extract was determined by weight (Wood and Snyder,
1968 ; Borgstrom, 1952).

Thin-Layer Chromatography. The neutral lipids were
resolved (Figure 3) on thin layers (250 p) of silica gel G*
in a solvent system consisting of hexane-diethyl ether—
acetic acid (70:30:1, v/v). The components were mea-
sured quantitatively by a photodensitometric analysis
(Privett et al., 1965). The polar lipids were routinely
chromatographed in two systems (Figure 3), both of
which used silica gel HR? (250 u) made into a slurry
with 1 mm NaysCO;. The solvent systems were chloro-
form-methanol-acetic acid-0.9% NaCl (50:25:8:4,
v/v) and chloroform-methanol-2 M ammonium hy-
droxide (60:35:8, v/v). No elution procedures were used
in the analysis of lipids separated by thin-layer chro-
matography, since in general such procedures are not
always quantitative. We chose to make use of quantita-
tive techniques whereby the lipid classes were measured
either directly on the adsorbent layers by photodensi-
tometry or by colorimetric procedures carried out in
the presence of adsorbent. All procedures used were
validated against known lipid standards, The standards
used were obtained from The Hormel Foundation (cho-
lesteryl oleate, triolein, oleic acid, and cholesterol) and
Applied Science Laboratories, Inc., and Supelco,
Inc. (phosphatidylcholine, phosphatidylethanolamine,
sphingomyelin, phosphatidylserine, lysolecithin, cardio-
lipin, and phosphatidylinositide). The phospholipid

? Bio-Rad Laboratories, Richmond, Calif.
3 Silica gel according to Stahl, Brinkmann Instruments, Inc.,
Westbury, Long Island, N. Y.
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classes were quantitated after thin-layer chromatog-
raphy by measuring the phosphorus distribution on sil-
ica gel scrapings according to the method of Rouser
et al. (1966). Recoveries of phosphorus along the entire
chromatographic lane were compared to the phosphorus
content of total aliquots chromatographed; recoveries
were quantitative. Alkyl and alk-1-enyl glyceryl ethers
were determined on aliquots of the total lipids by pho-
todensitometric thin-layer chromatography of the
LiAIH, hydrogenolysis products (Wood and Snyder,
1968).

Gas—Liguid Partition Chromatography. Lipid samples
from membrane preparations were individually chro-
matographed and the percentage composition of the
fatty acid methyl esters was determined from a half-
height analysis of the chromatographic peaks. The lip-
ids resolved on the thin layers were scraped into methyl-
ation tubes. Transmethylation of the acyl groupings
with H,SO,~methanol (Ways er al., 1963) was not af-
fected by the presence of the silica gel, which remained
with the aqueous methanol phase when the fatty acid
methyl esters were extracted with petroleum ether (bp
30-60°). Free fatty acids were methylated with diazo-
methane (DeBoer and Backer, 1954) after they were
scraped and eluted from the adsorbent with CHCI;. Gas
chromatography data obtained with fatty acid standards
and known phospholipids (after transesterification)
agreed with the known fatty acid composition.

The methyl esters were analyzed on an Aerograph
Model 600D Hy-Fi gas chromatograph? equipped
with a hydrogen flame detector. An aluminum column
(5 ft X s in.) packed with 159 ethylene glycol suc-
cinate methyl silicone polymer (EGSS-X) coated on

+ Wilkens Instruments & Research, Inc., Santa Monica, Calif.
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TABLE 1: Lipid, Phospholipid Phosphorus, and Protein
Values for Plasma Membranes of Rat Liver.

mg of protein/g wet wt of liver (13)2

0.88 + 0.24

mg of total lipid/g wet wt of liver (13)  0.39 &+ 0.05

mg of total lipid/mg of membrane pro- 0.44 + 0.21
tein (13)

mg of phospholipids/mg of membrane  0.27 + 0.04
protein (10)

mg of total lipid/umoles of membrane 1.48 = 0.40
phospholipid phosphorus (10)

mg of protein/umoles of membrane 2.28 + 0.68
phospholipid phosphorus (10)

umoles of cholesterol/umoles of mem-  0.74 &= 0.12
brane phospholipid phosphorus (7)

mg of total membrane phospholipid 0.95 + 0.02

phosphorus/mg of total membrane
phosphorus (6)

« The numbers in parentheses represent the number
of membrane preparations analyzed as separate deter-
minations.

Gas-Chrom P% (100-120 mesh) was prepared, condi-
tioned, and used according to the procedure of Wood
and Snyder (1966). The column and detector temper-
atures were maintained at 180° by a Wilkens Model
328 isothermal (=0.1°) temperature controller. The
flash heater was operated at 250°. An Oscar Model 556
aquarium pump® supplied 300 cc of air/min to the de-
tector. Carrier gas (helium) and hydrogen flow rates
were both 25 cc/min. The signal from the chromato-
graph was recorded by a 1.0-mV Leeds and Northrup
6-in. strip-chart recorder at a chart speed of 0.5 in./min.
Identification of chromatographic peaks was based
solely on the retention time of known methyl esters of
fatty acids.

Results and Discussion

A protein profile (Figure 1) and electron and phase-
contrast micrographs (Figure 2) of the plasma mem-
branes of rat liver cells, isolated by zonal centrifuga-
tion at & 1.185-1.194 g/cc in the continuous gradient
under isopycnic conditions, demonstrate that these mem-
branes were not contaminated with mitochondria, endo-
plasmic reticulum, or other cell organelles. Previous
workers using a discontinuous gradient centrifugation
procedure have isolated plasma membranes of rat liver
at interfaces of & 1.16-1.18 g/cc (Emmelot er al., 1964;
Finean et al., 1966), d 1.16-1.20 g/cc (Takeuchi and
Terayama, 1965), and d 1.16-1.22 g/cc (Neville, 1960;
Skipski et al., 1965). We obtained 0.88 mg of membrane
protein/g of fresh liver using the zonal technique (Table
I) as compared with 0.41 mg/g reported by Emmelot

5 Applied Science Laboratories, Inc., State College, Pa.
% The Oscar Co., Knoxville Tropical Fish and Pet Supply Co.,
Knoxville, Tenn.

FIGURE 3: Thin-layer chromatograms of lipid material
extracted from plasma membranes of rat liver. (A)
Thin-layer chromatographic system using silica gel
G and a solvent system of hexane-diethyl ether—
acetic acid (70:30:1, v/v); (B) thin-layer chromatography
system using silica gel H and a solvent system of chloro-
form-methanol-acetic acid-0.9%] NaCl (50:25:8:4, v/v);
(C) thin-layer chromatography system using silica gel H
and a solvent system of chloroform-methanol-2 M am-
monium hydroxide (60:35:8, v/v). The numbers 1, 6, and
13 are at the origin of the chromatograms. The other num-
bers designate lipid compounds based on known standards:
(1) phospholipids, (2) cholesterol, (3) fatty acids, (4) tri-
glycerides, (5) cholesterol esters, (7) lysolecithin, (8) sphingo-
myelin, (9) lecithin, (10) phosphatidylinositol + phos-
phatidylserine, (11) cephalin, (12) neutral lipids, (14) un-
known phosphorus-free material, and (15) polyglycerol-
phosphatides.

et al. (1964) and 0.52 mg/g reported by Skipski er al.
(1965). Apparently the isolation of membrane fractions
at an interface after flotation of the sample through a
sucrose gradient accounts for previous low yields of
membranes since the protein layer at the interface under
these conditions probably could not be defined sharply.

Total lipids of the membranes prepared by zonal cen-
trifugation weighed 0.39 mg/g of fresh liver weight (Ta-
ble I). This amount of lipid extracted from membranes
is in good agreement with the values reported by Skip-
ski et al. (1965). The ratio of total lipids to protein of
our membrane preparation was 0.44, which is about
equal to that reported by Bakerman and Wasemiller
(1967) for human erythrocyte membranes. We found
that the ratio of phospholipids to protein was 0.27 (Ta-
ble I). Emmelot and coworkers (1964) demonstrated
that practically all membrane phosphorus consisted of
phospholipid phosphorus, which we also found to be
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TABLE I1: Lipid Composition of Plasma Membranes of Rat Liver,

Compounds

% of Total Lipid Extracteds

% of Total Phosphorus

Total neutral lipids
Triglycerides
Free fatty acids
Cholesterol, free
Cholesterol, esterified
Total polar lipids?
Lysophosphatidylcholine (507)¢
Phosphatidylcholine (776)¢
Phosphatidylethanolamine
(732)
Phosphatidylinositol + phos-
phatidylserine (832)¢
Sphingomyelin (736)
Phosphatidic acid + poly-
glycerolphosphatides (1084)¢
Unidentified phosphorus free?
Total lipid accounted for

27.0 £ 6.3

219+1.23

2.31 = 0.87

21,2 £3.4

1.28 £ 0.72

62.1 = 7.4

1.15 = 0.98 4.21 +1.87
19.2 = 4.6 37.4 £ 5.2
9.96 =1.34 21,5+ 2.3
6.89 £1.20 13.0 2.5
8.01 +1.17 17.2 = 4.8
1.70 £ 0.54 3.23 = 1.53
11.9 = 3.6
91.1 = 10.9 109.2 £ 12.4

« Mean value plus or minus one standard deviation for ten different membrane preparations. ®* The total glyceryl
ether content of eight different membrane preparations was 1.26 = 0.33 %7 of the total lipids; the alkyl ethers accounted
for 0.97 £+ 0.35% and the alk-1-enyl ethers accounted for 0.24 & 0.06%. Each value should be multiplied by 3 to
express percentages in terms of their diacyl or phospholipid types. ¢ Weight calculated on the basis of phosphorus
content and assuming a molecular weight (value in parentheses) for each lipid class based on fatty acid composition
listed in Table I1I. ¢ Weight based on photodensitometric measurement using sphingomyelin (bovine) as a standard. Re-
cent evidence has indicated that a portion of the unidentified acyl component is contaminated with sucrose from

the gradient solution.

true. Our ratio of milligram of protein per micromole of
phosphorus (Table I) also agrees quite closely with the
results reported by Emmelot et al.

The neutral lipids comprise 279 of the total lipids
present in rat liver membranes. Skipski er al. (1965)
found that the neutral lipids of plasma membranes of
rat liver were 34.6 77 of the total lipids, but their higher
value might be attributed to the fact that Skipski and
coworkers accounted for only 73.6 % of the total lipids
in their analyses of the lipid classes present in the mem-
branes. Thin-layer chromatographic analysis of the neu-
tral lipid fraction showed that it contained 80 97 unester-
ified cholesterol. Triglycerides, free fatty acids, and cho-
lesterol esters as a group represented less than 6 97 of the
total lipids (Table II) and these classes could be detected
only when cholesterol was overloaded on the chromato-
grams (Figure 3). Monoglycerides, diglycerides, alkyl-
glycerols and their esters, and fatty alcohols were not
detected in chromatographic systems that can resolve
these lipid classes. These solvent systems included hex-
ane—diethyl ether-acetic acid (90:10:1, v/v) and hexane—
diethyl ether-methanol-acetic acid (80:20:10:1, v/v)
(Snyder and Piantadosi, 1966).

In our work, the polar lipids represented 6297 of the
total lipids extracted from the plasma membranes: phos-
phatidylcholine, an unidentified phosphorus-free polar
lipid, phosphatidylethanolamine, sphingomyelin, and
phosphatidylserine plus phosphatidylinositol accounted

PFLEGER, ANDERSON, AND SNYDER

for approximately 19, 12, 10, 8, and 7%, respectively, of
the total lipids (Table II). Trace amounts of lysolecithin
(1.2%) and polyglycerolphosphatides plus phosphatidic
acid (1.7%7) also were present. The unidentified polar
compound that chromatographed on thin layers of sil-
ica gel HR in the NH,OH system (Figure 3) was more
polar than lysolecithin; although acyl groupings were
found, no phosphorus could be detected. The relative
quantities of polar lipids in the membranes isolated by
zonal centrifugation are similar to those reported by
Skipski et al. (1965). In the results of Takeuchi and Tera-
yama (1965), only the phosphatidylcholine phosphorus
value agrees with our data. The work of Emmelot and
coworkers (1964) showed that the choline phosphatides
(lysolecithin and lecithin) comprised 509 of the phos-
pholipids, which does not agree with the values observed
by us or by Skipski’s group (1965). The phospholipid
content of the yolk-sac membrane of the chick embryo
was reported by Noble and Moore (1967) to be 76.8%
lecithin and only 9.8 and 1.65 % cephalin and sphingo-
myelin, respectively. These data and those of Ashworth
and Green (1966), on the composition of mitochondrial,
microsomal, and plasma membranes, point out that
there is not necessarily a close parallel in structure be-
tween membranes from different sources and between
different types of membrane components.

Our data show that ether-linked lipids are present in
pure plasma membranes of rat liver. Thin-layer chro-
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d)

FIGURE 4: Gas-liquid partition chromatograms of the fatty
acid ester components of (a) triglycerides, (b) free fatty
acids, (¢) polyglycerolphosphatides plus phosphatidic acid,
and (d) unknown phosphorus-free lipid material, from
plasma membranes of rat liver.

matography, which is capable of resolving ether- and
the corresponding acyl-linked lipids in the neutral lipid
fraction (Snyder and Piantadosi, 1966), indicated that
the ether lipids were phospholipids. An analysis of the
ether lipids showed that the alk-1-enyl and alkyl ethers
of glycerol amounted to 0.24 and 0.97 97, respectively, of
the total lipids. Since the total lipid extract had to be
used for these analyses, it was not possible to determine
the contribution of the alk-1-enyl and alkyl ethers to a
specific phospholipid class. The biochemical significance
of ether-containing lipids, which are present as minor
constituents in all mammalian cells, is not yet under-
stood. However, we can guess that their presence in
membranes could provide structural stability to the or-
ientation of lipid-protein and lipid-lipid interactions.
Takeuchi and Terayama (1965) have reported the pres-
ence of plasmalogens in plasma membranes of rat liver,
but their method of isolation and detection of the alk-
1-enyl ethers was not specified. Glyceryl ethers have also
been found in nonmammalian membranes (Tetrahymena
pyriformis W.) by Thompson (1967); he found that a
portion of the alkyl ethers was the ethanolamine-con-
taining phosphonic acid derivative.

The fatty acid composition of the triglycerides iso-
lated from the plasma membranes of rat liver is similar
to that of triglycerides found in adipose tissue (Table
11T and Figure 4). Palmitate (36 %), oleate (32%), and

e

FIGURE 5: Gas-liquid partition chromatograms of the fatty
acid ester components of (a) phosphatidylethanolamine,
(b) phosphatidylserine plus phosphatidylinositol, (¢) phos-
phatidylcholine, (d) sphingomyelin, and (e) lysophosphati-
dylcholine, from plasma membranes of rat liver.

linoleate (22 %) were the principal acyl groupings pres-
ent in the triglyceride fraction ; stearate and palmitoleate
were present only in small amounts (3.64 and 3.50%,
respectively). The free fatty acids from plasma mem-
branes were palmitic (=~32%), stearic (=~22%), oleic
(=~19%), linoleic (=13 %), arachidonic (=6 %), palmi-
toleic (=~3 %), and myristic (=~3 %) acids (Table III and
Figure 4). No odd-chain saturated acids (Cis:0 or Cir:o)
were detected in the free fatty acid fraction whereas all
other lipid classes contained trace amounts. Phospha-
tidylcholine, phosphatidylethanolamine, and phospha-
tidic acid plus polyglycerolphosphatides contained sim-
ilar percentages of palmitate (24-30%,), linoleate (12~
2197), and arachidonate (9-1597). Conversely, phos-
phatidylcholine and phosphatidylethanolamine con-
tained less than half as much oleate as phosphatidic acid
plus polyglycerolphosphatides (Table III and Figure 5).

Our work is the first to have fully examined the fatty
acid composition of the lipid classes found in plasma
membranes. The fatty acid composition of the phos-
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TABLE 111: Fatty Acid Composition of the Major Lipid Classes of Rat Liver Plasma Membranes.

Fatty PA + Un-
Acidse LPC SPHI PC PS + PI PE PGP known TG FFA
<14:0 tr tr 0.1 tr tr tr tr tr
14:0 0.2 0.2 0.5 tr 0.2 1.7 tr 1.66 2.93
15:0 1.0 0.2 0.5 tr 0.6 0.4 tr tr
16:0 33.4 18.7 30.2 12.1 26.0 28.2 32 35.7 31.6
16:1 0.1 0.1 0.8 0.5 0.3 2.1 tr 3.50 3.07
17:0 3.4 0.1 ir tr 1.5 0.9 ir 1.43
18:0 45.7 39.2 29.8 49.2 31.9 15.1 48 3.64 21.9
18:1 4.0 3.7 9.6 4.6 6.5 22.1 10 32.3 19.0
18:2 3.7 4.2 15.3 5.2 12.4 20.6 10 21.8 3.2
A 3.5 1.7 2.0 4.1 tr tr tr
20:4 5.9 12.8 11.6 26.4 15.4 8.8 tr 6.26
B 17.2 ir tr tr tr

= The number before the colon represents the number of carbon atoms, and the number after the colon represents
the number of double bonds. 4 = total percentage of minor peaks occurring betwgen 18:2 and 20:4. B = total per-
centage of minor peaks occurring after 20:4. All values expressed as percentage of total fatty acids. LPC, lysophos-
phatidylcholine; SPHI, sphingomyelin; PC, phosphatidylcholine; PS, phosphatidylserine; PI, phosphatidylinosi-
tol; PE, phosphatidylethanolamine; PA, phosphatidic acid; PGP, polyglycerolphosphatides; TG, triglyceride; FFA,

free fatty acids; tr, trace quantity.

pholipids from the chick embryo yolk-sac membrane
after a 21-day incubation was shown by Noble and
Moore (1967) to be quite different from our data on the
acyl composition of the compounds isolated from the
plasma membranes of rat liver. They showed that pal-
mitate, stearate, oleate, and linoleate represented 31,
24, 24, and 17 7, respectively, of the total acyl groupings
on lysophosphatidylcholine. The amount of oleic acid
in phosphatidylcholine and phosphatidylethanolamine
was also much higher in the yolk-sac membranes than
in the plasma membranes of rat liver.

The other polar lipid classes contained fatty acids
that differed from those already discussed (Table 1I1
and Figures 4 and 5). The sphingomyelin fatty acid com-
plement was atypical when compared with sphingolipids
isolated from bovine milk, blood plasma, and brain
(Morrison et al., 1965; O’Brien and Rouser, 1964) and
human brain (Lesch and Meier, 1964). Tissue sphingo-
lipids generally possess a very low concentration of poly-
unsaturated fatty acids. Table III and Figure 5 show
that in addition to the major saturated acids, palmitic
(19%) and stearic (39%;), the highest portion of the un-
saturation in the sphingomyelin fraction was accounted
for by arachidonic acid (=~1397). The combined frac-
tion of phosphatidylserine and phosphatidylinositol also
contained a relatively high concentration of arachidon-
ate (26%). The highest levels of saturation (61-80%7),
represented primarily by stearate (46-49 97), were found
in the unidentified phosphorus-free polar lipid, the com-
bined fraction of phosphatidylserine and phosphatidyl-
inositol, and lysolecithin. The unidentified lipid also
contained palmitate (329), oleate (1097), and linoleate
(10%). The Cis:0 and Cur:, fatty acids were detected as
minor components in all phospholipid classes.

Our detailed analyses of the lipid moieties are an es-
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sential step toward understanding the anatomical con-
struction of membrane units at the periphery of cells.
We obtained a ratio of palmitic to oleic acid in the liver
membranes (2.2 in total lipids) that was strikingly sim-
ilar to the ratio (2.4) observed by Kogel et al. (1960) in
the membranes of rat erythrocytes, the only pure mem-
branes to have been analyzed for lipid content prior to
our study. The relative distribution of phospholipid
classes was also similar in two plasma membranes from
the same species (De Gier and Van Deenen, 1961 ; Van
Deenen and De Gier, 1964). However, when the lipid
composition of a particular plasma membrane (erythro-
cytes) was compared in six species (De Gier and Van
Deenen, 1961), there was great variation from one spe-
cies to another. Fleischer and Rouser (1965) have re-
cently shown that membranes are similar in the different
organelles within one cell but differ among cells. The
similarity in the lipids of peripheral membranes from
erythrocytes and hepatic cells of rats indicates that
plasma membranes might have common structural and
functional features. However, the ratio of calculated
values of protein-to-lipid surface area (4.3) is higher in
the plasma membranes of rat liver (based on the cal-
culations and assumptions of Korn, 1966) than in
erythrocyte ghosts (2.5). On the other hand, the ratio of
protein-to-lipid surface areas in bacterial membranes
(Korn, 1966) is similar to the ratio calculated for the
plasma membranes of liver isolated by zonal centrifu-
gation. The implication from these calculations is that
different membranes must differ with respect to the or-
ientation of lipid—protein surfaces.
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