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Endosomes differ from plasma membranes in the phospholipid molecular
species composition
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1254 ] abeled epidermal growth factor was incorporated into and highly concentrated in endosomes of
Chinese hamster V79-UF cells during incubation at 37° C for 8 min after binding to its recepters an the cell
surface at 4°C. From the labeled cells, endosoites were isolated by isopyenic centrifugation oa a Percoli
density gradient and then sucrose density gradients. The isolated endisomes were mostly free from
contamination by Golgi, endoplasmic reticulum, lysosome, plasma membrane and mitochondria. Endosome
membranes were found to differ from plasma membranes in the phospholipid compasition. Sphingomyelin
and phosphatidylserine were enriched in endosomes, compared with plasma membranes. Diacylphosphati-
dylcholine and diacylphosphatidylethanolamine were major phospholipids of the membranes In bot
organelles. The coutents of molecular species of diacylphosphatidylcholine and diacylphosphatidylethanola-
mine with two monoenoic fatty acids were lower in endosomes than in plasma membranes. The differences
in the polar head group and molecular species compositions of phospholipids between endosomes and plasma
membranes did not change, regardless of whether or not the proportions of phospholipid molecular species in
plasma membranes changed. The significance of the lipids in endosomes is discussed.

Introduction tors, hormones, lysosomal enzymes, asialog-
lycoproteins,fluid phase comporents, viruses and

The endocytic pathway plays a central role in toxins, are taken intc cclls through endocytosis

the internalization of extracellular molecules into
cells. Many different types of molecules, including
low density lipoprotein, transferrin, growth fac-

Abbreviations: EGF, epidermal growth factor; BSA, bovine
serum atbumin; MEM, Eagle's minimum essential medium;
SDS, sodium dodecylsulfate; TLC, thin-layer chromatography;
14:0, mysistoyl; 16:0, palmitoyl; 16:1, hexadecenoyl; 18:0,
stearoyl; 18:1, octadecenoyl; 20:1, eicosenoyl; 22:1, doco-
senoyl, The molecular species of the phospholipids are denoted
a3 the two acyl groups separated by a slash, such as 13:1/18: 1.

Correspondence: M. Kito, Research Institute for Food Science,
Kyoto University, Uji, Kyoto 611, Japan.

{1-4]. Endosomes serve as intermediates in the
endocytic pathway. The endocytic processes, which
comprise invagination and budding from mem-
branes, followed by pinching off of vesicles, and
fusion of the vesicles with specific target mem-
branes, may be closely regulated by the properties
of the proteins and lipids which constitute the
membranes, However, the functions of proteins in
each of the endocytic processes are unclear, apart
from the case of clathrin-coat proteins and an
ATP-driven proton pump. On the other hand, the
dynamic functions of membranes in the endocytic
pathway might be influenced by the physical
properties of the membrane themselves. There have
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been several studies which suggested the impor-
tance of the membrane lipid composition in endo-
cytosis. Changes in the polar head group [5,6] and
acvl group [7] compositions of phospholipids and
the amount of sterols [8,9] in membranes affect
endocytic activities. The phospholipid molecular
species composition is the most dominant factor
as to the physical properties of membranes. Thus,
in order to uniderstand the mechanisms underlying
the formation and the functions of endosomes, it
is necessary to clarify whether or not there is any
similarity in ihe phospholipid molecular species
composition between endosomes and plasma
membranes. However, the relationships between
the membrane lipids of endosomes and plasma
membranes have not yet been defined.

In this study, the phospholipid molecular
species in endosomes and plasma membranes from
V79-UF cells were analyzed using a highly sensi-
tive method for quantitative analysis of phos-
pholipid molecular species [10}, to show that endo-
some membranes contain a lower content of phos-
pholipid molecular species with two monoenoic
fatty acids than plasma membranes.

Materials and Methods

Materials

3L.EGF (100 p.Ci/pg), carrier-free Na'?*1 and
CDP{ N-methyl-'*CJcholine (52 mCi/mmol) were
obtained from Amersham Corp. UDP[1-
*Hlgalactose (114 Ci/mmol) was from Du Pont
New England Nuclear, and {*PJP, was from the
Japan Radioisotope Association (Tokyo, Japan),
Percoll and density marker beads were purchased
from Pharmacia Fine Chemicals, fetal calf serum
was from Whittaker M.A. Bioproducts, Inc.
(Walkerville, MD), and fatty acid-free BSA was
from Miles Laboratories (Elkbart, IN), Lactoper-
oxidase and aprotinin were from Sigma, and glu-
cose oxidase was from Oriental Yeast Co., Ltd.
(Tokyo, Japan). Thin-layer plates were from Merck
(Darmstadt, F.R.G.). All other chemicals were of
analytical grade.

Cell culture
Chinese hamster V79-UF celis, which require
monounsaturated fatty acids for growth [11), were

used throughout this study. The cells were
maintained in MEM supplemented with 6% de-
lipidated serum [12] (medium A) and 5¢ pM oleic
acid complexed to BSA [13].

Internalization studies

Cells were grown in MEM containing 10%
heated delipidated serum (at 56°C for 30 min)
and 50 gM oleic acid in a 3.5-cm tissue calture
dish, and were used for an experiment when 70%
confluent. To label endosomes with '#I-EGF, cul-
tures were preincubated for 1 h at 37°C in
serum-free MEM, cooled to 4°C and then in-
cubated for 1 h at 4°C with 2.5 gCi of ®I.EGF
in 1 ml of Dulbecco-Vogt's medium containing 20
mM  4-(2-hydroxyethyl)-1-piperazinesthanesul-
fonic acid (Hepes, pH 7.3) and 0.1% BSA (medium
B). After washing five times with 2 ml of medium
B, the cultures were incubated in fresh medivm B
at 37° C for various times and then rapidly cooled
to 4°C. Of the cell-associated radioactivity of
151 EGF, the internalized and cell surface-bound
radioactivities were determined by the method of
Haigler et al. [14]. Nonspecific binding, as de-
termined by measuring the binding in the presence
of excess unlabeled EGF (3 pg/mi), accounted for
approx. 20% of the total binding. Since nonspecifi-
cally bound ¥I-EGF was released on treatment
with 0.2 M acetic acid containing 0.5 M NaCl for
6 min at 4°C for determination of the cell
surface-bound radioactivity, the radioactivity that
bound specifically to the receptors on the cell
surface after the incubation at 37°C was esti-
mated by subtracting the nonspecific value from
the total radioactivity released on treatment with a
sodium acetate solution.

Labeling procedure

To label endosomes with **I-EGF, ten 70%
confluent 10-cm tissue culture dishes were treated
as described under Internalization studies. After
binding of I-EGF and washing ai 4°C, the
cultures were incubated for 8 min at 37°C. Cell
surface proteins were iodinated with carrier-free
Na'1 by the lactoperoxidase-glucose oxidase
method [15]. The iodination reaction was carried
out on ice for 15 min to prevent endocytosis of
121.]abeled proteins [16]. For metabolic labeling
of phospholipids of cells with [*2P]P,, the cells



were plated on ten 100-mm tissue culture dishes at
2 density of 1.2 - 104 cells /em? in 10 mi of medium
A supplemented with 50 pM cleic acid. After 48-h
cultivation, the medium was replaced with 10 ml
of fresh medium A containing carrier-free [*F]P;
(20 pCi/ml), supplemented with or without 50
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#M oleic acid. The cultures were further incubated
for 24 h.

Membrane fractionation
1.8 107 cells were seeded into a roiler culture
bottle (850 cm?) containing 150 ml of medium A
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Fig. 1. Fractionation of b

from V79-UF cells on a Percoll gradient. The postnuclear supernatant was fractionated on a

Percoll gradient, and the gradient fractions were assayed for membrane marker activities as described under Materials and Methods.
“The Percoll density was determined using density marker beads. Protein was determined by Bradford's method, (A) '*1-EGF (@),

protein (), Percoll density (©); (B) *I-surface protein (), gal

vl . (o), cholinephosphotransf (&% (C)

dehydrogenase (M), acid phosphatase (a), 8-N-acetylhexosaminidase (00). The 3LEGF pcak fractions were pooled.
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supplemented with 50 pM oleic acid. The bottle
was incubated at 0.1 rev./min 37°C for 48 h. The
medium was replaced with 150 ml! of fresh medium
A supplemented with or without 50 pM oleic acid.
After 24-h incubation, the culture was incubated
with 0.1 pg/ml unlabeled EGF in 30 ml of the
same medium at 18°C for 1.5 h. The culture was
washed with 1 mM EDTA/Ca?*-Mg?*-free
Hank’s solution (washing buffer) and then the
cells were harvested by scraping with a rubber
policeman at 18°C. The unlabeled cells from five
bottles were combined with cells labeled with '%1-
EGF, Na'®1 or [*P]P,, which had been washed
with the washing buffer, scraped and collected by
centrifugation (1000 X g_,., 5 min, 4°C). The
combined cells were washed once with 10 mM
triethanolamine (p}i 6.7)/1 mM EDTA/0.25 M
sucrose/ 0.02% sodium azide/1% aprotinin
(vol/vol) (Tes) by centrifugation (1000 X g_.., S
min, 4°C). The cells were resuspended in Tes at
(1-1.5) - 10% cells/mi and then homogenized on
ice in a glass tight-fitting Dounce homogenizer
with 60 strokes, i.e., until > 80% disruption had
occurred. The homogenate was centrifuged (500 X
8.v» 10 min, 4°C) to remove nuclei and unbroken
cells, and then the pellet was reextracted. The
post-nuclear supernatant (19.68 ml) was mixed
with 4.32 ml of a Percoll stock solution (90%
Percoll /Tes), and then ihe mixture was centri-
fuged (33000 X g,,. 30 min, 4°C) in a RP50-2
angle rotor (Hitachi K.oki Co., Ltd., Tokyo, Japan).
Fractions of 0.5 ml were collected from the bot-
tom of the tube, and fractions 33-44 (correspond-
ing o the peak of '“I-EGF, see Fig. 1) were
pooled. The pooled fraction was adjusted to 38%
(w/w) sucrose with 65% (w/w) sucrose/Tes. The
Percoll fraction obtained from (5-7.5)- 10% cells
was loaded, per centrifuge tube, in a final volume
of 5 ml onto 0.2 ml of a 55% (w/w) sucrose
cushion. This was overlaid with a step gradient of
32% (25 ml), 30% (3 ml), 28% (2.5 mb) and 9%
(w/w) sucrose in Tes (0.5 mi). The gradient was
then centrifuged (152000 X g, 17 h, 2°C) in a
RPS40T swing rotor (Hitachi Koki Co., Ltd.,
Tokyo, Yapan). This procedure is referred to as the
first sucrose gradient centrifugation. The bands
formed at the 28%/30% and 32%/38% sucrose
interfaces were collected as the crude endosome
and plasma membrane fractions, respectively. The

fractions, 3 ml, from the bottom of tube were
pooled as the endoplasmic reticulum fraction. The
crude endosome fraction was adjusted to 40%
{w/w) sucrose with 65% sucrose/Tes and then 2
ml of it was overlaid with 1} ml of a 27-35%
continuous sucrose gradient/Tes. The crude
plasma membrane fraction was adjusted to 43%
{w/w) sucrose and then 2 ml of it was overlaid
with 11 ml of a 20-40% continuous sucrose gradi-

~ent,‘Tes. Both gradients were centrifuged (152000

X 8,0+ 17 b, 2°C) in the same swing rotor, and 0.2
ml fractions were sequentially collected from the
top by pumping a 55% (w/w) sucrose solution
into the bottom of the centrifuge tube with a
density gradient fractionator (ISCQ). The ab-
sorbance at 280 nm was determined sequentially
using a flow cell. The fractions in the 1.120-1.135
g/cny’ density range of the 27-35% sucrose gradi-
ent and in the 1.146-1,156 g/cm’ density range of
the 20-40% sucrose gradient were collected as the
endosome and plasma membrane fractions, re-
spectively. This procedure is referred to as the
second sucrose gradient centrifugation. This
plasma membrane preparation and a different
plasma membrane preparation obtained by the
methed of Kaplan and Simoni [17] gave the same
results as to the polypeptide and phospholipid
molecular species compositions. Throughout the
experiment, the sucrose concentration was esti-
mated with a refractometer at 20°C.

Marker assays

B-N-Acetylhexcsaminidase (EC 3.2.1.52) with
p-nitrophenyl B-N-acetylglucosaminide as a sub-
strate and acid phosphatase {(EC 3.1.3.1}) (lyso-
some) were determined as described [18,19).
NADPH-cytochrome-¢  reductase (EC 1.6.2.4)
(endoplasmic reticulum) was determined spcctro-
photometrically [20]. Since Percoll interfered with
this assay, the other marker enzyme for endo-
plasmic reticulum, cholinephosphotransferase (EC
2.1.8.2) (21], was assayed by the method of Cole-
man and Bell [22]. Galactosyltransferase (EC
2.4.1.67) (Golgi) was assayed with ovalbumin as
an acceptor [23]. Succinate dehydrogenase (EC
1.3.99.1) (mitochondria) was determined as de-
scribed [24). The radioactivity of I-jodinated
cell surface proteins (plasma membrane) was mea-



sured by means of trichloroacetic acid precipi-
tation [25).

Protein analysis

Proicin was determined by the method of Brad-
ford [26] or Lowry et al. [27] with modifications
[28]. SDS-polyacrylamide gel electrophoresis was
carried out under reducing conditions in 10%
acrylamide gel [29]. Pooled crude endosome and
endoplasmic reticu'um fractions from the first
sucrose gradient, and endosome and plasma mem-
brane fractions from the second sucrose gradient
were diluted with Tes and then centrifuged
(200000 X g,,, 1 h, 2°C). The pellets were dis-
solved in the sample buffer for SDS-polyacryla-
mide gel electrophoresis, The gels were fixed and
stained with Coomassie brilliant blue for scanning
at 600 nm with a Dual-Wavelength TLC Scanner
CS-910 (Shimadzu, Kyoto, Japan) or with silver
for photography.

Lipid analysis

Lipids were extracted by the method of Bligh
and Dyer [30]. Phospholipids were separated by
TLC as described previously [11]. For determina-
tion of the phospholipid composition, phospholi-
pids were prepared from cells labeled with [PIP,.
After separation by TLC, the subfraction of each
phospholipid was visualized by autoradiograpky
and then scraped off. The radioactivity was mea-
sured in a toluene scintillation mixture. To anaiyze
the phospholipid molecular species, phosphati-
dylcholine and phosphatidylethanolamine were
extracted from the silica three times with 10 ml of
chloroform/methanol (2:1, by vol). Dinitro-
benzoyl derivatives of diradylglycerols were
prepared from the extracted phospholipids as pre-
viously described [10]. The dinitrobenzoyl deriva-
tives of diacylglycerol, alkenylacylgfycerol and al-
kylacylglycerol were separated by TLC with a
solvent system of hexane/diethyl ether (80: 20, by
vol.). The dinitrobenzoyl derivatives of di-
acylglycerol extracted from the silica with diethyl
ether, were determined by reversed-phase high
performance liquid chromatography [10].

Electron microscopy
The endosome fraction obtained on the second
sucrose gradient centrifugation was diluted, so as
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to the become an isotonic solution, with
sucrose-free Tes and then centrifuged (100006 x
8av» 30 min, 2°C) to yield a pellet. The pellet was
fixed in 1% OsO, in Kellenberger’s buffer at 4°C
overnight and then stained en bloc with aqueous
uranyl acetate for 2 h 1t room temperature. The
sample was then dehydrated at 4°C and em-
bedded in Epon. Thin sections were cut and viewed
under a H-700H transmission electron microscope
(Hitachi Co., Ltd., Tokyo, Japan) after grid-stain-
ing in uranyl acetate and lead citrate.

Resuits

Isolation of endosomes

Endosomes of V79-UF cells were labeled by
means of receptor-mediated endocytosis of 21
EGF. Under the conditions described in Materials
and Methods, almost all of the '*I-EGF bound to
cell surface receptors was internalized into the
cells (data not shown). The homogenate of the
labeled cells was fractionated on a Percoll gradi-
ent. The gradient fractions were assayed for mem-
brane markers (Fig. 1). The radioactivity of %I
EGF was distributed as a single peak in the low-
density region of the gradient (Fig. 1A), where
plasma membranes, Golgi membranes and endo-
plasmic reticulum comigrated (Fig. 1B). The activ-
ity profiles of two marker enzymes for lysosomes
showed two peaks, one each in the high- and
\ovv.density regions (Fig. 1C). The enzyme activi-
ties of the dense material might be derived from
intact lysosomes, wherezs the activities of the light
material might be derived from disrupted lyso-
somes, released during the homogenization and
subfractionation procedures [31]. 'PI-EGF ap-
peared to have not reached the lysosomes within
8-min incubation at 37°C, since it was not
detected in the high-density region. The subfrac-
tionation of the cell homogenate on a Percoll
gradient resulted in clear separation of mitochon-
dria from endosomes (Fig. 1C). However, by this
method, it was difficult to separate plasma mem-
branes, endoplasmic reticulum and Golgt from
endosomes (Fig. 1B). Thus, we used two different
sucrose density gradieni centrifugations to isolate
endosomes from the pooled fraction from the
Percoll gradient. On the first sucrose gradient
centrifugation, plasma membranes were com-
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TABLE &
PURIFICATION OF ENDOSOMES

Endosomes were purified as described under Materials and Methods. At each step, the activities of markers and protein wers
determined, and expressed as % of the initial total cell homogenate values. Protein in the Percoll gradient poot fraction was
determined by Bradford's method. The numbers in parentheses indicate the fold-enrichment. All valucs have been normalized as to
the specific activity (relative to protein) in the total cell homogenate. Data are the avcrages for three experiments. The amount of
protein in the total celi homogenate was 150 mg. The activities of markers per mg of protein were: °I-EGF, 991 cpm; '*I-surface
protein, 2945 cpm; B-N-acetylhexosaminidase, 12.2 nmol /min; acid phosphatase, 66.3 nmol,/min; NADPH-cytochrome-¢ reductase,
6.1 nmol/min; cholinephosphotransferase, 0.53 nmol/min; succinate dehydrogenase, 3.7 nmol/min; galactosyltransferase, 10.4

pmol /min.

Marker Total Super-
cell natant
(500 % g)

homogenate

Percoll First Second
sucrose sucrose

gradient gradient

Protein 100 27.0

459 (1.7)
29.7(1.1)
23.2(0.9)
23.0(0.9)
30.2(1.1)
30.3(1.1)
356(1.3)
16.9 (0.6)

151 EGF 100 (1)
12%1.Surface protein 100 (1)
B-M-Acetylhexosaminidase 100 (1)
Actd phosphatase 100 (1)
NADPH-cytochrome-c reductase 100 (1)
Cholinephosphatransferase 100 (1)
Succinate dehydrogenase 100 (1)
Galactosyltransferase 100 (1)

66 0.18 0.06
33.5(5.1) 9.4 (52.0) 3.3(55.5)
184 (28) nd.* nd.*

5.6(0.9) 0.3(1.6)

52(0.8) 0.3(1.8)

0.8 (4.5)

76(1.2) 0.8 (4.4) 0.04 (0.7

20(0.3) nd.* nd.*

16(1.2) 0.3(1.5) 0.04 (0.7)

0.01 (0.2)

n.d., there was no detectable activity.

pletely removed from the endosome fraction, and
5L EGF was highly condensed in the interface
fraction between 28% and 30% sucrose. The en-
richment of " I-EGF in this fraction was 52-fold,
as to tie foial cell hoaogcnaic (Table 1). Most of
the marker activitics for organclles other than
endosomes was distributed in the heavier-density
region above 30% sucrose. Although markers for
Golgi, endoplasmic reticulum and lysosome were
present in the endosome fraction (28%/30%
sucrose interface), their enrichment was only
equivalent to 1/35th, 1/12th and 1/29th that of
151.EGF, respectively (Table I). The combined
endosome pool was further processed by means of
second sucrose gradient centrifugation. A single
peak of '*I-EGF appeared on the gradient, which
coincided with that of protein (Fig. 2). The second
sucrose gradient procedure resulted in a slight
enrichment of '¥1-EGF, from 52- to 55-fold. The
final yield of "I-EGF amounted to 3.3% of the
total cell homogenate (Table I). The extent of the
purification is probably an underestimate, since
partial disruption of endosomes during purifi-
cation may have led to the loss of Y I-EGF.
Significant decreases in the enrichment of markers
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Fig. 2. Distributions of '1.EGF and protein on isopycnic

centrifugation on a continuous-density sucrose gradient. The

crude endosome fraction from the Ffirst sucrose gradient was

fractionated by continuous-density sucrose gradient centrifuga-

lion, as described under Maizeials and Methods. The 131 EGF

peak fractions were pooled. Similar distributions of 125].EGF
and protein were observed in six separdile expiiiiatais.



Fig. 3. Electron micrograph of isol:ted endosomes. Endosomes
were isolated and viewed under a transmission electron micro-
scope as described under Malerials and Methods. Bar, 0.5 pm.

for Golgi (0.6), endoplasmic reticulum (0.8) and
lysosome (0.2) were observed in this fraction.

An electron micrograph of the endosome pre-
paration shows vesicles of 0.2-0.7 pm in diameter

(Fig. 3).

Polypeptide composition of endosomes

The polypeptide composition of endosomes was
examined by SDS-polyacrylamide gel electro-
phoresis on 10% gels. The composition of endo-
somes (Fig. 4A, lane 5) is different from those of
the total cell homogenate {lane 1) and endo-
plasmic reticulum (lane 7). The polypeptide pro-
file of endosomes was similar to that of plasma
membranes (lane 6). However, there were dif-
ferences in th: amounts of some polypeptides
(Fig. 4B). Polvpeptides with apparent M, of
106000, 80000 and 43000 were more enriched in
endosomes than in plasma membranes.
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Fig. 4. SDS-polyacrylamide ge! electrophoresis of membrane
fractions at various stages of purification. (A) Membranes were
fractionated, and SDS-polyacrylamide gel electrophoresis was
carried out on 10% gels as described under Materials and
Methods. The gels were stained with silver. Lane 1, total cell
homogenate; lane 2,postnuclear supernatant; lane 3, Percoll
centrifuged pool; lane 4, first sucrose gradient centrifuged pool
{crude endosome fraction); lane 5, second sucrose gradient
centrifuged pool (endosomes); lane 6, plasrma membranes; lane
7. endoplasmic reticulum. (B) After SDS-polyacrylamide gel
electrophoresis, the gels were stained with Coomassie brilliant
blue and then scanned at 600 nm. Plasma membr: aes (dotted
line); endosomes (solid line). The absorbance at 50 nm in
arbitrary units is shown on the ordinate. Arrows !, 2 and 3
indicate polypeptides with apparent M, of 106000, 30000 and
43000, respectively.
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Polar head group composition of phospholipids of
endosomes

V79.UF cells, which require monoenoic fatty
acids for growth [11], were grown in delipidated
serum medium (serum lipoprotem-free medium)
supplemented with oleic acid. Assaying of the
polar head group composition of phospholipids
was carried out by means of labeling of phos-
pholipids with [**PIP, for 24 h (Table II), at which
time the incorporation of *2P into phospholipids
was at plateau. Endosomes were enriched with
sphingomyelin and phosphatidylserine, compared
with plasma membranes and endoplasmic reticu-
lum. This increase was compensated for by a
decrease in phosphatidylcholine, The majority of
phosphatidylcholine was composed of diacylphos-
phatidylcholine throughout the membrane pre-
parations, the rest being alkylacylphosphatidyl-
choline. There was no detectable amount of alken-
ylacylphosphatidylcholine. Phosphatidylethanol-
amine was composed of diacyl molecular species
and a small amount of alkylacyl and alkenylacyl
molecular species in all the membrane prepara-
tions.

Molecular species composition of phospholipids of
endosomes

The molecular species compositions of the
major phospholipids, diacylphosphatidylcholine

TABLE 1]

and diacylphosphatidylethanolamine (Table II),
were determined. The major molecular species of
diacylphosphatidylcholine were 18:1/18:1,
16:0/18:1 and 18:0/18:1 (Table III). How-
aver, the proportion of 18:1/18:1 was lower in
plasma tiembranes than in the total cell homo-
genate or endoplasmic reticulum. In addition, en-
dosomes contained a lower propertion of molecu-
lar species with two monoenoic fatty acids than
plasma membranes did. This is mostly due to the
difference in the proportion of 18:1/18:1 be-
tween endosomies and plasma membranes. The
proportions of molecular species with two
saturated fatty acids end with one satoraied and
one monoenoic fatty acid were higher in endo-
somes than in plasma membranes,

The major molecular species of diacylphospha-
tidylethanolamine were 18:1/18:1, 16:0/18:1
and 18:0/18:1 (Table IV). Contrary to in the
case of diacylphosphatidylcholine, the proportion
of 18:1/18:1 was higher in plasma membranes
(53.0%) than in the total cell homogenate (39.3%)
or endoplasmic reticulum (44.5%). However, the
proportion of molecular species with two monoen-
oic fatty acids, of which 18:1/18:1 was a major
component, was lower in endosomes (58.6%) than
in plasma membranes (63.4%). The difference was
smaller than that cbserved in the case of di-
acylphesphatidylcholine.

PHOSPHOLIPID COMPOSITION OF MEMBRANES FROM V79-UF CELLS GROWN IN THE PRESENCE OF OLEIC ACID

Cells were grown in MEM containing 6% delipidated serum and 50 pM oleic acid and then Iabeled with [ **P|P;. The phospholipids
were extracted from the isolated membraner, separated and then determined, as described under Materials and Methods. The data
are the mean values:+ S.E. (# = 4). The incorporated radioactivity of [*2PIP, amounted to 68248 cpm/ug of P,. Above 99% of the
applied radioactivity on the thin-layer piate before development was recovered on the spots of phospholipids.

Phospholipid mol%

plasma endosomes total cell endoplasmic

membranes homogenate reticulum
Sphingomyelin 37+08 95+11° 45403 57405
Phosphatidylcholine 568408 50.7+1.3° 67.3+05° 59.1+0.5
Phosphatidylserine 57406 95+10° 214039 55404
Phosphatidylinositol 37404 30403 3.0+04 52+04°
Phosphatidytethanotarmin: 7azis 257185 Watle® 144120
Cardiolipin 1.0£0.3 16104 274059 311+04°

=4 The statistical significance of values compared fc & the cov= of (lasma membranes was deicrmined by the paired *test:

S P <005 PP <001; P <0001; 4P <0005



TABLE 111
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MOLECULAR SPECIES CCMPOSITIONS OF DY :CYLPHOSPHATIDYLCHOLINE IN MEMBRANES FROM CELLS

GRCWN IN THE PRESENCE OF OLEIC ACID

Cells were grown in MEM containing 6% delipidated :rum and 50 pM oleic ~cid for 72 h. Membranes were isolated, ~~1 the
molecular species of diacylphosphatidylcholine were det -mined as described under Materials and Methods. The dat» are the mean

values+8.B. (n=2).

Molecular mol®
spectes plasiia ndosomes total cell endoplasmic
membsancs hamogenate reticulum
i8:i/16:1 57403 92434 51401 52402
16:0/16:1 57403 50+03 5.6+03 56403
16:0/14:0 25408 3.7+03° 19+01% 20400
18:1/18:1 30.6+0.1 210417k 370+£038° 348402°
16:0/18:1 322404 341423 300108 30.540.1°
16:0,/16:0 48100 80+0.7" 31+02" 40+00¢
20:1/18:1 40+0.1 25+03" 47404 44101
18:0/18:1 121103 142+05°* 106+01° 10.8+0.3°
18:0/16:0 12100 19+03 08+00° 13401
22:1/18:1 12100 04104 12101 14402
Total UFA/UFA® 41,5404 3117 430+13° 458+03°
Total SFA/UFA' 50.0+04 533430 4624+10° 46.940.1°
Total SFA/SFA S 85400 136+13" 58+0.3° 7.3£02°

3-d The statistical significance of values compared to in the case of plasma memYrancs was determined by the paireZ r-test:

*P<0.1; %P <0.05; ° P <0.005; 4 P <0001,

¢ UFA/UFA, molecular species with two monoenoic fanty acids,

! SFA /UFA, molecular species with one saturated and cne monoenoic fauty acid.

8 SFA /SFA, molecular species with two saturated fatty acids.

Effects of changes in the composition of phcsphslipid
molecular species in plasma membranes on the lipid
composition of endosomes

There was little difference in the polar head
group composition of phospholipids in the total
cell homogenate between cells grown in the pres-
ence and absence of oleic acid. The enrichment of
sphingomyelin and phosphatidylserine with a de-
crease in phosphatidylcholine in endosomes was
observed, compared with in plasma membranes
(data not shown), similar to in the case of cells
grown in the presence of oleic acid (Table II). The
composition of phospholipid molecular species in
plasma membranes was altered by growing V79-
UF cells in the oleic-acid deficient medium. With
a shift-down from normal to oleic-acid deficient
medinm, the proportion of the 18:1 /1811 spacies
of diacylphosphatidylcholine in the total <ell ho-
mogenate decreased from 37.0 to 28.5% (Tables
III and V). However, the proportion of molecular

species with two monoenoic fatty acids was lower
in cidosomes (26.1%) than in plasma memoranes
(35.6%), whereas those of molecular species with
one saturated and one monoenoic fatty acid, and
with two saturated fatty acids were higher in en-
dosomes (59.2 and 14.7%) than in plasma mem-
branes (53.0 and 11.4%).

There were small differences in the molecular
species composition of diacylphosphatidylethanol-
amine in the total cell homogenate between cells
grown in the presence and absence of oleic acid
(Tables IV and VI). However, with a shift-down
from nortnal to oleic-acid deficient mediun:, the
proportion of the 18:1/18:1 species in plasma
membranes decreased from 53.0 to 41.4%. A re-
markable difference in the proportion of the
18:1/18:1 speciss was obecerved between en-
dosomes (31.8%) and plasma membranes (41.4%),
even in the case of cells grown in oleic-acid defi-
cient medium.
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TABLE IV

MOLECULAR SPECIES COMPOSITIONS OF DIACYLPHOSPHATIDYLETHANOLAMINE IN MEMBRANES FROM

CELLS GROWN IN THE PRESENCE OF OLEIC ACID

Cells were grown in MEM containing 6% delipidated seram and 50 gM oleic »~id for 72 h. Membranes were isolated, and the
molecular species of diacylphosphatidylethanolamine were determined as desc’ »d under Materinls and Methads. The data are the

mean values + S.E. (n=2).

Molecular mol%
species plasma endosomes total cell endoplasmic
membranes homogenate reticulum
18:11601 55167 50416 39403 50401
16:0/16:1 2000 23+05 20100 27402*
16:0/14:0 02101 0.6+0.3 05400 1.1£05
18:1/18:1 530416 480421 393+09° 4454070
16:0/18:1 158+06 171100 210+106° 224+13°
16:0/16:0 1.1+01 23408 14401 20401°%
20:1/18:1 30102 32404 26102 24+01*
18:0/18:1 16.6+02 182+01° 265+05°¢ 17.5+02*
18:0/16:0 09+00 09+0.3 13402 09+0.1
22:1/18:1 1.9:0.1 1.5£02 15401 1.5401"
Total UFA/UFA® 634410 586+1.1° 413108¢ 534310°
Total SFA/UFA' 344109 376+04" 49.5+0.5° 426+1.3%
Total SFA/SFA & 22402 38107 32£03 40+03"

=% The statistical significance of values compared 1o in the case of plasma membranes was determined by the paired t-test;

*P<01; ®P <005 ° P <0005 ¢ P <001
“ UFA/UFA, molecular species with two monoenoic fatty acids.

' SFA/UFA, molesular species with one saturated and one monoenoic fatty acid.

& SFA/SFA, moiecular species with two saturated fatty acids.

Discussicn

In the present study, we isolated endosomes
from V79-UF celfs by Percoll density gradient
centrifugation and then two sucrose density gradi-
ent centrifugations. The isolated endosomes were
mostly free from contamination by Golgi, endo-
plasmic reticulum and plasma membranes, which
are known to have similar buoyant densities to
that of endosomes (Table I). The enrichment of
I EGF in endosomes was more than 55-fold.
This degree of enrichment is comparable to in the
case of purified endosomes from human KB cells
[32] and Chinese hamster ovary cells [33]. Marsh
et al, [33] used free flow electrophoresis to sep-
arate endosomes from other organelles based on a
difference in surface charge of the particles. They
reported that the treatment of crude membranes
with 0.25% trypsin at 37°C for 5 min was re-
quired for production of the difference in surface
charge between endosomes and other organelles.

However, the trypsin treatment of endothelial cells
and green monkey kidney cells caused the release
of phospholipids from the cells [34]. In order to
determine the phospholipid composition of endo-
somes, it does not appear desirable to use free
flow electrophoresis, which requires trypsin treat-
ment.

It has been assumed that endosome membranes
have the same phospholipid composition as that
of plasma membranes, since the membrane phos-
pholipids of endosomes are derived from plasma
membranes. However, sphingomyelin and phos-
phatidylserine were enriched in endosomes (Table
II) compared with in plasma membranes. kn
hepatocytes, the enrichment of sphingomyelin
in endosomes has been demonstrated by Luzio
and Stanley [35], Evans and Hardison [36], and
Belcher et al. [37]. However, the physiological
significance of the enrichment of these phos-
pholipids in endocytic vesicles remains obscure.

In this study, we demonstrated that the molecu-



lar species compositions of the major phospholi-
pids in endosomes differ from those in plasma
membranes. The differences between endosomes
and plasma membranes remained, regardless of
whether or not the proportions of phospholipid
molecular species in the plasma membranes
changed. The most remarkable results were ob-
tained for diacylphosphatidylcholine (Tables III
and V). The proportion of molecular species with
two monoenoic fatty acids in endosomes was 73
and 830% of those in the plasma membranes of
cells grown with and without oleic acid, respec-
tively,

TABLE V

MOLECULAR SPECIES COMPOSITIONS OF DI-
ACYLPHOSPHATIDYLCHOLINE IN MEMBRANES
FROM CELLS GROWN AFTER A SHIFT-DOWN FROM
NORMAL TO OLEIC-ACID DEFICIENT MEDIUM

Cells were grown in MEM containing 6% delipidated serum

and 50 pM oleic acid for 43 h, and then the medium was

replmd with olexc-acld deficient medium. After a fusther 24h
were isolated, and the molecul.

of dxacylphmpbaudylchohne were detemmed as d&nbed

under Materials and Methods. The data are the mean values 4

SE. (n=3).

Molecular mol%
species plasma endosomes  total cell
membranes homogenate

18:1/16:1 75+10 52+14 81+08
16:0,/16:1 87+£05  76+05 84101
16:0/14:0 42£03 52402 29+02*
18:1/18:1 234421 169417% 285322
16:0/18:1 349405 398+11°% 339404
16:0/16:0 57412 78410 37404
20:1/18:1 36102  28102% 40103
18:0/18:1 94104 118406* 85107
18:0/16:0 15+03  17£02 10102
22:1/18:1 11101 12404 10101

Total UFA/UFA® 356413
Total SFA/UFA? 53.0+06
Total SFA/SFA® 114116

2611+23% 416+17"
592+13* 508+09
147£12 76108

> The statistical significance of values compared to in the
case of plasma membranes was determined by the paired
lest: * P < 0.05; PP <01
¢ UFA/UFA, molecular species with two monoenoic fatty
acids,
¢ SFA/UFA, molecular species with one saturated and one
monoencic fatty acid.
© SFA/SFA, molecular species with swo saturated fatty acids.
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TABLE V1

MOLECULAR SPECIES COMPOSITIONS OF DI-
ACYLPHOSPHATIDYLETHANOLAMINE IN MEM.
BRANES FROM CELLS GROWN AFTER A SHIFT-DOWN
FROM NORMAL TO OLEIC-ACID DEFICIENT MEDIUM

Cells were grown in MEM containing 6% delipidated serum
and 50 pM oleic acid for 48 h, and then the medium was
replaced with oleic-acid deficient medium. After a further 24-h

tion, were isolated, and the molecul
Of _I '_.L . ) Jath *

t

were determined as de-
scnbed under Matenals and Methods. The data are the mean
values+ S:E. (n=23).

Molecular mol%
species plasma andosomes total cell
membranes homogenate
18:1/16:1 102109  79+15  7.3+09°
16:0/16:1 44407  A7+18 12108
18:1/18:1 414422  318+33° 356¢14°
16:0/18:1 204409 211307 232+14
16:0/16:0 27407 48105 26104
20:1/18:1 241061 24401 23300
18:0/18:1 147411 200452 23432°
18:0/16:0 23+10  49+13 20105
22:1/18:1 15402  24102% 15101
Total UFA/UFA® 55.5+27 445:+47 467+13%
Total SFA/UFAY 395+13 458442 487+19°
Total SFA/SFA® 50417 97116 46108

5 The statistical significance of values compared to in the
case of plasma membranes was determined by the paired
ttest: * P <0.3; ® P < 0.05.

* UFA/UFA, molccular species with two monoenoic fatty
acids.

¢ SFA/UFA, moiecular species with one saturated and one
monoenocic fatty acid.

¢ SFA /SFA, molecular species with two saturated! Fatty acids.

The differences in the polar head group and
molecular species compositions of phospholipids
between endosomes and plasma membranes may
be explained by (1) transfer of particular phos-
pholipids from plasma membranes to endosomes
and/or (2) recycling of ones from cndosomes to
plasma membranes. Phospholipids of plasma
membranes are known to be distributed asymmet-
rically across the plane of the bilayer [38-40). If
either the inner or outer leaflet is used in prefer-
ence to the other for the formation of coated
vesicles and /or pinocytic vesicles, particular phos-
pholipids must be enriched in the vesicles formed.
The relatively smal! early endocytic vesicles may
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contain more lipids derived from the inner half of
the plasma membrane because of their strong
curvature, In addition, heterogeous lateral distri-
bution causing the existence of lipid [41] and
protein [42] domains in biological membranes has
been indicated. The results of these studies imply
the assemblv of particuiar phospholipids at sites
on plasma membranes, which are used for in-
vagination on vesicle formation.

On ihe other hand, fibroblasts interiorize mem-
t.ane equivalent to 0.5- to 2-fold their surface
area during each hour of pinocytic activity [43].
Thus, the bulk of the interiorized membrane is
recycled to the plasma membrane wiiliu iniGaics.
This membrane recycling occurs during the initial
fusion between early endocytic vesicles and im-
mediately before the fusion of more mature peri-
nuclear endosomes with lysosomes [44]. The endo-
some preparation used in this study may have
contained the entire population of prelysosomal
vacuoles, i.e., from the early peripheral endosomes
to the mature perinuclear endosomes. Thus, if
specific phospholipid molecular species, such as
18:1/18:1 phosphatidylcholine, were predomi-
nantly recycled from endosomes to plasma mem-
branes, the phospholipid molecular species of iso-
lated zndosomes would be poor in the recycled
phosphelipid molecular species, compared with in
plasiiia inc BLTANCS.
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