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Endosomes differ from plasma membranes in the phospholipid molecular 

species composition 
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12Sl-Labeled epidermal growth factor was incorporated into and highly concentrated in endosomes of 
Chinese hamster V79-UF cells during incubation at 37 ° C for 8 rain after binding to !ts receptors oll the ceil 
surface at 4 ° E. From the labeled cells, endosmaes were isolated by is~yenlc centrlfugafion oa a Perc¢~]t 
density gradient and then suerese density gra~nts .  The isolated en&.somes were mostly free front 
contaminatimt by Golgi, endeplasmic retieulum, lysosome, #atom n~mbrane and mitodmndria. Endnsome 
membranes were found to differ from plasma membranes in the plmsplmlipid composition. Sphingomyelin 
and phosplmidylserine were enriched in endosomes, competed with plasma membranes, Diacylphosphali- 
dylcholine and diacylphosphatidyiedmnolamine were nmjor phospholipids of the m ~ - n h ~  --',-~ b~-:h 
organdies. The contents of molecular species of diaeylphospimtldylcholine and diaodlphosphatidylethanola- 
mine with two ntonoenoie fatty acids were lower in endosmnes than in plasma membranes. The differences 
in the polar head group ~md moleetdar speeies compositions of phnspholiplds between endosomes and plasma 
membranes did not change, regardless of whether or not the prolaminns of phospholipid molecular speeies in 
plasma membranes changed. The significance of the lipi~ in endosomes is discussed. 

Introduction 

The endocytic pathway plays a central role in 
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 albumin; MEM, Eagle's minimum essential medium; 
SDS, sodium d0decylsulfate; TLC, thin.layer chromatography; 
14:0, myristoyl; 16:0, palmitoyl; 16:1, hexadecenoyl; 15:0, 
stearoyl; lS:l, octadecenoyl" 20:1, eicosenoyi; 22:1, doco- 
senoyl. The molecular species of the phosphofipids are denoted 
as the two acyl groups separated by a slash, such as 18:1/18:1. 

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

tors, hormones, lysosomal enzymes, asialog- 
lycoproteins,fluid phase components, viruses and 
toxins, are taken into ,.~,,~,""" ~do~gh endocytosis 
11-4]. 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 
acyl 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 
~s to the physical properties of membranes. Thus, 
in order to m~derstand the mechanisms underlying 
the formation and the functions of endosomes, it 
is necessary to clarify whether or not there is any 
similarity in the 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 analyvy.d using a hig..hly sensi- 
tive method for quantitative analysis of phos- 
pholipid molecular species [I0], 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 
12SI-EGF (100 pCi/pg), carrier-free Na125I and 

CDl~N-methyl-14Clcholine (52 mCi/mmol) were 
obtained from Amersham Corp. UDP[1- 
3H]galactose (11.4 Ci/mmol) was from Du Pont 
New England Nuclear, and [32P]P i was from the 
Japan Radioisotope Association (Tokyo, Japan). 
Percoll and density marker beads were purchzsed 
from Pha.--macia Fine Chemicals, fetal calf serum 
was from Whittaker M.A. Bioproducts, Inc. 
0Valkerville, MD), and fatty acid-free BSA was 
from Miles Laboratories (Elkhart, IN). Laetoper- 
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 cells, 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 50 I~M oleic 
acid complexed to BSA [13]. 

Internalization studies 
Cells were grown in MEM containing 10~o 

heated delipidated serum (at 56°C for 30 rain) 
and 50/LM oleic acid in a 3.5-cm tissue culture 
dish, and were used for an experiment when 70~g 
confluent. To label endosomes with nsI-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 pCi of 12SI-EGF 
in 1 ml of Dulbecco-Vogt's medium containing 20 
raM 4-(2-hydroxyethyl)-l-piperazineethanesul- 
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 medium B 
at 37 °C for various times and then rapidly cooled 
to 4°C. Of the cell-associated radioactivity of 
12SI-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/ml), accounted for 
approx. 20~ of the total binding. Since nonspecifi- 
cally bound I~I-EGF was released on treatment 
with 0.2 M acetic acid containing 0.5 M NaCl for 
6 rain 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 12SI-EGF, ten 70% 

confluent 10-cm tissue culture dishes were treated 
as described under Internalization studies. After 
binding of 12SI-EGF and washing at 4°C, the 
cultures were incubated for 8 rain at 37 ° C. Cell 
surface proteins were iodinated with carder-free 
Na12SI by the lactoperoxidase-glucose oxidase 
method [15]. The iodination reaction was carried 
out on ice for 15 n'fin to prevent endocytosis of 
125I-labeled proteins [16]. For metabolic labeling 
of phospholipids of cells ~ th  [32P]Pi, the cells 



153 

20,-., 

p M  oleic acid. The  cul tures  were  fur ther  i ncuba t ed  
for  24 h. 

Membrane fractionation 
1.8.107 cells were seeded into a roller culture 

bottle (850 cm z) containing 150 ml of medium A 

were plated on ten 100-mm tissue culture dishes at 
a density of 1.2.10 4 cells/cm z in 10 ml of medium 
A supplemented with 50 ItM oleic acid. After 48-h 
cultivation, the medium was replaced with 10 ml 
of  f resh m e d i u m  A con ta in ing  carr ier-free [32P]P i 

(20 pCi/rrd), supplemented w~t.h or without 50 
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FRACTION NUMBER 
Fi 8. 1. Fractionation of membranes from V79-UF cells on a Pcrcoll 8raclicnt. The postnuclear supernatant was fractionated on a 
Percoll gradient, and the gradient fractious 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) Iz~I.EGF (e), 
protein (A), Perco|! density (o); (13) t~I-surface protein (¢~), 8atactosyltransferase (o), cholinephosphotransferas¢ (,'-); (C) succinate 

dehydrogenase (I), acid phospha~se (A), B-N.acetylhexosaminidase (O). The I~I-EGF peak 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 ~g/nd unlabeled EGF in 30 ml of the 
same medium at 18°C for 1.5 h. The culture was 
washed with 1 rnM EDTA/Ca2+-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 12~I- 
EGF, Nal"I or [32P]P i, which had been washed 
with the washing buffer, scraped and collected by 
centrifugafion (1000×gmax, 5 rain, 40C). The 
combined cells were washed once with 10 mM 
triethanolamine (pIq 6.7)/1 mM EDTA/0.25 M 
sucrose/0.02% sodium azide/1% aprotinin 
(eel/eel) (Tes) by c.emtrifugation (1000 x gm~, 5 
min, 4°C). The cells were resuspended in Tes at 
(1-1.5). l0 s cells/nd an~t then homogenized on 
ice in a glass fight-fitting Dounce homogenizer 
with 60 strokes, i.e., until > 80% disruption had 
occurred. The homogenate was centrifuged (500 × 
g,v, 10 rain, 40C) to remove nuclei and unbroken 
cells, and then the pellet was reextracted. The 
post-nuclear supematant (19.68 ml) was mixed 
with 4.32 ml of a Percoll stock solution (9096 
Percoll/Te~), and then the mixture was centri- 
fuged (33000Xgav, 30 rain, 4oc) in a RP50.2 
angle rotor (Hitachi Koki Co., Ltd., Tokyo, Japan). 
Fractions of 0.5 ml were collected from the bot- 
tom of the tube, and fi'actions 33-44 (correspond- 
ing to the peak of 1:'SI-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). 108 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 
3296 (2.5 ml), 30% (3 ml), 28% (2.5 rnl) and 9% 
(w/w) sucrose in Tes (0.5 ml). The gradient was 
then centrifuged (152000 ×ga~, 17 h, 20C) in a 
RPS40T swing rotor (Hitachi Koki Co., Ltd., 
Tokyo, Japan). 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 nil, from the bottom of tube were 
pooled as the endoplasmic reticulum fraction. The 
crude endosome fraction was adjusted to 4096 
(w/w) sucrose with 6596 sucrose/Tes and then 2 
ml of it was overlaid with 11 ml of a 27-3596 
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 g,,,, 17 h, 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 (ISCO). The ab- 
sorbance at 280 nm was determined sequentially 
using a flow cell. The fractions in the 1.120-1.135 
g/cn~ density range of the 27-35% sucrose gradi- 
ent and in the 1.146-1.156 g/cn~ 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 
method 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 
fl-N-Acetylhexo~a,-r.lnidase (EC 3.2.1.52) with 

p-nitrophenyl fl-N-acetylglucosaminide as a sub- 
strate and acid phosphatase (EC 3.1.3.1) (lyso- 
some) were determined as described [18,19]. 
NADPH-cytoehrome-c reductase (EC 1.6.2.4) 
(endoplasmic reticulum) was determined spectre- 
photometrically [20]. Since Percoll interfered with 
this assay, the other marker enzyme for endo- 
plasrnic reticulum, cholinephosphotransferase (EC 
2.7.8.2) [21], was assayed by the method of Cole- 
man and Bell [22]. (3alactosyltransferase (EC 
2.4.1.67) (Golgi) was assayed with ovalbumin as 
an accepter [23]. Suecinate dehydrogenase (EC 
1.3.99.1) (mitoehondria) was determined as de- 
scribed [24]. The radioactivity of le~I-iodinated 
cell surface proteins (plasma membrane) was mea- 
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sured by means of tdfhloroacetic acid precipi- 
tation [25]. 

Protein analysis 
Proteha 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 × g,v, 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 [32p]pi. 
After separation by TLC, the subfraction of each 
phospholipid was visualized by autoradiograpl,.y 
and then scraped off. The radioactivity was mea- 
sured in a toluene scintillation mixture. To anmyze 
the phospholipid molecular species, phosphat/- 
dylcholine and phosphatidylethanolamine were 
extracted from the silica three times with 10 ml of 
chloroform/methanol (2:1, by vol.). DinRro. 
benzoyl derivatives of diradylglycerols were 
prepared from the extracted phospholipids as pre- 
viously described [10]. The dinitrobenzoyl deriva- 
tives of diacylglycerol, alkenylacylglycerol and al- 
kylacylglycerol were separated by TLC with a 
solvent system of hexane/diethyl ether (80: 20, by 
vol.). The dinitrobenzoyl derivatives of di, 
acyl~ycerol extracted from the silica with diethyl 
ether, were determined by reversed-phase high 
performance liquid chromatography [10]. 

Electron microscopy 
The endosome fraction obLained on the second 

sucrose gradient centrifugation was diluted, so as 

to the become an isotonic solution, with 
sucrose-free Tes and then centrifuged (100000 × 
g,v, 30 min, 2 ° C) to yield a pellet. The pellet was 
fixed in 1% OsO4 in Kellenberger's buffer at 4"C 
overnight and then stained en bloc with aqueous 
uranyl acetate for 2 h at 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 transmi~;sion electron microscope 
(Hitachi Co., Ltd., Tokyo, Japan) after grid-stain. 
ing in uranyl acetate and lead citrate. 

Results 

Isolation of endosomes 
Endosomes of V79-UF cells were labeled by 

means of receptor-mediated endocytosis of I~I- 
EGF. Under the conditions described in Materials 
and Methods, almost all of the mI-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 125I- 
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 
!n, vdensity regions (Fig. IC). The enzyme neff'A- 
ties of the dense material might be derived from 
intact lysosomes, wheree~s the activities of the light 
material might be derived from disrupted lyso- 
somes, released during the homogenization and 
subfractionation procedures [31]. 12sI-EGF ap- 
peared to have not reached the lysosomes within 
8-rain incubation at 370C, 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- 
drla from endo.~mes (Fig. 1C). However, by this 
method, it was difficult to separate plasma mem- 
branes, endoplasmic reticulum and Golgi from 
endosomes (Fig. 1B). Thus, we used two different 
sucrose density gradient 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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'FABLE 1 

PURIFICATION OF ENDOSOMES 

Endosomes were purified as described under Materials and Methods. At each step, the activities of markers and protein were 
detetmined, and expressed as % of the initial total cell homogenate values. Protein in the Pete.all gradient pool fraction was 
determined by Bradford's method. The numbers in parentheses indicate the fold-enrichment. All values have been normalized as to 
the specific activity (relative to protein) in the total cell homogenate. Data are the averages for !hree experiments. The amount of 
protein in the total celt homogenate was 150 nag. The activities of markers per nag of protein were: t25I-EGF, 991 cpm; ~25I-surface 
protein, 2945 cpm; ~N-acetythexosaminidase, 12.2 nmol/min; acid phosphatase, 66.3 nmol/min; NADPH-cytoehrome~c reductase, 
6.1 nmol/min; cholinephosphotransferase, 0.53 nmol/min: succinate dehydrogenase, 3.7 nmol/min; galactosyltransferase, 10.4 
pmol/min. 

Marker Total Super- Percoll First Second 
cell natant sucrose sucrose 
homogenate (500 x g) gradient gradient 

Protein 100 27.0 6.6 0.18 0.06 
~ I - E G F  100 (1) 45.9 (1.7) 33.5 (5.1) 9.4 (52.0) 3.3 (55.5) 
Z~l-Surfac¢ protein 100 (1) 29.7 (1.1) 18.4 (2,8) n.d. • n.d. • 
~-N-Acetylhexosaminidase 100 (t) 23.2 (0.9) 5.6 (0.9) 0.3 (1.6) 
Acid phosphatase 100 (1) 23.0 (0.9) 5.2 (0.8) 0.3 (1.8) 0.01 (0.2) 
NADPH-eytochrome-c reductase 100 (1) 30.2 (1.I) 0.8 (4.5) 
Cholinephosphotransferase 100 (1) 30.3 (1,1) 7.6 (1.2) 0.8 (4.4) 0.04 (0,7) 
Succinate dehydrogenase 100 (1) 35.6 (1.3) 2.0 (0.3) n.d. • n.d. = 
Galaetosyltransferase 1130 (1) 16.9 (0.6) 7.6 (1.2) 0.3 (1.5) 0.04 (0.7) 

• n.d., there was no detectable activity. 

pletely removed from the endosome fraction, and 
t25I-EGF was highly condensed in the interface 
fraction between 28% and 30% sucrose. The en- 
richment of I ~ I - E G F  in this fraction was 52-fold, 
as to  t i ,¢ . . . . .  ' cell . . . . . . . . . . . .  to ,=  = = u l . u ~ n = ~  (Table I). Most of 
the marker activities for organelles 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 
12SI-EGF, respectively (Table I). The combined 
endosome pool was further processed by means of 
second sucrose gradient centrifugation. A single 
peak of uSI-EGF appeared on the gradient, which 
coincided with that of protein (Fig. 2). The second 
sucrose gradient procedure resulted in a slight 
enrichment of 1751-EGF, from 52- to 55-fold. The 
final yield of t25I-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 ~251-EGF. 
Sigrdfieant d_ecreases in the enrichment of markers 
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Fig. 2. Distributions of IzSI-EGF and protein on isopycnJc 
centrifuRation on a continuous=density sucrose gradient. The 
crude endosome fraction from the first sucrose gradient was 
fractionated by continuous-density sucrose gradient ~ntrifuga- 
tion, as described under ~,-:ater.:~ ai~d Methods. The zzSI-EGF 
peak fractions were pooled. Similar distributions of z2SI-EGF 

and protein were o0serv~ in s~ separate ex~;;,iz~n~;. 



Fig. 3. Electron micrograph of isolt'ted endosomes, Endosomes 
were isolated and viewed ,.ruder a transmission electron mi~ro- 
scope as described under Materials and Methods. Bar, 0..~ Fro- 

for Golgi (0.6), endoplasmic reticulurn (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 ~m in diameter 
(Fig. 3). 

Polypeptide composition of endosome~" 
The polypeptide composit ion of  endosomes was 

examined by SDS-polyacrylamide gel electro- 
phoresis on  105 gels. The  composit ion of  endo- 

somes (Fig. 4A, lane 5) is different  f rom those of  
the total cell homogenate  (lane 1) and endo- 
plasmic reticulum (lane 7). The polypcptide pro- 
file of endosomes was similar to that of plasma 
membranes (lane 6). However, there were dif- 
ferences ~ *.h': amounts of some polypeptides 
(Fig. 4B). Pol?~peptides 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 gel electrophoresis of membrane 
fractions at various stages of purification. (A) Membranes were 
fractionated, and SDS-polyacrylamide 8el etcctrophoresis was 
carried out on 10~ 8els as described under Materials and 
Methods. The gels were stained with silvcr. Lane 1. total cell 
homogenate; lanc 2,postnuclear supcmatant; lane 3, Pcrcoll 
centrifuged pool; lane 4, first sucrose gradient centrifuged pool 
(crude endosome fraction); lane 5, second sucrose gradient 
centrifuged ~x~ol (endosomes); lane 6, plasma membranes', lane 
7, endoplasmic reticu!um. (B) Aher SDS-polyacrylamidc gel 
electrophoresis, the gels were stained with Coomassie brillia.~t 
blue and then sc.~yme, a at 600 rim. Plasma membr~ aes (dotted 
line); endosomes (solid line). The absorbance at 60q? nm in 
arbitrary units is shown on the ordinate. Arrows ', 2 and 3 
indicate pol,/veptides with apparent M, of 106006. ~000 and 

43000, respectively. 
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Polar head group composition of phosphofipids of 
endosomes 

V79-UF ceils, which require monoenoic fatty 
acids for growth [11], were grown in delipidated 
serum medium (serum lipoprotein-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 [32PIP i for 24 h (Table II), at which 
time the incorporation of 32p 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 

and diaeylphosphatidylethanolamine (Table II), 
were determined. The major molecular species of 
d i a c y l p h o s p h a t i d y l c h o l i n e  w e r e  18 : 1 / 1 8  : 1, 

16:0/18:1  and 18:0/18:1  (Table IIi). How- 
ever, the proportion of 18:1 /18:1  was lower in 
plasma membranes than in the total cell homo- 
genate or endoplasmic reticulum. In addition, en- 
dosomes contained a lower proportion of molecu- 
lar species with two monocnoic fatty acids than 
plasma membranes did. This is mostly due to the 
difference in the proportion of 18:1 /18:1  be- 
tween endosomes and plasma membranes. The 
proportions of molecular species with two 
saturated fatty acids and with one saturated and 
one monoenoic fatty acid were higher in endo- 
somes than in plasma membranes. 

The major molecular species of diacylphospha- 
tidylethanolatnlne were 18 : 1/18 : 1, 16 : 0 / 1 8  : 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 (44.570). However, the 
proportion of molecular species with two monoen- 
oie fatty acids, of which lg : 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 observed in the case of di- 
acylphosphatidylcholine. 

TABLE II 

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/~M oleic acid and then labeled with [32P]P i. The phospholipids 
were extracted from the isolated membrane2, separated and then dete:'nxinexl, as described under Materials and Methods. "rite data 
are the mean values4- S.E. (n = 4), The incorporated radioactivity of [32p]p~ amounted to 68248 cpm//.Lg of Pi- Above 99~ of the 
applied radioactivity on the thin-layer p~ate before development was recovered on the spots of phospholipids. 

Phosphofipid mal~ 

plasma endosomes total cell endoplasmie 
membranes homogenate reticulum 

Spkingomyelin 5.7 + 0.8 9.5 4-1.i ~ 4.5 + 0.3 5.7 + 0.5 
Phosphatidylcholine 56,8 ± 0.8 50.7 + 1.3 b 67.3 4- 0.5 ~ 59.1 + 0.5 
Phosphatidylserine 5.7 4- 0,6 9.5 4-1.0 a 2,14- 0.3 d 5.5 4" 0.4 
Phosphatidylinositol 3.7 + 0.4 3,0 4- 0 .3  3.0 4- 0.4 5.2 4- 0.d a 
Ph~phatt~y.Jetl3anotatrdn~ ~.7.i -I- ~t.9 . . . .  ~ . ,  -~.J" ~ 20.4 ± 1.0 a 21,~ ± 1.2 ' 
Cardiolipin 1.0 + 0.3 1.6 + 0.4 2.7 + 0.5 d 3.1 + 0.4 b 

. -e  The statistical si~fificance of v~ucs compared t¢ ".'~. the ~.a':~ .~'f ~.|a_~.,.,.,a m¢~-~b~a,-~ was dc~cr~.ine~ by the paired :.test: 
i p < 0.05; b p < 0.01; ¢ P < 0.001; d p < 0.005. 
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TABLE II1 

MOi.,ECUC,,AR SPECIES COMPOSITIONS OF DI ~CYLPHOSPHATIDYLCHOLINE IN MEMBRANES FROM CELLS 
G R O ~ N  IN THE PRESENCE OF OLE|C ACID 

Cells were grown in MEM containing 6% delipidated ~:rum and 50 pM oleic ~<id for 72 h. Membranes were i~o|ated. ~" t the 
molecular species of dia:ylphosphatidylcholine were det -~ained as described under Materials and Methods. The date are xhe -heart 
values~S.E. (n = 2). 

Molecular 
species 

mol~g 

piasni:, ndosomes total call endoplasmic 
membranes .hnmogenate reticulum 

18:i/16:1 5.7:1:0.3 9.24-3.4 5.1±0.1 5.2 ~:0.2 
16: 0/16:1 5.7:1:0.3 5.0 ~: 0.3 5.6 ± 0.3 5.6 4. 0.3 
16:0/14:0 2.5+0.0 3.7_0.3 * 1,9±0.1 b 2,0=1:0.0 b 
18:1/18:1 30.6 4.0.1 21.04-1.7 h 37.04- 0.9 b 34.84- 0.2 ~ 
16: 0/18 ~' 1 32.2 + 0.4 34.1 + 2.3 30.0 :t: 0.8 30.5 :!: 0.1 • 
16:0/16:0 4.84-0.0 8,0±0.7 b 3.1 :t:0.2 ~ 4.0+0.0 d 
20:1/18:1 4.0±0.1 2.5± 0.3 • 4.7±0.4 4.4±0.1 
18 : 0 /18 :1  I2,1 +0,3 14.2=1:0.5 * 10,6 ~ 0.1 b 10.8 ~k 0.3 = 
18:0/16:0 1.2+0,0 1.9±0.3 0.8 +0,0 b 1.3 :~ 0.1 
22:1/18:1 1.2+0.0 0.4±0A 1.2+0.I 1.4~0.2 

Total U F A / U F A  ¢ 41.5 ±0.4 33.1 + 1.7 b 48.0± 1.3 b 45.8 + 0.3 b 
Total SFA/UFA f 50.0 4. 0.4 53.3 4- 3.0 46.2 =1:1.0 ~ 46.9 :~ 0.1" 
Total SFA/SFA s 8.5 + 0.0 13.6 4.1.3 m 5.8 :l= 0.3 b 7. 3 ~: 0.2 b 

a-d The s(atistica] slgniiicanc~ of  vaJues compared to in the case of plasma memb~an~ was deLermined by the pnire~ t-test: 
" P  < 0.1; b P  < 0.05; ~ P < 0.005; d P < 0,001. 

• UFA/UFA,  molecular species with two monoenoic fatty acids, 
t SFA/UFA,  molecular species with one saturated and cae monocnoic fatty acid. 
s SFA/SFA, mol~:ular species with two saturated fatty acids, 

Effects o/changes in the composition of phc~pholipid 
molecular species in plasma membranes on tt,~ 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 phosphaddylserine with a de- 
crease in phosphatidyleholine 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 I1). 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 ddicien" 
medium, the proportion of t.he 18 : ! / ! 8  • 1 sp,~__ies 
of diacylphosphatidylcholine in the total ¢¢11 ho- 
mogenate decreased from 37.0 to 28.5~ (Tables 
III and V). However, the proportion of molecular 

species with two monocnoic fatty acids was lower 
in ¢i~dosome, s (26.1~ than in plasma membranes 
(35.6~$), whereas those of molecular spedes with 
one saturated and one monoenoic fatty acid, and 
with two saturated h t ty  acids were higher in en, 
dosomes (59.2 and 14.7~$) than in plasma mem- 
brane, s (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 norraal to olcic-a¢id deficient medium, the 
proportion of the 1 8 : 1 / 1 8 : 1  species in plasma 
membrane, s dccre.ascd from 53.0 to 41.4~. A re- 
markable difference ;.n the proportion of the 
!8 : 1 / ! 8  • l species w ~  observed bet,,ee~ en. 
dosomes (31.8~$) and plasma membranes (4i.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 gown in MEM containing 6~ delipidated serum and 50 pM oleic ,~id for 72 h. Membranes were isolated, and the 
molecular species of diacylphosphatidylethanolamine were determined as descr' ".d under Materials and Metho0s. The data are the 
mean value~4- S.E. (n -- 2). 

Molecular mol~ 
species plasma endosomes tolal cell endoplasmic 

membranes homogenate reticulum 

ig ; 1/16 : 1 5.5 ± 0.7 5.9 ± 1,6 3.9 4- 0.3 5,0 -~ 0.1 
16:0/16:1 2.0±0.0 2.3:t:0.5 2.0:1:0.0 2.74.0.2 • 
16:0/14:0 0.2-t-0.1 0.6+0.3 0.5 :l:O.O 1.1+0.5 
18 : 1/18 : 1 53.0± 1.6 48.0+ 2.1 39.3:t:0.9 b 44.54-0.7 b 
16:0/18 : 1 15.8 +0.6 I7.1 +0.0 21.0± 1.0 b 22.44-1.3 h 
16:0/16:0 1.1 +0.1 2.3+0.8 1.4+0.1 2.0+0.1 t, 
20:1/18:1 3.0+0.2 3.2+0.4 2.6+0.2 2A±0.1 • 
18:0/18:1 16.64-0.2 18.24-0.1 b 26.54-0.5 ¢ 17.5 4-0.2 ' 
18:0/i6:0 0.9 +0.0 0.94-0.3 1.3 :[:0.2 0.94-0.1 
22:1/18:1 1.9+0.1 1.5-1-0.2 1.54-0.1 • 1.5:t:0,1 h 

Total UFA/UFA ~ 63.4 + 1.0 58.6 4- I .I • 47.3 + 0.8 d 53.4 + 1.0 b 

Total SFA/UFA r 34.4+0.9 37.6+0.4 • 49.5 4-0.5 c 42.6+ 1.3 b 
Total SFA/SFA g 2.2 + 0.2 3.8 +_ 0.7 3.2 + 0.3 4.0-I- 0.3 b 

.-a The statistical significance of values compared to in the case of plasma membrane.s was determined, by the 
"P <0.1; b P <0.05, ¢ P < 0.005; d P < 0.01. 

" UFA/UFA, molecular species with two raonoenoic fatty acids. 
f SFA/UFA, molecular .~]~cies with one saturated and one monoenoic fatty acid. 
s SFA/SFA, moiccular species with two saturated [arty acids. 

paired t-test: 

Discussion 

In the present study, we isolated endosomes 
from V79-UF ce t s  by Percoll density gradient 
centrifugation and then two sucrose density grad'[- 

ent  centrifugafions. The isolated endosomes were 
mostly free from contaminat ion by Golgi, endo .  

plasmic reticulum and plasma membranes,  which 
are known to have similar buoyant  densities to 
that  of  endosomes (Table I). The enr ichment  of  
t ~ I - E G F  in endosomes was more  than 55-fold. 

This  degree of  enr ichment  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 sc'p- 
arate endosomes from other  orBanelles based on a 
differettee in surface charge of the particles. They 
reported that the t reatment  of  crude membranes  
with 0.25~ trypsin at 3 7 ° C  for 5 rain was re- 
quired for product ion  of  the difference in surfaze 
charge between endosomcs and other organelles, 

However, the trypsin treatment of endothelial cells 
and green monkey kidney cells caused the release 
of phosphofipids from the cells [34]. In  order  to  
determine the phosphol lp id  composi t ion  of  endo- 
some.s, 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 phosphol ip id  composi t ion  as that  
of  p lasma membranes ,  since the membrane  phos- 
phofipids o f  endosomes  are derived from plasma 

membranes.  However, sphingomyel in  and phos- 
phatidylserine were enriched in endosomes  (Table 

lI) compared  with in plasma membranes .  In 
hepatocytes, the enrichment of sphingomyelin 
in endosomes has been demonst ra ted  by Luzio 
and Stanley [35], Evans and Hardison [36], and 
Belcher et al. [37]. However,  the physiological 
significance of  the enr ichment  of  these phos- 
pholipids in endocytic vesicles remains obscure. 

In this study, we demonst ra ted  that  the molecu- 



161 

lar species compositions of the major phospholi- 
pids in endosomes differ from those m plasma 
membranes. The differences between endosomes 
and plasma membranes remained, regardless of 
whether or not the proportions of phosphofipid 
mole~,lar species in the plasma membranes 
chat~ged. 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 80~ 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-ACtD DEFICIENT MEDIUM 

Ceils were grown in MEM containing 6~ delipidated serum 
and 50 itM oleic acid for 48 h, and then the medium was 
replaced with oleic-acid derwent medium. After a further 24-h 
cultivation, membranes wese isolated, and the. mol~ular species 
of diacylphosphatidylcholine were determined as described 
under Materials and Methods. The data are the mean values+ 
S.E. (n = 3). 

Molecular mol~ 
species plasma endosomes total cell 

membranes homogenate 

18:1/16:1 7.5+1,0 5.2+1.4 8,1+0.8 
16:0/16:1 8.7+0.5 7.6+0.5 8,4±0,1 
16: 0/14:0 4.2+ 0.3 5.2-4-0.2 • 2,9:/:0.2" 
18:1/18:1 23.4+2.1 16.9+1.7 b 28.5--2.2 
16:0/18:1 34.9:/:0.5 39.8:t: 1.1" 33.9-1-0.4 
16:0/16:0 5.7+1.2 %85:1.0 3.7:1:0.4 
20:1/18:1 3.6:t:0.2 2.8:t:0.2 b 4.0:1:0.3 
18:0/18:1 9A±0.4 11,820.6 * 8.5+0,7 
18:0/16:0 1.5+0.3 1.7:1:0.2 1.0+0.2 
22:1/18:1 1.1+0.1 1.2-1-0.4 1.0+0.1 

TotalUFA/UFA e 35.64-1.3 26.15:2.3 • 41.6+1.7 = 
ToIalSFA/UFA e 53.0+0.6 59.2±1.3" 50.8:1:0.9 
Total SFA/SFA ® 11.4+ 1.6 14.721.2 7.6:1:0.8 

• ,b The statistical significance of values competed to in the 
case of plasma membranes was determined by the paired 
t-test: a p < 0.05; b p < 0.1. 

UFA/UFA, molecular species with two monoenoic fatty 
acids. 

d SFA/UFA, molecular species with one saturated and one 
monoenoic fatty acid. 

" SFA/SFA, ,nolecular species with ~,wo saturated fat,'y acids. 

TABLE VI 

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~ defipidated serum 
and 50 pM oleic acid for 48 h, and then the medium w~  
replaced with oleic-acid deficient medium. After a further 24.h 
cultivation, membranes were isolated, and the molecular species 
of diacylphosphatidylethanolamine were determined as de- 
~ribed under Materials and Methods. The data are the mean 
values+ SeE. (n = 3). 

Molecular mo1~ 
species 

plasma eadosomes total cell 
membranes homogenate 

18:1/16:1 10.2+0.9 
16: 0/16:1 4.4 + 0.7 
18:1/18:1 41.4 + 2.2 
16: 0/18:1 20.4 + 0.9 
16: 0/16: 0 2.7 + 0.7 
20:1/18:1 2.4+0.1 
18: 0/18:1 I4.7 :l: 1,1 
18:0/16:0 2.3+1.0 
22:1/18:1 1.5 +0.2 

Total UFA/UFA ~ 55.54-2,7 
Total SFA/UFA ~ 39.5 + 1.3 
Total SFA/SFA e 5.0 + 1.7 

7.9±1.5 7 .3±~9"  
4.7+1.8 3.2+0.8 

31.8±3.3 a 35.6+1.4 D 
21.14" 0.7 23.2 + 1.4 
4.820.5 = 2.620,4 
2.4+0.1 2.320.0 

20.0+5.2 22.3--3.2' 
4.9 :/: 1.3 2,0 + 0.5 
2.4+ 0.2 b 1.54-0.1 

44.5 -4- 4.7 46.7 -1-1.3 b 
45.8 + 4,2 48.7 + 1.9 b 
9.7+ 1,6 d,6:k 0.8 

Lb The statistical significance of values compared to in the 
case of plasma membranes was determined by the paired 
t-test: a p < 0.|; b p < 0.05. 

UFA/UFA, mo!c,.--olar species with two monoenoic fatty 
acids. 

d SFA/UFA, mo~.ecular species with one saturated and one 
monoenoic fatty acid. 

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

The differences in the polar head group and 
molecular spedes 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 e~dosomes to 
plasma membranes. Phosphofipids 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  o the r  fo r  the f o r m a t i o n  o f  c o a t e d  

vesicles a n d / o r  p inocy t i c  vesicles, pa r t i cu l a r  phos- 
pholipids must be enriched in the vesicles formed. 
The relatively small early endocytic vesicles may 
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contain more l/pids derived from the inner half of 
the plasma membrane because of their strong 
curvature. In addition, heterogeous lateral distri- 
bution causing the existence of lip:id [41] and 
protein [42] domains in biological membranes has 
been indicated. The resuLlts of these ~tudies imply 
,h . . . . .  mhiy  nf  .-a',r*;¢"-~- phospholipids at sites 

on  plasma membranes ,  which are used for in- 

vagination on vesicle formation.  
On . . . . . .  the otuc~l"-- hand, r:~...t.t,~,~ ;"'o,"i"fi . . . . .  a x ~ l  V U I ~ L O  

g:ane equivalent to 0.5- to 2-foid their surface 
area during each hour of pinocytic activity [43]. 
Thus, the bulk of the interiorized membrane is 

W l  U l . l l t  recycled to the plasma membrane  .... " iitifi.tI~.~.. 

This membrane  recycling occurs  dur ing the initial 

fusion between early endocyt ie  vesicles and im- 

mediately before the fusion of more  mature  peal- 
nuclear  endosomes  with lysosomes [44]. The endo-  

some prepara t ion used in this s tudy may  have 

contained the entire population of prelysosomal 
vacuoles, i.e., from the early peripheral endosomes 
to the mature perinuclear endosome.q Thus, if 
specific phospholipid molecular species, such as 
18"1 /18 :1  phosphafidylcholine, were predomi- 
nantly recycled from endosomes to plasma mem- 
branes, the phospholipid molecular  species of  iso- 

lated endosomes  would be poor  in the recycled 

phospho~pid  molecular  species, compared  with in 

pLa.~fita i'~i~, ~bl'an~. 
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