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ABSTRACT 

Depending on their phospholipid composition, liposomes are endocytosed by, or 
fuse with, the plasma membrane,  of Acanthamoeba castellanii. Unilamellar egg 
lecithin vesicles are endocytosed by amoebae at 28~ with equal uptake of the 
phospholipid bilayer and the contents of the internal aqueous space of the vesicles. 
Uptake is inhibited almost completely by incubation at 4~ or in the presence of 
dinitrophenol. After uptake at 28~ the vesicle phospholipid can be visualized by 
electron microscope autoradiography within cytoplasmic vacuoles. In contrast, 
uptake of unilamellar dipalmitoyl lecithin vesicles and multilamellar dipalmitoyl 
lecithin liposomes is only partially inhibited at 4~ by dinitrophenol and by prior 
fixation of the amoebae with glutaraldehyde, each of which inhibits pinocytosis. 
Vesicle contents are taken up only about 40% as well as the phospholipid bilayer. 
Electron micrographs are compatible with the interpretation that dipalmitoyl 
lecithin vesicles fuse with the amoeba plasma membrane,  adding their phospho- 
lipid to the cell surface, while their contents enter the cell cytoplasm. Dimyristoyl 
lecithin vesicles behave like egg lecithin vesicles while distearoyl lecithin vesicles 
behave like dipalmitoyl lecithin vesicles. 

Phospholipid vesicles (unilametlar liposomes) con- 
sist of a single, closed spherical bilayer of phospho- 
lipid, of outside diameter approximately 30 nm, 
which defines an internal aqueous space about 20 
nm in diameter (4, 16, 17). Water-soluble mole- 
cules can readily be incorporated into the vesicle's 
interior space, and lipophilic molecules can be 
incorporated into the phospholipid bilayer. The 
interaction of phospholipid vesicles with cells is of 
interest for several reasons. On the one hand, 
endocytosis of phospholipid vesicles provides a 
mechanism for the introduction of water-soluble 
molecules, contained within the interior aqueous 
space of the vesicle, or lipophilic molecules, intro- 
duced into the vesicle's bilayer, directly into the 

lysosomes of endocytic cells. In contrast, if phos- 
pholipid vesicles were to fuse with the plasma 
membrane of cells, the contents of the vesicles 
would be introduced directly into the cell's cyto- 
plasm while lipophilic molecules in the vesicle 
bilayer would be incorporated into the cell's 
plasma membrane. The potential experimental 
and therapeutic applications of these modes of 
entry of soluble and insoluble molecules into cells 
are obvious. Finally, phospholipid vesicles and 
cells provide a potentially useful model system for 
investigating the biochemical and ultrastructural 
events of membrane fusion. 

Acanthamoeba castellanii, a small soil amoeba 
that is nutritionally dependent on endocytosis (8), 
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is a convenient organism for studying pinocytosis 
(8) and phagocytosis (20, 35). Both processes are 
energy dependent being inhibited by anaerobiosis, 
azide, cyanide, and 2,4-dinitrophenol, and by incu- 
bation below 12~ Pinocytosis of solutes is a 
continuous process in growing cells (8, 18) and 
requires the " turnover"  of the cell surface about 
5-50 times per h. The cells have a generation time 
of about 10-12 h. The quantity of nutrient ingested 
by pinocytosis is much less than would be needed 
to replace the plasma membrane internalized dur- 
ing the endocytic process, even if it were all to 
be used for that purpose. Therefore, almost cer- 
tainly, the membrane internalized by pinocytosis 
must recirculate to the cell surface by exocytic 
processes. Phagocytosis of latex beads by 
Acanthamoeba is a saturable process (20, 35), 
perhaps because the plasma membrane used to 
form the phagocytic vesicle cannot readily return 
to the cell surface. Despite the fact that isolated 
amoebae plasma membranes contain phospholi- 
pases, acyl-CoA transferase and acyl-CoA synthe- 
tase (18, 34), no evidence has been found for 
increased turnover of membrane phospholipids 
associated with endocytosis. 

In the experiments reported in this paper, we 
present evidence that vesicles prepared from dipal- 
mitoyl lecithin or distearoyl lecithin can fuse with 
the plasma membrane of A.  castellanii whereas 
vesicles prepared from egg lecithin or dimyristoyl 
lecithin are taken up by the amoebae only by 
endocytosis. After this research was completed, 
other investigators have published similar but not 
identical conclusions derived from their experi- 
ments on the interaction of phospholipid vesicles 
with other cells (23, 25-27). Phagocytosis of 
multi lamellar liposomes" has also been reported 
(12 15, 22). 

M A T E R I A L S  A N D  M E T H O D S  

Egg lecithin was purchased from Lipid Products (South 
Nutfield, England) and stored at -20~ under a nitrogen 
atmosphere. The fatty acid composition of egg lecithin is 
palmitic 30%, palmitoleic 3%, stearic 15%, oleic 29%, 
linoleic 16%, arachidonic 4%, and other 3% (2). Dipal- 
mitoyl lecithin and distearoyl lecithin were purchased 
from Calbiochem, San Diego, Calif. and dimyristoyl 
lecithin from Sigma Chemical Co., St. Louis, Mo. The 
purity of the lecithins was checked by thin-layer chroma- 
tography, and they were used without further purifica- 
tion. L-[a-t'C]dipalmitoyl lecithin (50 mCi/nmol) was 
purchased from Applied Science Labs. Inc., State Col- 
lege, Pa. Its purity was determined by thin-layer chroma- 

tography, and when used immediately, further purifica- 
tion was unnecessary. Degradation occurred upon stor- 
age at -20~ requiring purification by silicic acid 
column and thin-layer chromatography before use (32). 
Radioactive lecithin (5.2 • 107 cpm/~mol) was also 
prepared from Acanthamoeba grown in the presence of 
25 mCi of neutralized [9,10-SH]oleic acid purchased from 
Amersham/Searle Corp., Arlington Heights, I11., and 
used without purification. When 90-95% of the radioac- 
tive fatty acid was removed from the medium, the cells 
were harvested, and lecithin was isolated by column and 
thin-layer silicic acid chromatography (32) and stored as 
a chloroform solution at -20~ under nitrogen. The 
purity of the lecithin was monitored by thin-layer 
chromatography before use. The fatty acid composition 
of Acanthamoeba lecithin has been previously deter- 
mined (32, 33): 16% saturated, 41% monounsaturated, 
43% polyunsaturated fatty acids. 

Stearylamine was purchased from Aldrich Chemical 
Co., Inc., Milwaukee, Wisc., dicetyl phosphate from K & 
K Laboratories, Inc., Plainview, N.Y., and bacterial 
a-amylase (type II-A) from Sigma Chemical Co., St. 
Louis, Mo.). L-[~'C]glucose (566 mCi/nmol), D-[I- 
SH]glucose (5.5 Ci/nmol) and [3H]inulin (300 mCi/ 
nmol) were purchased from Amersham/Searle Corp., 
Arlington Heights, i11. Inulin was purified by mixing 1 
mCi with 1 g of washed (O-diethylaminoethyl)cellulose 
(DEAE-cellulose) (DE-52, Whatman Biochemicals Ltd., 
Maidstone, England) in 20 ml of 0.01 M phosphate 
buffer, pH 6.8, for 1 h and removing the DEAE-cellulose 
by centrifugation. The supernatant solution contained 
90-95% of the radioactivity. This procedure minimized 
the nonspecific adsorption of radioactivity when cells 
were incubated with inulin. 

Single bilayer phospholipid vesicles were prepared 
according to the procedure of Batzri and Korn (4). 
Lecithin (120 tzmol including 0.1-0.2% radioactive leci- 
thin and 12 ~tmol of stearylamine or dicetyl phosphate for 
positively or negatively charged vesicles) was evaporated 
from organic solvent under reduced pressure. The lipid 
was dissolved in ethanol, taken to dryness, and dissolved 
in 3 ml of ethanol. The ethanolic solution of lipid was 
rapidly injected through a Hamilton syringe (Hamilton 
Co., Reno, Nev.) into 60 ml of 0.16 M KCI maintained at 
a temperature above the transition temperature of the 
phospholipid (room temp, 40~ 55~ and 65~ for egg 
lecithin, dimyristoyl lecithin, dipalmitoyl lecithin, and 
distearoyl lecithin, respectively). The vesicles were con- 
centrated to 3.5 ml at the same temperature by filtration 
under nitrogen pressure on an Amicon ultrafiltration 
apparatus (Amicon Corp., Lexington, Mass.) using an 
XM-100A membrane. The concentrated vesicles were 
then rapidly cooled below their transition temperatures 
(except for egg lecithin when the entire procedure was 
carried out at room temperature), Slow cooling resulted 
in a larger percentage of multilameUar liposomes. The 
suspension was centrifuged for 20 rain at 48,000 g to 
remove large aggregates, and the supernate was analyzed 
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for radioactivity and phospholipid phosphorus. The 
vesicles were stable under a nitrogen atmosphere for at 
least several days at room temperature. 

When it was desired to trap solute molecules within 
the internal aqueous space of the phospholipid vesicles, 
D-[l-SH]glucose (15 #mol/ml), [3H]inulin (0.05 #tool/ 
ml), and/or a-amylase (50 mg/ml) were dissolved in the 
0.16 M KC1 in which the vesicles were formed. After 
concentration of the vesicles by ultrafiltration, the vesi- 
cles were separated from external solutes by chromatog- 
raphy on a 1.5 • 25-cm column of Sephadex G-50 (for 
glucose and inulin) or 2.5 • 55-cm column of Sephadex 
G-200 (for amylase). The vesicles appeared in the void 
volume, and the external solute was in the included 
volume of the columns. By comparing the radioactivity 
or enzyme activity of the vesicle fraction to their 
concentrations in the original solution, the internal 
volume of the vesicles can be calculated, assuming an 
absence of adsorption to the bilayer surface. Internal 
volumes were found to be 0.39, 0.5, and 0.33 ~tl//zmol of 
phospholipid for vesicles labeled with glucose, inulin, and 
amylase (each vesicle will contain about two molecules of 
amylase), respectively. These values are in good agree- 
merit with the calculated volume of 0.3-0.5/zl/~mol of 
phospholipid (4), supporting the assumption that most, if 
not all, of the marker molecules were within the vesicles. 
As determined by enzyme assays in the presence and 
absence of 0.1% sodium dodecyl sulfate, at least 85% of 
the amylase was latent (in several preparations) and, 
therefore, presumably inside the phospholipid vesicles. 
The 15% of the amylase activity measurable in the ab- 
sence of detergent may represent either enzyme adsorbed 
to the surface of the vesicles or partial activity of internal 
amylase. Only negligible inactivation of amylase oc- 
curred during the preparation of the vesicles. 

Multilamellar liposomes were prepared from dipal- 
mitoyl lecithin in 0.16 M KCI at 55-60~ essentially 
according to the method of Bangham et al. (3). The 
liposomes were sonicated for 10 s in a bath sonicator 
before use. 

A. castellanii (Neff strain) was cultured axenically at 
28~ in medium containing 1.5% glucose and 1.5% 
proteose peptone as described previously (29). After 3-5 
days of growth, the cells were harvested by low-speed 
centrifugation, suspended in a solution containing 0.01 M 
phosphate, pH 6.8, 0.02 M NaCI, and 0.1 M glucose, 
counted in a cell counter (Particle Data, Inc., EImhurst, 
Ill.), centrifuged, and rcsuspcnded at a concentration of 
2.5-3 • 106 cells/ml. The cells were equilibrated at the 
desired temperature for 20 rain while agitated in a 
reciprocal shaker at 120 cycles/rain, in experiments with 
glutaraldehyde-fixed cells, 50% glutaraldehyde was 
added to the washed cells at a final concentration of 3% 
glutaraldehyde, and the cells were left at room tempera- 
ture for 1 h. The fixed cells were washed three times with 
the above buffer, suspended, and equilibrated as above. 

Unless otherwise noted, all incubations were carried 
out with phospholipid vesicles at a concentration of 3 

#tool of phospholipid/ml and amoebae at 2 • 106 
cells/ml in the above buffer with 15-35 mM KCI derived 
from the vesicle suspension. When present, 2,4-dinitro- 
phenol was added at a final concentration of I mM 10-20 
min before the addition of the phospholipid vesicles. 
Aliquots of 2 ml were removed from the incubation 
flasks at timed intervals and were washed three times 
with 5 vol of ice-cold 0.9% NaCI by centrifugation at 500 
g and suspendod in 0.9% NaCI for analysis. Since, as will 
be seen, the uptake of some phospholipid vesicles is not 
entirely inhibited at 0~ a true "zero time" value is not 
always obtained, and the apparent "uptake" at zero time 
has been subtracted from the reported values. Cells that 
were incubated with multilamellar liposomes were 
washed with 10% sucrose, the increased density being 
necessary to separate the cells from the liposomes. 

Radioactivity was measured using 10 ml of Aquasol 
(New England Nuclear) in a Beckman LS-250 scintilla- 
tion counter (Beckman Instruments, Inc., Palo Alto, 
Calif.). Quench corrections were made for single and 
double isotope counting by the channels ratio method, 
using external standardization. For single isotope count- 
ing the efficiency was 40% for ~H and 85% for L'C. 

Phospholipid was extracted from 1 x l0 t cells by the 
procedure of Bligh and Dyer (6) and determined as 
lipid-soluble phosphorus by the method of Ames and 
Dubin (1). Thin-layer chromatography of phospholipids 
was carried out on silica plates (Supelco, inc., Bellefonte, 
Pa.) previously dehydrated for 1-2 h at 110~ prerun in 
chromatographic solvent (chloroform:methanol:acetic 
acid:water, 25:15:4:2), and dried again. Samples were 
applied in chloroform. Phospholipids were detected by 
iodine vapor and scraped into scintillation vials for 
determination of radioactivity. When necessary, recovery 
of radioactivity was corrected on the basis of the recovery 
of known amounts of radioactive lecithin treated simi- 
larly. 

Amylase was assayed according to Bernfeld (5) at 
30~ with maltose as standard, sometimes in the 
presence of 0.1% sodium dodecyl sulfate. The buffer 
solution contained bovine serum albumin (1 mg/ml)to 
stabilize the amylase. 

Phagocytosis of polystyrene latex beads (1.1 #m in 
diameter) was measured as described by Weisman and 
Korn (35). 

To determine cell volume, 2 • l0 t cells (pellet volume 
about 0.2 ml) were mixed with 0.2 ml of D-[ l-SH]glucose 
(13 ~Ci), and an aliquot of 25/~l was taken for cell count 
and aliquots of 5 ~ul for determination of radioactivity. 
The cells were centrifuged, and aliquots of 5 ~1 were 
taken from the cell-free supernate for measurement of 
radioactivity. Acanthamoeba are impermeable to glu- 
cose, and pinocytosis is negligible over the period of the 
experiment. The average cell volume (V) was calculated 
as V = [(T/A) - (T/B)]/C, where T = total counts per 
minute added to the sample, A = counts per minute/mil- 
liliter of cell suspension, B = counts per minute/milliliter 
of cell-free supernate, and C = number of cells in sample. 
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For electron microscopy, washed cells were fixed with 
3% glutaraldehyde in 0.1 M phosphate, pH 6.8. Cells 
incubated with multilamellar liposomes were fixed with- 
out washing. Postfixation in 1% OsO~, dehydration in 
ethanol, and embedding in Epon 812 (Shell Chemical 
Co., N. Y.) were carried out as described previously (7). 
Thin sections (pale gold) were picked up on 300-mesh 
copper grids and were stained with uranyl acetate and 
lead citrate before examination in a Siemens model 101 
electron microscope at 80 kV. 

For electron microscope aatoradiography, phospho- 
lipid vesicles were prepared from 82 v.mol of egg lecithin, 
8/~mol (1 mCi) of amoeba [SH]lecithin and 10/,mol of 
stearylamine. The phospholipid vesicles were incubated 
with cells in the usual way, and aliquots of cells were 
washed, fixed, dehydrated, embedded, and sectioned as 
usual. About 10-15% of the radioactivity was lost from 
the cells during the dehydration and embedding proce- 
dures as determined by monitoring the waste solutions. 
The sections were picked up on parlodion-coated, 200- 
mesh copper grids and were then coated with a thin layer 
of carbon. The grids were placed on a clean glass slide 
(2-3 per slide) and were coated with llford L-4 emulsion 
(llford Ltd., llford, England) by the loop method of Caro 
and Van Tubergen (9). The grids were exposed for 3-7 
wk in the cold room and were then developed with 
Microdol X developer (Eastman Kodak Company, 
Rochester, N.Y,), fixed, and washed. Before electron 
microscope examination, the sections were stained with 
uranyl acetate and lead citrate in the usual manner. 

R ESU LTS 

Phospholipid vesicles are rapidly taken up by the 
amoebae at 28~ the optimal growth temperature 
(Figs. 1 A and C). That the radioactive assay used 
in Fig. 1 is a valid measure of net uptake of 
phospholipid is demonstrated in Table I where the 
radioactive assay is compared to the increase in 
cell phospholipid. Unless otherwise specified, the 
data in this paper were calculated from the radio- 
active assay. Positively charged vesicles are taken 
up more actively than negatively charged vesicles 
(Fig. 1 A and C), although the effect of charge is 
greater with vesicles made from egg lecithin than 
with vesicles made from dipalmitoyl lecithin. The 
major differences between egg lecithin vesicles and 
dipalmitoyl lecithin vesicles, however, are the ef- 
fects of incubation at 4~ or in the presence of 
dinitrophenol, both of which inhibit pinocytosis of 
solute molecules and phagocytosis of latex parti- 
cles below reliably measureable levels (8, 35, and 
Table II), 

The uptake of phospholipid vesicles prepared 
from egg lecithin is inhibited almost completely by 
dinitrophenol and at 4~ while the uptake of 

vesicles prepared from dipalmitoyl lecithin is in- 
hibited only about 40% by dinitrophenol and 20% 
at 4~ (Figs. 1 B and D). Even when cells are fixed 
with glutaraldehyde, the uptake of dipalmitoyl 
lecithin vesicles is only slightly or not at all 
impaired (Fig. 1 and Table II); fixation, of course, 
inhibits pinocytosis (Table II) and phagocytosis 
(data not shown). At 4~ dimyristoyl lecithin 
vesicles behave like those prepared from egg 

Egg Lecithin 

Neutral 

i 10 o ~c) ~ o Negative 

0 i i L , ~8N~P' 
C Dipalmitoy, Lecithin . ~  

Neutral 

1 0 ~  ive 

O r I I i I I I J ] 
0 30 6O 90 120 30 6O 9O 120 

iNCUBATION TIME (minutes) 
FIGURE 1 Uptake of unilamellar phospholipid vesicles 
by A. castellanii: effect of phospholipid composition, 
charge, temperature, and metabolic inhibitors. (A) Neu- 
tral and positively and negatively charged "egg lecithin 
vesicles (3 p.mol/ml) labeled with [SH]lecithin were 
incubated with amoebae (2 • 108/ml) at 28~ and the 
uptake of phospholipid was calculated from the uptake of 
radioactivity as described in Materials and Methods. (B) 
The uptake of positively charged egg lecithin vesicles was 
compared at 28~ 4~ and at 28~ in the presence of 1 
mM dinitrophenol (DNP). (C) Same experimental condi- 
tions as in A except that the vesicles consisted of 
dipalmitoyl lecithin. (D) Same as B, except for the use of 
positively charged dipalmitoyl lecithin vesicles. In a 
separate experiment the cells were fixed for I h with 
glutaraldehyde before incubation at 28~ with the dipal- 
mitoyl lecithin vesicles; the data were normalized for the 
uptake at 4~ and in the presence of dinitrophenol, in 
that experiment, in order to plot them in this figure. The 
differences in uptake between C and D reflect the 
variations between different cultures of amoebae and are 
not experimental error. 
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TABLE I 

Uptake of Phospholipid Vesicles by A. castellanii 
Measured by Uptake of Radioactivity and 

Phospholipid Phosphorus 

Vesicle uptake 

Phospho- Radio- 
Incubation lipid activity 

nmol/ lO e cells 

Egg lecithin, 28~ 52 45 
Dipalmitoyl lecithin, 4~ 18 21 
Distearoyl lecithin, 4~ 18 20 
Dimyristoyl lecithin, 4~ 1.6 
Egg lecithin, 4~ 2.3 

Amoebae (2 • 10e/ml) were incubated with unilamellar 
phospholipid vesicles (3/~mol/ml) for 2 hr, at which time 
aliquots containing 3 x 10 ~ cells and 1 • 107 cells were 
analyzed for uptake of radioactivity and phospholipid 
phosphorus, respectively, as described in Materials and 
Methods. Egg lecithin vesicles contained 0.1% [~H]leci- 
thin (from Acanthamoeba); all other phospholipid vesi- 
cles contained [~4C]dipalmitoyl lecithin. The data are the 
average of duplicate analyses. The experiment with egg 
lecithin vesicles at 28~ was carried out at a different 
time from the other incubations, all of which were with 
the same batch of amoebae. 

lecithin (little or no uptake) while distearoyl leci- 
thin vesicles are taken up as well as those prepared 
from dipalmitoyl lecithin (Table I). The relative 
rates of uptake of positive, neutral, and negative 
dipalmitoyl lecithin vesicles are the same at 4~ 
or in the presence of dinitrophenol as at 28~ 
(data not shown). 

As mentioned in Materials and Methods, all the 
data for uptake have been corrected for the 
radioactivity (or vesicle phospholipid phosphorus) 
associated with the cells at "zero time." For cells 
incubated at 4~ or in the presence of dinitrophe- 
nol the apparent uptake at zero time is about 10% 
of the value at 2 h, and for glutaraldehyde-fixed 
cells the value at zero time is about 25% of the 
uptake at 2 h. The corrections are less under all 
other conditions. This background "uptake" may 
represent adsorption of vesicles to cells, or it may 
be, at least partly, the result of uptake during the 
period it takes to separate the amoebae from the 
vesicles. 

Although there is some variation among experi- 
ments, the uptake of phospholipid by the amoebae 
is frequently sufficient to increase the phospholipid 
content of the cells (normally about 40 nmol/106 
cells) by about 50-75% in 2 h. Expressed as 

percentage of the material in the incubation me- 
dium, the uptake of phospholipid vesicles at 20~ 
is about 15-30 times the rate of pinocytosis of 
solute molecules (glucose, inulin, or amylase) 
(Table II). In contrast, the rate of uptake of 
dipalmitoyi lecithin vesicles at 4~ in the presence 
of dinitrophenol or by glutaraldehyde-fixed cells, is 
about 200 times the rate of pinocytosis (Table II). 
At 28~ latex particles are also taken up more 
rapidly than solute molecules are pinocytosed (35), 
but, under the inhibitory conditions, there is no 
detectable phagocytosis of latex particles. 

The rates of uptake of the phospholipid bilayer 
and of the aqueous space within the vesicle are 
compared in Table II using radioactive lecithin as 
tracer for the bilayer and either radioactive inulin, 
radioactive glucose, or amylase, alone or in combi- 
nation, as marker of the internal space. It can be 
seen that vesicles prepared from egg lecithin are 
taken up by the amoebae with no loss of internal 
contents. The contents of vesicles prepared from 
dipalmitoyl lecithin, however, are taken up by the 
amoebae only about 40% as well as the phospho- 
lipid bilayer of the vesicles, irrespective of the size 
of the solute molecule. 

Electron microscopy (Fig. 2) of cells incubated 
at 28~ with egg lecithin vesicles reveals an 
increase in cytoplasmic vacuoles containing nu- 
merous membranous profiles which, as demon- 
strated by autoradiography, are derived from the 
radioactive phospholipid vesicles. The cells are 
otherwise normal in appearance despite the large 
uptake of phospholipid (45 nmol/108 cells in this 
experiment), suggesting that all of the excess 
phospholipid is within the cytoplasmic vacuoles 
(digestive vacuoles). 

Electron microscopy of amoebae incubated at 
4~ with dipalmitoyl lecithin vesicles reveals no 
increase in cytoplasmic vacuoles and none of the 
digestive vacuoles that are present contain mem- 
branous profiles (Fig. 3 b and c) despite the 
significant uptake of phospholipid (24 nmol/106 
cells in this experiment). The electron micrographs 
of cells incubated with dipalmitoyl lecithin vesicles 
do show an increase in the infoldings of the cell 
surface (Fig. 3 b) that also seem to be revealed in 
cross section within the section (Fig. 3 c). In this 
experiment the uptake of dipalmitoyl lecithin 
was equal to about 50% of the phospholipid 
content of the amoebae or about 5-10 times 
greater than the phospholipid content of the 
amoeba plasma membrane (10, 33). There was 
little or no increase in cell volume (3.5 vs. 3.67 
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TABLE I1 

Comparison of the Uptake of Bilayer and Internal Contents of  Phospholipid Vesicles and Pinocytosis of  Solute 
Molecules by A. castellanii 

Incubation 
Vesicles Label conditions Uptake 

% Content/Bilayer 

Egg lecithin* [all]lecithin 28~ 3. I 
[SH]inulin (inside) 3.1 1 
[3H]inulin (outside) 0.1 

Dipaimitoyl [a'C]lecithin 4 ~ 1.05 
lecithin~/ 

Amylase (inside) 0.41 0.39 
[SH]glucose (inside) 0.5 0.48 
Amylase (outside) 0 
["C]glucose (outside) 0.004 

Dipalmitoyl [SH]lecithin Glutaraldehyde- 0.77 
lecithinw fixed, 28~ 

[SH]glucose (inside) 0.32 0.42 
["C]glucose (outside) 0.003 

Dipalmitoyl [3H]lecithin Dinitrophenol, 28~ 1.0 
lecithinw 

Amylase (outside) 0.003 
[SH]inulin (outside) 0.005 

Unilamellar phospholipid vesicles were prepared with and without radioactive phospholipid (0.1%) in the bilayer and 
radioactive solute markers or amylase in their internal aqueous space. Incubations were carried out for 1 h as 
described in Table I, and aliquots of 4 • 106 cells (inulin and glucose experiments) or 2 • 107 cells (amylase 
experiments) were analyzed for uptake of radioactivity and amylase as described in Materials and Methods. Radio- 
acitve glucose or inulin, or amylase, were added to the medium (20 times more than was present inside the vesicles) 
to measure the rate of pinocytosis. 
* Three similar preparations of vesicles (one labeled with [SH]lecithin, one labeled with internal [3H]inulin, and one 
unlabeled but with external [~H]inulin added) were incubated in parallel flasks with amoebae from the same culture 
flask. 
:~ One preparation of phospholipid vesicles contained three labels, [l'C]lecithin in the bilayer, and amylase and 
[SH]glucose in the internal aqueous space. Another preparation of unlabeled dipalmitoyl lecithin vesicles was 
incubated in a parallel flask containing external amylase and [t'C]glucose to measure pinocytosis of solute molecules. 
w In these two experiments, [SH]phospholipid vesicles were incubated with amoebae alone or in the presence of 
external amylase or [~C]glucose. In parallel flasks, amoebae were incubated with phospholipid vesicles labeled only 
with internal [SH]glucose or with unlabeled vesicles and external [3H]inulin. 

,1/106 cells). Although incubation of amoebae at 
4~ in the absence of phospholipid vesicles may 
cause some invagination of the cell surface, the 
difference between the experimental and control 
cells (Fig. 3 a) is striking. Examination of 35 
random sections of experimental and control cells 
showed that 18 of the sections of cells incubated 
with dipalmitoyl lecithin and only two sections of 
the control cells had both invaginations at the cell 
periphery and apparent cross sections of in- 
vaginated cell surface within the cell, while 13 
experimental sections and 20 control sections 

showed no manifestation of increased surface 
membrane.  

Similar results were obtained upon incubation of 
amoebae at 4~ with multilamellar dipalmitoyl 
lecithin liposomes. Liposomes have the practical 
advantage, compared to unilamellar vesicles, of a 
morphologically detectable content (internal bilay- 
ers). In the experiment from which the micro- 
graphs in Fig. 4 were obtained, 3.2% of the 
liposomes were taken up by the cells under condi- 
tions in which there was no detectable pinocytosis 
of solute radioactive glucose (in the same incuba- 
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FIGURE 2 Electron microscope autoradiography of A. castellanii after incubation with positively charged 
egg [all]lecithin vesicles. (a) Incubated with vesicles for 10 min, fixed, embedded, sectioned, coated with 
emulsion, and exposed for 10 wk before examination in the electron microscope. Uptake was about 4 nmol 
of phospholipid/l x 10 a cells. (b) Cells were fixed after incubation with vesicles for 2 h, and the coated 
sections were exposed for 4 wk. Uptake was 45 nmol/1 x 106 cells. (c) Same as b. Bars are 1 urn. 



FIGURE 3 Electron microscopy of A.  castellanii after incubation with neutral unilamellar dipalmitoyl 
lecithin vesicles. (a) Control cells incubated at 4~ without vesicles. (b) Amoebae after incubation with 
dipalmitoyl lecithin vesicles for 2 h at 4~ (c) Same as (b) Double arrows (b) indicate a region with an 
unusually high number of surface projections and invaginations. Single arrows (b and c) indicate surface 
invaginations in cross section. Bars are 1 ~m. 



FIGURE 4 Electron microscopy of A. castellanii after incubation with multilamellar neutral dipalmitoyl 
lecithin liposomes at 4~ for 2 h. Uptake  was 3.2% of the added liposomes. Images a, b, and c show 
multilamellar liposomes within cells but not within a cytoplasmic vacuole. The inset in a shows a liposome 
near the surface of an amoeba (the bar is 1 ~m). Image d, shows cross sections of membrane  (arrows) 
interpreted as cytoplasmic invaginations of the plasma as a consequence of the increased surface derived 
from fusion with liposomes. Invaginations such as these are not seen in control sections. 



tion flask) or phagocytosis of latex particles (in a 
parallel flask). The electron micrographs show 
occasional images of multilamellar liposomes 
lying near cells (Fig. 4 a inset). Multilamellar 
vesicles within the cell, but not within a cytoplas- 
mic vacuole, are frequently observed (Fig. 4 a-c),  
as are cross sections of membranes most readily 
interpreted as cytoplasmic invaginations of the cell 
surface (Fig. 4 d). 

DISCUSSION 

The results of the experiments with egg lecithin 
vesicles can be interpreted unambiguously as dem- 
onstrating endocytosis because (a) the uptake of 
the vesicles is inhibited by incubation at 4~ and in 
the presence of dinitrophenol, (b) contents of the 
internal vesicle space are taken up at the same rate 
as the phospholipid bilayer, and (e) electron micro- 
scope autoradiography shows numerous membra- 
nous profiles within digestive vacuoles as if egg 
lecithin vesicles had fused with each other subse- 
quent to their endocytosis. The possibility that 
radioactive phospholipids might be incorporated 
into the amoeba plasma membranes by exchange 
with the vesicles is eliminated by the fact that the 
increase in cell phospholipid agrees with the up- 
take calculated from the radioactive data. The 
possibility of significant adsorption of egg lecithin 
vesicles to the cell surface is incompatible with the 
electron microscope observations and the lack of 
uptake at 4~ or in the presence of dinitrophenol. 
Endocytosis of phospholipid vesicles, schemati- 
cally illustrated in Fig. 5 A, would introduce lipid- 
or water-soluble molecules directly into the diges- 
tive vacuoles (lysosomes in mammalian cells) if the 
additive were present in the phospholipid bilayer or 
the internal aqueous space of the phospholipid 
vesicle, respectively. Preparation of unilamellar 
vesicles by the procedure of Batzri and Korn (4), 
rather than the more commonly used procedure of 
high energy sonication, may facilitate the use of 
this procedure with unstable molecules such as 
proteins and nucleic acids. Multilamellar lipo- 
somes can be, and have been (12-15, 22), used to 
introduce enzymes into lysosomes, but unilamellar 
phospholipid vesicles may have some advantages 
because of their small size. It may also be possible 
to direct vesicles to specific target organs and cells 
in higher animals by incorporation of receptor 
molecules into the phospholipid bilayer, by con- 
trolling the composition or charge of the bilayer 
(13), or by varying the size of the vesicles (24). 

The interaction of dipalmitoyl lecithin vesicles 

o�9 

FIGURE 5 Schematic representation of the possible 
interactions of phospbolipid vesicles with A. castellanii. 
(A) Pinocytosis of unilamellar phospholipid vesicles and 
their contents. One or more vesicles is ingested within an 
endosome, the endosomes fuse with each other and 
preexisting digestive vacuoles. The phospholipid vesicles 
fuse with each other, possibly undergoing some hydrol- 
ysis, to form membranous profiles within cytoplasmic 
vacuoles. This is the fate of egg lecithin vesicles (and 
probably some dipalmitoyl lecithin vesicles) incubated 
with amoebae at 28~ (Fig. 2). (B) Fusion of unilamellar 
phospholipid vesicles with the amoeba plasma mem- 
brane. The vesicle phospholipid will add to the plasma 
membrane, increasing the surface area of the cell and 
causing invaginations of plasma membrane. The fusion is 
partially "leaky" so that some of the contents of the 
vesicle enter the cell cytoplasm while some of the 
contents are lost to the medium. This is the suggested fate 
of dipalmitoyl lecithin vesicles incubated with amoebae 
at 4~ (Fig. 3) in the presence of dinitrophenol or with 
glutaraldehyde-fixed cells. (C) Fusion of multilamellar 
phospholipid liposomes. The outermost bilayer of the 
liposomes fuses with the amoeba plasma membrane, 
causing an increase in surface area and invagination of 
the excess plasma membrane. The remaining liposome 
(minus one bilayer) together with its contents will enter 
the cytoplasm of the cell. This is the suggested fate of 
multilamellar dipalmitoyl liposomes (Fig. 4). 

with the amoebae is more complicated. Endocyto- 
sis is probably responsible for the uptake that is 
inhibited by dinitrophenol or at 4~ but fusion of 
phospholipid vesicles with the cell plasma mem- 
brane is the best explanation of the uptake that 
occurs in the presence of dinitrophenol, at 4~ or 
with glutaraldehyde-fixed cells. Adsorption of the 
vesicles to the amoebae can be eliminated as a 
possible explanation for the nonendocytic uptake, 
for several reasons: (a) dipalmitoyl lecithin vesicles 
are taken up irrespective of their charge although 
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at somewhat different rates; (b) the surface of the 
vesicles prepared from dipalmitoyl lecithin should 
be the same as the surface of the egg lecithin 
vesicles, since the two phospholipids differ only in 
the composition of their fatty acid chains, yet only 
the dipalmitoyl lecithin vesicles are taken up by 
cells under conditions that inhibit endocytosis; and 
(c) the contents'of the dipalmitoyl lecithin vesicles 
are taken up only about 40% as well as their 
phospholipid bilayer. This last observation is com- 
patible with fusion as the mechanism of uptake of 
dipalmitoyl lecithin vesicles, as schematically illus- 
trated in Fig. 5 B, since known fusion processes 
have been shown to be totally or partially "leaky" 
in other experimental systems (11, 30, 31, 36). The 
inequality of uptake of vesicle content and vesicle 
bilayer also argues against adsorption of vesicles to 
the amoeba cell surface. Demonstration of an 
increase in cell phospholipid equal to that calcu- 
lated from the radioactivity data argues against 
exchange of phospholipid between vesicles and 
cells as contributing significantly to the observa- 
tions. 

The electron micrographs of cells after incuba- 
tion with unilamellar dipalmitoyl lecithin vesicles 
and multilamellar dipalmitoyl lecithin liposomes 
also support the interpretation of fusion as the 
mechanism of their uptake. In both cases there is 
morphological evidence for an increase in the 
surface area of the cells, in neither case is there 
morphological evidence for endocytosis, and in the 
latter case there is morphological evidence for 
multilamellar liposomes within the cytoplasm, not 
surrounded by a cell membrane, as would be 
expected if the outermost bilayer of a multilamel- 
lar liposome had fused with the plasma membrane 
of the cell. This image, in fact, may be the 
visualization with muitilamellar liposomes of what 
one would anticipate (Fig. 5 C) as the consequence 
of fusion of unilamellar vesicles with cells; the 
contents of the vesicles should enter directly into 
the cytoplasm. It is interesting, but of unknown 
significance, that the infoldings of the cell surface 
that occur as the apparent consequence of fusion of 
cells with dipalmitoyl lecithin vesicles are consist- 
ently localized adjacent to cytoplasmic areas that 
are relatively free of organelles and glycogen and 
enriched in cytoplasmic actin filaments. 

If this apparent fusion of vesicles and cells can 
be confirmed and generalized, a mechanism will be 
available for introduction of lipophilic molecules 
into plasma membranes (by fusion with vesicles 
containing the molecule in their phospholipid 

bilayer) or water-soluble molecules (contained 
within the vesicle's interior) into the cell's cyto- 
plasm. In our experiments, one cell with a volume 
of about 4,000 ~m 3 fuses in 1 h with about 2 • 106 
unilamellar vesicles with a total internal volume of 
about 8 #m s. if a solute were contained within the 
vesicles at a concentration of 0.1 M, its intracellu- 
lar concentration would be 0.2 mM, assuming 
uniform distribution, after fusion. We have made 
stable impermeable vesicles containing 0.5 M 
potassium ferricyanide and, as in experiments 
reported in this paper, 5% amylase, so this is a 
feasible protocol. 

Alternatively, one could use multilamellar lipo- 
somes to place lipophilic molecules into the cyto- 
plasm and into the plasma membrane, or water- 
soluble molecules, enclosed within phospholipid 
bilayers, into the cytoplasm. The several aqueous 
compartments separating the iiposomal bilayers 
provide a greater internal volume than is available 
with the unilamellar phospholipid vesicles. Suita- 
ble modification of the composition of the phos- 
pholipid bilayer may allow selectivity for target 
organs. 

Definitive proof of fusion of phospholipid vesi- 
cles with cells requires demonstrating that the 
vesicle phospholipid is incorporated into the cell 
plasma membrane and that solute markers known 
to be within the vesicles' internal aqueous space 
appear free within the cell cytoplasm, not enclosed 
within membrane vesicles. In our experiments we 
have shown that dipalmitoyl lecithin is taken up by 
the Acanthamoeba, and the morphological evi- 
dence for an increase in the surface area of the cell 
suggests that the vesicle phospholipid has been 
incorporated into the amoeba plasma membrane. 
The experiments with multilamellar dipalmitoyl 
lecithin provide morphological evidence that the 
"contents" of liposomes (a liposome with presum- 
ably one less bilayer than the original substrate) 
are introduced into the cytoplasm as expected if 
the outermost bilayer of the liposome fused with 
the cell plasma membrane. 

Grant and McConnell ( i l )  have previously 
demonstrated the incorporation of the phospho- 
lipid of dipalmitoyi lecithin vesicles into the 
plasma membrane of Acholeplasma laidlawii, ful- 
filling the first of the above two criteria for fusion, 
but in their experiment the soluble contents of the 
vesicles were lost completely to the external me- 
dium. Since the completion of the experiments 
described in this paper, several papers have been 
published that suggest, but also do not prove, that 
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unilamellar vesicles may fuse with mammalian 
cells. Martin and MacDonald (23) have observed 
that phospholipid vesicles containing 20% lysoleci- 
thin induce cell fusion in monolayers of KB cells 
and in suspensions of Ehrlich ascites tumor cells 
(similar results were reported by others previously 
[28]). Such results are most readily explained by 
the fusion of a single phospholipid vesicle with two 
cells, thus forming a bridge between the ceils. 
Martin and MacDonald (23) have also suggested, 
on the sole basis of an electron micrograph of 
negatively stained preparations, that multilamellar 
liposomes can fuse with the surface of human 
erythrocytes. 

Pagano et al. (25) have studied the interaction of 
unilamellar and multilamellar dioleoyl lecithin and 
egg lecithin vesicles with Chinese hamster V79 
cells. AU preparations of phospholipids were taken 
up by the cells at 37~ by a process that is 
insensitive to inhibitors of energy metabolism and 
is only partially affected by incubation at 2~ or 
by fixing the ceils with glutaraldehyde. These 
controls argue against endocytosis as the mecha- 
nism of uptake. With unilamellar vesicles at 37~ 
the uptake of vesicle content (inulin) was about 
50% of the uptake of vesicle phospholipid. How- 
ever, at 2~ vesicle content was taken up only 8% 
as well as the phospholipid bilayer, and with 
multilamellar liposomes, at 37~ and 2~ the 
uptake of content was only 10% and 1% as great as 
the uptake of phospholipid. These results were 
interpreted as demonstrating a lack of fusion of 
multilamellar vesicles with cells regardless of 
temperature while unilameUar vesicles appear to 
fuse with cells only at 37~ Electron micrographs 
of thin sections of cells showing unilamellar vesi- 
cles possibly in the process of fusion with ceils 
could be obtained only when the cells were treated 
with cationized ferritin before incubation with the 
phospholipid vesicles. 

Papahadjopoulos et al. (26) have published a 
convincing freeze-cleavage electron micrograph of 
the product of fusion of multilamellar liposomes 
with a human erythrocyte ghost. Their evidence for 
fusion of unilamellar phospholipid vesicles with 
cultured 3T3 cells is less strong (26, 27). It depends 
essentially on the observation that cell growth was 
inhibited by cyclic AMP, presumably trapped 
within "fluid" phospholipid vesicles, but not by 
cyclic AMP trapped within "solid" phospholipid 
vesicles despite the equal uptake of both vesicles by 
the cells. It was postulated that "'fluid" vesicles 

may fuse with the cell plasma membrane thus 
allowing the cyclic AMP to enter the cytoplasm 
and inhibit growth while "solid" vesicles are 
pinocytosed, the cyclic AMP being ineffective 
within the lysosomes. However, one can calculate 
from their data that 10-20 times more cyclic AMP 
was associated with the phospholipid vesictes than 
could be contained within their internal aqueous 
space. Most of the cyclic AMP was probably 
bound to the surface of the positively charged 
vesicles from where it might have affected cell 
growth by processes not involving vesicle-cell 
fusion. 

It is not clear why, in our experiments, the 
amoeba plasma membrane fuses with dipalmitoyl 
lecithin and distearoyl lecithin vesicles but not with 
egg lecithin and dimyristoyl lecithin vesicles. The 
plasma membranes of A. castellanii consist of 
approximately one-third each of protein, phospho- 
lipid plus sterol, and a novel polymeric lipophos- 
phonoglycan (10, 19, 21). The plasma membrane 
phospholipids consist mostly ofmono- and polyun- 
saturated fatty acids (33), but the lipophosphono- 
glycan contains about 15% by weight of predomi- 
nantly very long chain and 2-hydroxy fatty acids 
(21) and 13% by weight of long chain phytosphin- 
gosine bases. ~ Any interpretation of the molecular 
and physical events of fusion between phospholipid 
vesicles and Acanthamoeba plasma membranes 
must take these compositional data into account. 
It should be noted, however, that in the experi- 
ments of Grant and McConnell (11) it was dipal- 
mitoyl lecithin vesicles that fused with the Achole- 
plasma membrane, and that Pagano et al. (25) 
observed that Chinese hamster cells took up 
phospholipid vesicles better, by a process sug- 
gested to be fusion, at a temperature below the 
transition temperature of the vesicle phospholipid. 
Fusion may be favored when the vesicles consist of 
phospholipids below their transition temperatures. 

Our data suggest that phospholipid metabolism 
is not necessary for the fusion of two membranes. 
Within experimental limits, all of the lecithin of 
the vesicles remains unaltered after uptake by the 
amoebae. Furthermore, the fact that dipalmitoyl 
lecithin vesicles undergo fusion but egg lecithin 
vesicles do not also argues against the involvement 
of the phospholipases and acyltransferase of the 
amoeba plasma membrane since these enzymes are 

Korn, E. D., and D. G. Dearborn. Manuscript in 
preparation. 
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equally active with unsa tura ted  and saturated 
lipids as subst ra te  (34). Moreover ,  one would 
expect appreciable inhibit ion of uptake of dipal- 

mitoyl  lecithin vesicles at 4~  and by glutaralde-  
hyde fixation were enzymat ic  activity required for 
their  fusion with the cell p lasma membrane .  

Finally, nonenzymat ic  fusion between phospho- 
lipid vesicles and cells suggests that ,  in the regions 
where fusion occurs, the p lasma membrane  phos- 
pholipids are exposed at the cell surface. 

Received for  publication 30 January 1975, and in revised 
form 14 April 1975. 

R E F E R E N C E S  

1. AMES, 13. N., and D. T. DUBIN. 1960. The role of 
polyamines in the neutralization of bacteriophage 
deoxyribonucleic acid. J. Biol. Chem. 235:765-775. 

2. ANSELL, G. B., and J. N. HAWT,ORNE. 1964. 
Phospholipids. Chemistry, Metabolism and Func- 
tion. American Elsevier Publishing Co. Inc., New 
York. 

3. BANGHAM, A. D., M. M. STANDISH, and J. C. 
WATKXNS. 1965. Diffusion of univalent ions across 
the lamellae of swollen phospholipids. J. Mol. Biol. 
13:238-252. 

4. BATZRI, S., and E. D. KORN. 1973. Single bilayer 
liposomes prepared without sonication. Biochim. 
Biophys. Acta. 298:1015-1019. 

5. BERNFELI), P. I955. Amylases, a and 8- Methods 
Enzymol. 1:149-158. 

6. BLIGH, E. G., and W. J. DYER. 1959. A rapid method 
of total lipid extraction and purification. Can. J. 
Biochem. Physiol. 37:911-917. 

7. BOWERS, B., and E. D. KORN. 1973. Cytochemical 
identification of phosphatase activity in the contract- 
ile vacuole of Acanthamoeba castellanii. Fatty acid 
composition. J. Biol. Chem. 249:3342-3346. 

8. BOWERS, B., and T. E. OLSZEWSKI. 1972. Pinocyto- 
sis in Acanthamoeba castellanff. Kinetics and mor- 
phology. J. Cell Biol. 53:681-694. 

9. CARO, L. G., and R. P. VAN TUBERGEN. 1962. High 
resolution autoradiography, i. Methods. J. Cell Biol. 
15:173-188. 

10. DEARBORN, D. G., and E. D. KORN. 1974. Lipophos- 
phonoglycan of the plasma membrane of Acanth. 
amoeba castellanii. Fatty acid composition. J. 
Biol. Chem. 249:3342-3346. 

l l. GRANT, C., and H. McCONNELL. 1973. Fusion of 
phospholipid vesicles with viable Acholeplasma laid- 
lawii. Proc. Natl. Acad. Sci. U. S. A. 70:1238 1240. 

12. GREGORIADIS, G., and R. A. BUCKLAND. 1973. 
Enzyme-containing liposomes alleviate a model for 
storage disease. Nature (Lond.). 244:170 172. 

13. GREGORIADIS, G., and D. E. NEERUNJUN. 1974. 

Control of the rate of hepatic uptake and catabolism 
of liposome-entrapped proteins injected into rats. 
Possible therapeutic applications. Eur. J. Biochem. 
47:179-185, 

14. GREGORIADIS, G., and B. E. RYMAN. 1972. Lysoso- 
mal localization of 8-fructofuranosidase-containing 
liposomes injected into rats. Some implications in 
the treatment of genetic disorders. Biochem. J. 
129:123 133. 

15. GREGORIADIS, G., and B. E. RVMAN. 1972. Fate of 
protein-containing liposomes injected into rats. An 
approach to the treatment of storage diseases. Eur. J. 
Biochem. 24:485-491. 

16. HUAN6, C. 1969. Studies on phosphatidyl choline 
vesicles. Formation and physical characteristics. Bio- 
chemistry. 8:344-352. 

17. JOHNSON, S. M., A. D. BANGHAM, M. W. HILL, and 
E. D. KORN. 1971. Single bilayer liposomes. Bio- 
chim. Biophys. Acta. 233:820-826. 

18. KORN, E. D., B. BOWERS, S. BATZRI, S. R. 
SIMMONS, and E. J. VICTORIA. 1974. Phospholipids 
and membrane fusion in endocytosis and exocytosis. 
J. Supramol. Struct. 2:517-528. 

19. KORN, E. D., D. G. DEARBORN, and P. L. WRIGHT. 
1974. Lipophosphonoglycan of the plasma mem- 
brane of Acanthamoeba castellanff. Isolation from 
whole amoebae and identification of the water-solu- 
ble products of acid hydrolysis. J. Biol. Chem. 
249:3335-3341. 

20. KORN, E. D., and R. A. WEISMAN. 1967. Phagocyto- 
sis of latex beads by Acanthamoeba. II. Electron 
microscopic study of the initial events. J. Celt Biol. 
34:219-227. 

21. KORN, E. D., and P. L. WRIGHT. 1973. Macromolec- 
ular composition of an amoeba plasma membrane.J. 
Biol. Chem. 248:439-447. 

22. MAGEE, W. E., C. W. GorE, J. SCHOKNECHT, M. D. 
SMITH, and K. CHERIAN. 1974. The interaction of 
cationic liposomes containing entrapped horseradish 
peroxidase with cells in culture. J. Cell Biol. 
63:492-504. 

23. MARTIN, F., and R. MACDONALD. 1974. Liposomes 
can mimic virus membranes. Nature (Lond.). 
252:161-163. 

24. McDOUGALL, 1. R., J. K. DUNNICK, M. G. 
MCNAMEE, and J. P. KRISS. 1974. Distribution and 
fate of synthetic lipid vesicles in the mouse: a 
combined radionuclide and spin label study. Proc. 
Natl. Acad. Sci. U. S. A. 71:3487-3491. 

25. PAGANO, R. E., L. HUANG, and C. WEV. 1974. 
Interaction of phospholipid vesicles with cultured 
mammalian cells. Nature (Lond.). 252:166-167. 

26. PAPAHADJOPOULOS, D., E. MAYHEW, G. POSTE, S. 
SMITrt, and W. J. VAIL. 1974. Incorporation of lipid 
vesicles by mammalian cells provides a potential 
method for modifying cell behaviour. Nature 
(Lond.). 252:163 166. 

27. PAPAHADJOPOULOS, D., G. POSTE, and E. MAVHEW. 

S, BATZR1 AND E. D. KORN Interaction o f  Phospholipid Vesicles with Cells 633 



1974. Cellular uptake of cyclic AMP captured within 
phospholipid vesicles and effect on cell-growth be- 
haviour. Biochim. Biophys. Acta. 363:404-418. 

28. PAPAHADJOPOULOS, D., G. POSTE, and B. 
SCHAEFFER, 1973. Fusion of mammalian cells by 
unilamellar lipid vesicles: influence of lipid surface 
charge, fluidity and cholesterol. Biochim. Biophys. 
Acta. 323:23-42. 

29. POLLARD, T. D., and E. KORN. 1973. Acanthamoeba 
myosin. I. Isolation from Acanthamoeba castellanii 
of an enzyme similar to muscle myosin. J. Biol. 
Chem. 248:4682-4690. 

30. RAZ, A., and R. GOLDMAN. 1974. Spontaneous 
fusion of rat liver lysosomes in vitro. Nature 
247:206 208. 

31. SCHNEEBERGER, E. E., and H. HARRIS. 1966. An 
ultrastructural study of interspecific cell fusion in- 
duced by inactivated Sendal virus. J. Cell. Sci. 
1:401-406. 

32. ULSAMER, A. G., F, R. SMITH, and E. D, KORN. 
1969. Lipids of Acanthamoeba castellanii. Composi- 
tion and effects of phagocytosis on incorporation of 
radioactive precursors. J. Cell Biol. 43:105-114. 

33. ULSAMER, A. G., P. L. WRIGHT, M. G. WETZEL, and 
E. D. KORN. 1971. Plasma and phagosome mem- 
branes of Acanthamoeba castellanii. J. Cell Biol. 
51:193-215. 

34. VICTORIA, E. J., and E. D. KORN. 1975. Enzymes of 
phospholipid metabolism in the plasma membrane of 
Acanthamoeba castellanii. J. Lipid Res. 16:54-60. 

35. WEISMAN, R. A., and E. D. KORN. 1967. Phagocyto- 
sis of latex beads by Acanthamoeba. I. Biochemical 
properties. Biochemistry. 6:485-497. 

36. ZAKAI, N., A. LOYTER, and R. G. KULKA. 1974. 
Fusion of erythrocytes and other cells with retention 
of erythrocyte cytoplasm. Nuclear activation in 
chicken erythrocyte-melanoma heterokaryons. J. 
Cell Biol. 61:241-248. 

634 THE JOURNAL OF CELL BIOLOGY �9 VOLUME 66, 1975 


