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ABSTRACT Semliki Forest virus (SFV)-derived spike glycoprotein rosettes (soluble octameric
complexes), virosomes (lipid vesicles with viral spike glycoproteins), and liposomes (protein-
free lipid vesicles) have been used to investigate the interaction of subviral particles with BHK-
21 cells. Cell surface binding, internalization, degradation, and low pH-dependent membrane
fusion were quantitatively determined. Electron microscopy was used to visualize the interac-
tions.

Virosomes and rosettes, but not liposomes, bound to cells. Binding occurred preferentially to
microvilli and was inhibited by added SFV; it increased with decreasing pH but was, in all
cases, less efficient than intact virus. At 37°C the cell surface-bound rosettes and virosomes
were internalized via coated pits and coated vesicles. After a lag period of 45 min the protein
components of the internalized ligands were degraded and appeared, as acid-soluble activity,
in the medium. The uptake of rosettes and virosomes was found to be similar to the adsorptive
endocytosis of SFV except that their average residence times on the cell surface were longer.
The rosettes and the liposomes did not show low pH-induced membrane fusion activity. The
virosomes, however, irrespective of the lipid compositions used, displayed hemolytic activity
at mildly acidic pH and were able to fuse with the plasma membrane of cells with an efficiency
of 0.25 that observed with intact viruses. Cell-cell fusion activity was not observed with any of

the subviral components.

The results indicated that subviral components possess some of the entry properties of the

intact virus.

Semliki Forest virus (SFV), a toga virus, infects baby hamster
kidney (BHK-21) cells by an endocytic route (1, 2). After
binding to the cell surface, the virus particles are internalized
via coated pits and routed through prelysosomal vacuoles,
endosomes, to the secondary lysosomes (1, 2, 3). The penetra-
tion of the viral RNA into the cytoplasm is thought to occur
when the viruses enter a compartment of pH 6 or lower (1, 3).
The low pH triggers fusion between the viral envelope and the
vacuolar membrane, resulting in release of the nucleocapsid
into the cytosol (1, 3, 4). The cell surface-binding and low pH-
dependent membrane fusion activities involve the viral spike
glycoproteins (4, 5, 6) whereas the adsorptive internalization is
a cellular activity also responsible for fluid uptake and the
receptor-mediated endocytosis of physiological ligands (2, 7).
Here we investigate the interaction with cells of particles
containing the viral membrane lipids and/or the viral glyco-
proteins. The study has been undertaken to gain insights into:
(a) the endocytic mechanisms by which cultured cells internal-
ize adsorbed particles of various physical form, (b) the ways in
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which viruses use cellular endocytosis for entry, and (c) the role
of viral components in the low pH-dependent fusion reaction.
In addition, we have evaluated the potential of subviral com-
ponents to deliver foreign molecules into the lysosomes and the
membranes of living cells. The particles used were lipid-free,
octameric, spike glycoprotein rosettes (8, 9), reconstituted ves-
icles containing the viral spike glycoproteins (virosomes) (10,
11), and protein-free liposomes (4, 12). The rosettes and viro-
somes were prepared using nonionic detergents, and their
structure and composition have been extensively characterized
in previous studies (9, 10, 11).

MATERIALS AND METHODS

Cells and Virus: BHK-21 cells were grown on 3.5-cm diameter plastic
dishes (Falcon, Labware, Oxnard, CA), 24-well Linbro plates (Flow Laboratories,
Hamden, CT) and 11-mm glass coverslips, with Glasgow minimal essential
medium (G-MEM, Gibco Laboratories, Grand Island Biological Co., Grand
Island, NY). The cells were seeded at a density of 2.5 X 10* per cm’ and used,
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after 40 h, as confluent monolayers (1, 2). BHK-21 cell lipids were labeled with
[**Plorthophosphate for 24 h as described (10).

A prototype strain of SFV was propagated in BHK-21 cells grown in 850 cm®
roller bottles (Corning Glass Works, Corning, NY) (13). SFV, labeled with [*S]
methionine, was grown as described (13) and had specific activities of ~1 x 10°
particles per cpm. The radiolabeled compounds were obtained from the Radi-
ochemical Center, Amersham, UK. Viral protein, in 0.1% SDS, was determined
by the Lowry procedure (14) using bovine serum albumin (BSA) as a standard.
A viral protein content of 57% (15) and molecular weight of 48 X 10° was used
for calculations (B. Jacrot, personal communication). Quantities of ligand are
given as micrograms of protein.

Preparation of Subviral Components: Spike glycoprotein ro-
settes were prepared by sucrose gradient centrifugation after Triton X-100
solubilization of whole virus (8). For reconstituted vesicles, the SFV spikes were
solubilized in 8-p-octylglucoside (Calbiochem-Behring Corp., La Jolla, CA) and
reconstituted with lipids by dialysis against 50 mM Tris pH 7.4 containing 0.1 M
NaCl (TN buffer) (10). Reconstitutions were made into four different lipid
mixtures: (a) egg lecithin, (b)) BHK-21 cell lipid extracts (16), (¢) SFV-lipid
extracts (10), or (d) a mixture of phosphatidylcholine, phosphatidyl ethanolamine,
sphingomyelin, and cholesterol, 1:1:1:1.5 by weight (4) (purified lipids were
obtained from Sigma Chemical Co., St. Louis, MO). For each milligram of spike
protein, 1.5 mg of unlabeled lipid and a trace amount of *P-labeled BHK-21 cell
lipid was used (10). After 48-h dialysis the reconstituted vesicles were fractionated
on step gradients consisting of 0.5 ml of 60% sucrose, 3 ml of 30% sucrose, and
1.2 ml of 15% sucrose (wt/wt in TN) (192,000 gmax, 24 h, 4°C). The peak fractions
were pooled and dialyzed against TN,

Liposomes were prepared by two methods: (a) Phosphatidylcholine (1 mg),
B-D-octylglucoside (4 mg) and a trace of *P-labeled BHK-21 cell lipid were
mixed and dried to a thin film by rotary evaporation, the film was dissolved in
3 ml of 30% sucrose in TN, containing 30 mM B-D-octylglucoside and 1 mg BSA,
and the detergent removed by dialysis for 48 h; (b) liposomes were prepared as
described by Bangham et al. (12).

Ligand Binding to BHK-21Cells:  Binding to confluent monolayers
was determined on BHK-21 cells grown in 24-well plates or 3.5-cm dishes (2).
Binding medium (BM:RPMI 1640 containing 0.2% BSA, 10 mM morpholino
ethane sulphonic acid [MES] adjusted to the required pH with HCI) was used
throughout. The radiolabeled ligands, in 0.25 ml of BM, were added to cells and
allowed to bind for 60 min at 0°C. The activity associated with scraped and
washed cells was determined by counting the cell pellets directly in a Triton X-
100-containing scintillation fluid (2). Rosettes, virosomes, and SFV showed no
indication of aggregation under the binding conditions used, as judged by
sedimentation characteristics in sucrose velocity gradients made in BM.

Endocytosis:  Cells which had bound ligand in the cold were washed to
remove unbound ligand, overlaid with 1 ml 0°C BM, and transferred to a 37°C
incubator; after a required time the cells were returned to 0°C. The medium was
removed and assayed for total and trichloroacetic acid (TCA)-soluble activity
(2). Total cell-associated radioactivity was determined after the cells had been
removed from the plate by scraping; internalized ligand was determined after
Proteinase K (Boehringer Mannheim, Mannheim, FRD: 0.5 mg/ml in PBS)
digestion at 0°C to remove noninternalized ligand (2).

Fluid phase endocytosis was measured using [*H]sucrose (Radiochemical
Center) and horseradish peroxidase (Sigma Chemical Co.) as previously described
(2, 17). The [*H]sucrose solutions were preincubated with BHK-21 cells (60 min
at 37°C) to metabolize contaminating tritiated sugars.

Fusion and Hemolysis Assays: Low pH-dependent cell-cell fusion
activity was assayed as described (18). The ligands in BM (pH 6.6) were bound
to BHK-21 cell monolayers on 1l-mm diameter coverslips (1 h, 0°C) and
unbound ligand was removed by washing. The coverslips were treated for 1 min
at 37°C with BM, adjusted to the indicated pH values with HCI, subsequently
returned to pH 7.2 media, and incubated at 37°C for 30 min. The cells were fixed
{methanol) and stained (Giemsa: E. Merck, Darmstadt, FRD) as described (18).
Cell-cell fusion was observed as the formation of polykaryons (18).

To determine hemolysis, we mixed the ligands with 1 ml of fresh human
erythrocytes (2% in 0.13 M NaCl, containing 0.1% BSA, and 20 mM MES
adjusted to the indicated pH values with HC1) and incubated at 37°C for 45 min.
Intact cells were removed by centrifugation (5 min in a table top Eppendorf
centrifuge: Brinkmann Instruments, Inc., Westbury, NY) and hemolysis was
assayed spectrophotometrically by measuring the free hemoglobin content of the
supernatant at 540 nm (19, 20).

To assay for fusion with the plasma membrane of cells, we measured the
irreversible low pH-induced association of ligands (21). Radiolabeled ligand in
BM (pH 6.4, 0°C) was bound to BHK-21 cells in 3.5-cm dishes and unbound
ligand removed by washing. The cells were incubated in 37°C BM, adjusted to
pH 5.5 with HCI (0.5-2 min), and returned to 0°C BM pH 6.4. Low pH-induced
interaction of ligand with the plasma membrane was assayed by removal of
nonfused, surface bound ligand, using Proteinase K (0.5 mg/ml, 0°C, 45 min) as
described (21).
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Microscopy: Negative staining for electron microscopy of rosettes and
virosomes was carried out on Formvar-coated copper grids; samples were stained
with 2% phosphotungstic acid pH 7.2 for 5-15 s (10). Thin-section transmission
electron microscopy was done as described (2). The rosettes were visualized by
an immunoferritin technique using affinity purified rabbit anti-SFV antibodies
and goat anti-rabbit IgG conjugated to ferritin (21).

RESULTS
Binding to Cell Monolayers

The binding of rosettes, virosomes, protein-free liposomes,
and intact SFV to BHK-21 cells was determined. The temper-
ature was 0°~4°C to eliminate endocytosis (2). The viral pro-
teins were labeled with [**S]methionine, and the virosomes and
the liposomes contained a trace amount of *P-labeled lipid to
facilitate quantitation. Of the four ligands, all except the pro-
tein-free liposomes were able to bind to the cells (Fig. 1). The
rosettes and virosomes bound less efficiently than intact SFV
and the binding was more explicitly dependent on a mildly
acidic pH (Fig. 1). During 1 h at pH 6.4 (the pH used in most
subsequent experiments) 9% of the rosettes, 27% of the viro-
somes, and 40% of the SFV bound to the cells. This was
equivalent to 4 X 10° rosettes and 3.7 X 10° glycoprotein spikes
in the form of virosomes (~2 X 10* virosomes) bound per cell.
The values are in agreement with our previous estimate of
~10° SFV binding sites per cell (2, 22). Binding of rosettes and
virosomes was inhibited in the presence of increasing amounts
of SFV (Fig. 2). Virus binding is limited by receptor number
and not by accessibility (1, 2, 22). The possibility of direct
interaction between ligand and virus in solution, which could
explain the decreased binding, was excluded, as the ligands
show no interaction when analyzed on sucrose velocity and
isopycnic density gradients and by sedimentation in the ab-
sence of sucrose. The result thus indicated that viruses and
subviral particles bind to the same sites on the BHK-21 cell
surface.

When virosome preparations containing [*S]methionine-la-
beled glycoproteins and *P-labeled phospholipid were used,
twice as much *S-label associated with the cells as *P-label,
suggesting preferential binding of particles with a high protein-
to-lipid ratio. To obtain a homogeneous population of viro-
somes, the reconstituted preparations were fractionated by
isopycnic sucrose gradient centrifugation and the intermediate
density fraction containing about two thirds of total **S- and
3P_activities was collected (see Materials and Methods). The
average bouyant density of the virosomes in this fraction was
1.08 g/cm® and the protein-to-lipid ratio 1:1.5 by weight.

40 o
- .
30F9~ N
—~—

20 ~—

% of added tigand bound
jm]
/

FIGURE 1 Binding of SFV, virosomes, rosettes, and liposomes to
BHK-21 cells. Radiolabeled SFV (0.01 ug/well; O), virosomes (0.5 ug/
well; [J), rosettes (10 pg/well; @), and liposomes (25 ug/well; A)
were allowed to bind to cells, in Linbro wells (10° ceils/well), for 60
min at 0°C in 0.25.ml of serum-free binding medium (BM) adjusted
to the indicated pH with HCI. The efficient binding of SFV at neutral
pH has previously been observed at high, as well as low, multiplicity
of viruses over cells (22).
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FIGURE 2 Competition for binding between rosettes or virosomes
and SFV. *%S-labeled rosettes (4.5 ug/well; l) or 5S-labeled viro-
somes (0.05 pg/well; @) were atiowed to bind to celli monoiayers, at
0°C in BM pH 6.4, in the presence of increasing amounts of unla-
beled SFV. After 1 h, unbound ligand was washed away and the
amount of bound ligand determined as described. Values are ex-
pressed as percentages of binding measured in the absence of
added virus: the multiplicity of virus per cell is given on the abscissa.

Transmission electron microscopy after negative staining re-
vealed a population of intermediate-size vesicles (50-100 nm
in diameter) with characteristic 7-nm spikes protruding from
their surface (10). Small vesicles, protein aggregates and large
vesicles with few spikes seen in the original mixture were not
present. Digestion with thermolysin (10) followed by SDS
PAGE indicated that 90% of the spike glycoprotein in the
sample was accessible to the bulk solution. When the fraction-
ated material was added to cells, binding of both labels was
identical. This virosome fraction was used in all subsequent
experiments.

The binding of rosettes and virosomes to the cell surface in
the cold was also studied by indirect immunofluorescence (not
shown) and by transmission electron microscopy of thin sec-
tions (Fig. 3). It was found that, like SFV, the virosomes (Fig.
3a) and rosettes (not shown) bound preferentially (>60%) to
the microvilli. No preferrential binding was observed to coated
pits, which occupy 2-3% of the BHK-21 cell surface. The
virosomes on the cell surface appeared as single shelled vesicles
frequently somewhat flattened, with no visible spike structures
(Fig. 3a).

Adsorptive Endocytosis

The rate of internalization of rosettes, virosomes, and SFV
was studied using proteolytic digestion to monitor the disap-
pearance of bound ligand from the cell surface (2). With [**S]
methionine-labeled rosettes a trace of [*HJuridine SFV was
added to the same plates as an internal standard. With viro-
somes labeled with S and *P, [®*S]SFV standards were run
on parallel plates. The ligands were bound to cells at 0°C, for
1 h, whereafter the cells were warmed to 37°C in an incubator.
At various times individual dishes were removed, cooled to
0°C, and the medium and cells assayed for radioactivity (2).
The cell-associated radioactivity was determined on duplicate
plates with, or without, prior Proteinase K treatment at 0°C.

The rosettes and the virosomes were found to be internalized,
but the rate was slower than that of control SFV (Fig. 4). The

average residence times for the prebound rosettes and viro-
somes on the cell surface were 90 and 120 min, respectively,
compared to 60 min for SFV. The rates of degradation of the
ligands were approximately equal to that of the virus, suggest-
ing that the intracellular phase of the endocytic pathway was
not different. Fig. 45 shows, moreover, that when virosomes
labeled in both lipid and protein were allowed to internalize,
both components entered at similar rates. Morphological stud-
ies confirmed that the uptake followed the same pathway seen
with SFV (1, 2). The virosomes (Fig. 35 and c) and the rosettes
(Fig. 3f) could be observed to enter coated pits, and the
virosomes were seen in coated vesicles (Fig. 3d and e). We
conclude that rosettes and virosomes are internalized by ad-
sorptive endocytosis in a fashion similar to that of intact virus,
but at a markedly slower rate.

In our previous studies on SFV-uptake in the same cell line,
and with the same relatively slow but synchronous warming
method, we measured considerably faster rates of internaliza-
tion than those observed here (2). The reason for the apparent
discrepancy was found to be a pH effect (Fig. 5a). At pH 6.8
the rate of uptake was about double that observed at pH 6.4.
There was also a difference in the rate of degradation, reflecting
the lower rate of endocytosis (Fig. 5b). The overall pinocytic
activity was, however, unaffected by the pH as judged by the
uptéke of two fluid phase markers, ["H]sucrose and horseradish
peroxidase (Fig. 5¢). The reason for the pH effect on virus
uptake is not clear but may reflect an alteration in virus
attachment to the cell surface at lower pH.

Membrane Fusion

The fusion activity of SFV can be demonstrated experimen-
tally as virus fusion with liposomes (4), as virus fusion with the
plasma membrane of cells (21), as virus-induced cell-cell fusion
(18), and as virus-induced hemolysis (19, 20, 23). It has been
shown that the spike glycoproteins are involved in the fusion
reaction (4) but it is not known whether they alone are sufficient
for fusion. The test systems chosen to demonstrate fusion
activity in rosettes and virosomes were (a) cell-cell fusion in
BHK-21 cell monolayers—a semiquantitative assay for the
ability of a ligand to fuse two separate target membranes (18),
(b) hemolysis—a qualitative but highly sensitive assay for
fusion activity of viruses and virus components (19, 20), and
(c) fusion of the spike glycoproteins into the plasma mem-
brane—a reaction which can be quantitated using Proteinase
K (21).

CELL-CELL FUSION: No detectable fusion at acid or neu-
tral pH occurred when SFYV spike glycoproteins were bound to
cells in the form of rosettes or virosomes; only the intact viruses
had cell-cell fusion activity. The equivalent of five times the
amount of SFV needed to fuse a BHK-21 cell monolayer to a
single polykaryon (18) was used in each case without effect.

HEMOLYSIS: It has been shown that SFV damaged by
sonication, or by freezing and thawing, has hemolytic activity
at low pH (19, 20, 23) and that rosettes lack this activity (19).
We confirmed the latter result (Fig. 6) and, in addition, tested
the activity of virosomes reconstituted with phosphatidylcho-
line or with extracted BHK-21 cell lipids. Fig. 6 shows that,
unlike the rosettes, both types of virosomes are hemolytic but
only when the pH is reduced to 6 or below.

FUSION WITH THE PLASMA MEMBRANE: For a quan-
titative fusion assay we used the observation that SFV, bound
to the plasma membrane, is removed by Proteinase K at 0°C,
whereas the virus spike glycoproteins, introduced into the
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plasma membrane by fusion, are not (21). SFV, virosomes and
rosettes (all *S-labeled) were bound to cells, and the unbound
ligand was removed. The cells were briefly (0.5-1 min) incu-
bated with pH 5.0 or 5.5 media at 37°C and subsequently
returned to pH 6.4 media 0°C and treated with Proteinase K.
We found that ~50% of the virus *°S activity remained cell-
associated in pH 5.5-treated cells (Table I). An average of <1%
of the rosettes remained cell-associated, whereas with the vi-
rosomes 10-16% of the *$ activity remained cell-associated.
At 37°C, in contrast to 0°C, Proteinase K removes the
external portion of the SFV spike glycoproteins (21). When
native [**S]methionine-labeled virus and virosome preparations
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FIGURE 4 Internalization of SFV, virosomes, and rosettes. [*°S]me-
thionine- and [*2P]phospholipid-labeled virosomes (3.5 pg/well),
[**S]methionine-labeled SFV or %S-labeled rosettes (5.0 pg/well)
were bound to BHK-21 cells in Linbro wells at 0°C in BM pH 6.4 for
60 min. The unbound ligand was washed away, and the cells were
overlaid with fresh medium and placed at 37°C. At the indicated
times the cells were assayed for **S-acid-soluble activity in the
medium (A) and cell-associated Proteinase K-resistant (internalized)
385.activity (@ or O). (A) [3%S] SFV. ( B) Virosomes; internalized [*?P]
phospholipid (O) and [**S]methionine (@) activity, ®*S-acid-soluble
activity (A); degraded 3?P-activity does not appear in the medium
(45). (C) [%9] rosettes.

were digested with Proteinase K at 37°C, 34 and 20% of the
activity, respectively, remained resistant. This protected activity
is the capsid protein in the virus and the COOH-terminal
pieces of the spike glycoproteins left in the membrane (21, 24).
After fusion of SFV, or virosomes, with BHK-21 cells and
Proteinase K treatment at 37°C, 33 and 20% of the fused
activities respectively remained cell-associated. The good
agreement between the protected protein in the starting prep-

00F 2
S
w
)
5
o 501
=
w
I
A
N\
O B | : l’

pH

FIGURE 6 Low pH-dependent hemolysis by virosomes and rosettes.
Phosphatidyl choline-reconstituted SFV virosomes (25 ug/mi A),
BHK-21 cell lipid-reconstituted virosomes (25 ug/mlt @) and SFV
spike glycoprotein rosettes (100 gg/m! M) were mixed with 1 m! of
2% erythrocytes for 45 min at 37°C in 0.13 M NaCl, containing 0.1%
BSA, 20 mM MES, and adjusted to the indicated pH with HCI.
Hemolysis was assayed as described in Materials and Methods and
is presented as the proportion of hemolysis induced by 1% Triton X-
100. Liposomes, prepared from BHK-21 cell lipids or phosphatidyl
choline, did not show hemolytic activity. SFV is hemolytic only after
freezing and thawing (19).
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FIGURE 5 Endocytosis and degradation of SFV, and fluid phase endocytosis at pH 6.8 and pH 6.4. [**S]methionine SFV was bound
to BHK-21 cells in pH 6.8 {A) or pH 6.4 (@) binding medium (BM) for 1 h at 0°C. Unbound ligand was washed away, and the
plates were overlaid with 0°C BM (pH 6.8 or 6.4) and placed at 37°C for the indicated times. Thereafter, cells and media were
analyzed for the viral activity as described. (A) The proportion of bound SFV internalized during 90 min at pH 6.8 (&) or pH 6.4
(@). (B) The proportion of bound activity which appears as degraded acid-soluble activity in the medium. (C) Accumulation of
[®H]sucrose into cells. Sucrose was made up in BM pH 6.8 (A) or pH 6.4 (@). Simifar results were obtained using horseradish
peroxidase.

FIGURE 3 Binding of virosomes and rosettes to BHK-21 cells. In {a) virosomes (4 ug per 11-mm coverslip) were bound to cells for
1 h at 0°C; the unbound ligand was removed by washing and the cells were fixed without warming. Virosomes are seen mainly,
but not exclusively, associated with microvilli. In b, ¢, d, and e, the cells were warmed to 37°C for 1 min before fixation. The
virosomes are seen within coated pits and coated vesicles. in some cases several virosomes occur in the same pit. The arrows in
(a) and (b) show virosomes flattened to increase the contact area with the cell surface. in (f) rosettes (4 ug/11-mm coverslips)
were bound at 0°C for T h; unbound ligand was washed away and the cells were warmed to 37°C for 1 min before fixation. Bound
ligand was localized using anti-SFV antibodies and immunoferritin. The rosettes, localized by the ferritin grains, are seen associated

with coated pits. Bar, 0.3 pm, X 100,000.
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Low pH-induced Fusion of [*®S]Methionine-labeled SFV, Ro-
settes and Virosomes: Biochemical Quantitation Using Protein-
ase K

Proteinase K-resist-
ant 3%S-activity after
incubation at ph

Ligand 385-Activity bound 5.5%
com x 1073
ug
SFV 18.5 (1.80) 6.9 (37)
273 (1.50) 14.9 (46}
Rosettes 5.5 (0.40) 0.02 (0.4)
5.2 (0.17) 0.12 (2.0)
Virosomes 53.6 (0.45) 5.4 (10)
74.2 (0.58) 11.6 (16}

Ligands were bound to cells at pH 6.4 in BM for 1 h. The pH 5.5 incubation
was done for 60 s at 37°C. The results for two experiments are given.
Virosomes were reconstituted with BHK-21 cell lipids.

* Background radioactivity, proteinase K-resistant activity after “mock fusion”
at pH 6.4, is removed: in all cases, the backgrounds were <10% of bound
activity. Values in parentheses indicate the amount of ligand and percentage
of original bound activity.

aration and the fused cell-associated forms indicate that the
virus proteins associated with the cell surface after fusion were
equally accessible to Proteinase K treatment at 37°C as the
intact ligand.

In summary, the fusion studies indicated that rosettes do not
have membrane fusion activity, nor do they interact irreversibly
with the plasma membrane when the pH is lowered to values
which cause fusion of intact viruses and virosomes with the
cells. The virosomes, on the other hand, display low pH-
induced hemolytic activity and fuse with the plasma membrane
of cells. The efficiency of fusion is, however, only about 0.25
that observed with equivalent amounts of intact virus. In
addition, the fusion potential of the virosomes was not influ-
enced by the lipid compositions used in these reconstitutions.

DISCUSSION

Rosettes and virosomes have been prepared from a variety of
enveloped animal viruses including influenza viruses (25-27),
rhabdoviruses (28, 29), paramyxoviruses (30-34), and togavi-
ruses (9, 10, 35-37). The interest in these particles is based on
their potential use as subunit vaccines (38, 39), as vehicles for
delivery of macromolecules into cells (40-42), and as probes to
study virus entry (22, 26, 29). In several studies they have been
shown to bind to cells (22, 26, 29, 33, 35) and, in two cases,
evidence for endocytosis has been reported (26, 29). Paramyxo-
virus-derived virosomes have been reported to display a low
level of hemolytic and membrane fusion activity (30, 33), in
keeping with the broad pH-dependence of paramyxovirus fu-
sion and the relatively low fusion activity observed in this virus
family (43, 44). Huang et al. (25) observed fusion with influenza
virus-derived virosomes at neutral pH, whereas others working
with similar virosomes have found no indication of fusion
activity (26, 27). Until now the studies on the interaction of
subviral components with cells have not been quantitative, and
direct comparison with the intact viruses has, therefore, not
been possible. The SFV system is exceptionally well suited for
a quantitative analysis. It is presently the best characterized
virus with respect to the early interactions with cells; quanti-
tative methods have been established for assaying the various
stages in entry and well-characterized subviral components are
available.
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Our results demonstrate that the SFV subviral particles
mimic many of the key functions involved in virus entry. The
minimal requirement for endocytosis, and intracellular trans-
port to the lysosomal compartment, seems to be the attachment
of the viral spike glycoproteins to the cell surface. The low pH-
dependent fusion reaction, however, requires that the spike
glycoproteins be inserted into a lipid bilayer. A critical de-
pendence on the lipid composition for fusion was not detected.
Characteristic structural features of the intact virus such as the
presence of a nucleocapsid, a high density and geometrically
defined arrangement of spike glycoproteins (46, 47, 48) and the
relative rigidity in the lipid bilayer (49) are not, therefore,
absolute requirements for SFV entry and fusion. We found,
however, that the binding, internalization, and fusion of sub-
viral particles were less efficient than that of intact viruses,
which indicates that the defined structural features of the virus
particles, although not absolute requirements, may still con-
tribute to overall efficiency. The possibility that isolation of the
spike glycoproteins and preparation of the subviral components
may cause partial inactivation of the spike glycoproteins cannot
be excluded. The procedures were, however, designed to be as
mild as possible, and it has been shown that the proteins retain
their hemagglutinating activity, their antigenic properties, and
their overall structure when analyzed by biochemical tech-
niques (9, 10, 19, 35). In addition, we have previously shown
that these virosomes are virtually detergent free (10), in excess
of 99% of the detergent being removed during dialysis.

The viruses, rosettes and virosomes bind to the same cell
surface structures located mainly on the microvilli (1) and, on
the basis of protease sensitivity, we know that the structures
that serve as receptors are proteins. The efficiency of binding,
in terms of the proportion of free ligand bound, was different
for the three ligands and, although binding increased with
decreasing pH for all, SFV showed a significantly higher
binding efficiency at pH 7.0. This may, in part, be explained
by differences in valency; the rosettes have only a few spikes
accessible for binding, whereas the virosomes and the viruses
have 50 to 200 and can form multiple receptor-spike interac-
tions to increase the affinity of binding. Our previous data with
lymphoblastoid cells indicate that the number of binding sites
for rosettes is larger than for viruses but the apparent affinity
is two to three orders of magnitude lower (22). The present
data indicate that the reconstituted vesicles have an interme-
diate binding affinity.

Differences in the endocytic uptake of prebound ligands
were also observed. The virosomes were internalized more
slowly than either the rosettes or intact viruses. The rate of
pinocytosis and the rate of coated pit formation are generally
thought to be unaffected by the presence of ligands (2, 52). In
our case it may be that the physical form of the ligand
influences the rate of recruitment into coated pits. Further
studies with different mono- and multivalent ligands are
needed to evaluate the significance of parameters such as size,
valency, and rigidity in determining the rate of uptake.

The membrane fusion activity of virosomes, although less
efficient than that of intact virus, is important as it indicates
that low pH-induced fusion can occur without the overall
cooperative action of all components of the virus particle.
Thus, future investigation of the fusion mechanism can focus
on the spike glycoprotein. In addition, the fusion activity of
virosomes may have practical consequences. Quantitative de-
terminations indicate that up to 2 X 10° virus spike proteins
can be inserted into the cell plasmalemma using virosome



fusion and indicate the feasibility of using virosomes to intro-
duce specific membrane proteins and lipids into the plasma
membrane of living cells. We have previously shown that
vesicles which contain both the SFV spike glycoproteins and
other isolated integral membrane proteins can be prepared by
simultaneous reconstitution using A-p-octylglucoside dialysis,
yielding asymmetric vesicles with the ectodomains of the pro-
teins oriented almost exclusively outwards (50). The fusion of
such vesicles with the plasma membranes of cells should result
in the introduction of protein components in the same orienta-
tion as the glycoproteins in the plasma membrane. However,
the internal volume of the virosomes, as prepared here, is <1%
of the total volume of a reconstitution mixture which may limit
the potential usefulness of virosomes for the introduction of
content components into cells. In addition, the data presented
here show that cells will endocytose virosomes and deliver
them to the lysosomes. Exploitation of the low pH within these
organelles (51) and the fusion properties of the virosomes may
enable delivery of the virosome contents to the cytosol or
membrane components to vacuole membranes.
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