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ABSTRACT Representatives of three families of enveloped viruses were shown to fuse tissue
culture cells together. These were: Semliki Forest virus (SFV, a togavirus), vesicular stomatitis
virus (a rhabdovirus), and two myxoviruses, fowl plaque virus and Japan influenza virus (Japan/
A/305/57). Unlike paramyxoviruses, whose fusion activity is known to occur over a broad pH
range, fusion by these viruses was restricted to mildly acidic pH. The pH thresholds for the four
viruses were 6.0, 6.1, 5.5, and 5.1, respectively. The precursor form of Japan influenza, which is
not infectious and which contains the uncleaved hemagglutinin, had no fusion activity. This
result suggested a role for the influenza hemagglutinin in the low-pH-dependent membrane
fusion activity. Taken together, our results show that low-pH-induced fusion is a widespread
property of enveloped animal viruses and that it may play a role in the infective process.

The fusion reactions with all four viruses were fast, efficient, and easy to induce. With UV-
inactivated SFV, the fusion was shown to be nonlytic and the polykaryons were viable for at
least 12 h. 30 ng of SFV/1 X 10° BHK-21 cells were required for 50% fusion, and 250 ng sufficed

to fuse the entire culture into a single polykaryon.

Our previous studies have shown that Semliki Forest virus
(SFV), a togavirus, binds to cells in the cold and, when the
temperature is raised to 37°C, the virus particles are rapidly
internalized into endosomes and secondary lysosomes by ad-
sorptive endocytosis (1-3). Under normal conditions of infec-
tion, fusion between the plasma membrane and the virus
envelope does not occur (4, 5). We observed, however, that
fusion between SFV and the plasma membrane could be
artificially triggered by mildly acidic medium (pH 5.0-6.0) (4);
as a result, the nucleocapsid entered the cell directly through
the plasma membrane, and the spike glycoproteins were left
on the cell surface (4). Fusion with liposomes containing
phospholipids and cholesterol as target membranes can also be
induced by a brief drop in pH (6). On the basis of these and
other data, we have proposed that, under normal conditions of
infection, the membrane fusion activity of SFV is needed for
the penetration of the nucleocapsids through the lysosomal
membrane, and that the low lysosomal pH is critical in trig-
gering the reaction (references 1, 2, 4, and 6; footnote 1).
During the course of our studies on virus-cell fusion, we
observed the formation of large polykaryons when BHK-21
cells were exposed to SFV and low pH. In some cases, these
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encompassed the entire culture. In this paper we have charac-
terized this phenomenon and we have demonstrated that, in
addition to SFV, representatives of both the myxovirus and
rhabdovirus families induced extensive cell fusion at low pH.

MATERIALS AND METHODS
Viruses and Cells

A prototype strain of SFV (unlabeled and [*S}methionine-labeled) was grown
in BHK-21 cells, and purified as described (1, 7, 8). Fowl plaque virus (FPV) was
grown in the allantoic cavity of 11-d embryonated chicken eggs infected with 3
x 10° plaque-forming units (pfu). After 24 h at 37°C, the allantoic fluid was
collected and centrifuged (8,000 g, 30 min, 4°C) in a Beckman J6 centrifuge
(Beckman Instruments Inc., Spinco Div., Palo Alto, Calif.) to remove cellular
debris. The supernate was concentrated in a Dow C/HFV 10 Mini-Plant Ultra-
filter with a molecular weight cutoff of 30,000 daltons (Dow Chemical Co,,
Indianapolis, Ind.). The virus was pelleted onto a cushion of 50% glycerol in TN
buffer (50 mM Tris-base, 0.1 M NaCl, pH 7.4) by centrifugation at 81,500 g for
90 min, 4°C, and resuspended overnight in a small volume of TN. After five
strokes in a loose-fitting Dounce homogenizer, the virus was isopycnically banded
on 5-50% (wt/vol in TN) potassium tartrate gradients (81,500 g, 90 min, 4°C).
The virus bands were collected and the virus pelleted and resuspended as above
in TN. Electrophoretic analysis on polyacrylamide gels indicated that the hemag-
glutinin was present in the completely cleaved form (9). Vesicular stomatitis virus
(VSV, Indiana strain) was grown in BHK-21 cells in 600-ml NUNC flasks
(NUNC GmbH, Wiesbaden, W. Germany), using Eagle’s minimal essential
medium (MEM) with Earle’s salts supplemented with 2 mM glutamine, 100 U/
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ml penicillin, and 0.1 mg/ml streptomycin sulfate. After the virus inoculum (0.01
pfu/cell) was adsorbed to washed cells in 2 ml of medium for 1 hin a 37°C, 5%
CO, incubator (Forma Scientific Inc., Mallinckrodt, Inc., Marietta, Ohio), 35 ml
of fresh medium was added, and the cells were incubated for 20 h in the CO,
incubator. After centrifugation at 8,000 g for 30 min in a Beckman J6 centrifuge
to remove cellular debris, the medium was concentrated through an Amicon DC2
Hollow Fiber device (cartridge H1 X 50; Amicon Corp., Scientific Sys. Div,,
Lexington, Mass.) with a 50,000-dalton mol wt cutoff. The remaining purification
was identical to that described for FPV. The human influenza virus Japan/A/
305/57 and its precursor were the generous gifts of Dr. John Skehel (Medical
Research Council, Mill Hill, London, England). Their purity was confirmed at
the time of assay for fusion activity by SDS polyacrylamide gel electrophoresis
(9). All viruses were stored at concentrations of 10-20 mg of protein/ml of TN
at —80°C.

The BHK-21 and HeLa B cells used for the fusion experiments were grown as
previously described (4). For the fusion experiments, the cells (1 X 10 in 2.0 ml
of medium) were plated 24 h in advance in six-well Greiner trays (Greiner and
Sohne, Niirtingen, W. Germany) containing three glass cover slips (diameter, 11
mm) per well and grown in a 37°C, 5% CO; incubator.

UV Inactivation of SFV

An ultraviolet light treatment was developed that renders SFV noninfectious
but does not inhibit its fusion activity. Samples of the virus diluted to 1 mg of
protein/ml of TN buffer were placed in the shaliow wells of a glass tray that was
kept on ice in a laminar flow hood (Sterilgard Hood; Baker Co., Inc.. Sanford,
Maine). The virus was then exposed to a 30-W germicidal lamp at a distance of
50 cm. The output radiation at this distance was measured to be 1.2 x 10” ergs/
s per cm’, using a Blak-Ray ultraviolet meter (short wave, type J225; Ultra-Violet
Products, Inc., San Gabriel, Calif.). As seen in Table I, 30 min of UV irradiation
decreases the infectivity of the SFV by at least eight orders of magnitude while
having virtually no effect on the ability of the virus to induce cell fusion. Higher
irradiation doses inhibited the fusogenic capacity of the virus (Table I).

Fusion Assay

The viruses used for the fusion were diluted from concentrated stocks into
binding medium (RPMI 1640 without bicarbonate) containing 0.2% bovine serum
albumin (BSA) and 10 mM MES (2-(morpholino)ethanesulfonic acid) and 10
mM HEPES, pH 6.8, and kept on ice. Cover slips of cells were cooled to 0°C,
washed twice with 2.0 m! of ice-cold binding medium, drained of excess medium,
and transferred to a 24-well plastic tray (Flow Laboratories, Linbro Div., Ham-
den, Conn.). The virus suspension (5 pl) was applied to the cells on ice and after
a I-h incubation, 2 ml of prewarmed 37°C binding medium adjusted to the
indicated pH were added and the tray was placed in a 37°C water bath for 30-60
s. The media were then removed and replaced with 2.0 ml of binding medium
adjusted to pH 7.2, and the tray was returned to the 37°C incubator. After 30
min, the cells were washed twice with phosphate-buffered saline (PBS) and fixed
for 10 min with 1.0 ml of 100% cold methanol. Filtered Giemsa stain (E. Merck,
Darmstadt, W. Germany) diluted 20-fold into PBS was used to stain the cells (2
X 20 min at room temperature). After being washed twice with PBS, the stained
cover slips were dehydrated in acetone, acetone-xylol (1:1), and xylol; mounted
on glass slides with Entellan (E. Merck); and viewed with a Leitz microscope.
For photography, Kodak Tri-X film was used.

Fusion was quantitated by counting the number of cells and nuclei present in
a microscope field after fusion. A fusion index (f) was computed according to the

TaBLE |
Effect of UV Irradiation on Infectivity and Fusion Activity of
SFvV
Length of % Fusion
irradiation Dosage SFV titer activity
min ergs/ cm?x 107° pfu/ mi

0 0.0 1.4 x 10" 100

5 3.6 3.8 x 107 99

10 7.2 6.2 x 10* 104

20 14.4 1.5 x 10* 91

30 21.6 <4.0 x 10? 93

5% 40.0 <40 x 10? 50

SFV (1 mg/ml in TN) was irradiated with a 30-W UV light (1.2 X 10° ergs/s
per cm?) as described in Materials and Methods. At various times, aliquots
were withdrawn, titered, and assayed for cell-cell fusion activity.

* Irradiation was for 5 min with a Mineralight Lamp, model R-52 (Ultra-Violet
Products, Inc.; 1.3 X 10* ergs/s per cm?).

equation f = [1 — (C/N)], where c is the number of cells in a field after fusion
and n the number of nuclei. An average field at a magnification of X 250
contained 150-250 nuclei. Duplicate cover slips were prepared for each experi-
mental condition and four to six fields were scored.

Electron Microscopy

For electron microscopy, confluent monolayers of BHK-21 cells on 11-mm
glass cover slips were incubated for | h with either 1 pg of SFV or 20 pg of FPV
or VSV in 20 pl of binding medium on ice. The cover slips were then dipped
rapidly into RPMI medium at the indicated pH for 30 s and then either
immediately washed with ice-cold pH 7.3 medium and fixed using 2.5% glutar-
aldehyde in 0.05 M cacodylate buffer, pH 7.2, or incubated for 30 min at 37°C
in pH 7.3 medium before fixation. Dehydration, embedding, sectioning, and
staining with uranyl acetate were performed as described previously (8, 10). A
Philips 400 or a Zeiss 10 A electron microscope was employed.

[3°S]Methionine Incorporation

BHK-21 cells on 11-mm-diameter cover slips were washed three times with
1.0 ml of MEM containing 1 yg/mi methionine. 250 pul of MEM containing 1 ug/
ml methionine and 5 pCi of [**S]methionine were added per well, and the cells
were incubated for 15 min in a 37°C CO; incubator. The labeling medium was
then replaced with 2.0 ml of MEM containing 0.2% BSA and 150 ug/ml
methionine, and the cells were returned to the CO; incubator for an additional
15 min. The cells were then placed on ice, and the cover slips were washed once
with 2.0 ml of PBS containing 10 mM methionine, and then dipped into a beaker
with 200 ml of PBS containing 10 mM methionine before being placed in a new
Linbro tray on ice with 2.0 ml of PBS per well for 15 min. The PBS was then
removed, and the cells were treated for 1 h on ice with 2.0 ml 10% TCA. The
cover slips were finally removed from the wells, drained, and counted with 7.0 ml
of Triton-X-100-based scintillation fluid (Rotizint 22, containing 800 ml of H,O/
10 liter {Roth Chemical Co., Karlsruhe, W. Germany]).

RESULTS
Cell Fusion by SFV

Light microscopy was used to detect cell fusion. Viruses were
bound to cells at 0°C for 1 h, and the cells were then covered -
with warm (37°C), low-pH medium (usually pH 5.5) for 30-60
s. The low-pH medium was replaced with neutral medium and
the incubation continued at 37°C. During this incubation,
massive fusion was observed (Fig. 1). Although the fusion
reaction may have already taken place during the low-pH
treatment (4), the cell fusion first became readily recognizable
after 5-10 min of the second incubation (Fig. 1). Preliminary
visualization of the fusion reaction by use of an image inten-
sifier and a time-lapse video recording system revealed that the
morphological changes occurred gradually and smoothly, and
that the cells did not lyse or come off the support (D. Louvard,
J. White, and A. Helenius, unpublished observations).

Cell fusion was equally efficient with UV-inactivated and
untreated virus (Table I), and it was totally dependent on both
the low-pH treatment and the presence of virus. As shown in
Fig. 2, the pH threshold for fusion was ~6, which is the same
as that shown previously for SFV fusion with the plasma
membranes of tissue culture cells (4) and with liposomes (6).
Fusion was confirmed by transmission electron microscopy
(not shown).

Characterization of the SFV-induced Fusion

For further characterization, it was necessary to quantitate
the extent of fusion. To do this we used an index of fusion (f),
which expresses the extent of fusion as the average number of
fusion events per original mononucleated cell. The fusion index
was defined (see Materials and Methods) so that f = 0.5 is
obtained when the average number of nuclei per cell is 2, and
so that f approaches 1 when all of the nuclei in the microscope
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were required. Fusion was also dependent on cell density with
an optimum at 3.3 X 10° BHK-21 cells per 11-mm-diameter
cover slip (see Fig. 1a). With more confluent cells, the gener-
ation of giant polykaryons required larger amounts of virus
and, with more sparse cultures, the polykaryons formed were
smaller in size. By variation of the cell density, the amount of
inactivated virus, and the pH of fusion, the average size of the

Time dependence of SFV-induced cell fusion. 1 ug of SFV
in 20 pl of binding medium, pH 6.8, was adsorbed to 3.3 X 10° BHK-
21 cells for 1 h in the cold. Prewarmed medium, pH 5.5, was added
for 60 s and the cells were postincubated with pH 7.2 medium for
the indicated time and then fixed and stained ( a, 0 min; b, 5 min; c,
10 min; d, 15 min; e, 30 min) Bar, 50 um. X 300.

FIGURE 1

field are present in a single cell. The background value for f in
the control samples ranged from 0.03 to 0.07. The controls
were: (a) non treated cells, (b) cells treated with virus and
maintained at neutral pH, and (c) cells without virus treated
at low pH (pH 5.5 or 5.0).

Using UV-inactivated SFV and the index f to express the
extent of fusion, we determined the dose-, pH-, and the cell
density-dependence of cell fusion. The pH dependence was
very sharp (Fig. 3); virtually no fusion occurred above pH 6.2,
whereas at pH values <5.8 all of the cells were fused together
into giant polykaryons (Figs. 2 and 3). The extent of fusion
was also critically dependent on the concentration of virus
(Fig. 4). With 5 pl as the standard sample volume, 10 ng of
SFV bound per cover slip was needed to obtain f = 0.5. This
represents ~250 viruses bound per cell (3). To fuse all the cells
into very large polykaryons, ~80 ng or 2.0 X 10? bound viruses
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FIGURE 2 pH dependence of SFV-induced cell fusion. SFV was
bound to BHK-21 cells as described in the legend to Fig. 1. The cells
were then treated for 60 s with 2 ml of different pH media and
postincubated in neutral pH medium for 30 min before fixing and
staining (a, pH 6.5; b, pH 6.2; ¢, pH 6.0; d, pH 5.8). Bar, 50 um. X 300.
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FIGURE 3 pH titration of SFV-induced cell fusion. BHK-21 cells

were fused as described in the legend to Fig. 2 and the fusion index
was determined as described in the Materials and Methods section.



polykaryons could be stringently controlled (Table II).

Although extensive studies with different cell types were not
performed, HeLa B cells were shown to be similar to BHK-21
cells in their susceptibility to SFV-mediated cell fusion (Fig.
4).

Cell Viability after Fusion
We tested the viability of the polykaryons by measuring
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FIGURE 4 Dependence of SFV-induced cell fusion on the amount
and volume of added virus. Various amounts of SFV (0.01-0.3 pg) in
either 5 pl (@) or 20 pl (O, A) of binding medium, pH 6.8, were
added to 3.3 X 10° BHK-21 cells (@, A) or Hela B cells (O) and
allowed to bind for 1 h in the cold. The cells were fused as described
in the legend to Fig. T and the extent of fusion measured as
described in the Materials and Methods. The number of viruses
bound per celi was measured as previously described (1, 3).

TasLE 1
Effect of pH and Amount of SFV on Polykaryon Size

Average number of nuclei per cell

Amount of SFV pH 6.0 pHS5.7
rg
0.00 13+0.2 1.0+ 03
0.01 1.2+£0.1 21+£05
0.02 21x£05 6.1+47
0.05 19+04 13.7 £ 5.0
0.10 2907 >1,000
0.20 35+£10 >1,000
0.30 38+£1.0 >1,000

UV-inactivated SFV was added to cover slips of BHK-21 cells in 5 pl of binding
medium (RPMI, 0.2% BSA, 10 mM HEPES, 10 mM MES, pH 6.8). After 1 h at
0°C, the cells were treated for 60 s at 37°C with 2.0 ml of medium (pH 6.0 or
pH 5.7). These media were then removed, replaced with 2 ml of medium, pH
7.2, and the fusion was scored after 30 min in a 37°C CO; incubator.

TaBLE |l
Effect of Fusion on Cellular Protein Synthesis

[**S]Methionine incorporation, cpm X 107*

Time after fusion Control cells Fused cells %
h

2 6.9 7.4 107

6 5.8 6.7 116

10 12.2 13.4 110

12 10.5 9.8 93

22 17.2 10.3 60

32 13.7 5.5 40

SFV (0.10 ug in 10 pul of binding medium, pH 6.8) was allowed to bind to cover
slips of BHK-21 cells for 1 h at 0°C. The cells were then treated with pH 7.2
( control) or pH 5.75 ( fused) medium for 30 s at 37°C. This medium was then
replaced with complete Glascow-MEM containing 5% fetal calf serum and
the cells returned to a 37°C CO; incubator. After 1 h, the extent of fusion was
scored and at the indicated times, the extent of [3*S])methionine incorporated
was measured as described in Materials and Methods.
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FIGURE 5 Fusion of BHK-21 cells with SFV, VSV, FPV, and Japan
influenza viruses. 1 ug of SFV or 3 ug of VSV, FPV, or Japan influenza
viruses were bound to 3.3 X 10° BHK-21 cells as described in the
legend to Fig. 1. After 1 h on ice, the cells were treated for 60 s with
2 ml of medium adjusted to the indicated pH. These media were
then removed and replaced with neutral pH medium. After 30 min
in a 37°C COx incubator, the cells were fixed, stained, and scored
for the extent of fusion as described in the Materials and Methods
section. (O, VSV; A, SFv; B FPV; O, Japan infiuenza; @, precursor
Japan influenza).

their ability to incorporate [**S]methionine into acid-precipi-
table material at different times after fusion. Table III shows
that for up to 12 h, BHK-21 cells fused to an index of 0.6
incorporated as much methionine as unfused control cells.
During the next 20 h, this function gradually declined in the
fused cells. Similar results were previously obtained with
paramyxovirus-induced polykaryons (11).

Cell Fusion with FPV, Human Influenza Viruses,
and VSV

To determine whether other enveloped viruses could induce
cell fusion at low pH, we tested VSV (a rhabdovirus), FPV (an
avian influenza A virus), and two forms of Japan/A/305/57
(human influenza viruses). The two preparations of Japan
influenza differed in having either the activated, proteolytically
cleaved hemagglutinin (HA consisting of the two disulfide-
bonded glycopolypeptide chains HA, and HA,) or the precur-
sor form of the hemagglutinin (HA.) (12, 13). The viruses were
allowed to bind to BHK-21 cells in the cold and the pH was
lowered as described above for SFV. After a further 30 min at
neutral pH, the cells were inspected for fusion. We found that
FPV, VSV, and the activated form of the Japan influenza
induced massive cell fusion; only the precursor Japan influenza
was inactive (Fig. 5). The pH-dependence of the fusion by
these viruses was titrated over the pH range 4.6-7.0. It was
found that the pH thresholds were quite sharp, but that they
varied from one virus to the next. VSV resembled SFV in
having a pH threshold close to 6 whereas FPV and Japan
influenza had values of 5.5 and 5.1, respectively.

Because virally induced cell fusion is likely to be a conse-
quence of virus-cell fusion (4, 14, 15), we looked for fusion of
VSV and influenza virus with the plasma membrane at low
pH. Cells with bound VSV or FPV were treated at 37°C with
pH 5.5 or pH 5.0 medium, respectively, for 30 s, and then fixed.
Thin sections viewed in the electron microscope showed that,
although the majority of the FPV seen on the cell surface
remained unfused (see arrowhead in Fig. 64), some particles
were apparently fusing with the plasma membrane (Fig. 6a).
A similar result was observed with VSV where the cytoplasmic
location of the electron-dense nucleocapsids made the detection
of virus-cell fusion easier. The halo on the outer aspect of the
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FIGURE 6 Interaction of VSV and FPV with the plasma membrane

at low pH. Viruses were aliowed to bind to cells in the cold,
whereupon the cells were treated with either pH 5.5 (VSV) or pH
5.0 (FPV) medium for 30 s and then fixed ( a). The majority of FPV
was attached to the plasma membrane at the microvilli or in
invaginations (arrowhead). Occasionally viruses were observed that
appeared to be fusing with the plasma membrane (on the right-
hand side). ( b and c) Similar fusion images were more frequently
observed with VSV where the nucleocapsids could be seen as
electron dense structures on the inner side of the plasma membrane
{ ¢). Both with VSV and FPV, the spike glycoproteins were detectable
as a halo on the outer surface of the membrane. Bar, 0.1 pm. a,
X 100,000; b and ¢, X 120,000.

plasma membrane presumably corresponded to the spike gly-
coproteins of the viruses (Fig. 6 a—c).

DISCUSSION

Cells in culture can be fused with paramyxoviruses (14-16),
polyethylene glycol (17, 18), or surface active agents (19-21).
The mechanisms underlying the cell fusion reactions are not
understood in detail. In the case of fusion by paramyxoviruses,
however, a specific glycoprotein component of the virus mem-
brane, F, is known to be involved (22-28). Like the HA of
influenza virus (12, 13), the F protein consists of two disulfide-
bonded glycopolypeptide chains, F, and F, which arise by
cleavage of the inactive precursor Fo (22-24, 28). Viruses that
have only the precursor F, are not infective and they do not
possess cell fusion activity (22, 23). Indirect evidence suggests
a role for the hydrophobic F; N-terminal moiety in the fusion
reaction (24, 29, 30). With paramyxoviruses, fusion occurs over
a broad pH range (pH 5-9; see references 31 and 32) either
after addition of virus to cells (“fusion-from-without”) or by
fusion of infected cells (“fusion-from-within”) (15).

Our present results show that three other families of enve-
loped viruses—togaviruses, myxoviruses, and rhabdoviruses—
have membrane fusion activities (fusion-from-without and fu-
sion of the viruses with the plasma membrane). Tissue culture
cells exposed to these viruses and to mildly acidic pH (<6) fuse
into giant polykaryons. Fusion of erythrocytes (fusion-from-
without) at low pH has previously been reported for three
togaviruses (SFV, Sindbis, and rubella) and for influenza virus
(32-34). Fusion-from-within has been observed in myxovirus-
and rhabdovirus-infected cell cuitures (35, 36), and recent
findings with influenza virus suggest that this may also be
dependent on low pH (34).

The pH dependence (Fig. 3) of cell fusion with SFV was
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identical to that previously found for the fusion of SFV with
liposomes (6) and with the plasma membranes of intact cells
(4). Several lines of evidence suggest that the membrane fusion
activity of SFV is required for infection, and that the low-pH
environment in the lysosomes triggers the fusion (references 1,
2, 4, 6, and 37; footnote 1).

We have shown that agents that increase the lysosomal pH
to values >6 (lysosomotropic agents such as chloroquine and
ammonium chloride) inhibit the entry of the SFV genome into
the cytoplasm (references 1 and 2; footnote 1). It is well known
that lysosomotropic agents also inhibit the entry of influenza
virus (38, 39) and VSV (40). If we consider, in addition, the
morphological observations, which show that influenza (41—
43) and rhabdoviruses (44-46) enter cells by endocytosis, an
entry pathway similar to that of SFV emerges. In this respect
it is significant that the low-pH-induced fusion activity of the
Japan influenza virus correlates with infectivity; viruses that
contained HA were fusogenic at low pH, whereas those con-
taining HA, were not. We have recently obtained similar results
with the X:31 (Hong Kong/1968) strain (J. White, unpublished
observations). These findings show that the HA is essential for
fusion; it is also required for low-pH-induced hemolysis (34).
This possibility was previously raised on the basis of the
sequence homology between the hydrophobic N-terminals of
the Sendai virus F, and the HA, of influenza virus (24, 29).
Indirect support came from two lines of evidence. (a) Low
molecular weight peptide analogues of the HA; N-terminal
inhibited influenza virus infectivity (30). (b) Morphological
observations with influenza virus (47, 48) and with reconsti-
tuted influenza virus membranes (49) suggested fusion with the
cell surface at neutral pH, but, in a number of other studies,
such fusion was not observed (41-43).

SFV-induced cell fusion has several features that may be
advariageous for practical applications. It is simple to induce,
it can be synchronized, it is at least as fast and efficient as
fusion with Sendai virus (15), it can be performed with inacti-
vated viruses, and it is not toxic or lytic to cells. Relatively few
viruses are needed, and the extent of fusion can be easily
controlled by adjusting the amount of virus and the pH. We
have shown that cell fusion occurs equally well with BHK-21
and HeLa B cells. Because we know that SFV can fuse its
envelope with the plasma membranes of a variety of monolayer
and suspension cells (4; J. White, unpublished observations),
the SFV-induced cell fusion technique should be widely appli-
cable.

We are grateful to Dr. John Skehel (Medical Research Council, Mili
Hill, London) for the generous gifts of the Japan influenza viruses. We
also wish to thank Eva Bolzau for electron microscopy, Kai Simons
and Graham Warren for critical reading of the manuscript, and Wendy
Moses and Annie Biais for typing.

J. White was supported by a National Institutes of Health postdoc-
toral fellowship.

Received for publication 29 December 1980, and in revised form 23
February 1981.

REFERENCES

. Helenius, A., J. Kartenbeck, K. Simons, and E. Fries. 1980. On the entry of Semliki Forest
virus into BHK-21 cells. J. Cell Biol. 84:404-420.
2. Helenius, A., M. Marsh, and J. White. 1980. The entry of viruses into animal cells. Trends
Biochem. Sci. 5:104-106.
3. Marsh, M., and A. Helenius. 1980. Adsorptive endocytosis of Semliki Forest virus. J. Mol.



15.
16.
17.

20.

21.

22.

23.

24.

25.

26.

. White, J., and A. Hel

Biol. 142:439-454.

. White, J., J. Kartenbeck, and A. Helenius. 1980. Fusion of Semliki Forest virus with the

plasma membrane can be induced by low pH. J. Cell Biol. 87:264-272.

. Fan, D. P, and B. M. Sefton. 1978. The entry into host cells of Sindbis virus, vesicular

stomatitis virus and Sendai virus. Cell. 15:985-992.
1980. pH-dependent fusion between the Semliki Forest virus
membrane and liposomes. Proc. Natl. Acad. ASci. U. S. A. 17:3273-3271.

. Kéiridinen, L., K. Simons, and C.-H. von Bonsdorff. 1969. Studies of Semliki Forest virus

subviral components. Ann. Med. Exp. Biol. Fenn. 47:235-248.

. Kiiridinen, L., and H. S86derlund. 1971. Properties of Semliki Forest virus nucleocapsid.

1. Sensitivity to pancreatic ribonuclease. Virology. 43:291-299.

. Blobel, G, and B. Dobberstein. 1975. Transfer of proteins across membranes. I. Presence

of proteolytically processed and unprocessed nascent immunoglobulin light chains on
membrane-bound ribosomes of murine myeloma. J. Cell Biol. 67:835-851.

. Helenius, A., E. Fries, and J. Kartenbeck. 1977. Reconstitution of Semliki Forest virus

membrane. J. Cell Biol. 75:866-880.

. Holmes, K., and P. W. Choppin. 1966. On the role of the response of the cell membrane

in determining virus virulence. J. Exp. Med. 124:501-520.

. Lazarowitz, S. G., and P. W. Choppin. 1975. Enhancement of the infectivity at influenza

A and B viruses by proteolytic cleavage of the hemagglutinin polypeptide. Virology. 68:
440-454.

. Klenk, H.-D., R. Rott, M. Orlich, and J. Blodorn. 1975. Activation of influenza A viruses

by trypsin treatment. Virology. 68:426-439.

. Choppin, P. W., and R. W. Compans. 1975. Replication of paramyxoviruses. In Compre-

hensive Virology. H. Fraenkel-Conrat and R. Wagner, editors. Plenum Press, New York.
4:95-178.

Poste, G., and C. A. Pasternak. 1978. Virus induced cell fusion. Cell Surf. Rev. 5:305-367.
Peterson, J. A. 1974. Cell hybridization. Methods Enzymel. 32(B):575-583.

Davidson, R. L., and P. S. Gerald. 1976. Improved techniques for the induction of
mammalian cell hybridization by polyethylenegiycol. Somat. Cell Genet. 2:165-176.

. Pontecorvo, G. 1975. Production of mammalian somatic cell hybrids by means of polyeth-

yleneglycol treatment. Somat. Cell Genet. 1:397-400.

. Ahkong, Q. F., P. Fisher, W. Tampion, and J. A. Lucy. 1973. The fusion of erythrocytes

by fatty acids, esters, retinol and a-tocopherol. Biochem. J. 136:147-155.

Abkong, Q. F., D. Fisher, W. Tampion, and J. A. Lucy. 1975. Mechanisms of cell fusion.
Nature (Lond.). 253:194-195.

Lucy, J. 1977. Cell fusion. Trends Biochem. Sci. 2:17-20.

Homma, M., and M. Ohuchi. 1973. Trypsin action on the growth of Sendai virus in tissue
culture cells. I1. Structural differences of Sendai virus grown in eggs and tissue cuiture
cells. J. Virol. 12:1457-1465.

Scheid, A., and P. W. Choppin. 1974. Identification of biological activities of paramyxo-
virus glycoproteins. Activations of cell fusion, hemolysis and infectivity by proteolytic
cleavage of an inactive precursor protein of Sendai virus. Virology. 57:475-490.

Gething, M. J., J. White, and M. D. Waterfield. 1978. Purification of the fusion protein of
Sendai virus: analysis of the NH;-terminal sequence generated during precursor activation.
Proc. Natl. Acad. Sci. U. S. A. 75:2737-2740.

Hightower, L. E., T. G. Morrison, and M. A. Bratt. 1975. Relationships among the
polypeptides of Newcastle disease virus. J. Virol. 16:1599-1607.

Nagai, Y., H.-D. Klenk, and R. Rott. 1976. Proteolytic cleavage of the viral glycoproteins
and its significance for the virulence of Newcastle disease virus. Virology. 72:494-508.

27.

28.

29.

30.

3h

32

33

34,

35.

36.

37.

38.

39.

41.

42,

43.

45.

47.

48.

49,

Hall, W. W, and S. J. Martin. 1974. The biochemical and biological characteristics of the
surface components of measles virus. J. Gen. Virol. 22:363-374.

Scheid, A., and P. W. Choppin. 1977. Two disulphide-linked polypeptide chains constitute
the active F protein of paramyxoviruses. Virology. 80:54-66.

Scheid, A., M. C. Graves, S. M. Silver, and P. W. Choppin. 1978. Studies on the structure
and function of paramyxovirus glycoproteins. /n Negative Strand Viruses and the Host
Cell. B. W. J. Mahy and R. D. Barry, editors. Academic Press, Inc., London. 181-193.
Richardson, C. D., A. Scheid, and P. W. Choppin. 1980. Specific inhibition of paramyxo-
virus and myxovirus replication by oligopeptides with amino acid sequences similar to
those at the N-termini of the F, or HA; viral polypeptides. Virology. 105:205-222.
Clavell, L. A, and M. A. Bratt. 1972. Hemolytic interaction of Newcastle disease virus
and chicken erythrocytes. 1I. Determining factors. Appl. Microbiol. 23:461-470.
Véininen, P., and L. Kéiridinen. 1980. Fusion and hemolysis of erythrocytes caused by
three togaviruses: Semliki Forest, Sindbis and Rubella. J. Gen. Virol. 46:467-475.
Maeda, T., and S. Ohnishi. 1980. Activation of influenza virus by acidic media causes
hemolysis and fusion of erythrocytes. FEBS Lett. Vol. 122:283-287.

Huang, R. T. C., R. Rott, and H.-D. Klenk. 1981. Influenza viruses cause hemolysis and
fusion of cells. Virology. In press.

Chany-Fournier, F., C. Chany, and F. Lafay. 1977. Mechanism of polykaryocyte induction
by vesicular stomatitis virus in rat XC cells. J. Gen. Virol. 34:305-314.

Nishiyama, Y., Y. Ito, K. Shimokata, Y. Kimura, and 1. Nagata. 1976. Polykaryocyte
formation induced by VSV in mouse L cells. J. Gen. Virol. 32:85-96.

Friedman, R. M., and T. Sreevalsan. 1970. Membrane binding of input arbovirus ribo-
nucleic acid: effect of interferon or cycloheximide. J. Virol 6:169-175.

Kato, N, and H. J. Eggers. 1969. Inhibition of uncoating of fowl plague virus by I-
adamantanamine hydrochloride. Virology. 37:632-641.

Koff, W. C,, and V. Knight. 1979. Inhibition of influenza virus uncoating by rimantadine
hydrochloride. J. Virol. 31:261-263.

. Miller, D., and J. Lenard. 1980. Inhibition of vesicular stomatitis virus infection by spike

glycoprotein. J. Cell Biol. 84:430-437.

Patterson, S., J. S. Oxford, and R. R. Dourmashkin. 1979. Studies on the mechanism of
influenza virus entry into cells. J. Gen. Virol. 43:223-224.

Dourmashkin, R. R., and D. A. Tyrrell. 1974. Electron microscopic observations on the
entry of influenza virus into susceptible cells. J. Gen. Virol. 24:129-141.

Dales, S., and P. W. Choppin. 1962. Attachment and penetration of influenza virus.
Virology. 18:489-493.

. Dahlberg, J. E. 1974. Quantitative electron microscopic analysis of the penetration of VSV

into L cells. Virology. 58:250-262.
Simpson, R. N., R. E. Hauser, and S. Dales. 1969. Viropexis of vesicular stomatitis virus
by L cells. Virology. 37:285-290.

. Iwasaki, M. D., T. J. Wiktor, and H. Koprowski. 1973. Early events in rabies virus

replication in tissue cultures. Lab. Invest. 28:142-148.

Morgan, C., and H. M. Rose. 1968. Structure and development of viruses as observed in
the electron microscope. VIIL Entry of influenza virus. J. Virol. 2:925-936.

Hoyle, L, R. W. Horne, and A. P. Waterson. 1962. The structure and composition of the
myxoviruses. IIl. The interaction of influenza virus particles with cytoplasmic particles
derived from normal chorioallantoic membrane cells. Virology. 17:533-542.

Huang, R. T. C, K. Wahn, H.-D. Klenk, and R. Rott. 1980. Fusion between cell
membrane and liposomes containing the glycoproteins of influenza virus. Virology. 104:
294-302.

WHITE, MATLIN, AND HELENIUS

679

Cell Fusion by Viruses



