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The timing ofsome of the molecular events that are required for cell fusion was
investigated. Cell fusion was produced by a mutant of herpes simplex virus type
1 that causes extensive cell fusion during infection. The timing of molecular
events required for fusion was established by the use of blocking agents. Phos-
phonoacetic acid blocks viral DNA synthesis; actinomycin D blocks RNA syn-
thesis; cycloheximide blocks protein synthesis; 2-deoxyglucose blocks glycosyla-
tion of glycoproteins; high temperature, NH4Cl, and adamantanone block un-
known steps required for cell fusion. For cells infected at a low multiplicity of
infection, phosphonoacetic acid decreased the rate but not the final amount of
fusion, but at a multiplicity of infection of 10 it had no effect on the rate of cell
fusion. RNA synthesis was required for fusion until 4 h after infection, protein
synthesis until 5.5 h after infection, and glycosylation until 7 h after infection.
The temperature-dependent step occurred before 6 h after infection, whereas
NH4Cl and adamantanone acted at steps that occurred until 8 h after infection.
Cycloheximide, temperature, NH4Cl, and adamantanone acted reversibly; acti-
nomycin D and 2-deoxyglucose acted irreversibly. The same order of action of
the inhibitors was also determined by using pairs of inhibitors sequentially. These
experiments also indicated that the fusion factor was not an a-polypeptide. Virus
growth and cell fusion were both found to be highly dependent on temperature in
the range of 30 to 40°C. Wild-type infections are apparently characterized by the
presence of a fusion factor and a fusion inhibitor. The fusion-blocking agents were
added to wild-type-infected cells under a variety of conditions in an attempt to
selectively block the production of the fusion inhibitor molecule and thereby
cause extensive cell fusion. However, fusion was not observed in any of these
experiments.

It now appears that wild-type herpes simplex
virus type 1 (HSV-1) infections are characterized
by the presence of fusion factor and fusion in-
hibitor activity (10, 15, 16; Person and Warner,
unpublished data). The action of the inhibitor
dominates so that only a small fraction of cells
fuse (13). We have isolated mutants that cause
extensive fusion, and these may be altered in the
expression offusion inhibitor activity (15). Using
a qualitative assay for cell fusion and some of
the inhibitors employed here, others have ex-
amined the requirement and timing of macro-
molecular synthesis for cell fusion (3, 4, 8). The
present study employs a quantitative assay for
cell fusion and extends the previous studies.

MATERIALS AND METHODS
Cell cultures and virus stocks. The growth and

maintenance of HEL cell cultures and virus stocks
were described previously (13). The HSV-1 strain KOS
was kindly provided by Priscilla Schaffer (Sydney

Farber Cancer Institute, Harvard Medical School,
Boston, Mass.). The mutant of KOS used here, syn 20,
causes extensive syncytia formation. The procedure
for mutant isolation was described previously (13).
The growth medium used in these experiments was

a modified F12 containing 10% fetal bovine serum.
The saline solution used to wash cells and dilute virus
suspensions was a tricine-buffered saline. Both were
described previously (13). At various times after infec-
tion, cells were harvested with trypsin and EDTA and
counted.with a Coulter Counter. The extent of fusion
was determined by measuring the number of cells with
pulse heights corresponding to the size of small single
cells. Cells disappear from this interval as they fuse
with other cells and shift to a larger threshold interval
(13).

Metabolic inhibitors. Inhibitors were dissolved in
growth medium, and the pH was adjusted to 7.3 when
necessary. Cell monolayers were washed once with
tricine-buffered saline before the addition of growth
medium containing the inhibitor. Metabolic inhibitors
were added to cultures at various times and remained
in the cultures during subsequent incubation, except
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where otherwise indicated.
Phosphonoacetic acid (PAA) was obtained from

Richmond Organics, Richmond, Va.; actinomycin D
and 2-D-deoxyglucose were from Sigma Chemical Co.,
St. Louis, Mo.; cycloheximide was from Calbiochem,
San Diego, Calif.; 2-adamantanone was from Aldrich
Chemical Co., Milwaukee, Wis.; and ammonium chlo-
ride was from Fisher Scientific Co., Fairlawn, N.J. In
preliminary experiments, actinomycin D, cyclohexi-
mide, and 2-deoxyglucose were found to selectively
inhibit RNA synthesis, protein synthesis, and glyco-
sylation, respectively, at the concentrations employed.
These results are consistent with those reported by
others (5, 9, 11, 14).

Equilibrium sedimentation analysis. Duplicate
cultures of HEL cells were seeded in 16-ounce (ca.
480-ml) prescription bottles (2.5 x 104 cells per cm2)
and grown for 40 h at 37°C (about 90% confluent).
Immediately after virus adsorption, 4 ACi of [3H]thy-
midine per ml was added to the cell cultures, and PAA
was added to one-half of the cultures. After 10 h of
incubation at 34°C, the cells were scraped into growth
medium, peileted, and washed twice in the following
solution: 10-1 M NaCl, 10-3 M EDTA, and 10-2 M
Tris-hydrochloride (pH 7.4). Uninfected cells labeled
with ['4C]thymidine (0.1 ,uCi/ml) were harvested and
washed in the same way and mixed with either PAA-
treated or untreated, [3H]thymidine-labeled, infected
cells. The cells were lysed in 12 ml of lysing solution
(0.5% of sodium dodecyl sulfate and sodium lauryl
sarcosine in 2 x 10-3 M dithiothreitol and 2.5 x 10-2
M EDTA for 15 min at room temperature), and the
DNA was deproteinized with autolysed (30 min at
room temperature) Pronase (100 ,g/ml) for 30 min.
The lysate was added to solid cesium chloride (CsCl)
to give a mean density of 1.707 g/cm3 and centrifuged
for 64 h at 30,000 rpm in a Beckman type 50 titanium
rotor. After centrifugation, fractions were collected,
calf thymus carrier DNA was added to each fraction,
and DNA was precipitated with 5% (wt/wt) trichlo-
roacetic acid. Precipitates were collected onto mem-
brane filters (0.22-,um pore size; Millipore Corp., Bed-
ford, Mass.), washed with distilled water, and air dried,
and the filters were suspended in Omnifluor liquid
scintillation fluid. The 3H and 14C radioactivity was
determined in a liquid scintillation spectrometer.

Radioactive chemicals and Omnifluor liquid scintil-
lation fluid were from New England Nuclear Corp.,
Boston, Mass.; sodium lauryl sarcosine, dithiothreitol,
and Tris were from Sigma Chemical Co., St. Louis,
Mo.; NaCl and EDTA were from Mallinkrodt, St.
Louis, Mo.; sodium dodecyl sulfate was from Pierce
Chemical Co., Rockford, Ill.; Pronase was from Calbi-
ochem; CsCl was from Metallgellschaft Ag., Frankfurt,
West Germany; trichloroacetic acid was from Fisher
Scientific Co., Pittsburgh, Pa.; and membrane filters
were from Millipore Corp.

RESULTS
Effect of PAA on DNA replication and

celi fusion. PAA blocked HSV-1 DNA replica-
tion as measured by equilibrium sedimentation
of labeled DNA (Fig. 1). Cells were infected with
syn 20 and labeled with [3H]thymidine before
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FIG. 1. Effect of PAA on DNA replication. Cul-
tures of HEL cells were infected with syn 20 at an
MOI of 1 and labeled with LH]thymidine from 0 to
10 h after infection. Infected cultures were lysed, the
DNA was centrifuged to equilibrium in CsCl, and
trichloroacetic acid-insoluble radioactivity was de-
termined for each fraction. The radioactivity in each
fraction is plotted as a function of the fraction num-
ber; the direction of sedimentation is from right to
left. The arrow indicates theposition ofcellularDNA
which was determined by mixing [4CJthymidine-la-
beled uninfected cells with infected cells before cell
lysis.

sedimentation in CsCl. Data are shown for virus
infections in the presence and absence of PAA.
In the presence of PAA, viral DNA synthesis
was almost completely eliminated, whereas cel-
lular DNA synthesis was only decreased by
about 25% (Fig. 1). A large amount of cellular
DNA was observed because the label was added
immediately after virus adsorption.
When cells were infected with syn 20 at a

multiplicity of infection (MOI) of 0.2 or 1.0 and
PAA was added immediately after infection, the
rate of fusion was decreased (Fig. 2 and 3). After
the onset of fusion (about 5 h after infection), a
semilogarithmic plot of the fraction of cells in a
culture remaining unfused as a function of time
after infection yields a straight line whose slope
is a measure of the rate of fusion. The percent
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inhibition of fusion is defined as 1 minus the
ratio of the slopes of the fusion kinetics curves,
in the presence and absence of an inhibitor,
times 100. At an MOI of 1, the percent inhibition
of fusion by PAA was 50% when PAA was added
immediately after infection, and decreased to
10% when PAA was added i h after infection
(Fig. 4).
Data presented in Fig. 4 could reflect a re-

quirement for transcription of some minimum
number ofDNA genomes, and the translation of
the resulting mRNAs, to achieve a maximum
rate of fusion. This idea was tested by determin-
ing the inhibition of fusion as a function of the
adsorbed MOI. The percent inhibition of fusion
was found to decrease as the MOI increased,
reaching zero at an MOI of 10 (Fig. 5). Further-
more, by extending the fusion kinetics curves to
longer times, extensive fusion was ultimately
observed even for infection at the lower MOI
(data not shown).

Effect of actinomycin D, cycloheximide,
temperature shift, 2-deoxyglucose, NH4Cl,
and adamantanone on cell fusion. If one of
these inhibitors was added shortly after infec-
tion, fusion was completely blocked, but the
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FIG. 2. Effect ofPAA on the kinetics of cell fusion.
Cultures were infected with syn 20 at an MOI of 0.2
and incubated for the times indicated. Cells were
harvested with a trypsin-EDTA solution, and the
number of small single cells was measured by using
a Coulter Counter assay described in the text. The
fraction of single cells remaining unfused is plotted
as a function of time after infection for cultures in-
cubated in the presence and absence ofPAA.
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FIG. 3. Effect ofPAA on the kinetics ofceUfusion;

PAA was added at 0 and 2 h after infection. Cells
were infected with syn 20 at an MOI of 1 and assayed
for ceU fusion as described for Fig. 2. The fraction of
ceUs remaining unfused as a function of time after
infection is shown for PAA added at 0 and 2 h after
infection.
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FIG. 4. Inhibition of cell fusion by PAA as a func-
tion of time after infection. Fusion kinetics curves for
cells infected with syn 20 at an MOI of 1 were deter-
mined as described for Fig. 2 and 3. PAA was added
to the cultures at the indicated times after infection
and left in the cultures during subsequent incubation.
The percent inhibition offusion is defined as 1 minus
the ratio of the slopes of the fusion kinetics curves, in
thepresence and absence of the blocking agent, times
100.
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fusion blocking was limited to a specific time
interval during infection. Data which support
this conclusion are shown for infected cells in-
cubated in the presence of cycloheximide (Fig.
6) or 2-deoxyglucose (Fig. 7), and for a temper-
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FIG. 5. Inhibition of cell fusion by PAA as a func-
tion ofMOI. PAA was added to cultures immediately
after infection with syn 20 at the indicated MOI. The
inhibition of cell fusion was measured as described
for Fig. 4.
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FIG. 6. Effect ofcycloheximide on cell fusion. Cells
were infected with syn 20 at anMOIof10and assayed
for cell fusion as indicated for Fig. 2. The fraction of
cells remaining unfused is plotted as a function of
time after infection.
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FIG. 7. Effect of 2-deoxyglucose on cell fusion.
Cells were infected with syn 20 at an MOI of 10 and
assayed for cell fusion as indicated for Fig. 2. The
fraction of cells remaining unfused is plotted as a
function of time after infection.

ature shift from 34 to 41°C during incubation
(Fig. 8). Similar results were obtained by using
actinomycin D, NH4Cl, and adamantanoxie (data
not shown). Results of many fusion kinetics
curves using these blocking agents are most sim-
ply expressed in diagrammatic form (Fig. 9). A
shaded rectangle is used to show the time inter-
val during which fusion inhibition changed from
100 to 0% for a particular blocking agent. For
example, the addition of cycloheximide before 3
h after infection gave complete inhibition of
fusion and, when added after 5.5 h, gave no
inhibition of fusion. With this criterion, the tem-
poral order of agents that blocked synthetic
processes required for fusion was actinomycin
D, cycloheximide, temperature shift, and 2-deox-
yglucose. Blocking agents, NH4Cl, and the mem-
brane perturber adamantanone presumably
blocked postsynthetic events required for fusion.
The accuracy of determination of the timing for
100 and 0% inhibition of fusion in Fig. 9 is
probably ±0.5 h. That is, occasionally a single
fusion kinetics curve would be obtained that
differed from the average values by +0.5 h (com-
pare curve for 5.5 h after infection [Fig. 8] with
average data [Fig. 9]).
The temperature dependence of cell fusion

with virus growth was determined and the per-
centages of the maximum values were plotted as
a function of incubation temperatures (Fig. 10).
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Both curves have a maximum between 34 and
380C and decrease rapidly at higher and lower
temperatures. Although the overall data are
somewhat similar, there was a more rapid de-
crease in the rate of cell fusion than for virus
growth between 38 and 39°C.
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FIG. 8. Effect of temperature shift on ceU fusion.
Cells were infected with syn 20 at an MOI of 10 and
incubated at 34°C. At the times indicated, cultures
were shifted to 410C. Cells were assayedfor cellfusion
as indicatedforFig. 2. The fraction ofcells remaining
unfused isplotted as a function oftime after infection.
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FIG. 9. Timing of molecular events required for
cell fusion. The inhibitors used are shown at the left
of the diagram, and the events blocked by the inhib-
itors are shown at the right. A time scale isplotted as
the horizontal axis. The times for virus adsorption
and the onset of fusion are shown as shaded rectan-
gles at the top of the figure. For each blocking agent,
the left-hand edge of a shaded rectangle represents
the latest time after infection at which an agent
completely inhibited fusion. The right-hand edge of
the rectangle represents the earliest time after infec-
tion at which an agent had no effect on fusion. The
concentrations of blocking agents used were: actino-
mycin D, 8 ,uM; cycloheximide, 0.36 mM; 2-deoxyglu-
cose, 10 mM; NH4Cl, 20 mM; adamantanone, 7 mM.
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FIG. 10. Effect of temperature on cell fusion and
virus growth. The rate of cell fusion and extent of
virus growth are plotted as a percentage of the re-

spective maximum values. For fusion, the slope of the
fusion kinetics curve is taken as the rate offusion; a

maximum rate, 1(0%, was obtained at 36 and 38°C.
For virus growth, optimal incubation times for virus
growth were determined, and this value was plotted
for each temperature. Virus growth was measured by
plaque formation on HEL cells; maximum growth
(100%) was obtained at 34 and 36°C.

Independent method of establishing the
order of action of blocking agents. Consider
a two-step pathway consistng of a reactant A,
an intermediate B, and a product C in which the
production of B and C may be blocked by the

a b

agents a and b, respectively (A B C). If

b is present, the intermediate B will accumulate.
Replacing b with a will then allow the conver-
sion of B to C. If the addition of a precedes its
replacement with b, the product C will never be
formed. Pairs of blocking agents were used in
this way to establish the order of action of the
blocking agents. If two agents block the same
step in a pathway, or if the agent that blocks the
later step acts irreversibly, one cannot determine
the order of action of the blocking agents.

Experiments were performed by infecting
monolayers of cells in petri dishes and scoring
fusion 24 to 36 h later by a qualitative micro-
scope assay. One blocking agent was present
from 1 to 9 h after infection and was replaced by
a second blocking agent at that time (Table 1).
Cycloheximide, NH4C1, adamantanone, and the
temperature-dependent step were reversible,
whereas actinomycin D and 2-deoxyglucose
were not (Table 1, lines 1 to 6). The cyclohexi-
mide-sensitive step preceded the 2-deoxyglu-
cose, NH4Cl, adamantanone, and perhaps the
temperature-sensitive step. The temperature-

* cell fusion
o virus growth

Ir
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TABLE 1. Order of action offusion-blocking agentea
Cell fusion

Blocking agent WT-infected HEL cells syn 20-infected HEL cells

>1 >9 1- 9 >1 >9 1 9 1 9,>9

Actinomycin D - - - - ++
Cycloheximide - - - - ++ ++
2-Deoxyglucose - - - - ++
NH4Cl - - - - ++ ++
Adamantanone - - - - ++ ++
Temperature shift - - - - ++ +

Actinomycin D, cycloheximide
Cycloheximide, actinomycin D

Cycloheximide, 2-deoxyglucose
2-Deoxyglucose, cycloheximide

Cycloheximide, NH4Cl
NH4Cl, cycloheximide ++

Cyclohexiinide, adamantanone
Adamantanone, cycloheximide ++

NH4Cl, adamantanone
Adamantanone, NH4Cl

Cycloheximide, temperature shift
Temperature shift, cycloheximide

Temperature shift, NH4Cl
NH4CL temperature shift ++

" Blocking agents were used at the following concentrations: actinomycin D, 8 LUM; cycloheximide, 0.36 mM;
2-deoxyglucose, 1 mM; NH4Cl, 20 mM; and adamantanone, 7 mM. The temperature of incubation was shifted
from 34 to 39.5°C at the times indicated. WT, Wild-type virus; syn 20, syn 20 virus (MOI, 10). >1, Agent was
added to cultures at 1 h after infection and remained in cultures during subsequent incubation; >9, blocking
agent was added at 9 h after infection and remained in cultures during subsequent incubation; 1 -* 9, blocking
agent was added at 1 h after infection and was removed at 9 h; 1 -s 9, >9, nomenclature used for pairs of
blocking agents. The first agent of a pair was added to the medium at 1 h after infection and was removed at 9
h after infection; the second agent was added at 9 h after infection and remained in the medium during
subsequent incubation. In the case of the wild-type infections, blocking agents were also added at a number of
other times after infection and at several lower concentrations. Monolayers were scanned under the microscope
24 to 36 h after infection and scored for fusion. ++, Estimated that greater than 75% of the cells were fused;
+, about 50% of the cells were fused; +-, estimated that 10 to 20% of the cells were fused; -, estimated that less
than 10% of the cells were fused.

dependent step occurred earlier than the NH4Cl-
sensitive step. The overlap between NH4Cl and
admantanone blocking was not resolved, but a
small amount of fusion was observed when ada-
mantanone preceded the use of NH4CI. Cyclo-
heximide is known to act at a later step than
actinomycin D, and cycloheximide was shown to
act reversibly. Nonetheless, when cycloheximide
was added before actinomycin D, no fusion was
observed. The same results were obtained when
the reversible protein inhibitor puromycin was
used (data not shown).
From studies of mutants of HSV-1 that affect

cell fusion (10, 15, 16; Person and Warner, un-
published data), it is thought that wild-type

infections are characterized by the presence of
a fusion inhibitor. By adding agents that block
fusion at several times after infection and at
several concentrations, some of which were less
than those required to block fusion, it was hoped
to selectively block fusion inhibition in wild-type
infections. Then wild-type infections would re-
sult in the extensive fusion characteristic of syn
mutant infections. These experiments were
done, but extensive fusion was not observed in
any of the experiments (Table 1 and data not
shown).
To determine whether PAA blocked the syn-

thesis of the fusion inhibitor, it was added to
wild-type infected cells (MOI, 10) at 0, 1, and 2

J. VIROL.
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h after infection. Again, extensive fusion was not
observed (data not shown). As a control, syn 20-
infected cells were similarly treated, and exten-
sive fusion was observed.

DISCUSSION
We have studied the timing of some of the

molecular events required for cell fusion by using
metabolic blocking agents and a quantitative
assay for cell fusion. Our data are largely in
agreement with previous data which were based
on a qualitative assay for cell fusion. The order
of action for the blocking agents used was acti-
nomycin D, cycloheximide, temperature shift, 2-
deoxyglucose, NH4Cl, and adamantanone. There
is considerable uncertainty about the assign-
ment of the order of NH4Cl relative to adaman-
tanone.
The onset of DNA replication and of cell

fusion in HSV-1 infections occurred at roughly
the same time. Falke found that actinomycin D
and cycloheximide depress DNA replication and
fusion by similar amounts and speculated that
DNA replication might be a trigger for cell fusion
(3, 4). However, the inhibition of DNA replica-
tion by mitomycin C (12) or cytosine arabinoside
treatment (8) did not block cell fusion. By using
PAA, which specifically blocks viral DNA po-
lymerase (11), we have shown that the rate but
not the final amount of fusion was decreased
when a low MOI was used. At an MOI of 10,
there was no influence ofPAA on cell fusion. We
conclude that DNA replication per se is not
required for cell fusion but that the presence of
about 10 HSV-1 genomes per cell (PFU/cell) is
required to achieve the maxmum rate of fusion.
Since extensive fusion occurred in the absence
of DNA replication, virus production was not
required for cell fusion.

In contrast to the results for PAA, actinomy-
cinD and cyclohexinide added early in infection
completely blocked fusion for an extended pe-
riod of time. RNA synthesis was required for
cell fusion until 4 h after infection; protein syn-
thesis was required until 5 h after infection.
Considering differences in virus and cell strains,
media, and temperature of incubation, these re-
sults are in good agreement with results reported
by Falke and by Keller (3, 4, 8). The action of
cycloheximide is readily reversible, while the
removal of actinomycin D does not result in the
production of fusion scored 24 h later. It has
been reported previously that 2-deoxyglucose
blocks cell fusion and the glycosylation of HSV-
1 glycoproteins (1, 8, 9). Here we show that it
acted irreversibly and that glycosylation was
required until 7 h after infection.
Adamantanone and NH4Cl, which blocked fu-

sion reversibly, appear to act at postsynthetic
steps. A small amount of fusion was observed
when adamantanone preceded the use of NH4Cl.
This may indicate that the NH4Cl-sensitive step
precedes the adamantanone-sensitive step.
Since adamantanone is a known perturber (2),
it is possible that both of these agents block
fusion by action at the plasma membrane.
NH4Cl has little influence on viral growth (6),
but adamantanone reversibly inhibits a late step
in virus replication, perhaps at envelopment (T.
C. Holland, unpublished data).
We have observed a temperature-dependent

step for cell fusion; it occurred early in infection
and was reversible. To determine whether the
temperature dependence was specific for cell
fusion, we determined the temperature depend-
ence of fusion and compared it with the temper-
ature dependence of virus growth. Both had
maximum values between 34 and 38°C and de-
clined rapidly at lower and higher temperatures.
Although the data for both fusion and growth
did not differ strikingly, there was a precipitous
decrease in cell fusion between 38 and 39°C. The
temperature-dependent step for virus growth
may be required for cell fusion. It would be of
interest to know more about the effect of tem-
perature for both functions. A temperature-de-
pendent step for the growth of a bovine herpes-
virus has been reported (17, 18). It was thought
that the critical step was a block in DNA repli-
cation, but we note that DNA replication may
be somewhat dependent on RNA and protein
synthesis (4).
Honess and Roizman have defined three types

of peptides following the infection of cells with
HSV-1: a, A, and y (7). If cycloheximide and
actinomycin D are used sequentially, as in the
experiments reported in Table 1, then only a-
polypeptides are made; ,B- and y-polypeptides
require the prior synthesis of a-polypeptides.
Since this same protocol blocks fusion, we con-
clude that the fusion factor is not an a-poly-
peptide.
We found that fusion inhibitor production in

wild-type-infected cells did not require viral
DNA replication, and that fusion inhibitor activ-
ity could not be selectively inhibited by the
application of a wide variety of concentrations
and times of addition of the blocking agents.
Apparently, the production of fusion factor and
fusion inhibitor activity have similar metabolic
and temporal requirements.
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