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Herpes simplex virus type 1 glycoproteins gB, gD, and gHgL were expressed by transient transfection of Cos
cells. Polykaryocyte formation above the background level seen in untransfected controls was observed only if
all three components were expressed. Thus, gB, gD, and gHgL are necessary and sufficient to induce membrane
fusion.

Membrane fusion is essential for the entry, cell-associated
spread, and syncytial formation of enveloped viruses and is
mediated by envelope glycoproteins (19, 23). Herpes simplex
virus (HSV) encodes at least 10 glycoproteins (18), and many
attempts have been made to identify those that are responsible
for membrane fusion. Virions lacking glycoprotein B, D, H, or
L fail to infect cells, but infectivity can be partially restored by
the artificial fusogen polyethyleneglycol, implying that the gly-
coproteins are all required for membrane fusion (3, 7, 13, 17).
Similarly, expression of these four glycoproteins is required for
polykaryocyte formation by syncytial strains (3, 5, 13, 17), but
mutants lacking dispensable glycoproteins gE, gI, or gM or the
UL45 gene product are also deficient in polykaryocyte forma-
tion, implying a role for these proteins in plasma membrane
fusion but not in virion entry (1, 5, 9, 14, 21). The studies of
mutant viruses therefore implicate multiple HSV type 1
(HSV-1) membrane glycoproteins in the fusion process, but
the assays used are indirect, and it is uncertain how many
species are directly involved. Attempts to induce cell fusion by
expressing HSV-1 glycoproteins individually or in combination
have given conflicting results. There are reports that gB or gD
will increase polykaryocyte formation in cells which constitu-
tively express these proteins (2, 4), a finding that is difficult to
reconcile with the results of studies of virus mutants described
above. In contrast, the expression of many different combina-
tions of HSV-1 glycoproteins with vaccinia virus or adenovirus
vectors has failed to induce cell fusion (5, 15). The current view
is that gB, gD, gH, and gL are required for postattachment
virion entry and for virus-induced polykaryocyte formation, but
it is unclear whether they are all involved directly in membrane
fusion, and it is possible that other membrane proteins are also
required.

To investigate whether HSV gB, gD, gH, and gL were
sufficient to induce fusion, we expressed these glycoproteins
under the adenovirus major late promoter of the Cos cell
expression vector pSMH3. The construction of pSMH3gH
(expressing gH) and pSMH3gL (expressing gL) has been de-
scribed previously (24). Glycoproteins gH and gL are known to
form a heterodimer (12) and will be considered as a single

component in this study. Ligation of the gB coding region from
pING14.2gB (nucleotides 52765 to 56099) (1) into the EcoRI
site of pSMH3 generated pSMH3gB, while gD coding se-
quences (nucleotides 138345 to 139762) derived from pRVF6
(21) were excised as a HindIII-NruI fragment and ligated be-
tween the HindIII and EcoRV sites of pSMH3 to generate
pSMH3gD. Immunofluorescence was used to confirm that all
the constructs expressed the expected glycoproteins on the
surfaces of transfected Cos7 cells (data not shown).

Cos cells seeded at 5 3 104 cells/10-cm2 dish were trans-
fected with 0.5 mg of each plasmid, 2 mg of pSMH3gD alone,
or no DNA, by a DEAE–dextran-mediated method (24). Two
days after transfection, an overlay of 2 3 105 Vero cells was
added to each dish. After a further 24 h, monolayers were
examined for multinucleate cells by phase-contrast micros-
copy. On monolayers expressing gB, gD, and gHgL, polykary-
ocytes with 10 to 50 nuclei were routinely observed, but these
were rarely seen on control wells transfected with the gD
plasmid alone or with no DNA.

To quantify the extent of fusion induced, experimental and
control wells were coded and counted blind by three indepen-
dent observers. The number of polykaryocytes with more than
10 aggregated nuclei and the size of each polykaryocyte as
judged by the number of nuclei it contained were scored.
Figure 1 shows the means of the results obtained by the three
observers comparing 8-cm2 areas expressing the four proteins
gB, gD, and gHgL, gD alone, or no HSV proteins in a single
experiment. While an average of 46.3 polykaryocytes was seen
on the area expressing all four proteins, the largest polykary-
ocyte having 49 nuclei, the mean number of polykaryocytes
seen on control wells was only 10.6 or 8.6, with the largest
having 19 nuclei.

These data strongly indicated that gB, gD, and gHgL could
induce a significant increase in fusion compared to controls.
However, because the frequency of polykaryocytes observed
was low, and the number scored was somewhat subjective, later
results were expressed as the total number of nuclei involved in
polykaryocytes with more than 10 nuclei. Although there was
variation in the number of nuclei scored between observers
and between experiments (Fig. 2), transfection of plasmids
expressing gB, gD, and gHgL gave 10- to 20-fold more nuclei
involved in fusion than in controls. Having demonstrated that
gB, gD, and gHgL were sufficient to induce membrane fusion
in this system, we determined whether they were all necessary
by omitting each component individually. Figure 3 shows that
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expression of all four proteins was required to promote fusion
above background levels, although the efficiency of polykary-
ocyte formation is relatively low. This result may reflect the
difficulty of getting adequate levels of expression of all four
glycoproteins simultaneously in every transfected cell. Indeed,
immunofluorescence studies suggest that not every transfected
COS cell expresses the full complement of HSV glycoproteins,
and therefore not every transfected COS cell is likely to give
rise to a syncytium.

HSV-1 glycoproteins B, D, and HL are thought to form a
complex (10, 11), and studies with mutant viruses suggest that
all these proteins are required for membrane fusion. Our stud-

ies confirm this view. The situation may be different for other
members of the herpesvirus family, since there are reports that
both the varicella-zoster virus gHgL complex and human cy-
tomegalovirus gB are individually capable of mediating poly-
karyocyte formation (6, 20). That the requirements for fusion
may differ in other herpesviruses is perhaps not surprising; it
has been known for some time that in the alphaherpesvirus
pseudorabies, gD is dispensable for cell-cell spread (16), a
process that is assumed to involve plasma membrane fusion.

We consider the assay described here to be a measure of
HSV-1 membrane fusion, and consistent with this view, we
found that mutant gH proteins containing insertions at amino
acid residues 691, 791, and 799 and known to be nonfunctional
in HSV-1 entry and spread (8) were also nonfunctional in the
fusion assay (Fig. 4). It is unclear, however, whether our system
more closely resembles virus-cell or cell-cell fusion. The fusion
scored is that between plasma membranes; thus, the degree of
curvature and the lipid composition of the fusing membranes
are similar to those of the membranes participating in cell-cell
fusion. However, there is no absolute requirement for glyco-
proteins gE, gI, or gM, all of which have been implicated in
cell-cell fusion. Furthermore, we found that the level of fusion
was not increased when a syncytial mutation (Ala 8553Val)

FIG. 1. Polykaryocyte induction by HSV-1. Cos cells were transfected with
the gB, gD, gH, and gL genes; the gD gene; or no DNA. Three independent
counters scored the number and size of polykaryocytes with more than 10 nuclei
that were observed on an 8-cm2 area, for each condition. Mean results are shown.

FIG. 2. Variation in fusion scored in three experiments. Shown is the total
number of nuclei in polykaryocytes with more than 10 nuclei, scored by each
observer, on 8-cm2 areas transfected with plasmids expressing HSV-1 gB, gD,
and gHgL or only gD.

FIG. 3. Effect of omitting individual glycoproteins on polykaryocyte forma-
tion. The total number of nuclei in polykaryocytes with more than 10 nuclei was
scored on 4-cm2 areas transfected with HSV-1 genes encoding gB, gD, gH, and
gL, various subsets of these genes, or no DNA. The mean scores of three
independent observers are plotted.
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was introduced into the gB expression plasmid (data not
shown), despite the fact that this mutation results in a dramatic
increase in fusion in the context of virus infection (1). It would
be interesting to see whether the pseudorabies homologs gB
and gHgL could mediate fusion in the absence of gD in an
analogous system.

We describe an assay which allows the measurement of
HSV-1-induced membrane fusion in the absence of HSV-1
infection. Our results show that HSV-1 gB, gD, and gHgL are
necessary and sufficient, and this assay should facilitate analysis
of the fusion process.

This work was supported by the Wellcome Trust, United Kingdom.
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FIG. 4. Ability of gH mutants to mediate fusion. (Top panel) Diagram of
mutant gH proteins containing insertions at amino acid residues 691, 791, and
799. (Bottom panel) The total number of nuclei in polykaryocytes with more than
10 nuclei was scored on 4-cm2 areas transfected with plasmids expressing gB, gD,
and gL, together with either wild-type or mutant gH proteins. The mean scores
of two independent observers are plotted.
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