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Herpesviruses minimally require the envelope proteins gB and gH/gL for virus entry and cell-cell fusion;
herpes simplex virus (HSV) additionally requires the receptor-binding protein gD. Although gB is a class III
fusion protein, gH/gL does not resemble any documented viral fusion protein at a structural level. Based on
those data, we proposed that gH/gL does not function as a cofusogen with gB but instead regulates the
fusogenic activity of gB. Here, we present data to support that hypothesis. First, receptor-positive B78H1-C10
cells expressing gH/gL fused with receptor-negative B78H1 cells expressing gB and gD (fusion in trans).
Second, fusion occurred when gH/gL-expressing C10 cells preexposed to soluble gD were subsequently cocul-
tured with gB-expressing B78 cells. In contrast, prior exposure of gB-expressing C10 cells to soluble gD did not
promote subsequent fusion with gH/gL-expressing B78 cells. These data suggest that fusion involves activation
of gH/gL by receptor-bound gD. Most importantly, soluble gH/gL triggered a low level of fusion of C10 cells
expressing gD and gB; a much higher level was achieved when gB-expressing C10 cells were exposed to a
combination of soluble gH/gL and gD. These data clearly show that gB acts as the HSV fusogen following
activation by gD and gH/gL. We suggest the following steps leading to fusion: (i) conformational changes to gD
upon receptor binding, (ii) alteration of gH/gL by receptor-activated gD, and (iii) upregulation of the fusogenic
potential of gB following its interaction with activated gH/gL. The third step may be common to other
herpesviruses.

Herpesviruses enter cells by fusing their envelopes with host
cell membranes either by direct fusion at the plasma mem-
brane or by pH-dependent or -independent endocytosis, de-
pending on the target cell (27, 29, 39). Although the entry
pathways of other enveloped viruses are similarly diverse (8),
all systems for which molecular details have been obtained rely
on a single fusion protein (43); herpesviruses are unique in
their use of gB and the gH/gL heterodimer as their core fusion
machinery (17, 37). Some herpesviruses employ additional re-
ceptor-binding glycoproteins, e.g., herpex simplex virus (HSV)
gD, and others require gH/gL-associated proteins, e.g., UL128-
131 of cytomegalovirus (CMV) (34) or gp42 of Epstein-Barr
virus (EBV) (42). This complexity has made it difficult to
unravel the mechanism of herpesvirus entry.

Ultrastructural and biochemical studies have shown that for
HSV entry, binding of gD to one of its receptors, either
HVEM or nectin-1 (36), activates the downstream events that
drive gB- and gH/gL-dependent fusion (17). The structure of
the gB ectodomain (18) bears striking structural homology to
the postfusion form of the single fusion protein G of vesicular
stomatitis virus (VSV) (33). However, unlike the other class III
viral fusion proteins, VSV G and baculovirus gp64 (5), gB
requires gH/gL to function in virus-cell and cell-cell fusion
(17). A number of investigations support the concept that
gH/gL might also be fusogenic (13, 41). Some have suggested

that a multiprotein complex comprised of gD, gH/gL, and gB
might be assembled to cause fusion (14). Using bimolecular
complementation (BiMC), we and others showed that interac-
tions can occur between half enhanced yellow fluorescent pro-
tein (EYFP)-tagged gB (e.g., gBn) and tagged gD (e.g., gDc)
or between tagged gD and tagged gH (1, 3). However, because
these occur in the absence of one of the other essential com-
ponents, e.g., a receptor, we could not assess their functional
significance. Importantly, gH/gL and gB interact with each
other only in response to receptor binding by gD (1–3, 12). We
subsequently showed that this interaction precedes fusion and
is required for it to occur (2). Thus, we were able to conclude
that gH/gL must interact with gB, whether transiently or stably,
in order for fusion to occur. Whether gD was indeed involved
in a multiprotein complex was not clear, nor was the role of
gH/gL in promoting fusion initiated by gD-receptor binding.
The lack of structural data for gH/gL left its potential role as
a fusogen unresolved.

However, in 2010, the structure of gH/gL of HSV-2 was
solved in collaboration with Chowdary et al. (12). Structurally,
gH/gL does not resemble any known viral fusogen, thereby
forcing a reconsideration of its function in promoting virus-cell
and cell-cell fusion. We hypothesized that gH/gL does not
likely act as a cofusogen with gB but rather regulates fusion by
gB (12).

In this report, we argue that as a regulator of fusion, gH/gL
might not have to be in the same membrane as gB in order to
regulate its activity, i.e., gH/gL on one cell might promote
fusion of gB expressed by another cell, as long as gD and a gD
receptor are also present. In support of this, it was recently
shown that gH/gL and gB of human cytomegalovirus (HCMV)
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can cause cell-cell fusion when expressed by distinct cells (in
trans) (41). We present evidence that HSV gB and gH/gL can
cause cell-cell fusion when they are expressed in trans, a pro-
cess that requires both gD and a gD receptor. Although the
efficiency of fusion in trans is low compared with that of fusion
when gB and gH/gL are in cis (as they would be when in the
virus), separation of these proteins onto two different cells
enabled us to dissect the order in which each protein acts along
the pathway to fusion. Moreover, we found that a combination
of soluble gD (not membrane bound) and soluble gH/gL (also
not membrane bound) could trigger fusion of receptor-bearing
cells that had been transfected with the gene for gB. Our data
show that gD, gH/gL, and gB act in a series of steps whereby
gD is first activated by binding its cell receptor. Previous stud-
ies showed that receptor binding causes gD to undergo con-
formational changes (17). Based on the data in this paper, we
propose that these changes then enable gD to activate gH/gL
into a form that in turn binds to and activates the fusogenic
activity of gB. Although we do not know whether any of these
reactions result in the formation of a stable complex, our data
suggest that gB is the sole HSV fusogen and that gD and gH/gL
act to upregulate cell-cell fusion and most likely virus-cell
fusion, leading to HSV entry.

MATERIALS AND METHODS

Cells and media. Mouse melanoma cells (B78H1) expressing nectin-1 (C10)
were grown in 10% fetal bovine serum-Dulbecco modified Eagle medium con-
taining 500 �g/ml G418 (26). The parental cell line B78H1 was propagated in the
absence of G418.

Plasmids. Plasmids pEP98 (gB), pEP99 (gD), pEP100 (gH), and pEP101 (gL),
encoding full-length type I glycoproteins, were gifts of P. G. Spear (30). pTC510
(gH2) and pTC579 (gL2), encoding full-length type II glycoproteins, have been
described previously (10, 11). The construction of EYFP-tagged gB (Bc) and gH
(Hn) has been described elsewhere (1).

Antibodies. The following antibodies were used for immunofluorescence: A22
and SS55 anti-gB monoclonal antibodies (MAbs) (6), MC5 and MC23 anti-gD
MAbs (1), and R137 anti-gH1 and R176 anti-gH2 polyclonal antibodies (10, 31).
For blocking experiments, the following antibodies were used: DL11 gD MAb
and C226 and A22 gB MAbs (6). H1781 MAb was purchased from Virusys Corp.

Soluble proteins. Soluble gD306t, gB730, and gH2t/gL2 were purified form
baculovirus-infected cells (Sf9) as described previously (7, 35, 44).

Transfection and cell cocultures. B78H1 or C10 cells were seeded on glass
coverslips and cultured overnight at 37°C to the desired density. Cells were
transfected with GenePorter reagents (Gene Therapy Systems) according to the
manufacturer’s instructions with various plasmids (as indicated in each experi-
ment). For the coculture experiments, B78H1 and C10 cells were transfected
with the indicated plasmids for 8 h at 37°C. C10 cells were detached with trypsin
or EDTA and overlaid on top of the B78H1 cells. The two cell monolayers were
cocultured for 40 h at 37°C. Samples were then processed for immunofluores-
cence.

Triggering of fusion with soluble proteins and antibody blocking. To synchro-
nize fusion, C10 cells were transfected with the plasmid for gD, gB, gH2, or gL2
for 8 h as described above. At that time, 250 �g/ml of soluble gB730, gD306, or
gH2/gL2 was added and cells were incubated with the protein for an additional
40 h. For blocking of fusion, C10 cells were transfected with plasmids (Table 1)
for 8 h, then overlaid onto B78 cells in the presence of 100 �g/ml of MAb C226,
A22, or H1781 (shown in Fig. 2) (6), and incubated for an additional 40 h.

Immunofluorescence. The procedure was essentially as described in detail
elsewhere (1, 2). Briefly, transfected cells were fixed with paraformaldehyde and
then incubated with the indicated glycoprotein-specific primary antibodies, fol-
lowed by fluoroconjugated secondary antibodies. Nuclei were stained with To-
Pro-3 iodide (Invitrogen). Coverslips were mounted in ProLong Gold antifade
reagent (Invitrogen) and examined by confocal microscopy with a Nikon TE-300
inverted microscope coupled to a Bio-Rad confocal imaging system. In the
merged images in the figures, the far-red nuclear stain was artificially colored in
white. All images were taken at �60 magnification.

Syncytium counting. After the cells were stained with the indicated antibodies,
syncytia were counted on the entire surface of each coverslip (Fig. 1 to 4) for the
presence of syncytia at �60 magnification. In some cases, particularly when
counts were low, we averaged the number seen on at least two coverslips. A
syncytium was defined as such when one fluorescent membrane enclosed 3 or
more nuclei. For the coculture experiments, B78H1 and C10 cells were trans-
fected with the indicated plasmids for 8 h at 37°C. C10 cells were detached with
trypsin or EDTA and overlaid on top of the B78H1 cells. The two cell mono-
layers were cocultured for 40 h at 37°C. Samples were then processed for
immunofluorescence. To block fusion, 100 �g/ml MAb was added at the time of
coculture.

RESULTS

Fusion occurs when gB and gH/gL are in trans. We previ-
ously used bimolecular complementation (BiMC) to show that
fusion occurs when nectin-1-expressing C10 cells are trans-

TABLE 1. Number of syncytia per coverslip when two transfected cell populations were cocultured

Protein(s) in cell
population 1 (B78)

Protein(s) in cell
population 2

(B78 or C10a)

No. of synctia
at 40 h

Avg no. of
nuclei/synctiumc

Total no. of
fusion events

Fusion indexd

(% of ideal index)

gB, gD, gH/gL 0 0 0 0
gB, gD, gH/gL N 600 15 9,000 100
gB, gH/gL, N gD 310 12 3,720 41
gB, gD gH/gL, N 80 8 640 7.1
gB gD, gH/gL, N 95 9 855 9.5
gD gH/gL, N 0 0 0 0
gB, gD N 0 0 0 0
gB gH/gL,

gD306b
0 0 0 0

gB gH/gL, N,
gD306b

140 9 1,260 14

gB gH/gL, N,
gD306

130 6 780 8.7

gB, N, gD306 gH/gL 8 3 24 0.3

a N, nectin.
b Soluble gD306 was added at the time of coculture.
c A syncytium was counted as such when 3 or more nuclei were surrounded by one fluorescent membrane.
d The fusion index was determined by considering the combination of gB, gD, and gH/gL in cell population 1 and nectin in cell population 2 to be 100%. For all other

variations, the total number of fusion events was divided by the ideal of 9,000 and multiplied by 100.
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fected with split EYFP-tagged versions of gB (Bc) and gH/gL
(HnL) along with untagged gD (all in cis) (1–3, 12). Impor-
tantly, EYFP fluorescence, indicative of a gB-gH interaction,
was detected in each syncytium (1, 2). The split EYFP tags
were at the C termini of gB and gH/gL (cytoplasmic side), and
the observed BiMC indicated that the C termini of gB and gH
interact during fusion. Additionally, certain virus-neutralizing
MAbs to the gB or gH/gL ectodomain blocked both BiMC and
fusion (2, 12), showing that the ectodomains of gB and gH/gL
also interact in a functional sense. Importantly, no nonneutral-
izing MAbs to the ectodomain of either protein blocked this
interaction. We therefore concluded that specific portions of
the ectodomains of gB and gH/gL must interact as a critical
step for HSV glycoprotein-mediated cell fusion. Although
these studies were carried out when gB and gH/gL were in cis,
our structural data suggested that gH/gL is unlikely to serve as
a “cofusogen” but may instead regulate gB-mediated fusion
(12). Thus, it was theoretically possible that a similar interac-
tion could occur when gB and gH/gL were in trans with each
other and that this could also drive fusion.

To test this hypothesis, we used a coculture assay (38, 39)
whereby B78 (no receptor) and nectin-1-bearing C10 cells
were first transfected for 8 h with various combinations of Bc,
Hn, L, and/or gD and then cocultured for 40 h prior to fixation
and microscopic analysis. First, to validate this variation of our
original assay (1), C10 cells were overlaid onto B78 cells that
had been transfected with Bc, Hn, L, and gD (Fig. 1A and
Table 1). In this case, only the receptor was in trans. This
mimics what occurs between the virus and cell. Multiple syn-
cytia formed, and all syncytia exhibited EYFP fluorescence,
which is indicative of BiMC. Thus, the coculture system reca-
pitulated the results obtained using the monolayer system
where all of the glycoproteins were transfected into receptor-
bearing C10 cells; i.e., the HSV proteins and the receptor were
in cis. The negative control was to transfect the glycoproteins
into B78 cells, and no syncytia formed as expected (Table 1).
When Bc and gD were in B78 cells and Hn and L were in C10
cells, there was no BiMC, but fusion still occurred at 7% of the
ideal level (Fig. 1B and Table 1). A similar level of fusion was
seen when gB was expressed in B78 cells and gD and gH/gL
were expressed in C10 cells (Table 1). Although fusion with gB
and gH/gL in trans was less efficient than fusion with these
proteins in cis, the syncytia were large and easy to recognize.
Other combinations with gB and gH/gL were done, and the
fusion indexes were similar (not shown). As expected, when
either gB (Fig. 1C) or gH/gL was omitted from the cocultures
(Fig. 1D), there was no BiMC or cell fusion. Thus, fusion in
trans depends on the presence of gH/gL, gB, and gD and a gD
receptor. Finally, the absence of BiMC when gH/gL and gB
were in trans (Fig. 1B) shows that the carboxy termini of gB
and gH do not have to interact with each other for fusion to
occur; i.e., they do not have to be in cis. However, because
there was no BiMC, we could not formally conclude that fusion
in trans was the result of a direct interaction of the ectodo-
mains of Bc and HnL, as occurs when the two proteins are in
cis (2).

To address this issue, we tested whether fusion with gB and
gH/gL in trans could be blocked with virus-neutralizing anti-gB
monoclonal antibodies that would be expected to block the
interaction between gB and gH/gL (2). We previously mapped

a panel of gB-specific neutralizing MAbs to three functional
regions (FR) (6). Antibodies to FR1 and FR2 blocked both
BiMC and fusion (2), while MAbs to FR3 blocked only fusion.
Blocking of fusion by MAbs to FR1 prevented insertion of the
fusion loops into the target membrane (15). In contrast, MAbs
to FR2 were proposed to interfere with the interaction be-
tween gB and gH/gL, so these were the ones tested here. Of
the available MAbs that map to FR2, MAb C226 was the most
potent at blocking fusion and BiMC (2). This MAb also has
very high titers of virus-neutralizing activity, indicating that it
neutralizes by blocking this critical interaction during virus
entry. Additionally, MAb 1781, which partially blocked both
BiMC and fusion with gB and gH/gL in cis (2), also partially
blocked fusion in trans (Fig. 2D).

In this and the coculture experiments that followed, we used
untagged versions of gB and gH/gL since we could no longer
visualize BiMC when these proteins were in trans. B78 cells
transfected with gB were cocultured with C10 cells transfected

FIG. 1. Fusion occurs when gB and gH/gL are in trans. (A to D)
Nectin-1-expressing B78H1-C10 cells and/or B78 cells were trans-
fected for 8 h with plasmids for the glycoproteins as shown in the stick
diagrams. The C10 cells were trypsinized and overlaid onto coverslips
containing B78 cells, and the bilayer was cocultured for 40 h. Cells
were fixed and stained with anti-gH/gL polyclonal antibody (red).
Propidium iodide was added to visualize nuclei (gray). Cells were
analyzed by immunofluorescent assay for protein (red channel), EYFP
(green channel), and nuclei (far-red channel). Images in the far-red
channel were artificially colored white, as seen in the merged images
(third set of images). Confocal images are at �60 magnification and
were captured using the same camera setting. n, number of syncytia
per coverslip.

12294 ATANASIU ET AL. J. VIROL.



with gD and gH/gL in the absence or presence of anti-gB
MAbs. When we used the nonneutralizing MAb A22 (previ-
ously shown to have no effect on BiMC) (Fig. 2A and B) (2,
12), there were nearly as many syncytia (80) as when no MAb
was added (95) (Fig. 2A and Table 1). In contrast, in three
experiments where MAb C226 was included in the overlay
(Fig. 2C), only 0 to 2 syncytia were detected on the coverslip.
Another MAb to FR2, H1781, was able to reduce the number
of syncytia though not as dramatically as MAb C226 (Fig. 2D),
consistent with previous results for this MAb for fusion in cis
(2). We noted similar inhibition by MAb C226 when gD was
expressed in the B78 cells rather than in the C10 cells (data not
shown). We conclude that when gB and gH/gL are in trans,
fusion involves an interaction between their ectodomains.
However, this experiment does not exclude the possibility that
when these proteins are in cis, other regions contribute to the
interaction, e.g., the transmembrane regions or cytoplasmic
tail.

Receptor-activated gD triggers gH/gL into a form that pro-
motes the fusogenic activity of gB. We previously showed that
soluble gD triggers fusion of receptor-bearing C10 cells trans-
fected with both gB and gH/gL (1, 2, 12). We presumed that
upon receptor binding, gD interacted with either gB or gH/gL
(or possibly with both) as a necessary prelude to the gB-gH/gL
interaction. However, the EYFP-tagged version of gD inter-
acted with EYFP-tagged gB or with EYFP-tagged gH in the
absence of fusion; thus, we were unable to clarify whether
these represented functional interactions, i.e., ones that are
necessary for fusion to occur. Similar interactions were noted
by others using BiMC (3, 4). The fact that we could detect
fusion when these proteins were in trans meant that we could
use the trans assay to resolve this question. To be certain we
could do this, we first transfected B78 cells with gB and over-
laid them onto a second monolayer of B78 cells transfected
with gH/gL. Soluble gD306 was added at the time of coculture
and left on the cells for 16 h. As expected, there was no fusion
since there was no receptor on either monolayer (Fig. 3A and
Table 1). As a positive control, we transfected nectin-1-bearing
C10 cells with gB and cocultured them with B78 cells bearing
gH/gL, adding gD306 at the time of coculture to trigger fusion
(Fig. 3B and Table 1). As expected, since all of the essential
proteins were present, fusion occurred. To determine whether

gD acted upon gB or gH/gL or both, we then transfected
nectin-1-bearing C10 cells with gB and at 8 h posttransfection
added soluble gD306 for 16 h. Unbound gD was then removed
by washing the cells with culture medium. The cells were de-
tached and overlaid onto B78 cells that had been transfected
with gH/gL. After 24 h of coculture, there was no evidence of
cell-cell fusion (Fig. 3C and Table 1). In contrast, when C10
cells expressing gH/gL were preexposed to soluble gD306 for
16 h, washed, and then cocultured with B78 cells transfected
with gB (Fig. 3C), cell-cell fusion was readily observed (130
syncytia) (Table 1). When we included the gD-neutralizing
MAb DL11 in the overlay to eliminate any residual gD-recep-
tor interactions (28), we again saw fusion and the number of
syncytia was marginally affected by the presence of this MAb
(Fig. 3E and Table 1). DL11 is a gD antibody that neutralizes
the virus by blocking virion gD as well as purified gD from
binding to both receptors (23, 28), and it is unlikely to interfere

FIG. 2. Cell-cell fusion in trans is blocked by the anti-gB neutral-
izing MAb C226. B78H1 cells transfected with gB and gD were cocul-
tured with C10 cells transfected with gH/gL in the absence (A) or
presence (B) of the nonneutralizing MAb A22 or in the presence of the
neutralizing MAb C226 (C) or H1781 (D). Conditions for coculture,
fixation, and staining are the same as for Fig. 1. For easier identifica-
tion, the syncytia were outlined with a dotted gray line. n, number of
syncytia per coverslip.

FIG. 3. Fusion in trans is triggered by preexposure of C10 cells
expressing gH/gL to soluble gD306. (A) B78 cells expressing gB were
cocultured with B78 cells expressing gH/gL. Soluble gD306 was added
at the time of coculture (negative control). (B) B78 cells expressing gB
were cocultured with C10 cells expressing gH/gL. Soluble gD306 was
added at the time of coculture (positive control). (C) C10 cells ex-
pressing gB were incubated with gD306 (soluble gD) overnight. The
medium was removed, and the cells were washed once with medium,
overlaid with fresh medium and serum, and cocultured with B78 cells
expressing gH/gL. (D) C10 cells expressing gH/gL were incubated with
gD306 (soluble gD) overnight. The medium was removed, and the cells
were washed once with medium, overlaid with fresh medium and
serum, and cocultured with B78 cells expressing gB. (E) Same as in
panel D, except that MAb DL11 was added at the time of coculture
between the C10 and B78 cells. Dotted gray lines in panels B, D, and
E outline the identified syncytia. n, number of syncytia per coverslip.
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with downstream events. Therefore, no residual unbound gD
remained that might have triggered gB. We conclude that
receptor-activated gD interacts with gH/gL, and this activated
form of gH/gL triggers gB into a fusogenic state.

Soluble forms of both gD and gH/gL can trigger cell-cell
fusion. Thus far, we have shown that gH/gL can function both
in cis and in trans with gB to cause fusion. We wondered
whether gH/gL could carry out its function even when not
membrane bound, i.e., as a soluble protein. In contrast, since
gB functions as the fusogen, we predicted that it could function
only when membrane anchored. To test this, we first trans-
fected C10 cells with gH/gL and gD and added soluble gB, and
as expected, no fusion was detected (Fig. 4 and Table 2). Next,
we transfected C10 cells with gH/gL and gB and added soluble
gD. In this case, as seen before (1, 2, 12), many syncytia formed
and we termed this the “ideal” situation for a monolayer sys-
tem to which a soluble glycoprotein was added. When gB-plus-
gD-transfected C10 cells were incubated in the absence of any
added protein, no syncytia formed (1, 2, 12; also data not
shown). A small number (28) of syncytia were detected when
we added soluble gH/gL to C10 cells transfected with gD and
gB (Fig. 4C and Table 2). Of particular interest, however, was
the fact that significant fusion occurred when we added a
combination of soluble gD and gH/gL to C10 cells transfected
with gB. In this case, 200 syncytia formed in one experiment

(Table 2) and 140 in another, although in that experiment the
number of syncytia seen with soluble gD as the trigger was also
lower (data not shown). The fusion index for the experiment
whose results are shown in Fig. 4 was 38% of that in the ideal
situation. Taken together, these experiments show that while
gB must be membrane anchored, neither gD nor gH/gL needs
be membrane anchored to function (see Fig. 5 for models).
One caveat to be noted is that gB730 may be a postfusion form
of gB and in that case would not be expected to trigger fusion.
However, that does not take away from the key observation
that membrane-bound (prefusion) gB can be triggered to carry
out fusion by the combination of gD and gH/gL when neither
protein is membrane anchored. On the basis of these results,
we hypothesize that both gD (once activated by receptor) and
gH/gL (once activated by the active form of gD) serve a reg-
ulatory role and that gB is the fusogen that is acted upon to
ultimately cause fusion (modeled in Fig. 5). Moreover, our
data suggest that gB is the sole protein that acts as the HSV
fusogen, although it must be activated to do so by both recep-
tor-bound gD and gD-activated gH/gL.

DISCUSSION

We previously transfected receptor-bearing B78H1-C10
cells with half EYFP-tagged forms of gB (Bc) and gH (Hn) as
well as untagged gL and then triggered both BiMC and cell
fusion by addition of soluble gD306 (1, 2, 12). We also showed
that this interaction could be blocked by a subset of anti-gB
neutralizing MAbs but not by any nonneutralizing MAbs (2).
Based on its lack of resemblance to fusion proteins (12), we
predicted that HSV gH/gL should still function when pre-
sented in the membrane of a cell that did not express gB;
precedence for this was reported by Vanarsdall and colleagues
for HCMV gH/gL and gB (41). Indeed, we found that HSV
gH/gL and gB do function in trans, although this process is
much more efficient when these proteins are in cis. This is to be
expected, as the proteins in the virion are optimally arranged
to accomplish fusion.

Interestingly, we no longer observed BiMC between the
YFP-tagged forms of gB and gH, likely because the tags are on
the C termini and the interaction occurs between the ectodo-
mains before membrane mixing. Perhaps this interaction is not
all that stable when the tags are in separate membranes prior
to fusion and the two proteins are separate from each other
after fusion. This observation is important in visualizing the
topology of the trans interactions and how they can lead to

FIG. 4. Neither gD nor gH/gL needs to be membrane anchored to
trigger cell-cell fusion. (A to D) C10 cells were transfected with plas-
mids for the proteins indicated in the diagrams for 8 h, followed by
addition of soluble gB (A), gD (B), or gH/gL (C) or a combination of
gD and gH/gL (D). Panels A and B were stained for gH/gL; panels C
and D were stained for gB. Syncytia are outlined for easier identifica-
tion. n, number of syncytia per coverslip.

TABLE 2. Number of syncytia per coverslip when a monolayer of transfected cells was exposed to a soluble protein

Protein(s) in cell
population 1 (C10)

Soluble protein(s)
added

No. of synctia
at 40 h

Avg no. of
nuclei/synctiuma

Total no. of
fusion events

Fusion indexb

(% of ideal index)

gD, gH/gL gB730 0 0 0 0
gB, gH/gL gD306 600 7 4,200 100
gB, gD gH2L2 30 3 90 2.1 � 0.2c

gB gH2gL2 10 3 30 0.7 � 0.1c

gB gH2gL2, gD306 200 8 1,600 38
gB gD306 0 0 0 0

a A syncytium was counted as such when 3 or more nuclei were surrounded by one fluorescent membrane.
b The fusion index was determined by considering the fusion of gB and gH/gL in C10 cells with soluble gD306 to be 100%. For all other variations, the total number

of fusion events was divided by the ideal of 4,200 and multiplied by 100.
c Results are averages � standard errors from 3 independent experiments.
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fusion (Fig. 5). To verify that gH/gL and gB do still interact
during fusion in trans, we blocked fusion with the neutralizing
anti-gB MAbs C226 and H1781. Both recognize epitopes in
FR2 of the ectodomain (6), which is likely part of the interface
with gH/gL when formed in cis. We propose that the same part
of gB interacts with gH/gL when the two proteins are in trans.

A second important finding was that exposure of gH/gL-
expressing C10 cells to soluble gD led to fusion with cells
expressing gB that had not been exposed to gD. In sharp
contrast, exposure of gB-transfected C10 cells to soluble gD
did not lead to fusion with cells expressing gH/gL that had not
seen gD. We interpret this to mean that receptor-bound gD
alters gH/gL in such a way as to allow it to activate membrane-
bound gB. Although our bias is that gD and gH/gL interact
directly, this activation could involve a cell protein as well.

Finally, gH/gL, like gD, did not have to be membrane an-

chored to induce fusion of nectin-1-bearing C10 cells express-
ing gB and gD (modeled in Fig. 5A and B). In fact, fusion of
membrane-anchored gB in C10 cells could be triggered when
exposed to a combination of soluble gD and gH/gL (modeled
in Fig. 5C). Taken together, our data support the idea that gD
binds the receptor and this form of gD activates gH/gL to
upregulate gB into a fusogenic state. This process involves an
interaction, whether direct or indirect, between the ectodo-
mains of gD and gH/gL as well a direct interaction between the
ectodomains of gB and gH/gL. We believe the interaction
between gD and gH/gL is likely transient or weak; when we
stabilized the interaction of the C termini of the two proteins
with EYFP tags, no fusion occurred when gB and the receptor
were also present. The interaction between gD and gB (in the
context of fusion), although not required for fusion itself (1),
could trigger the insertion of gB fusion loops into the target

FIG. 5. Schemes for the steps in fusion when gB is triggered by receptor-bound soluble gD and/or gH/gL. (A to C) Each protein is depicted
in cartoon form, shaped like the actual structure. Glycoproteins gB and gH/gL are colored according to the color scheme used to depict their
domains (12, 18). gD is colored according to the color scheme used to depict its dimeric structure (24). (A) In step 1, soluble gD binds to the
cell-bound receptor (purple) and undergoes conformational changes that enable it to interact with cell-bound gH/gL (step 2). Then, cell-bound
gH/gL interacts with cell-bound gB (step 3) to cause fusion (step 4). (B) Soluble gH/gL is added to cells containing gD bound to the receptor (steps
1 and 2). Then, steps 3 and 4 happen as in panel A. (C) A combination of soluble gD and gH/gL is added to receptor-bearing cells expressing gB.
gD binds the receptor (step 1), undergoes conformational changes, and then acts upon gH/gL (step 2), which is then able to upregulate the
fusogenic activity of gB (steps 3 and 4). CM, cell membrane.
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membrane but not into a fusogenic state. This is powerful
evidence that gB is the sole fusogen of HSV. It should be
noted, however, that portions of gB, gD, and gH other than
their ectodomains may contribute substantially to the normal
fusion process (e.g., in the context of the virus). Such contri-
butions might account, at least in part, for why fusion in cis is
so much more efficient than fusion in trans. Indeed, several
reports have shown that residues in the carboxy termini of both
gB and gH influence the efficiency of cell fusion and/or virus
entry (20–22).

The fact that gH/gL does not have to be membrane an-
chored to promote fusion appears to contradict the previous
idea that this protein can promote hemifusion (40) while gB is
needed for full fusion. While we did not examine hemifusion in
our studies, it is difficult to imagine how a non-membrane-
anchored version of gH/gL could carry out lipid mixing of two
membranes. The structure of the gH/gL ectodomain appears
to rule out that possibility; i.e., there is no classical fusion
peptide or loop (12). However, we cannot exclude the possi-
bility that gH/gL, in addition to a regulatory role, does have
some ability to interact with lipids when anchored to cells via
its transmembrane region.

How does HSV-induced fusion compare to fusion by other
enveloped viruses? In most enveloped viruses, fusion requires
the conversion of a surface glycoprotein from a prefusion
metastable state to a more stable postfusion form (5, 16). This
involves a rearrangement of domains (fold-back) so that fusion
peptides (class I) or fusion loops (classes II and III) can be
inserted into a target membrane while the transmembrane
anchor holds another portion of the protein in the virion en-
velope. Unlike VSV G, gB mediates entry through either the
plasma membrane or an endosome (17). Furthermore, gB does
not function on its own but instead requires gH/gL for all
fusion, regardless of the site of entry. As such, we have hy-
pothesized that gH/gL upregulates the fusogenic capabilities of
gB (12). Based on the literature on viral fusion proteins, it is
likely that gH/gL helps to trigger conversion of the prefusion
form of gB into a postfusion conformation, though pH may
also play a key role during endosomal entry of the virus.

Why do we see fusion in trans in contradiction to the liter-
ature on HSV? In two previous reports (9, 32), fusion by HSV
glycoproteins was induced only when gD, gB, and gH/gL and a
gD receptor were in cis. This discrepancy with our data is a bit
puzzling but may be partially explained by the sensitivity of the
assays used or by issues that were raised above. In one case (9),
the authors did not count fused cells with fewer than 11 nuclei,
a number close to the maximum that we saw occurring in trans
(Table 1). In the second case, a luciferase assay was used to
measure fusion (32). In our study, fusion with gB and gH/gL in
trans occurred with less than 10% of the efficiency of fusion
when all of the glycoproteins were in cis; this level of fusion
could well have been below the level of detection by the lucif-
erase assay (32).

Why is the efficiency of fusion in trans low compared to that
of fusion in cis? Several factors may be involved in addition to
those mentioned above. First, if transfection occurred in only
40 to 50% of each cell population, the chances that gH/gL and
gB would “find each other” would be no greater than 20 to
25% of the total population. To some extent, this artifact was
overcome by comparing fusion when gB and gH/gL were in

different cells with fusion when all of the glycoproteins were in
the same cell (cis) and only the receptor nectin-1 was in a
different cell. We called this the ideal situation for fusion
between two cell populations (Table 1). When gB, gH/gL, and
nectin are in one cell and gD is in the other, fusion occurs with
less than half the efficiency of that in the ideal situation, evi-
dence that it is easier for gD to find gH/gL when both are in the
same cell. Moreover, these two proteins as well as gB are in cis
when in the virus, so it is possible that the affinity of gD for
gH/gL or of gB for gH/gL is greater when they are adjacent to
each other (cis) rather than across from each other (trans).
Finally, of course, all of these proteins are always in cis when
in the virion envelope, as noted above. However, some trans
interactions might occur during cell-cell spread of the virus.

How does binding of gH/gL to gB trigger gB into a fusogenic
state? One way would be to enhance the rate by which the
prefusion form of gB is converted into a fusion-competent
state. Thus, gH/gL might alter the equilibrium between prefu-
sion and postfusion states of gB. Indeed, a mutant form of
EBV gB has the ability to fuse cells, and several rate-of-entry
and syn mutants with changes in gB and gH/gL have been
reported (19, 21, 25). Future studies using soluble gH/gL to
trigger fusion by these mutants might offer additional clues
about the mechanism by which gH/gL upregulates gB.
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