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Herpes simplex virus entry into cells requires four glycoproteins,
gB, gD, gH, and gL. Binding of gD to one of its receptors triggers
steps requiring the core fusion proteins, gB and the gH/gL het-
erodimer. There is evidence that gH/gL initiates hemifusion of cells,
but whether this complex interacts physically with gB to cause
complete fusion is unknown. We used bimolecular complementa-
tion (BiMC) of enhanced yellow fluorescent protein (EYFP) to
detect glycoprotein interactions during cell-cell fusion. The N- or
C-terminal half of EYFP was fused to the C terminus of gD, gB, and
gH to form six chimeric proteins (Dn, D¢, Bn, B¢, Hn, and Hc). BiMC
was detected by confocal microscopy. Receptor-bearing (C10) cells
cotransfected with Dn and Bc or Dn, Hc, and untagged gL exhibited
EYFP fluorescence, indicative of interactions between gD and gB
and between gD and gH/gL. EYFP complementation did not occur
in cells transfected with gL, Bc, and Hn. However, when gD was
coexpressed with these other three proteins, cell-cell fusion oc-
curred and the syncytia exhibited bright EYFP fluorescence. To
separate glycoprotein expression from fusion, we transfected C10
cells with gL, Bc, and Hn for 20 h and then added soluble gD to
trigger fusion. We detected fluorescent syncytia within 10 min, and
both their number and size increased with exposure time to gD.
Thus, when gD binds its receptor, the core fusion machinery is
triggered to form a multiprotein complex as a step in fusion and
possibly virus entry.
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M embrane fusion allows exchange of materials between
cellular compartments enclosed by lipid membranes (1).
Similarly, entry of enveloped viruses into cells allows the viral
contents to be exposed by fusion of its envelope with a target cell
membrane. Fusion requires disruption of both layers of the two
membranes. For most enveloped viruses, a single surface gly-
coprotein undergoes conformational changes that bring the
bilayer of the virus in proximity with that of the host cell and
fusion ensues.

In contrast, herpesvirus entry requires three virion glycopro-
teins, gB and a gH/gL heterodimer, that function as the core
fusion machinery. Some herpesviruses require additional pro-
teins; e.g., alpha herpesviruses initiate fusion by binding of
glycoprotein gD to a cell receptor (HVEM or nectin-1) (2). A
conformational change then exposes the normally hidden re-
ceptor binding residues of gD. This change and/or the exposed
residues trigger gB and gH/gL to effect virus—cell and cell-cell
fusion (3, 4).

Based on crystal structure, gB has features that are typical of
viral fusion proteins, and its domain structure is similar to that
of the postfusion form of glycoprotein G of vesicular stomatitis
virus (VSV) (5, 6). G is both the receptor binding and fusion
protein of VSV, suggesting that gB is also a fusogen. However,
herpes simplex virus (HSV) gB does not function as a fusion
protein in the absence of gH/gL (3, 7, 8). Although the structure
of gH/gL is unknown, indirect evidence suggests that this com-
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plex also has fusogenic properties. For example, synthetic pep-
tides corresponding to several regions of HSV gH associate with
membranes (9). Fusion-compromised HSV gH mutants have
been isolated, emphasizing the importance of gH for fusion
(10-12).

Influenza HA and Env A of avian sarcoma-leukemia virus
(ASLV) can trigger hemifusion, whereby the altered outer
leaflet of the target membrane allows mixing of the lipid layers
but not of the contents of the virus (or effector cell) and target
cell (13, 14). Full fusion allows content mixing, and for these
viruses, this is accomplished by the same protein that causes
hemifusion. For HSV, gH/gL can effect hemifusion in the
absence of gB. However, this process still requires gD and its
receptor. Additionally, content mixing requires all four glyco-
proteins (8), emphasizing the complexity of fusion induced by
HSV glycoproteins. Although the hemifusion study clearly
shows a role for both gH/gL and gB in fusion, a major issue is
whether the process of cell-cell fusion (and virus entry)
requires direct protein—protein interactions among gD, gB,
and/or gH/gl.. To address this issue, we used bimolecular
complementation (BiMC) (15, 16). The idea is to split the gene
for a reporter protein with an observable function into two
inactive pieces, each of which is separately fused to the gene
for the protein of interest. When the chimeric proteins are
coexpressed, the two halves of the split reporter come close
enough to restore activity (complementation), provided that
the proteins of interest interact with each other. We used
complementation of two halves of a variant of enhanced yellow
fluorescent protein (EYFP), called Venus, to provide visual
results in cells (17, 18). Venus was engineered to overcome the
need to incubate cells at low temperature for long periods of
time to enhance development of the inherent fluorescence,
properties of its parent form. EYFP complementation is
essentially irreversible, thereby stabilizing weak or transient
interactions between the proteins of interest (15, 16).

We created six fusion proteins, each consisting of one Venus
fragment (Venus N or Venus C) linked to the C terminus of
either gD, gB, or gH (termed Dn, Dc, Bn, Bc, Hn, and Hc) and
examined interactions of various combinations expressed in
transfected cells by confocal microscopy. We found that chimeric
¢D interacted in receptor-bearing cells with chimeric gB in the
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Construction and analysis of EYFP constructs. (A-C) Glycoprotein-EYFP chimeras used in this study. (D and E) Western blot analysis. C10 cells were

transfected with EYFP-tagged or WT HSV proteins. Cell lysates were analyzed by using R68 anti-gB (D), R8 anti-gD (E), or R137 anti-gH/gL (F) antibodies. (G-/)
Giemsa staining of syncytia. C10 cells were transfected with plasmids expressing gB, gD, gH, and gL; in each case, a pair of plasmids for the EYPF-tagged version
were used in place of the WT version: G, Bn-B¢; H, Dn-Dc; /, Hn-Hc. Arrows denote syncytia.

absence of gH/gL; it also interacted with chimeric gH/gL in the
absence of gB. In contrast, chimeric forms of gB and gH/gL did
not interact with each other in the absence of gD. However, when
cells were cotransfected with plasmids for gD and gL, along with
chimeric forms of gB and gH/gL, syncytia formed and BiMC
occurred, indicating that gB and gH/gL formed a complex within
each syncytium. Does this complex form in cells during glyco-
protein synthesis or does it happen once the proteins are on the
cell surface and gD contacts a receptor on an adjacent cell? To
answer this question, we transfected receptor-bearing C10 cells
with chimeric forms of gB and gH along with untagged gL and
then added exogenous gD306t to trigger fusion. Fluorescent
syncytia were seen as rapidly as 10 min after gD addition,
indicating that binding of gD to its receptor concurrently triggers
both fusion and the interaction between gB and gH/gL. We
suggest that this interaction is a necessary event in the pathway
to cell-cell fusion.

Results

Analysis of EYFP-Tagged gD, gB, and gH. DNA encoding the N- and
C-terminal fragments of the Venus form of the EYFP gene (18)
were ligated to the 3’ ends of ORFs for full-length gD, gB, and
gH in the pCAGGS plasmid (19). This placed the tags on the C
terminus of each glycoprotein (Fig. 1 4-C). We left gL untagged.
To test the properties of the chimeras, we transfected receptor-
bearing B78H1-nectin-1 (C10) cells (20) with individual ones or
pairs of plasmids. When gH was involved, cells were also
cotransfected with gL, because it is required for proper folding
and transport of gH (21). We examined cell lysates by SDS/
PAGE and Western blotting (Fig. 1 D-F). All constructs were
expressed, and their electrophoretic mobilities were consistent
with the expected sizes of the chimeras. The presence of
“mature” gL (37 K band in Fig. 1F) indicated proper formation
and processing of each gH/gL complex (10, 22). To verify that
each protein retained its function in cell-cell fusion, we trans-
fected C10 cells with plasmids for each construct, along with the
other three entry glycoproteins, and monitored fusion by for-
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mation of multinucleated cells (syncytia). Each of the chimeric
proteins was functional [Fig. 1 G-I and supporting information
(SI) Fig. 6]. We did similar experiments with pairwise combi-
nations of the chimeras (along with the appropriate untagged
glycoproteins). All pairs were functional except when chimeras
of gD and gH were used (SI Fig. 6). We confirmed the results by
a quantitative luciferase fusion assay (19) (not shown).

Homologous Interactions of gB, gD, and gH/gL. Because the gB
ectodomain crystallizes as a trimer (6), we hypothesized that the
cytoplasmic tails of this protein are in close proximity and would
drive BiMC. To test this, we transfected C10 cells with plasmids
for Bn, Bc, or Dc (Fig. 2. 4-C) and incubated the cells for 20 h.

>

K

Glycoprotein homooligomerization. C10 cells were transfected,
fixed, and stained with the appropriate antibodies (red): anti-gB (A, B, and D),
anti-gD (C and E), or anti-gH (F). Fluorescent images were captured at X20 (A
and B) or X100 (C-F) magnification. The same camera settings were used for
green and red fluorescence.

Fig. 2.
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Fig. 3. BiMC detects heterologous interactions between glycoproteins. C10 cells were transfected with the indicated DNAs for 20 h, fixed, and stained with
anti-gD mAbs (A, B, D, and E) or fixed, permeabilized, and stained with anti-gB mAbs (C). All were analyzed by immunofluorescent assay for protein (red) and
YFP (green). Confocal images were captured at x40 (A-C) or X100 (D and E) magnification. All images were captured by using the same camera setting. In a
parallel experiment (D and E), cells were stained with Giemsa and examined at X20 magnification. Arrows indicate syncytia.

Fixed cells were stained with monoclonal antibodies (mAbs) to
gB or gD to detect surface protein expression (red channel) and
also examined for EYFP fluorescence (green channel). As
expected, cells that expressed only one chimera were positive for
gB but exhibited no EYFP fluorescence and only minimal
autofluorescence (Fig. 2.4-C). However, cells that were cotrans-
fected with Bn+Bc exhibited bright EYFP fluorescence (Fig.
2D), indicating that the C termini of gB trimers are close
together and allow BiIMC. EYFP was seen both internally and on
the cell surface (Fig. 2D). Similar results were obtained when we
cotransfected cells with Dn+Dc (Fig. 2F), suggesting that gD is
oligomeric on transfected cells. These results are consistent with
those from cross-linking studies showing that virion gD is
dimeric (23). Interestingly, we also detected gH/gL oligomers
(Fig. 2F), a new finding not expected from biochemical exper-
iments with the isolated gH/gL heterodimer (24). Our results
suggest that gH/gl.-gH/gL oligomers are expressed on the cell
surface as well as inside the cells.

Because we obtained BiMC for each glycoprotein, we wanted
to be certain that fluorescence was due to the presence of a
natural oligomer and not to an artifact—e.g., overexpression that
might drive two independent proteins together. Therefore, we
did two types of experiments. First, we transfected cells with
decreasing amounts of DNA and observed a concurrent de-
crease in the number of cells expressing the particular glycop-
rotein (red) and the number of cells exhibiting EYFP fluores-
cence (green) (shown for gD in SI Fig. 74). In all cases where we
observed green cells, we also detected the particular glycopro-
tein. Cells that appear less bright for EYFP than their neighbors
were also less bright for antibody staining. As a second demon-
stration of specificity, we carried out “cold” competition exper-
iments. This classic biochemical approach uses an unlabeled
competitor to compete for binding with the labeled versions of
the same molecule. Here, we cotransfected C10 cells with
plasmids for both chimeras along with increasing amounts of
plasmid DNA for untagged gB, gD, or gH as appropriate (SI Fig.
7B). Using gD as an example, if the interaction is specific, then
untagged gD will interact with either of the tagged forms of gD
and fluorescence should decrease as a function of competitor
concentration. In fact, this is what we observed for each homoo-
ligomeric interaction (Fig. 2) and all heterooligomeric interac-
tions involving gD. As a final control, we cotransfected C10 cells
with Dn plus a control glycoprotein [A33 from vaccinia virus
(25)] tagged with the N-terminal Venus fragment (described in
SI Fig. 7C). Although we detected abundant gD (red), we
observed no green fluorescence due to EYFP complementation.
Similar results were found for gB and gH (not shown). Thus, the
untagged glycoprotein specifically competed with one or the
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other chimeric partner and led to a decrease in BiMC. We
conclude that formation of homooligomers of gB and gD leads
to EYFP complementation. Likewise, formation of higher-order
oligomers of gH/gL also leads to BiMC.

Heterologous Interactions Occur Among the Entry Glycoproteins.
Because our major interest is in learning whether heterologous
interactions occur among gB, gD, and gH/gL in the context of
virus entry and cell fusion, we next asked whether we could
detect them using BiMC. We first tested heterologous combi-
nations under conditions where no cell-cell fusion could occur—
i.e., by omitting one essential glycoprotein or by using B78H1
cells lacking a gD receptor (20). We then did similar experiments
but under conditions where we expected cell-cell fusion (syn-
cytium formation) to occur—i.e., with all four glycoproteins
present plus a functional gD receptor.

When cells were transfected with Bc+Dn, many of the gB-
expressing cells exhibited EYFP fluorescence indicative of a gB/gD
interaction (Fig. 34). The same was true when the tags were
reversed (i.e., Bn+Dc; not shown). EYFP fluorescence was dimin-
ished by cotransfection with increasing amounts of DNA for
untagged gD or gB, indicative of specificity (not shown). Likewise,
EYFP fluorescence was detected in cells transfected with plasmids
for Dn+Hc+gL (Fig. 3B). Importantly, no EYFP was detected in
cells cotransfected with plasmids for Bc+Hn+gL (Fig. 3C) or with
plasmids expressing the gB and gH chimeras with the reverse tags
(not shown). These results suggest that gD interacts individually
with both gB and gH but that gB and gH do not interact with each
other in the absence of gD. Perhaps interactions between gD and
other entry glycoproteins normally occur transiently even in the
absence of receptor or they differ from interactions that occur when
gD engages receptor.

Because Venus-tagged gD can interact with tagged gB and
tagged gH and form stable complexes before fusion, we could
not follow what happened to these complexes during fusion.
Moreover, these interactions between gD and the other glyco-
proteins occurred in the parental B78 cells that lack a gD
receptor (not shown). However, the lack of an interaction
between gB and gH/gL (in the absence of gD) was important
because we could then determine whether they associate with
each other under conditions that permit fusion. Therefore, we
cotransfected C10 cells with Bc+Hn+gL+gD for 20 h to allow
for protein expression and cell-cell fusion (Fig. 3D). As ex-
pected, syncytia formed (Fig. 3D, Giemsa stain) and the fused
cells expressed gD (red). The syncytia also exhibited bright
EYFP fluorescence. To control for autofluorescence in syncytia,
we transfected cells with gB+gD+Hn+gL, leaving only one
EYFP partner (Hn) in the transfection mix (Fig. 3E). Here, the
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Fig.4. Synchronization of fusion with soluble gD. (A) C10 cells were transfected with Bc+Hn+gL plasmids for 20 h, fixed, permeabilized, stained with anti-gB mAbs
(red), and also examined for YFP in the green channel. (B) Same as in A, except that at 20 h posttransfection, 250 pg/ml gD306t was added and cells were incubated
for an additional 4 h before fixation. Images were captured at x40 (A) or X 100 (B) magnification. The same camera setting was used to capture red, green, and merged
images. In the merged image, the green fluorescence is very bright (yellow) or less bright (orange). An arrow indicates an incompletely fused cell.

syncytia exhibited dull or no green fluorescence. Because gH is
functional only when paired with gL (21), we assume that the
interaction is between Bc and an intact Hn/gl. complex. We
conclude that although gB and gH/gl. do not interact before
fusion, they do interact at some point during syncytium forma-
tion. Moreover, this interaction did not occur in parental cells
lacking a gD receptor (not shown).

Fusion Can Be Triggered with Soluble gD (gD306t). Because C10 cells
transfected with Bc+gD+Hn+gL were expressing all four glyco-
proteins and undergoing fusion during the 20-h incubation, we
could not tell whether the gB and gH association occurred during
fusion or was a consequence of it. Therefore, we explored ways to
separate protein expression from fusion. Earlier studies showed
that gD306t complements the infectivity of a virus lacking the gD
gene (26). We asked whether we could use gD306t to trigger fusion
of cells that were already expressing gB, gH, and gL.

We cotransfected C10 cells with wild-type forms of gB, gH,
and gL for 20 h and then added gD306t for an additional 4 h. We
detected syncytia, although there were fewer (=~50% as many)
than when the plasmid for full-length gD was included in the
transfection mix (not shown). However, these results encouraged
us to try it with chimeric gB and gH. Coverslips were seeded with
10* C10 cells and transfected for 20 h with Bc+Hn plus untagged
gL. As expected, no syncytia formed because no gD was present
(Fig. 44). When we added gD306t and incubated the cells for 4 h,
we detected green syncytia (Fig. 4B). Both gB protein and EYFP
fluorescence were seen on the outside edges of the syncytia. The
g¢B/gH/gl. complex was also concentrated in the compressed
cytoplasm that surrounded the nuclei, thereby defining the
individual cells within the syncytia. Although the protein stain
did not reveal these cells, we believe that this is a matter of
antibody access to all parts of this particular syncytium. When we
permeabilize the cells, both the protein stain and the green
fluorescence were observed throughout the syncytia (SI Fig. 8).
When we costained for both proteins, gH colocalized with gB
(not shown). Occasionally, we observed a green fluorescent cell
that was incompletely fused to the rest of the syncytium (arrows
in Fig. 4), as though it was in the process of fusing. These
observations suggested that we could incubate the transfected
cells with soluble gD for shorter times to follow both gB/gH
association and fusion as they developed. To some extent, how
rapidly we could detect BIMC depended on the rapid develop-
ment of Venus EYFP fluorescence (17, 18).
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Cells were transfected as before with gL, Bc, and Hn for 20 h.
As expected, no syncytia were observed (Fig. 54). We then
added exogenous gD306t for different times posttransfection.
Surprisingly, we detected fusion (cells with two to three nuclei
per cell) within 10 min after gD306t addition (Fig. 5B). Although
only a small number of cells formed syncytia over the 1-h time
course, both the total number of syncytia on each coverslip (n in

YFP n=0
; n=11

A Ab

10 min

20 min

30 min

60 min

O

Fig.5. Time course of fusion triggered by gD306t. C10 cells were transfected
with Bc+Hn-+gL plasmids for 20 h. Soluble gD306t was added for 0 (A), 10 (B),
20 (C), 30 (D), or 60 min (E). Cells were fixed, permeabilized (A), and stained
with anti-gB mAbs (red). EYFP was examined in green channel. Confocal
images were captured at x40 (A) or X100 (B-E) magnification. The numbers
of syncytia per coverslip (one experiment) are indicated by n.

PNAS | November 20,2007 | vol. 104 | no.47 | 18721

MICROBIOLOGY


http://www.pnas.org/cgi/content/full/0707452104/DC1

Lo L

P

1\

BN AN PNAS D

Fig. 5) and the total number of nuclei per syncytium increased
over time (Fig. 5 C-E). In fact, we observed EYFP fluorescence
in every developing syncytium, indicating that Bc and Hn always
interacted concurrently with fusion. The interaction did not
occur when gD was absent, nor did it occur in B78H1 cells
lacking a gD receptor (not shown). Also, no gB/gH/gL interac-
tion and no fusion was triggered by gD(A222-224)306t (not
shown), a form of gD that is unable to bind gD receptors. This
control was important in light of our observation that gD can
interact with gB and gH/gL in the absence of a receptor. Thus,
the interaction between gB and gH/gL occurred only when gD
was able to interact with its receptor, nectin-1.

These observations, together with the rapidity of the interac-
tion after gD addition, support the idea that the interaction
between gB and gH/gL occurs concurrently with fusion. More-
over, this event occurs on the cell surface in response to gD
binding to its receptor.

Discussion

In many viruses, envelope glycoproteins are in a multimeric
state, which might be essential for optimal structure of the virion,
and HSV is no exception in this regard. All of the glycoproteins
that decorate the HSV virion surface are homooligomers (e.g.,
gB) or partners in a heterooligomeric complex with another
glycoprotein (e.g., gH/gL). Data from the crystal structure show
that gB is a trimer (6). Likewise, gH must form a noncovalent
complex with gL on cell surfaces and in the virion envelope to
be functional (21, 22, 24). Chemical cross-linking studies iden-
tified several interactions between glycoproteins on the virion
(23). However, it has been argued that these interactions be-
tween the essential glycoproteins do not indicate formation of
functional complexes in the virion envelope (27). Because these
associations change during virus entry (28), it is possible that a
fusion complex forms when HSV contacts a cell. Recent electron
microscopy studies suggest that the glycoproteins coalesce at one
end of the envelope when the virus contacts a cell (K.
Grunewald, personal communication). Another method that has
been used to identify members of a fusion complex is coimmu-
noprecipitation (29). Although an interaction between gD and
gH/gL was detected, how it related to fusion was not clear.

We used BiMC to investigate protein—protein interactions in
vivo. Most BIMC studies have focused on soluble proteins,
although several have examined interactions of integral mem-
brane proteins (30-32). One problem that is mentioned in these
reports is where to place the tag. Although the tag could
potentially hinder the overall folding of the protein or its ability
to carry out its normal function, we found that this was not a
problem when the proteins were expressed singly or in homoo-
ligomeric combinations. BIMC due to homooligomerization of
gB was expected based on crystal structure of the soluble protein
(6). We considered it likely that gD also dimerizes, based on
cross-linking studies (23, 27). However, BiMC of gH/gL to form
higher-order oligomers is a new finding. Because BiMC stabilizes
transient or weak interactions, these higher-order oligomers may
not be normally stable enough to detect either by immunopre-
cipitation or employing a truncated form of gH bound to gL. In
any case, we propose that gH/gL. may form homooligomers that
partner with gB trimers during fusion.

The heterologous combinations that we have examined pro-
vide important information regarding the interactions between
HSV glycoproteins both before and during fusion. Despite
abundant data about herpesvirus entry, most of what we know
concerns the initial binding steps. We know that HSV initially
attaches to cells by binding of gC and gB to cell-surface
glycosaminoglycans (33). The next step, which is essential,
involves binding of gD to its receptor along with associated
conformational changes that launch the fusion cascade. Fusion
requires both gB and gH/gL. If any of the four proteins is missing,
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virus entry does not occur, nor does cell-cell fusion (34-36).
According to a recent study (8), binding of gD to its receptor is
followed by hemifusion carried out by gH/gL, and full fusion is
completed by the combination of gH/gL and gB. Our BiMC data
suggest that gD triggers gH/gL and gB to interact with each other
concurrently with fusion. Is the interaction a consequence of
fusion, or is it a step in the pathway to fusion? Although a
definitive answer is lacking, we noted that sometimes a cell that
was adjacent to a syncytium was incompletely fused to the rest
of the multinucleated giant cell. These incompletely fused cells
exhibited EYFP fluorescence due to the interaction of Bc with
Hn, suggesting that the gB/gH/gL interaction is a step in fusion
and not a consequence of it.

Do other interactions take place as well? We found that gB
and gD can form a stable complex that does not interfere with
their ability to function in fusion. In contrast, when a complex
between gD and gH/gL is stabilized by BIMC, no fusion occurs
(SI Fig. 6). We suggest that gD and gH/gL. may normally interact
in a transient manner, and that when a receptor is present,
hemifusion occurs. However, if this interaction is stabilized, as is
the case with the chimeric forms, hemifusion might occur, but
full fusion would be blocked because no gB/gH/gL interaction
could occur. This model is consistent with the observations made
by Subramanian and Geraghty (8). Future studies of hemifusion
using the tagged forms of gB and gH may resolve this issue.

The BiMC approach opens up other avenues for future study.
For example, we should be able to follow both fusion and
gB-gH/gL interactions in real time and examine whether various
¢D mutants trigger the gB—gH/gL interaction without triggering
cell-cell fusion. Such studies should provide more details of the
mechanism by which the quartet of HSV glycoproteins cooper-
ate to cause both cell-cell fusion and virus entry.

Materials and Methods

Construction of Plasmids Expressing HSV Glycoproteins Tagged with
EYFP Fragments. All chimeric constructs were cloned into the
pCAGGS expression vector (19). EYFP sequences and full-
length glycoproteins gB, gD, and gH (KOS strain) were PCR-
amplified. The glycoproteins primers excluded the natural trans-
lation stop codons to allow in frame ligation with N (Yn) or
C-terminal (Yc) portions of the EYFP ORF. The template for
EYFP sequence was plasmid pCS2 (18). For fusion constructs
carrying the Yn, DNA for residues 1-173 was amplified. A
translation stop codon was incorporated after codon 173. For
fusion constructs involving the Yc, DNA for EYFP 173-239 was
amplified. The following primers were used. gD fwd: 5'-
CGCGAATTCATGGGGGGGGCTGCCGCCAGGTT. gb
rev: 5'-CCGCTAGGTACCGTAAAACAAGGGCTGGTG-
CGA. gB fwd: 5'-CGCGAATTCATGCACCAGGGCGCCCC-
CTCGT. gB rev: 5'-CCGCTAGGTACCCAGGTCGTC-
CTCGTCGGCGTCA. gH fwd: 5'-GCGGAGCTCATGGG-
GAATGGTTTATGGTT. gH rev: 5'-CCGCTAGCATGCT-
TCGCGTCTCCAAAAAAA. EYFP fwd Kpn: 5-CCGGG-
TACCATGGTGAGCAAGGGCGAGGAGCTGTT. EYFP
fwd 173 Kpn: 5'-CCGGGTACCGACGGCGGCGTG-
CAGCTCGCCGACCACTA. EYFP fwd Sph: 5'-CCGGCAT-
GCATGGTGAGCAAGGGCGAGGAGCTGTT. EYFP fwd
173 Sph: 5'-CCGGCATGCGACGGCGGCGTGCAGCTCG-
CCGACCACTA. EYFP 173 rev Xho: 5'-GCCTCGAGGTC-
CTCGATGTTGTGGCGGATCTT. EYFP rev Xho:
5"-CGCCTCGAGTTACTTGTACAGCTCGTCCATGCC-
GAGA.

Cells. Mouse melanoma cells (B78H1) expressing nectin-1 (C10)
were grown in 10% FBS-DMEM containing 500 wg/ml G418
(20). The parental cell line B78H1 was propagated in the absence
of G418. CHO-K1 cells (a gift from P. G. Spear, Northwestern
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University Feinberg School of Medicine, Chicago) were grown
in Ham’s F12 medium containing 10% FBS.

Antibodies. Polyclonal antibodies used in this study were as
follows. Rabbit (R) serum R8 was raised against HSV-2 gD and
cross-reacts with HSV-1 gD (37). R137 was prepared against
purified HSV-1 gHt-gL (24). R68 was prepared against purified
and denatured HSV-1 gB (37). SS55 and A22 mAbs were raised
against wild-type gB (38). MC5, MC14, and MC23 mAbs were
raised against HSV-2-infected Vero cells (J.C.W., RJ.E., and
G.H.C., unpublished data).

Fusion Assay. C10 cells were transfected with 1 ug of total DNA
encoding for the indicated glycoproteins. At 24 h posttransfec-
tion, cells were fixed, stained with Giemsa (GIBCO/BRL), and
scored for syncytium formation.

Fluorescence Assay for BiMC. B78H1 or B78H1-C10 cells were
seeded on glass coverslips and transfected with the indicated
plasmids by using GenePorter (Gene Therapy Systems). For any
given construct, ~50% of the cells were transfected by using 125
ng of plasmid DNA, based on antibody staining of cells that were
fixed and permeabilized (with 0.1% Triton X-100) to reveal total
protein and costaining of nuclei with DAPI (not shown). To
synchronize fusion, 250 ug/ml soluble gD was added 20 h after
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transfection, and the cells were incubated for the indicated times.
Cells were fixed with 3% PFA and quenched with 50 mM NH,4Cl.
When indicated, cells were fixed and then permeabilized. Cells
were treated with 10% goat serum and labeled with the appro-
priate antibodies. For gB, we used mAbs A22+SS55 (38); for gD,
we used mAbs MC5+MC14+MC23 (39); and for gH, we used
polyclonal R137 (24). Coverslips were washed with PBS, incu-
bated with the appropriate Alexa Fluor 594-conjugated goat
anti-IgG (Invitrogen), and mounted in ProLong Gold Antifade
reagent (Invitrogen). For confocal microscopy, we used a Nikon
TE2000-U inverted microscope coupled to a PerkinElmer con-
focal imaging system. A two-line argon krypton laser emitting at
488 and 568 nm was used to excite the fluorescence of Alexa
Fluor 594.

Note Added in Proof. A similar approach was just reported by Avitabile
et al. (42).
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