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Herpes simplex virus (HSV) entry into cells requires four membrane glycoproteins: gD is the receptor
binding protein, and gB and gH/gL constitute the core fusion machinery. Crystal structures of gD and its
receptors have provided a basis for understanding the initial triggering steps, but how the core fusion proteins
function remains unknown. The gB crystal structure shows that it is a class III fusion protein, yet unlike other
class members, gB itself does not cause fusion. Bimolecular complementation (BiMC) studies have shown that
gD-receptor binding triggers an interaction between gB and gH/gL and concurrently triggers fusion. Left
unanswered was whether BiMC led to fusion or was a by-product of it. We used gB monoclonal antibodies
(MAbs) to block different aspects of these events. Non-virus-neutralizing MAbs to gB failed to block BiMC or
fusion. In contrast, gB MAbs that neutralize virus blocked fusion. These MAbs map to three functional regions
(FR) of gB. MAbs to FR1, which contains the fusion loops, and FR2 blocked both BiMC and fusion. In contrast,
MAbs to FR3, a region involved in receptor binding, blocked fusion but not BiMC. Thus, FR3 MAbs separate
the BiMC interaction from fusion, suggesting that BiMC occurs prior to fusion. When substituted for wild-type
(wt) gB, fusion loop mutants blocked fusion and BiMC, suggesting that loop insertion precedes BiMC. Thus,
we postulate that each of the gB FRs are involved in different aspects of the path leading to fusion. Upon
triggering by gD, gB fusion loops are inserted into target lipid membranes. gB then interacts with gH/gL, and

this interaction is eventually followed by fusion.

Entry of herpes simplex virus (HSV) into cells requires four
viral glycoproteins, gB, gD, gH, and gL, plus one of several cell
receptors, either herpesvirus entry mediator (HVEM), nec-
tin-1, or 3-OST (45). Crystal structures and other studies have
documented that receptor binding triggers conformational
changes to gD that trigger the downstream events leading to
fusion (10, 11, 18, 26, 28, 52). Moreover, when HSV receptor-
bearing cells are transfected with expression plasmids for glyco-
proteins gB, gD, gH, and gL, the cells fuse to form multinu-
cleated giant cells or syncytia (39, 48). However, the precise
series of events that take place after receptor binding have not
yet been fully elucidated. What we do know is that both gB and
a heterodimer of gH/gL constitute the core fusion machinery
that is conserved and required for the fusion step of entry of all
herpesviruses (18, 26, 30, 46, 49).

Thus far, we know the crystal structure of one form of the gB
ectodomain of HSV type 1 (HSV-1) (19). This protein has the
characteristics of a fusion protein and is a charter member of
the class IIT group of viral fusion proteins (4). Others in this
class include Epstein-Barr virus gB, vesicular stomatitis virus
(VSV) G, and baculovirus gp64 (5, 22, 41). Like VSV G and

* Corresponding author. Mailing address: Department of Microbi-
ology, School of Dental Medicine, University of Pennsylvania, Phila-
delphia, PA 19104. Phone: (215) 898-6553. Fax: (215) 898-8385.
E-mail: doinaa2@biochem.dental.upenn.edu.

¥ Published ahead of print on 3 February 2010.

+ The authors have paid a fee to allow immediate free access to
this article.

3825

gp64, gB has two putative fusion loops at the base of each
protomer of the crystallized trimer. Single-amino-acid muta-
tions in many of the hydrophobic residues of the putative
fusion loops of gB ablate its ability to function in cell-cell
fusion assays (16, 17). Moreover, these mutants are unable to
complement the entry of a gB-null virus (16). Finally, the
ectodomains of these mutants, unlike wild-type protein, failed
to coassociate with liposomes, indicating that the putative fu-
sion loops do insert into membranes (16, 17). Recently, it was
shown that several of these mutants are also defective for
fusion events involved in virus egress (51). Together, these
studies provide compelling evidence that HSV gB functions as
a fusion protein and that the fusion loops are critical for this
function. However, unlike VSV G and baculovirus gp64, gB
does not function on its own in entry but, rather, requires the
participation of gH/gL. In the absence of crystallographic data
for gH/gL, it is not yet clear what role it plays in herpesvirus
fusion. In a previous study, we used bimolecular complemen-
tation (BiMC) to examine protein-protein interactions that
occur among the viral glycoproteins during fusion (1). A sim-
ilar study was carried out by Avitabile et al. (2). The BIMC
assay is based on the observation that N- and C-terminal frag-
ments of green fluorescent protein (GFP) (and derivatives
such as enhanced yellow fluorescent protein [EYFP]) do not
spontaneously reconstitute a functional fluorophore (20, 29,
40). However, the codons for each half can be appended to the
genes for two interacting proteins (23, 24). When these are
cotransfected, an interaction between the two proteins of in-
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terest brings the two halves of the fluorophore in close enough
contact to restore fluorescence.

When HSV receptor-bearing cells, such as B78H1 cells that
are engineered to express nectin-1, are transfected with plas-
mids that express gB, gD, gH, and gL, they undergo cell-cell
fusion (13, 15, 27, 31, 48). When gD is omitted, no fusion
occurs. We found that fusion of these transfected cells could be
triggered by addition of a soluble form of gD (the gD ectodo-
main). We then used this approach to examine interactions
between gB and gH/gL during cell fusion (1). Therefore, we
tagged gB with the C-terminal half of EYFP and gH with the
N-terminal half. When plasmids bearing these forms were co-
transfected into C10 cells along with a plasmid for untagged
gL, no fusion occurred, but importantly, no BiMC occurred.
However, when we added gD306, cells began to fuse within 10
min, and all of the syncytia that formed exhibited bright EYFP
fluorescence indicative of BIMC. We concluded that gD trig-
gers both fusion and a physical interaction between gB and
gH/gL.. However, these experiments did not separate these two
events, so we were unable to determine if the interaction pre-
ceded fusion or merely was a by-product of it.

The purpose of this study was to determine if the gB-gH/gL
interaction is essential for fusion and if it occurs prior to fusion.
We focused on gB because its structure is known and we have
a panel of well-characterized monoclonal antibodies (MAbs)
to gB. Our approach was to determine which of these MAbs, if
any, could block fusion and also block the interaction with
gH/gL. We also examined the effect of mutations to the fusion
loops of gB on its interaction with gH/gl.. We previously
mapped these MAbs to four functional regions (FR) of gB,
three of which were resolved in the crystal structure (6, 19). Of
these, FR1 contains the fusion loops, FR2 is in the center of
the gB structure with no known function, and FR3 is at in the
crown of the protein and may be involved in binding to cells
(7). Our rationale was that if the interaction between gB and
gH/gL is important for fusion, then it should not be blocked by
nonneutralizing anti-gB MAbs. At the same time, we thought
that some neutralizing MAbs might not only block fusion but
also block BiMC. We found that neutralizing MAbs to FR1
and FR2 inhibited both BiMC and fusion. In contrast, we
found that neutralizing MAbs that map to FR3 blocked fusion
but failed to block the interaction between gB and gH/gL,
thereby dissociating the two events. Finally, we found that gB
mutants with changes in the fusion loops that were fusion
negative were also unable to bind to gH/gL. The latter results
suggest that insertion of gB into the target membrane precedes
its interaction with gH/gL.

MATERIALS AND METHODS

Cells and plasmids. Mouse melanoma cells (B78H1) expressing nectin-1 (des-
ignated here as C10 cells) were grown in 5% fetal bovine serum-Dulbecco’s
modified Eagle’s medium (FBS-DMEM) containing 250 pg/ml G418 (31). Chi-
nese hamster ovary cells (CHO-K1) were grown in 10% fetal calf serum (FCS)-
Ham’s F12 medium. African green monkey kidney cells (Vero) were grown in
DMEM with 5% FBS. CHO-K1 and Vero cells were obtained from ATCC.

The construction of HSV-1 EYFP-tagged gB (Bc) and gH (Hn) was described
previously (1). Briefly, the glycoproteins were PCR amplified such that the
natural stop codons were excluded to allow in-frame ligation with N- or C-
terminal fragments of EYFP. The N-terminal EYFP (EYFPN; 1 to 173) or
C-terminal EYFP (EYFPC; 173 to 239) halves were PCR amplified using pCS2
as a template (33). A translation stop codon was incorporated after codon 173.
To construct C-EYFP-tagged gB fusion loop mutants, plasmids pBH732
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(A261D), pPBH739 (W174R), and pBH777 (Y179S) were digested with EcoRI/
PmlI restriction enzymes. The 1,715-bp fragments replaced the similar region in
pCWS803 (1). Plasmids pT7EMCLuc (luciferase), pCAGT7 (T7 promoter),
pBG38 (nectin-1), pPEP98 (gB), pPEP99 (gD), pPEP100 (gH), and pPEP101
(gL) were gifts of P. G. Spear (15, 34, 39).

Antibodies used. Polyclonal antibody R137 was prepared against purified
gH1t/gL1 (35, 36). gB and gH/gL. monoclonal antibodies used were all charac-
terized previously (6, 8, 9, 43). Neutralizing antibodies H1781 and H1838 (25, 38)
were purchased from Virusys Corporation. IgGs were prepared from all anti-
bodies for use in all the studies.

Production and purification of gD protein. Soluble gD306t from HSV-1 was
purified from baculovirus-infected insect cells (Sf9) as previously described
(44, 50).

Quantitative assay of cell-cell fusion. We used a modified version of a previ-
ously described luciferase reporter gene activation assay (12, 13, 34, 39). Briefly,
effector cells (CHO-K1 cells) were transfected with plasmids encoding T7 RNA
polymerase, gBc, gD, gHn, and gL. To prepare receptor-bearing target cells,
CHO-K1 cells were transfected with a plasmid expressing nectin-1 (pBG38) and
a plasmid encoding the firefly luciferase gene under the control of the T7
promoter (pT7EMCLuc). At 5 hours posttransfection, target cells were
trypsinized, 10° cells were added to each well of effector cells, and the plates were
incubated at 37°C for 18 h. Cells were lysed with lysis buffer (luciferase assay
system; Promega). Luciferase production was measured with luciferase substrate
(Promega) using a BioTek plate reader. For quantification of blocking by MAbs,
we added 100 wg/ml of the appropriate antibody IgG when target and effector
cells were mixed.

Synchronization and blocking of fusion. We used a previously described assay
to synchronize fusion (1). Briefly, C10 cells were seeded on glass coverslips and
transfected with gL, EYFP-tagged gB (Bc), and gH (Hn) using GenePorter
(Gene Therapy Systems) according to the manufacturer’s instructions. At 20
hours posttransfection, cells were triggered for fusion with 250 wg/ml soluble gD
(gD306t). For blocking of BIMC, cells were exposed to 100 pg/ml gB monoclonal
antibodies for 1 h at 37°C before the addition of soluble gD. Cells were then
incubated with soluble gD for 1 h at 37°C and processed for immunofluores-
cence. This incubation time with gD306t was chosen because longer exposure to
gD306 resulted in the formation of too many syncytia to count.

Immunofluorescence. We carried out a previously described assay to examine
the transfected cells by immunofluorescence (IF). Briefly, C10 cells were fixed
with 3% paraformaldehyde at room temperature (RT) and quenched with 50
mM NH,CI. Cells were washed with phosphate-buffered saline (PBS) and incu-
bated with 10% normal goat serum and then labeled with anti-gB monoclonal
antibody (MAD) SS55 (6) or anti-gH/gL Pab R137. Coverslips were washed with
PBS and then incubated with Alexa Fluor 594-conjugated goat anti-IgG (Invitro-
gen) secondary antibody diluted in 10% goat serum-PBS. The coverslips were
rinsed three times with PBS and once with H,O and mounted in ProLong Gold
antifade reagent (Invitrogen). Samples were examined by confocal microscopy
with a Nikon TE-300 inverted microscope coupled to a Perkin Elmer imaging
system. A two-line argon krypton laser (488/514 and 568/647 nm) was used to
excite the fluorescence of Alexa Fluor 594 (590/617 nm) and EYFP (515/
528 nm).

RESULTS

Is the gB-gH/gL interaction an important step toward fu-
sion? Based on the crystal structure (Fig. 1), the gB trimer can
be divided into six distinct structural domains: I, base, residues
153 to 363 (blue); II, middle, residues 364 to 459 (green); III,
helical core, residues 500 to 572, (yellow); IV, crown, residues
573 to 660, (orange); and V, arm, residues 700 to 725 (red)
(19). Amino acids 31 to 110 were not present in the crystal
structure, and those residues were designated structural do-
main VI. Four functional regions (FR) were also defined,
based on mapping of anti-gB neutralizing MADs to the crystal
structure (Fig. 1) (6). The positions of some of these MADs as
well as other nonneutralizing MAbs used in this study are
indicated on Fig. 1. FR1 is composed of amino acids in struc-
tural domains I and V, FR2 is within domain II, FR3 is within
domains IIT and IV, and FR4 is in the N terminus that is not
in the crystal structure. Figure 1 also indicates the positions of
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Domain III (500-572)
Domain IV (573-660)
A22, SS10, SS67
SS68, SS69

FR2

Domain II (364-459)

C226, H1781, H1838
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SS144, SS106

Y179

W174
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FIG. 1. Crystal structure of gB. (a) Ribbon representation of a gB
trimer. Functional regions were defined based on antibody mapping
(6). Functional region 1 (FR1) comprises domains I (blue) and the C
terminus of domain V (red). FR2 contains domain II (green). FR3
comprises amino acids located between domain III (yellow) and do-
main IV (orange). Color code for the structural domains is as originally
published (19). Monoclonal antibodies used in this study representa-
tive of each FR are indicated. (b) Close view of fusion loops region
with fusion loop mutants used (cyan).

three mutations to the fusion loops (A261D, Y179S, and
W174R) that ablate gB function (16, 17, 51) and were studied
here.

Effect of antibodies to FR1 of gB on its interaction with
gH/gL and fusion. We hypothesized that virus-neutralizing an-
tibodies to gB should block either BIMC due to the interaction
between gB and gH/gL, the fusion event, or both. In contrast,
antibodies that bind gB but have no ability to neutralize virus
infectivity should have no effect on either function. To test our
hypothesis, we selected neutralizing and nonneutralizing anti-
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bodies that map to each FR to determine which ones block the
interaction between gB and gH/gL and/or fusion.

Neutralizing MAbs to FR1 block the association of gB with
lipid membranes (16). Presumably, this is the mechanism
whereby these antibodies neutralize HSV. To test their effects
on BiMC and fusion, nectin-1-expressing cells (C10) were
transfected with plasmids for gL and YFP-tagged gB (Bc) and
¢gH (Hn) (Fig. 2). Twenty hours later, cells were treated with a
test antibody for 1 h at 37°C followed by a further 1 h of
incubation with gD306. Cells were then fixed, immunostained
for gH/gL. with PAb R137, followed by a secondary antibody,
and examined by confocal microscopy for both antibody stain-
ing (red) and BiMC (green). The number of syncytia on each
coverslip was counted by direct examination. Fusion was also
quantified using a luciferase-based fusion assay with a separate
transfection mixture.

As a negative control for BIMC, C10 cells were transfected
for 20 h with plasmids for gL and YFP-tagged gB (Bc) and gH
(Hn). We readily detected gH/gL (red) on the surface of the
transfected cells, and as expected, we observed no syncytia, nor
did we detect the green fluorescence that is indicative of BIMC
(Fig. 2a) (1, 2). When cells were similarly transfected and then
incubated with gD306 for 1 h, 40 syncytia per coverslip were
observed, and all exhibited BiMC at the plasma membrane
(Fig. 2b). When a third monolayer of transfected cells was
incubated with the nonneutralizing MAbs DL21 (Fig. 2¢) or
40S (not shown) and then incubated with gD306, we again
observed fusion (30 to 40 per coverslip) and BiMC. Both of
these MAbs map to FR1 (6). In contrast, when the transfected
cells were incubated with FR1-neutralizing MAb SS55 or
SS144 prior to gD306 addition, we observed few syncytia (2 to
5 per coverslip), and importantly, we also found no evidence of
BiMC (Fig. 2d and e). Similar results were obtained for the
neutralizing MAbs SS56 and SS106 (data not shown). Thus, all
of these neutralizing MAbs to FR1 blocked the gB-gH/gL
interaction. Using a quantitative fusion assay, we found that
MAbs SS55, SS56, and SS144 (all mapping to FR1) reduced
overall fusion by 80% or more, while the two nonneutralizing
MADs 40S and DL21 had no effect on fusion compared to the
control sample that was not pretreated with anti-gB antibody
(Fig. 2f).

We conclude that residues between 670 to 725 that comprise
FR1 (6) are involved either directly or indirectly in the inter-
action between gB and gH/gL as well as fusion. One possibility
is that the fusion loops of gB must be inserted into a target
membrane prior to the interaction of the protein with gH/gL.
Alternatively, residues in this region could directly contact
gH/gL, and antibody binding to them might block both BIMC
and fusion.

Mutations in gB fusion loops prevent bimolecular comple-
mentation and fusion. To determine how FR1 contributes to
BiMC, we employed three gB mutants, W174R, Y179S, and
A261D, with changes in the fusion loops that render them null
for fusion, virus complementation, liposome binding, and virus
egress (16, 17, 51). We constructed gB expression plasmids,
appending the C-terminal portion of EYFP to the carboxy
terminus of each to create gBc*'74, gBc*'7%, and gBc**°!. C10
cells were transfected with gHn, gL, and gBc(wt) or one of the
¢gB-EYFP mutants. The mutant forms of gB were all ex-
pressed on the cell surface at levels comparable to that of
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FIG. 2. gB-gH/gL interaction can be blocked with gB-neutralizing antibodies from FR1. Immunofluorescence of nectin-expressing cells
transfected with gL and EYFP-tagged gB (Bc) and gH (Hn). Twenty hours posttransfection, cells were incubated 1 h with 100 pg/ml MAb. Fusion
was triggered with 250 wg/ml soluble gD306. Cells were fixed and examined with a confocal microscope at 100X magnification. In the absence of
gD, no fusion and no BiMC was detected. Soluble gD306 triggers fusion and BiMC in the absence (b) or in the presence (c) of nonneutralizing
antibody DL21. Neutralizing antibodies (d and e) block EYFP restoration and fusion. N, number of syncytia from a representative experiment;
numbers are from one coverslip per sample. (f) Quantification of fusion (luciferase assay). No ab, no antibodies.

wild-type gB (Fig. 3a). Each of these constructs was greatly
impaired or null for cell-cell fusion, as measured by the
luciferase assay (Fig. 3b) (16, 17). In the absence of gD,
neither wild-type nor mutant gB interacted with gH/gL, as
expected (Fig. 3c). When gD(306) was added, bright green
syncytia, i.e., BIMC, and fusion were observed in cells trans-
fected with wild-type gBc (Fig. 3d) but not in cells trans-
fected with any of the fusion loop mutants, gBc*'”*, gBc*!7°,
or gBc*?%! (Fig. 3e to g). These results confirm those of our
previous study, which showed that the fusion loops are es-

sential for gB function (16, 17, 51), but further show that
membrane insertion is essential for the interaction between
gB and gH/gL leading to BiMC. Another possibility is that
while insertion of the fusion loops precedes this interaction,
it is not the cause of it, and mutations in this region block
both events. These data also suggest that neutralizing MAbs
to FR1 likely block BiMC in an indirect manner, by pre-
venting gB from inserting its fusion loops into the cell mem-
brane. However, we cannot exclude the possibility that some
of the MAbs to FR1 block an additional gB function.
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FIG. 3. Characterization of EYFP-tagged fusion loop mutants. (a) Surface expression of EYFP-tagged gB fusion loop mutants in fixed,
nonpermeabilized cells. (b) Quantification of fusion levels in cells triggered with soluble gD306 (luciferase assay). (c) gB fusion loop mutants and
wild-type gB do not interact with gH/gL in the absence of gD. (d) Wild-type gB interacts with gH/gL, an interaction that leads to fusion. (e to g)

Fusion loop mutants are negative for both BIMC and fusion.

Effect of gB FR2 antibodies on BiMC and fusion. To deter-
mine the role of FR2 in BiMC and fusion, we used three
neutralizing MADbs that map to this region (7). They are H1781
(linear epitope, residues 391 to 410), H1838 (linear epitope,
residues 454 to 473), and C226 (conformation-dependent

epitope, mapped to residues 234 to 472). Because C226 and
H1838 compete with each other for gB binding, it has been
suggested that much of the C226 epitope is within residues 454
to 473. Based on studies with multiple-antibiotic-resistant
(mar) mutants, one residue, D419, has been identified as part
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FIG. 4. gB-gH/gL interaction can be blocked with gB-neutralizing antibodies from FR2. Immunofluorescence of nectin-expressing cells
transfected with gL and EYFP-tagged gB (Bc) and gH (Hn) and stained with R137 gH/gL polyclonal antibodies. In the absence of gD, no BIMC
and no fusion occurs (a). In the presence of neutralizing MADs (c to €), gD306 does not induce fusion and gB does not interact with gH/gL. N,
number of syncytia found on each coverslip (one coverslip per sample). (f) Quantification of fusion by luciferase assay.

of the C226 epitope (7). Of these, C226 is very powerful in its
ability to block virus infection, whereas neutralization by
H1781 and H1838 is much less effective (our unpublished data
and Bender et al. [6]). The amino acids that constitute FR2 lie
within the middle of structural domain II of gB (Fig. 1). Un-
fortunately, we have not identified nonneutralizing MAbs that
map to this region for use as negative controls. Since neither
C226 nor H1838 nor H1718 had any effect on gB730t insertion
into liposomes (16), we hypothesize that these MAbs likely
neutralize virus by interfering with a gB function that does not
directly involve the fusion domain. We therefore asked
whether these three FR2 antibodies would block BiMC. As in
Fig. 2, we included both negative and positive controls for both
BiMC and fusion (no gD or gD added, respectively) (Fig. 4a
and b). We then preincubated the transfected cells with MAb
H1781, H1838, or C226 prior to the addition of gD306 (Fig. 4c
to e). MAbs H1781 and H1838 only partially inhibited fusion
(Fig. 4c, d, and f), and the amount seen by luciferase correlated
well with the numbers of syncytia (compare Fig. 4c and d with
Fig. 4f). All of the syncytia exhibited BiMC, and some residual
EYFP fluorescence was noted among the unfused cells. How-

ever, in most of the unfused cells, little or no BiMC occurred,
particularly compared with the positive control in Fig. 4b. In
contrast, when the cells were treated with C226, only four
syncytia were seen on the coverslip, and the unfused cells
exhibited no EYFP fluorescence (Fig. 4e). Fusion was inhib-
ited more than 90% as measured using the luciferase assay
(Fig. 4f). Thus, C226 efficiently blocks BiMC and cell-cell fu-
sion as well as viral entry (data not shown). Taken together, the
data suggest that FR2 plays a critical role in the interaction
between gB and gH/gL as well as fusion.

Neutralizing antibodies to FR3 of gB dissociate BIMC from
fusion. FR3 is located in the gB crown (domain IV) and is
important for binding of virion gB to a putative cell receptor
(7, 42). Several potent neutralizing antibodies map to overlap-
ping antigenic sites within FR3, and it is presumed that their
activity is associated, at least in part, with blocking the inter-
action of gB with the cell surface (6).

The same negative and positive controls were included (Fig.
5a and b). When gBc-, gHn-, and gl-transfected cells were
treated with the FR3 nonneutralizing MAb A22, followed by
addition of gD, we observed numerous syncytia and bright
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d e

BcHnL +gD306 +SS10

BcHnL +gD306 +SS68

FIG. 5. Antibodies from FR3 do not interfere with the interaction between gB and gH/gL, but they block cell-cell fusion. Nectin-1 cells
transfected with gL and EYFP-tagged gB and gH/gL do not show BiMC in the absence of gD306 (a). In the presence of gD (b) and nonneutralizing
MADs (A22), BiMC and fusion occur (c). Neutralizing MAbs (d and e) do not affect the gB-gH/gL interaction. N, number of syncytia found on
each coverslip (one coverslip per sample). (f) Syncytia formation quantification by luciferase assay. The extent of fusion was calculated as the

percentage of no-antibody sample.

plasma membrane EYFP fluorescence indicative of BiMC
(Fig. 5¢). In contrast, the neutralizing FR3 neutralizing MAbs
SS10 and SS68 effectively inhibited cell-cell fusion (2 and 4
syncytia, respectively) but had no effect on the intensity or
location of EYFP fluorescence on the many unfused cells (Fig.
5d and e). Additional neutralizing MAbs from the same func-
tional region (SS67, SS69) also inhibited syncytia formation by
80% and also had no effect on BiMC in the unfused cells (data
not shown). The inhibitory effect of SS10, SS67, SS68, and
SS69 on fusion was confirmed by the luciferase assay (Fig. 5f).
We conclude that residues recognized by the neutralizing an-
tibodies within FR3 are essential for cell-cell fusion but are not
involved in the interaction between gB and gH/gL. Thus, our
data suggest that the interaction between gB and gH/gL occurs
independently of fusion. Furthermore, our data suggest that
the interaction occurs in the vicinity of where MAbs to FR2
bind on gB.

DISCUSSION

The basic working model of HSV entry and fusion is that gD
binds to a receptor (e.g., nectin-1 or HVEM), and this leads to
several conformational changes in gD structure that allow it to
activate downstream events (18, 26). Using bimolecular
complementation, we and others showed that one of these
events is a gD/receptor-induced interaction between gB and
gH/gL (1, 2). In our prior studies, we found that this interac-
tion as well as cell-cell fusion could be triggered by adding the
gD ectodomain to receptor-bearing cells expressing EYFP-
tagged (on the C termini) forms of gB and gH along with
untagged gL.. The interaction between gB and gH/gL drives the
two proteins within 6 A of each other, resulting in restoration
of EYFP (BiMC). Fusion occurred concurrently, and syncytia
could be detected within 10 min of the addition of gD306 (1).

In the present study, we used a panel of well-characterized
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anti-gB MAbs (6) to determine which ones could block fusion
and which of those block BiMC. As shown by others (32, 49),
we found that many neutralizing MAbs to gB were able to
block cell-cell fusion. No nonneutralizing MAbs were able to
do this, nor did they block BiMC. Importantly, a subset of
anti-gB MAbs that block fusion were also able to block BIMC,
and these map to FR1 and FR2 (6). The key finding of this
study is that neutralizing MAbs to FR3 blocked fusion but
failed to block the interaction between gB and gH/gL, as evi-
denced by BiMC of unfused cells. Taken together, our data
strongly suggest that the interaction between gB and gH/gL is
triggered by binding of gD to receptor and precedes fusion as
an essential step. Furthermore, the interaction appears to in-
volve amino acids in FR1 and FR2, but not FR3. When we
substituted wild-type-tagged EYFP-tagged gB with tagged gB
mutants having lethal changes in the fusion loops, we found
that neither fusion nor BiMC occurred. These results suggest
that insertion of gB via its fusion loops into the cell membrane
precedes the interaction between gB and gH/gL, unless the
mutations affected both insertion into the membrane and the
interaction with gH/gL.. Had it occurred after the interaction,
then we would have observed BiMC. Thus, we postulate that
the order of the essential steps that occur by binding of gD to
its receptor are (i) binding of gD to its receptor; (ii) insertion
of gB fusion loops which could occur prior to or as a result of
the gD-receptor interaction; (iii) interaction between gB and
gH/gL triggered by gD binding to its receptor; (iv) fusion
triggered by binding of gB to gH/gL; and (v) possible other
intermediary steps, such as gB binding to a cell receptor, or
hemifusion (47).

Some confounding data. A recent study, also employing
BiMC, reported that gB and gH/gL can interact in the absence
of gD (3). One of the problems with that study was the over-
expression of the glycoproteins, and a second was the use of a
mutant form of gB designed to send the protein to an abnor-
mal cell compartment. These results are in contrast with those
in an earlier publication from the same laboratory, which
stated that gB interacts with gH/gL only in the presence of gD
(2). We believe the reasons for the change in results may be
due to a combination of technical considerations. T. Kerppola,
who pioneered the assay, stresses that this technique is subject
to a great deal of artifact (21, 23, 24). Among the pitfalls is the
overexpression of proteins in cells, which can result in mislo-
calization of the proteins and formation of nonnative, nonspe-
cific complexes. This problem was noted in a recent study of
associations between the attachment and fusion proteins of a
paramyxovirus (14). In our studies, we were careful to titrate
plasmid concentrations and choose the lowest concentration
that still allowed cell surface expression of the tagged glyco-
proteins (1). A second pitfall is the use of mutant forms of the
protein that drive it to the wrong cell compartment (21, 23, 24).
We believe that the designed excess accumulation of the two
proteins, gB and gH/gL, could lead to a forced reformation of
EYFP at a cellular site that is not relevant for the normal
conditions necessary for virus entry or cell-cell fusion. Thus, we
believe that in transfected cells, there is no significant interac-
tion between gB and gH/gL on the cell surface in the absence
of gD binding to its cell receptor.

Observations about the role of FR1. This region consists of
structural domains 1 and IV and contains two fusion loops per
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protomer and the structures needed to support fusion activity
(6, 17, 19). Virus-neutralizing MAbs to either domain I (SS55)
or domain IV (SS144) block insertion of the fusion domains of
gB into lipid membranes (liposomes). These MAbs have a
minimal effect on gB binding to cells (16). Here, we found that
these antibodies block both BIMC and fusion (Fig. 2), suggest-
ing that insertion of the fusion loops into the membrane is
important for BiMC.

Site-directed mutagenesis of residues that form a hydropho-
bic ridge in the fusion loops revealed the importance of these
amino acids in fusion (16, 17). When the mutants were ex-
pressed as soluble proteins, they were unable to bind lipo-
somes, confirming the role of these amino acids in the fusion
process (16). Here, we found that the full-length EYFP-tagged
mutant forms of gB failed to participate in either BIMC or
fusion. We suggest that the physical act of insertion of the gB
fusion loops into the plasma membrane is a step in the process
that enables gB to interact with gH.

Observations about the role of FR2. MAb C226 recognizes
a conformation-dependent epitope in FR2, whereas H1781
and H1838 recognize well-defined linear epitopes in the same
region. Although these antibodies neutralize virus (6, 25, 37,
38), we found that only C226 significantly reduced cell-cell
fusion to less than 20%. For H1781 and H1838, fusion levels
were more modest, being 50 to 70% of those for the control
sample. In addition, these results correlated well with the fact
that C226 is a very potent neutralizer of virus infec-
tion, whereas H1781 and H1838 neutralize only to a partial
extent (data not shown). C226 was also much more efficient
than either H1781 or H1838 at blocking the interaction be-
tween gB and gH/gL on the cell surface. We postulate that FR2
contains the residues that are directly involved in gB binding to
gH/gL. Further studies, e.g., with mutants, will be needed to
test this hypothesis. Thus, we postulate that FR1 and FR2
serve two different functions: the first is involved in fusion loop
insertion into target membranes, and the second may play a
direct role in binding to gH/gL. We note, however, that resi-
dues of FR1 that are outside the fusion loops may play a
functional role in BiMC and fusion. What then is the role
of FR3?

Observations about the role of FR3. FR3 is located in the
crown of gB and contains amino acids that are important for
viral entry, possibly ones that function in binding to a cell
surface receptor (7, 16, 42). We tested four neutralizing MADbs
(SS10, SS67, SS68, SS69) and found that none had any effect
on the ability of gB to bind and insert into lipid membranes (7,
16). Neutralization by FR3 MAbs occurs by blocking virus
attachment to a putative cell receptor, possibly pair immuno-
globulin-like receptor (PILR) (42). Here, we found that neu-
tralizing MAbs to FR3 were quite effective at blocking cell-cell
fusion, but none of them interfered with BiMC associated with
the gB-gH/gL interaction. Thus, these MAbs separate BIMC
from fusion and suggest that binding of gB to a cellular recep-
tor, presumably by residues in FR3, is not on the path to YFP
reformation but occurs post-BiMC. We propose that this event
occurs chronologically after the interaction between gB and
gH/gL.

Thus, the functional region of gB plays a distinct role, and
the antibodies to each region neutralize virus for a different
reason, supporting the concept that there are at least three



VoL. 84, 2010

CcM1

gB-NEUTRALIZING ANTIBODIES BLOCK gB-gH/gL. INTERACTION

3833

e T Fusion

FIG. 6. Working model of events that lead to fusion. Cartoon representation of gB trimer and gD dimer with domains color coded as in the
crystal structures previously published (19) and Fig. 1. Receptor and receptor bound to gD (HVEM is depicted) are shown in purple. Hetero-
complex gH/gL is shown in blue, nonfluorescent YFPN and YFPC halves in white, and reconstituted YFP in yellow. CM, cell membrane.

Arrowheads point to extended gB fusion loops (step 2).

different activities that gB engages in during virus entry: bind-
ing to a receptor (FR3), binding to gH/gL (FR2), and fusion
loop insertion (FR1).

Which events are activated by binding of gD to receptor, and
when do they occur? We propose the following model (Fig. 6).
Twenty hours posttransfection, glycoproteins B, H, and L are
expressed on the surface, poised for fusion. Once gD is added,
it binds to its cell receptor (nectin-1) and undergoes confor-
mational changes (10, 11, 28). That change then exposes a
region or regions of gD which interact with the fusion compo-
nents gB, gH/gL, or both (step 1). In vitro experiments with
soluble proteins showed that association of wild-type gB with
liposomes occurs independently of other proteins, including
gD (16). An unknown stimulus dictates the insertion of gB
fusion loops into the lipid membrane (step 2). This insertion
presumably results in a structural change in gB that will facil-
itate an interaction with gD (data not shown). Once the fusion
loops are inserted into the lipid membrane, gB then interacts
with gH/gL (step 3), and fusion occurs (step 4).
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