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ABSTRACT

Receptor-dependent herpes simplex virus (HSV)-induced cell-cell fusion requires glycoproteins gD, gH/gL, and gB. Our current
model posits that during fusion, receptor-activated conformational changes in gD activate gH/gL, which subsequently triggers
the transformation of the prefusion form of gB into a fusogenic state. To examine the role of each glycoprotein in receptor-de-
pendent cell-cell fusion, we took advantage of our discovery that fusion by wild-type herpes simplex virus 2 (HSV-2) glycopro-
teins occurs twice as fast as that achieved by HSV-1 glycoproteins. By sequentially swapping each glycoprotein between the two
serotypes, we established that fusion speed was governed by gH/gL, with gH being the main contributor. While the mutant forms
of gB fuse at distinct rates that are dictated by their molecular structure, these restrictions can be overcome by gH/gL of HSV-2
(gH,/gL,), thereby enhancing their activity. We also found that deregulated forms of gD of HSV-1 (gD,) and gH,/gL, can alter
the fusogenic potential of gB, promoting cell fusion in the absence of a cellular receptor, and that deregulated forms of gB can
drive the fusion machinery to even higher levels. Low pH enhanced fusion by affecting the structure of both gB and gH/gL mu-
tants. Together, our data highlight the complexity of the fusion machinery, the impact of the activation state of each glycopro-
tein on the fusion process, and the critical role of gH/gL in regulating HSV-induced fusion.

IMPORTANCE

Cell-cell fusion mediated by HSV glycoproteins requires gD, gH/gL, gB, and a gD receptor. Here, we show that fusion by wild-
type HSV-2 glycoproteins occurs twice as fast as that achieved by HSV-1 glycoproteins. By sequentially swapping each glycopro-
tein between the two serotypes, we found that the fusion process was controlled by gH/gL. Restrictions imposed on the gB struc-
ture by mutations could be overcome by gH,/gL,, enhancing the activity of the mutants. Under low-pH conditions or when using
deregulated forms of gD, and gH,/gL,, the fusogenic potential of gB could only be increased in the absence of receptor, underlin-
ing the exquisite regulation that occurs in the presence of receptor. Our data highlight the complexity of the fusion machinery,

the impact of the activation state of each glycoprotein on the fusion process, and the critical role of gH/gL in regulating HSV-

induced fusion.

H erpes simplex viruses 1 (HSV-1) and 2 (HSV-2) and varicella-
zoster virus are alphaherpesviruses that infect humans. Like
all herpesviruses, they have similar double-stranded DNA ge-
nomes (reviewed in reference 1). Alphaherpesviruses establish
and maintain a latent infection in sensory ganglia and period-
ically reactivate at the original site of infection (reviewed in
reference 2). During their lytic phase, they productively infect a
variety of cells (3).

Although HSV-1 and HSV-2 have a high degree of genomic
identity (>80%) and are similar in genome size (4, 5), they display
subtle differences in infection and disease. For example, HSV-1 is
more likely to cause oral lesions and sporadic encephalitis and
establishes latency in the trigeminal ganglia (6), whereas HSV-2
replicates preferentially in the genital mucosa, establishes latency
in the sacral ganglia, and is a principal cause of neonatal infections
(7, 8). The pattern of reactivation from latency is also different for
each virus (9).

Despite multiple antigenic and structural differences (10-18),
both HSV-1 and HSV-2 use four essential glycoproteins, gD, gH,
gL, and gB. The receptor binding protein gD binds to nectin-1 or
-2, herpesvirus entry mediator (HVEM), or 3-0-sulfated heparin
sulfate (19-21), to promote fusion of the viral envelope with a
cellular membrane during entry. We postulate that HSV glyco-
proteins fuse cell membranes through a cascade of events initiated
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by the interaction of gD with one of its cellular receptors (22-25).
In this process, the conformation of gD is altered to expose recep-
tor binding residues that are normally hidden (22-24). This
change and/or the exposed residues trigger structural changes
within the gH/gL complex (26-29), thereby converting it into a
functionally active state. Activated gH/gL then interacts with the
class III fusion glycoprotein gB (27, 29), converting it from its
metastable prefusion form (30) to its stable postfusion form (31).
Through an unknown series of conformational changes, gB then
completes the process of membrane fusion.

While it is generally accepted that gD is the receptor binding
protein (22) and gB the fusogen (31), gH/gL is postulated to be a
regulator of gB (26, 28, 29). While it has also been postulated that
gH/gL itself plays a more direct role in fusion (32-34), gB and
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gH/gL can promote fusion when they are in separate cells (in
trans), supporting a regulatory role that involves the ectodomain
(26, 35, 36). However, the efficiency in this configuration is lower,
suggesting a role for the tails of gB and gH/gL in the process.
Recent evidence suggests a mechanism for control whereby the
cytoplasmic tail of gH clamps to the cytoplasmic tail of gB to
stabilize that protein (37).

Because certain mutations convert gB of HSV-1 (gB,) into a
hypo- or a hyperfusogenic form (38-40), we assumed that the
major regulation of the fusion process would be inherent to gB. In
support of this, the overall levels of cell-cell fusion were propor-
tional to the amount of gB expressed on the cell surface (38).
However, to further evaluate the specific role of each protein in the
process, we undertook a comparative analysis of the gD, gH/gL,
and gB glycoproteins from HSV-1 (referred to as gD, gH,/gL,,
and gB, or type 1 glycoproteins below) and HSV-2 (referred to as
gD,, gH,/gL,, and gB, or type 2 glycoproteins below). Key to this
study is the fact that the HSV-2 forms of each of these glycopro-
teins can replace the HSV-1 forms with no apparent qualitative
effect on cell fusion, as estimated by the formation of syncytia (11,
41, 42). To understand the dynamics of fusion, we extended our
previous studies using a dual split luciferase-based cell fusion as-
say (43, 44) to monitor content mixing in real time (38, 45). By
mixing and matching different forms of each member of the fu-
sion complex in the presence and absence of receptor, we defined
the contribution of each to the overall process.

MATERIALS AND METHODS

Cells. B78H1 mouse melanoma cells (receptor deficient) were grown in
selective Dulbecco modified Eagle medium (DMEM) containing 5% fetal
calf serum (FCS) and 100 pg/ml penicillin-streptomycin. For B78-C10
cells stably expressing human nectin-1 (46), the medium was supple-
mented with 500 g/ml G418.

Plasmids. All plasmids have been characterized elsewhere; pEP98
(gB1), pEP99 (gD1), pEP100 (gH1), and pEP101 (gL1) were gifts from P.
Spear (47). The construction of the Rluc8, , and Rluc8;_,, reporter con-
structs is described in reference 48. gB,, gD,, gH,, gL,, gH,A48 (the first
28 residues of gH2 are missing), gDV**'4, and various gB mutants (bear-
ing mutations W174K [encoding a change of W to K at position 174],
F175K, G176K, H177A, Y179K, E260A, A261D, F262L, H263A, R264A,
Y265R, Q584A, F641Y, Y649A, H657R, and LL871AA) were described
elsewhere (3840, 49, 50).

Split luciferase assay. The split luciferase assay has been described in
detail elsewhere (38, 45). Briefly, amounts of 5 X 10* B78 cells (effector
cells) were seeded on white 96-well luciferase plates treated for cell culture
(Corning). Amounts of 5 X 10° C10 cells (target cells) were seeded on
6-well plates. The effector cells were transfected with a mixture containing
Lipofectamine 2000 (Invitrogen), plasmids encoding gD, gH, and gL pro-
teins, and a split renilla luciferase plasmid, RLuc8,_,. This master mix was
divided among three wells. The target cells were transfected with the sec-
ond luciferase plasmid, RLuc8;_;,. Twenty-four hours posttransfection,
target cells were detached with Versene and resuspended in fusion me-
dium (DMEM without phenol red, supplemented with 50 mM HEPES
and 5% fetal calf serum). The membrane-permeable substrate EnduRen
(Promega) was added at a final dilution of 1:1,000. Target cells were cocul-
tured with effector cells. The accumulation of the luminescent product
(colenteramide) in live cells at the time intervals specified in each figure
was monitored with a BioTek plate reader. The luminescence (increase in
product accumulation) was normalized by considering the signal at the
last point of the time course to be 100%. To determine rates (substrate
conversion per hour or minute), the slope of the linear part of the curve
(R*value equal to or higher than 0.96) was calculated. At least three inde-
pendent experiments were performed (38). To aid in the interpretation of
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the times of initiation, the results of single representative experiments
(performed in triplicate) are shown in Fig. 1 to 5 without standard devi-
ations.

To evaluate the effect of low pH on cell-cell fusion in the presence of
receptor, glycoprotein-expressing cells were treated with 50 mM citrate
buffer, pH 5.6, for 3 min. After removal of the low-pH solution, the effec-
tor (nectin-1-expressing) cells were overlaid and EnduRen substrate was
added. Fusion was monitored as described above.

CELISA. To detect cell surface expression of the glycoproteins, we
used a modified cell-based enzyme-linked immunosorbent assay
(CELISA) (51, 52). B78H1 cells growing in 96-well plates were trans-
fected overnight with plasmids encoding gD, gH, gL, and gB proteins at
the same concentrations described above for the split luciferase assay.
Cells were fixed with 3% paraformaldehyde and rinsed with phosphate-
buffered saline (PBS) containing Ca?* and Mg?*. Cells were incubated
with primary antibody diluted in 3% bovine serum albumin (BSA)-PBS
and then incubated for 30 min with goat anti-mouse secondary antibody
coupled to horseradish peroxidase. Cells were rinsed with 20 mM citrate
buffer (pH 4.5), and ABTS [2,2'-azino-di(3-ethylbenzthiazoline) sulfonic
acid diammonium salt] peroxidase substrate (Roche) was added. The ab-
sorbance at 405 nm was recorded using a BioTek plate reader. The anti-
bodies used were R68 (gB polyclonal antibody [PAb]), R7 (gD PAb), or a
cocktail of gH,/gL, monoclonal antibodies (CHL26, CHL39, and
CA48L3) (42, 53).

Immunofluorescence and cell-cell fusion assay in the absence of re-
ceptor. Amounts of 2 X 10> B78 cells plated on glass coverslips were
transfected for 24 h with the glycoprotein constructs indicated below. For
testing the effect of low-pH treatment on cell-cell fusion in the absence of
receptor, cells were treated at 6 h posttransfection with 50 mM citrate
buffer, pH 5.6, for 5 min. The buffer was removed by aspiration, and cells
were rinsed and refed with DMEM supplemented with 10% FCS. Samples
were fixed 24 h posttreatment with 3% paraformaldehyde at room tem-
perature (RT), quenched with 50 mM NH,Cl, washed with PBS, blocked
in goat serum, and incubated with anti-gH,/gL, PAb R176 followed by
Alexa Fluor 594-conjugated goat anti-IgG secondary antibody (Invitro-
gen). Coverslips were rinsed with PBS and H,0 and mounted in ProLong
gold antifade reagent (Invitrogen). As detailed previously (27, 54), sam-
ples were examined by confocal microscopy using a Nikon TE-300 in-
verted microscope coupled to a PerkinElmer 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 enhanced yellow fluo-
rescent protein (EYFP) (515/528 nm).

Quantitation of cell-cell fusion. After the cells were stained, syncytia
were counted on the entire surface of each coverslip at X 60 magnification.
A syncytium was defined as such when one fluorescent membrane en-
closed three or more nuclei (26). The results of at least three independent
experiments were averaged.

RESULTS

Fusion rates mediated by HSV-1 and HSV-2 glycoproteins in
nectin-bearing B78-C10 cells differ. Using the split luciferase as-
say (43), we monitored cell-cell fusion mediated by the four es-
sential glycoproteins from HSV-1 and HSV-2. Figure 1A shows
typical fusion curves from a representative experiment over an 8-h
time course (38, 45). Although the rates in each case were constant
over time, cells transfected with the type 2 glycoproteins consis-
tently exhibited higher rates of fusion than those transfected with
the type 1 constructs, with a two- to threefold difference in kinetics
(Fig. 1A). Thus, the serotype of each of the glycoproteins has a
characteristic and intrinsic rate of cell-cell fusion.

The CELISA results showed that the difference in kinetics
could not be ascribed to differences in the total levels of gB or gD
expression on the cell surface, as they were very similar for both
serotypes (Fig. 1B). A direct comparison of cell surface expression
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FIG 1 Split luciferase assay (SLA) and surface expression of all-HSV-1 (all
type 1) versus all-HSV-2 (all type 2) glycoproteins. (A) Kinetics of fusion. Cells
were transfected with B;D,H,L, or B,D, H, L,, and the rate of fusion was
determined by SLA. Data are normalized to the results for all type 1 glycopro-
teins. (B) Results of CELISA. Cells transfected with all type 1 or all type 2
constructs were used to determine surface expression of gB, and gB, (R68
PAD); replica wells were used to determine the expression of gD, and gD, (R7
PADb). (C) Surface expression of gH,/gL, (CELISA). Cells were transfected with
various amounts of gH,/gL, DNA, while DNA of the other two glycoproteins
was maintained at 125 ng. The overall DNA concentration in all samples was
maintained constant by using pPCAGGS empty vector. Data were normalized
to the expression of gH,/gL, when cells were transfected with 125 ng of gH,/
gL, DNA (black bar). (D) Rate of fusion as a function of gH,/gL, DNA con-
centration. Cells were transfected as described for panel C. Fusion was moni-
tored for 8 h. Data were normalized to fusion levels measured when cells were
transfected with 125 ng of gH,/gL, DNA (black bar).

between gH,/gL, and gH,/gL, was not possible due the lack of a
type-common polyclonal antibody. Therefore, we looked at the
correlations between the concentrations of gH,/gL, DNA trans-
fected into cells, surface expression levels, and fusion levels and
compared them to those observed for gH,/gL, (38). The level of
cell surface expression for gH,/gL, was DNA concentration de-
pendent (Fig. 1C), as previously observed for gH,/gL, (38). Fur-
thermore, as shown for gH,/gL,, substantial fusion occurred when
as little as 5 ng of DNA was used, and the maximal level occurred
using quantities ranging between 30 and 125 ng (Fig. 1D). As the
glycoproteins in all type 1 (B;D,H,L,) and all type 2 (B,D,H,L,)
backgrounds are expressed at essentially similar levels, this sug-
gested that the increased level of fusion seen with type 2 constructs
was governed by independent factors.

Swapping of glycoproteins between type 1 and type 2 sero-
types. In previous studies, we speculated that when cells were
transfected with type 1 glycoproteins, the structure of gB deter-
mined the rate of fusion (38). However, we and others have hy-
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FIG 2 gH/gL governs the rates of fusion of type 1 and type 2 glycoproteins. (A)
Cells were transfected with type 1 glycoproteins (control, black). Each type 1
form was replaced with the type 2 form (gB,, red; gD,, green; gH,/gL,, purple).
Fusion was measured over an 8-h period. (B) Cells were transfected with type
2 glycoproteins (control, black). Each type 2 form was replaced with its type 1
counterpart (gB,, red; gD, green; gH,/gL,, purple). (C, D) The rates of fusion
of glycoproteins with substitutions as described for panels A and B were deter-
mined over a 15-min period to examine initiation. Each experiment was done
multiple times, in duplicate. The results of representative experiments are
shown.

pothesized that the overall regulation of fusion resides with gH/gL
(26, 28, 29, 37). Here, we questioned whether the regulation of
cell-cell fusion is due to gB, gH/gL, or a combination of the two
core fusion proteins. To test this, we exploited differences in the
fusion kinetics of HSV-1 and HSV-2, sequentially replacing each
type 1 glycoprotein with its type 2 counterpart, and measured the
effects on fusion rates. In each case, cells transfected with four
homologous glycoproteins served as controls for setting the range
of expected fusion levels (Fig. 2, black lines).

Somewhat unexpectedly, swapping gB, for gB, in a type 1
background (B,D,H,;L,—B,D H,L,) (Fig. 2A, red lines) (or vice
versa, gB, for gB, in a type 2 background; Fig. 2B, red lines) did not
alter the rate of fusion over 8 h compared with the results using all
type 1 or all type 2 glycoproteins (Fig. 2A and B, black lines).
However, swapping gD, for gD, (Fig. 2A, green) (or vice versa)
enhanced fusion marginally. Most notably, however, the replace-
ment of gH, /gL, with gH,/gL, greatly enhanced the kinetics of
fusion over 8 h (Fig. 2A, purple), equaling the higher fusion rates
seen with B,D,H,L, proteins (Fig. 2B, black). Conversely, when
gH, /gL, was replaced with gH,/gL, in a type 2 background (Fig.
2B, purple), the low fusion rates were similar to those seen with
B,D,H,L, (Fig. 2A, black). Taken together, the results show that
the difference in fusion kinetics for the two serotypes of HSV
glycoproteins, i.e., increased or decreased activity, is primarily
controlled by the gH/gL serotype.
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FIG 3 The early stages of fusion are controlled by gH. Cells were transfected
with all type 1 glycoproteins (control, black) or a combination of gB,, gD,, and
either gH,/gL, (purple), gH,/gL, (blue), or gH,/gL, (pink) and fusion mea-
sured over 8 h (A) or 30 min (C). Cells were transfected with all type 2 glyco-
proteins (control, black) or a combination of gB,, gD,, and either gH,/gL,
(purple), gH,/gL, (pink), or gH,/gL, (blue) and fusion measured over 8 h (B)
or 30 min (D).

To better understand the regulatory process, we measured fu-
sion during the first 15 min after triggering (Fig. 2C and D). Ini-
tiation was defined as the time when the luminescent signal was at
least twofold over the background level (6 to 8 min) (38, 45).
Switching gB, for gB, (or vice versa) had no effect on the initial rate
of fusion (Fig. 2A and B). In contrast, switching gD, (Fig. 2C,
green) for gD, enhanced the initial rate of fusion, but its effects
were more pronounced at earlier than at later times. Exchanging
gH, /gL, for gH,/gL, (Fig. 2C, purple) induced a sustained three-
fold increase within 15 min that extended over 8 h. Consistent
with this, exchanging gH, /gL, for gH,/gL, reduced the rate of type
2 fusion (Fig. 2D, purple). We conclude that the gH/gL complex
constitutes the main regulator of cell-cell fusion and that the se-
rotype determines both the initial and extended rates of fusion.

Contribution of gH and gL to regulation of cell-cell fusion.
HSV gH and gL function as a heterodimer (29, 55, 56), and the
crystal structures of all herpesvirus gH/gL complexes studied
demonstrate an intimate physical interaction between gH and gL
(28, 57-59). We showed previously that hybrids of gH,/gL, (or
vice versa) were functional in cell-cell fusion (42, 60), but the de-
tailed kinetics of fusion by these heterocomplexes was not deter-
mined. Therefore, we asked whether the modulatory activity relies
on gH, gL, or the complex. For this, we examined the rates of
fusion that occur over a 30-min or 8-h period (Fig. 3), testing each
combination of gH and gL with either gB, or gB,, as well as with
gD, or gD, (e.g., ByD,H,L, versus B;D,H,L,). The rates of fusion
for all type 1 or all type 2 glycoproteins were as expected for these
time frames (Fig. 3, black curves).
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The presence of either a gH, or a gL, was sufficient to increase
the level of fusion over the result for all type 1 glycoproteins in an
8-h time course (Fig. 3A, blue and magenta lines). However, the
gain in activity did not match the total fusion levels observed for
gH, /gL, (Fig. 3A, purple). A similar enhancing effect was found in
the presence of B,D, (Fig. 3B): the heterotypic gH/gL molecule
was more active than the type 1 unit but less active than the type 2
(magenta and blue curves). Thus, the heterologous gH/gL unit
retained activity.

To extend these studies, we examined early events (30 min).
We found that the fusion rate obtained using the gH,/gL, complex
in the background of type 1 gB and gD (Fig. 3C, blue) correlated
with that obtained using all type 1 forms (Fig. 3C, black), while the
fusion rate for the gH,/gL; complex approximated the fusion rate
for the all type 2 form (Fig. 3C, compare the pink and purple
lines). Thus, the serotype of gH plays a major regulatory role in the
fusion rate. As expected, the fusion capacity was reduced fivefold
by introducing gH, /gL, into an all type 2 background (Fig. 3D,
purple). While replacing gL, with gL, alone had little effect (Fig.
3D, blue), replacing gH, with gH, (Fig. 3B, pink) led to a fusion
rate that matched the lower rate of fusion seen for B,D,H, L, (Fig.
3D, purple). Together, these results suggest that early fusion rates
are governed primarily by gH and that gH,, is primarily responsi-
ble for the upregulation of fusion in either a type 1 or a type 2
background. However, both gH and gL are important for the ini-
tiation and ongoing fusion.

Determining the relative potential of gB to fuse cells. We pre-
viously showed that the overall fusion levels achieved by mutant
forms of gB in an all type 1 background ranged from null to im-
paired to enhanced and that the fusion levels achieved were di-
rectly related to the fusion rate (38). As such, we had previously
speculated that the restraint/allowance imposed on the structure
of gB by individual mutations dictated the extent and rate of fu-
sion. However, our current data paradoxically suggest that gH/gL
is the predominant regulator of the fusion rate. To try to reconcile
these findings, we again exploited the ability of gH,/gL, to induce
a twofold increase in the fusion rate of gB, (Fig. 2). We reasoned
that if the level of fusogenic activity of gB, is dictated solely by its
structure, the addition of gH,/gL, should not enhance the fuso-
genic activity of gB mutants. However, if fusion levels increased, it
would suggest that the actual fusogenic activity (its total potential
to fuse) resides in gB but that gH/gL controls this process. Thus,
we asked whether gH,/gL, could overrule the restrictions placed
on gB, function by each mutation and thereby upregulate fusion.
We tested three sets of gB, mutants.

(i) Effect of gH,/gL, on fusion tested by mutations in the FLs
of gB,. We previously constructed gB, mutants with mutations in
the fusion loops (FLs) (39, 61), several of which were unable to
promote cell fusion or infection, while others were impaired (38—
40, 54, 62). The results in Fig. 4A show the capacity of gB, with
mutations in FL1 (H177A and Y179K) or FL2 (E260A and
H263A) to fuse cells when stimulated by gH,/gL,. As observed
previously (38—40), Y179K and H263A mutants failed to function
in cell-cell fusion (Fig. 4A, diamond and circle) and H177A and
E260A mutants were markedly impaired (Fig. 4A, square and tri-
angle). Next, we tested whether gH,/gL, could override the re-
strictions placed on gB by its altered structure. The results in Fig.
4B show that mutants with the null mutations, e.g., W174K and
Y179K, remained unable to promote fusion but H177A and
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FIG 4 Determining the relative fusogenic potential of gB. (A, B) The rates of fusion of mutants with select mutations in FR1 controlled by gH, /gL, (A) or gH,/gL,
(B). (D, E) Rates of fusion of hypofusogenic gB; FR3 mutants controlled by gH,/gL, (D) or gH,/gL, (E). (G, H) Rates of fusion of hyperfusogenic gB, mutants
with mutations in the crown (H657R) and the cytoplasmic tail (LL871AA) controlled by gH, /gL, (G) or gH,/gL, (H). Data are shown as percentages of B,D,H, L,
fusion. (C, F, I) Data presented in panels B, E, and H were replotted as percentages of the results for B;D,H,L, to show the relative fusion activities of gB mutants

when combined with gH,/gL,.

E260A mutants, which were markedly impaired in the context of
gH,/gL,, were significantly enhanced (twofold) by gH,/gL,.

(ii) Regulation of fusion by hypofusogenic (slow) mutants
tested by gH,/gL,. Mutants with mutations in the crown of func-
tional region 3 (FR3) (F641Y, Y649A, and Q584A) are functional
but exhibit a slow initiation time and diminished overall rate and
extent of fusion in a type 1 background (Fig. 4D) (38). When
gH, /gL, was substituted for gH,/gL,, all three mutants exhibited a
marked increase in both the initiation time (data not shown) and
overall rate of fusion (Fig. 4E). Thus, the mutation in gB dictated
the level of function of the system and gH,/gL, could increase the
fusogenic capacity of that mutant.

(iii) Regulation of fusion by hyperfusogenic (fast) gB mu-
tants tested by gH,/gL,. Hyperfusogenic gB, with mutations in
the crown (H657R) and in the cytoplasmic tail (LL871AA) showed
enhanced levels of fusion but were different in their time of initi-
ation of fusion (38, 63). Fast mutants were postulated to represent
unlocked forms of gB (further along in the transition path of pre-
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to postfusion conformation) that were inherently in a higher en-
ergy state than wild-type (wt) gB. Particularly striking was the
result for gB"*7'** which we had postulated exhibited the max-
imal capacity for fusion that could be achieved by gB (38). As
before, in the context of the homologous form of gH, /gL,, gB™**"}
(Fig. 4G, triangle) (38) showed a twofold increase in the rate of
fusion compared to that of wt gB (circle), and gB""*”'** showed a
fivefold increase (Fig. 4H, squares). Here, we found that gH,/gL,
did in fact induce a twofold increase in the fusion level of hyper-
fusogenic gB (Fig. 4H, square and triangle) over that seen with gH,/
gL, and that the fusion rates for hyperfusogenic gB, mutants were
significantly enhanced by gH,/gL, compared to the rates with gH,/
gL,. This was true for all gB mutants and was more apparent when the
results shown in Fig. 4B, E, and H were expressed as the percentages of
the rates for B,D,H,L, (Fig. 4C, F, and I). We conclude that the
relative fusion activities of all three classes of mutant forms of gB were
dictated by changes in its structure and that the actual fusogenic ca-
pacity of any gB molecule was regulated by gH/gL.
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FIG 5 Testing the regulation of fusion in the presence of receptor. (A) In the
presence of receptor, fusion by gD,V**', ¢H,A48/gL,, or the combination is
the same as for wt gD and gH/gL. (B) Treating cells transfected with wt glyco-
proteins with a low-pH solution does not alter the kinetics of fusion compared
to that of an untreated sample.

Regulation of fusion in the presence of partially activated
gD, and gH,/gL, forms. According to our activation cascade
model of receptor-driven fusion, the activity of each protein is
regulated in a sequential fashion. Specifically, gD is activated by
receptor, gH/gL by gD, and gB by gH/gL, as now documented
here. Therefore, we next assessed the requirements needed to fully
activate gB as a fusogen (drive it to its maximum capacity) and
identified the role of each glycoprotein in fusion activation.

(i) Fusion in the presence of receptor. Previously, we created
mutant forms of gD, and gH,/gL, that function, albeit poorly, in
the absence of their individual activator: gD,Y**'" (50) induces
low levels of fusion in the absence of receptor, and gH,A48/gL,
(49) induces fusion in the absence of gD, (42). Here,we first asked
whether these deregulated forms, either alone or in combination,
could alter the fusogenic potential of gB, in the presence of nec-
tin-1 (considered 100%). The results shown in Fig. 5A show that
every combination of gB, with gD,V**"" and/or gH,A48/gL, was
indistinguishable from the wt proteins in terms of fusion (49, 50)
and that fusion was regulated in a type 2 fashion by gH,A48/gL,.
Thus, the partially activated gD, and gH,/gL, forms can be driven
to the same level as the wt forms, indicating that regulation in the
presence of a receptor is finely controlled.

(ii) Fusion in the absence of receptor. We next attempted to
quantify fusion in the absence of receptor using the split luciferase
assay. However, this proved to have inconsistent results, presum-
ably because glycoprotein-expressing cells (containing one half of
the luciferase reporter gene) could fuse with either a cell that ex-
pressed the complementary reporter gene (positive signal) or a cell
that did not (no signal). As a result, only a fraction of the reporter
genes would be reconstituted and not always at the same rate,
generating inconsistent readings. As we have shown that fusion
and fusion kinetics measured by immunofluorescence or lucifer-
ase assay were comparable in the presence of receptor (26, 27, 42,
50, 54), we quantified fusion in the absence of receptor by direct
counting of syncytia. Data for each combination of glycoproteins
in the absence of receptor were expressed as the percentage of the
number of syncytia observed using wt constructs (B,D,H,L,) in
the presence of receptor, i.e., 100% (Fig. 6, dashed line). In the
absence of receptor, wt gD, and gH,/gL, failed to activate fusion
by wt gB, (Fig. 6A, black bar). Individually, gD,"**'"V and
gH,A48/gL, (Fig. 6A, light gray and dark gray bar, respectively)
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FIG 6 Effects of mutant forms of gD and gH/gL on fusion in the absence of
receptor. (A) Fusion in the absence of receptor by gB, is enhanced by gD, V**'"
(D,**!; light gray) or gH,A48/gL, (dark gray) compared to the results for wt gD
and gH/gL (black bar). The combination of gD,Y**'"Y and gH,A48/gL, (white
bar) represents the maximum fusogenic potential of gB, under these condi-
tions. (B, C) Compared to the results for the wt, hyperfusogenic gB, mutants
gB"7R (B) or gB"#7!** (C) show increased fusion levels when combined
with gD, V2"V (light gray), gH,A48/gL, (dark gray), or both (white bar). (D, E,
F) Low-pH treatment increases the fusion levels in the absence of receptor by
wt gB, (D), gB"*"® (E), or gB"¥7!*4 (F). Data were normalized to fusion
levels by wt gB,, gD}, and gH,/gL, in nectin-1-expressing C10 cells (dashed
line).

increased fusion to about 10% of the level for the wt/receptor
control, thus confirming our previous observations (42, 50). In
combination, the two mutants enhanced fusion to 40% of the level
for the wt/receptor control (Fig. 6A, white bar), highlighting the
effect of gD on the upregulation of gH/gL activity. Even though
both gD,V**'V and gH,A48/gL, were fully competent in the pres-
ence of receptor (Fig. 5), neither could activate gB, to its full ca-
pacity in the absence of receptor. Thus, the full activation of each
glycoprotein is dependent on the level of activation of each pre-
ceding step in the pathway. gD,V**'" (which in part mimics re-
ceptor-activated gD) could upregulate the activity of partially ac-
tivated gH,A48/gL, but could not completely compensate for the
lack of receptor.

We next hypothesized that hyperfusogenic gB, mutants
(gB,""® and gB,""*"'*%) (38, 63, 64) in combination with
gD, V"™ and gH,A48/gL, might completely uncouple the pro-
cess and enhance fusion to its theoretical maximum. In the pres-
ence of wt D,H,L,, the addition of gB,"*>"® (Fig. 6B, black bar) or
gB,“871A% (Fig, 6C, black bar) had a small positive effect. To-
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gether with gD,Y**"" (Fig. 6B and C, light gray bars) or gH,A48/
gL, (Fig. 6B and C, dark gray bars), fusion was moderately en-
hanced (now ~30% of the level for wt/receptor). Combining all
three deregulated glycoproteins, gD,"**'V, gH,A48/gL,, and
gB,"**’® (Fig. 6B, white bar), markedly increased fusion to 80% of
the level for the receptor-driven situation and to 100% for
gB,"71A% (Fig, 6C, white bar). Thus, in combining hyperfuso-
genic gB, with a receptor-independent gD, and a gD-independent
gH/gL, we have mimicked the main steps in the fusion pathway
required for the activation of wt glycoproteins in the presence of
receptor.

Effect of low pH on fusion in a completely deregulated sys-
tem. Low pH can induce conformational changes in gB and gH/gL
(61, 65-67; unpublished data) that affect virus infection of certain
cell types (68-70). To determine whether low pH could drive gB to
a higher energy level as evidenced by enhanced fusion, transfected
cells were treated to lower the pH (see Materials and Methods) and
the extent of fusion determined by counting syncytia. The proto-
col for the experiments was set up as shown in Fig. 6A to C. In the
presence of receptor, low-pH (pH 5.6) treatment had no effect on
cell-cell fusion mediated by the wt glycoproteins or any combina-
tion of the deregulated proteins (Fig. 5B). However, in the absence
of receptor, the pH treatment had a consistent and marked effect
on the extent of fusion by either wt or deregulated glycoproteins
(compare Fig. 6D to F with A to C). For wt gB (Fig. 6A and D,
white bars), low pH enhanced the fusion levels from 40% to 65%.
For gB,"*"® (Fig. 6B and E, white bars), low pH enhanced the
level of fusion from 75% to 170%. For the highly hyperfusogenic
gB,“57HAA (previously thought to be gB at its maximum), low pH
increased the level of fusion further, from 110% to 300%.

Thus, as previously shown, receptor-driven fusion is highly
regulated and cannot be perturbed by low pH (Fig. 5B), presum-
ably because each glycoprotein has already reached a fully acti-
vated state. In contrast, acid treatment had a positive effect on the
fusion levels in a deregulated system where the glycoproteins were
partially activated and the level of activation was dependent on the
state of deregulation and the structure of gB. As reported before,
low-pH-mediated enhancement appears to be driven by both gB
and gH/gL but not gD (data not shown). However, at this point, it
is unclear whether pH-modified gH/gL was driven to a higher
energy level to work on gB (also altered by low pH) or whether low
pH affected the gB-gH/gL interaction.

In conclusion, we have shown that the extent and the ongoing
rates of fusion by HSV glycoproteins were primarily governed by
gH/gL, with gH being the main contributor. Fusion in the pres-
ence or absence of a cellular receptor involved similar regulatory
steps of the fusion cascade. Finally, efficient activation of each step
was required in order for each glycoprotein to reach its maximum
activity.

DISCUSSION

Fusion mediated by glycoproteins from different serotypes oc-
curs at specific rates. In this study, we analyzed the fusion kinetics
of human nectin-1-expressing B78 mouse melanoma cells follow-
ing the expression of either HSV-1 or HSV-2 entry glycoproteins
gD, gH/gL, and gB using the highly sensitive split luciferase fusion
assay (38, 43, 45, 48). We found that the rate of cell-cell fusion for
type 2 forms of the glycoproteins was enhanced at least twofold
over that caused by the type 1 forms (Fig. 1). To determine which
glycoprotein(s) was responsible for the difference in the fusion
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rates between the two serotypes, we took advantage of previous
studies which demonstrated that the four essential glycoproteins
from either HSV-1 or HSV-2 are functionally interchangeable in a
cell-cell fusion assay (11, 41). While these studies provided infor-
mation about the requirements for homotypic interactions and
the general regions important for these interactions, the extent of
fusion was only evaluated at late time points (18 to 24 h) and
underlying changes in the kinetics of fusion were not addressed.
By using the split luciferase assay, we continuously monitored the
initial and ongoing rates of fusion driven by HSV glycoproteins.
While we had originally assumed that the fusion rate would be
heavily influenced by gB (38), our subsequent finding that gH/gL
regulated this process (26, 28) raised the question of which played
the more dominant role in governing the fusion process. We
found that switching gB, for gB, (or vice versa) made no difference
in the initiation, the overall rate, or the total amount of fusion
(Fig. 2), indicating that these two forms of HSV gB are function-
ally equivalent in their ability to fuse membranes.

Consistent with the functional equivalence of gB, and gB, in
our split luciferase assay, gB is evolutionarily more highly con-
served between HSV-1 and HSV-2 than are the other members of
the HSV fusion complex (71). The conservation is reflected not
only in the high sequence identity between gB, and gB, but also in
the crystal structures of gB molecules across human herpesviruses
(31, 72-76) and likely reflects the essential nature of gB as the viral
fusogen. This also explains why it was possible to exchange HSV
gB with those of herpesviruses that infect other species without
compromising fusion, including human-squirrel (HSV-1/sai-
miriine herpesvirus 1 [SaHV-1]) (77, 78), human-pig (HSV-1/
pseudorabies virus [PrV]) (79), pig-cow (PrV/bovine herpesvirus
[BHV]) (80), and human-monkey (HSV-1/cercopithecine her-
pesvirus 2 [CeHV-2]) (81) exchanges.

Evidence that gH/gL governs the rate of fusion. Here, we
showed that the gH/gL serotype determines both the initial and
extended rates of fusion, indicating that the gH/gL complex is the
key regulator of gB-mediated cell-cell fusion. The early fusion rate
was governed primarily by gH, as gH, was the major factor con-
trolling the differential fusion between the type 1 and type 2 back-
grounds (Fig. 3). However, both gH and gL are important for
initiation and ongoing fusion. While heterotypic gH/gL molecules
achieve similar early rates of fusion, homotypic pairs are superior
later on in the process, suggesting that a perfect marriage of struc-
tures at interface for the complex might be critical for this stage of
the fusion process.

The fusogenic capacity of gB is governed by its structure.
Wild-type gB has an inherent fusogenic capacity that can be influ-
enced by structural restrictions imposed by various mutations
(38). Regardless of the structure-imposed phenotype, fusion by
each of the functional mutants that we tested was enhanced by
their interaction with gH,/gL, (Fig. 4). A possibility is that gH2/
gL2 could have a higher affinity for gB and in this way activate a
greater number of gB trimers, thereby enhancing the fusion levels.
The fusion activity of mutants with specific mutations in the fu-
sion loops of gB prevented the interaction between gB and gH/gL
(54) and was not enhanced by gH,/gL,, indicating that these sin-
gle-amino-acid changes truly destroyed the ability of gB to func-
tion in cell-cell fusion. In contrast, mutants with other mutations
which did not totally disrupt the interaction were significantly
enhanced by gH,/gL,. We speculated that the gH/gL complex reg-
ulated a step in the fusion pathway that occurs somewhere after
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the insertion of gB fusion loops into lipid membranes but before
the activation of gB to a full fusogenic state (54).

What is the effect of mutants that bypass steps in the activa-
tion pathway? While wt gB has an inherent fusogenic capacity, we
next wanted to evaluate the full fusogenic capacity of gB and iden-
tify the regulatory steps in the fusion pathway that could lead to
this activation. Specifically, we wanted to assess whether the activ-
ity of gB could be increased to higher levels by gD and gH,/gL,
mutants known to bypass key steps in fusion activation in the
context of either receptor-induced fusion or a receptor-free (de-
regulated) situation. To address these questions, we tested the
effects of two partially activated, presumably higher-energy-state
glycoproteins, gD, Y>> (enables gD, to facilitate fusion in the
absence of receptor) (50) and gH,A48/gL, (promotes cell fusion
in the absence of gD) (42). Notably, we observed that fusion by
gB, and either of the two gD, and gH,/gL, mutants was tightly
regulated by receptor and was driven to the same levels as the wt
glycoproteins (49, 50). In the absence of receptor, we found that
full activation of each glycoprotein (attaining the same level of
fusion activity as that achieved in the presence of receptor) de-
pended on the level of activation of each preceding step in the
pathway. For example, by mimicking the conformation of gD
bound to receptor (using gD,"**'%), recapitulating the move-
ment of the N terminus of gH,/gL, (gH,A48/gL,), and placing gB
in a higher fusogenic state (gB""*”'**), we achieved fusion levels
that were similar to those found with wt B;D,H,L, in the presence
of receptor (Fig. 6C). Thus, to attain wt levels of fusion, each unit
of the machinery needs to operate at its fully activated state to
drive the prefusion form of gB to its fully activated state.

Delineation of the role of each component in the fusion core
machinery, and particularly gH/gL, at different stages of fusion
activation is challenging in the presence of receptor. However, in
the absence of receptor, the levels of fusion by wt glycoproteins are
essentially null. Clearly, fusion levels can be regulated by partially
activated forms of gD and gH/gL (42, 50). Although less efficiently
than in the presence of receptor, gD, V?**" can upregulate gH,/gL,
in a receptor-independent manner to partially trigger fusion by
gB, (50). gH,A48/gL, alone can also activate gB, to a higher acti-
vation level than wt gH,/gL, (42). However, the level of fusion
induced by the combination of the two mutant proteins repre-
sents more than an additive effect (40% for the combination ver-
sus 10% for each mutant). Thus, gD,Y?*'" can raise the activation
level of gH,A48/gL, (Fig. 6A). Furthermore, while the structural
changes induced by gD, **""V and gH,A48/gL, are similar to those
induced by receptor, they are clearly not sufficient to fully trigger
wt gB,. This suggests that each glycoprotein in turn exhibits a
range of activity that is totally dependent on the level of activation
of the protein in a previous step. As far as we can tell, full activation
of this cascade can only be initiated by conformational changes in
gD triggered by binding to receptor.

Effect of acidic conditions on cell-cell fusion. Low pH is re-
quired for HSV entry by endocytosis (68, 82), and pH affects the
conformation of gB present in the virion or transfected cells (65—
67, 83). Acidic conditions also affect the structure of gH/gL, allow-
ing it to form a complex with truncated gB that associates with
lipids in a liposome flotation assay (61). Here, we found that while
low pH had no effect on fusion in the presence of receptor, low pH
further enhanced the fusogenic capacity of the fully deregulated
glycoproteins (gD, >*"", gH,A48/gL,, and gB"*"'**) in the ab-
sence of receptor (Fig. 6F). Whether the maximum level of fusion
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by the hyperfusogenic gB"*”'** was achieved remains to be de-

termined. Notably, the final levels of fusion achieved in the dereg-
ulated system at low pH were dependent on the structure of the gB
mutant, indicating that the final extent of fusion was dictated by
the gB molecule. pH affects the antigenic structure of both gB and
gH/gL (unpublished data), suggesting that specific acid-induced
structural changes to both proteins are necessary for cell-cell fu-
sion, and this observation may be relevant for fusion of the virus
during pH-dependent endocytosis.

We conclude that HSV-induced cell-cell fusion is a tightly reg-
ulated process and each glycoprotein can be present in multiple
activation states to drive fusion. Furthermore, the maximum
working capacity of each glycoprotein can be achieved only after
efficient activation of the preceding steps of the fusion cascade.
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