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ABSTRACT

Herpesvirus entry into cells is mediated by the viral fusogen gB, which is thought to refold from the prefusion to the postfusion
form in a series of large conformational changes that energetically couple refolding to membrane fusion. In contrast to most
viral fusogens, gB requires a conserved heterodimer, gH/gL, as well as other nonconserved proteins. In a further mechanistic
twist, gB-mediated cell-cell fusion appears restricted by its intraviral or cytoplasmic domain (cytodomain) because mutations
within it result in a hyperfusogenic phenotype. Here, we characterized a panel of hyperfusogenic HSV-1 gB cytodomain mutants
and show that they are fully functional in cell-cell fusion at shorter coincubation times and at lower temperatures than those for
wild-type (WT) gB, which suggests that these mutations reduce the kinetic energy barrier to fusion. Despite this, the mutants
require both gH/gL and gD. We confirm previous observations that the gH cytotail is an essential component of the cell-cell fu-
sion mechanism and show that the N-terminal portion of the gH cytotail is critical for this process. Moreover, the fusion levels
achieved by all gB constructs, WT and mutant, were proportionate to the length of the gH cytotail. Putting these results together,
we propose that the gH cytotail, in addition to the gH/gL ectodomain, plays an essential role in gB activation, potentially acting
as a “wedge” to release the gB cytodomain “clamp” and enable gB activation.

IMPORTANCE

Herpesviruses infect their hosts for life and cause a substantial disease burden. Herpes simplex viruses cause oral and genital
sores as well as rare yet severe encephalitis and a panoply of ocular ailments. Infection initiates when the viral envelope fuses
with the host cell membrane in a process orchestrated by the viral fusogen gB, assisted by the viral glycoproteins gH, gL, and gD
and a cellular gD receptor. This process is more complicated than that of most other viruses and is subject to multiple regulatory
inputs. Antiviral and vaccine development would benefit from a detailed mechanistic knowledge of this process and how it is
regulated.

Herpesviruses, large, enveloped, double-stranded DNA (dsDNA)
viruses, enter cells by the merger of the viral envelope and a

host cell membrane, catalyzed by the conserved viral glycoprotein
gB. As for other viral fusogens, gB is thought to refold from the
prefusion to the postfusion form in a series of large conforma-
tional changes that provides the energy necessary to overcome the
kinetic barrier associated with membrane fusion (1). However,
unlike most viral fusogens, gB does not mediate fusion on its own
and requires a conserved heterodimer, gH/gL (2), as well as other
nonconserved proteins. For example, herpes simplex virus 1
(HSV-1) and HSV-2, members of the alphaherpesvirus subfamily,
require the receptor-binding glycoprotein gD and a cellular gD
receptor such as nectin-1 in addition to gB and gH/gL (3). These
five proteins also mediate the fusion of transfected cells in the
absence of any other viral proteins. It is unclear why HSV-medi-
ated fusion requires so many proteins, nor is the mechanism
known. According to the current model (4), based on the work of
several laboratories (5–11), fusion is initiated when gD binds one
of its cellular receptors and undergoes a conformational change
(12, 13). The subsequent events are less well understood, but it is
generally thought that this activated gD triggers gH/gL (5, 7, 10),
which, in turn, activates gB (9, 11, 14), although neither mecha-
nism has been elucidated. Activation of gB by gH/gL is presumed to
involve direct interactions between their respective ectodomains, and
both gB-gH/gL interactions and cell fusion can be inhibited by neu-
tralizing antibodies against either participant (11, 14).

The requirement of the ectodomain of gH bound to gL (gH/
gL) for fusion is well documented (10, 14–16). Less is known
about the roles of the intraviral, or cytoplasmic, portions of gB and
gH. The 109-amino-acid cytoplasmic domain (cytodomain) of gB
appears to restrict the fusion activity of gB. Although cell-cell fu-
sion is not normally associated with HSV infection in tissue cul-
ture (17), certain clinical isolates induce extensive cell-cell fusion
manifested as multinucleated cells, or syncytia (18, 19). The syn-
cytial (syn) phenotype of these isolates can result from mutations
in several glycoproteins but is often due to a single point mutation
in the gB cytodomain (19–26). In a virus-free cell-cell fusion sys-
tem, such syn gB mutations result in increased fusion (25, 27, 28),
termed hyperfusion (27). A number of engineered mutations
within the gB cytodomain likewise result in hyperfusion (24, 25,
27, 29, 30), which suggests that the cytodomain has an inhibitory
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role. Deletion of the entire cytoplasmic domain results in gB that is
unable to complement a gB-null virus and is misfolded, as judged
by its glycosylation pattern (31).

The soluble gB cytodomain expressed in Escherichia coli is a
trimer with 5 putative helices, predicted on the basis of bioinfor-
matic analysis and proteolytic sensitivity (Fig. 1B). The soluble gB
cytodomain binds anionic liposomes, and at least two of these
helices are fully formed only in the presence of membranes, sug-
gesting that membrane association stabilizes the cytodomain fold.
C-terminally truncated gB variants with reduced membrane bind-
ing are hyperfusogenic, which supports the idea that membrane
interactions by the gB cytodomain are necessary for its function in
fusion regulation (32). A model for the gB cytodomain was previ-
ously proposed by our laboratory based on biochemical evidence
(27) (Fig. 1B).

Like the gB cytodomain, the 14-amino-acid cytoplasmic tail
(cytotail) of gH is necessary for fusion but may have an activating,
rather than an inhibitory, role because truncations, insertions, or
point mutations reduce cell-cell fusion of infected or transfected
cells mediated by wild-type (WT) gB (33–36). Additionally, trun-
cations within the gH cytotail could suppress syncytium forma-
tion in cells infected with a syn HSV-1 strain (37) and showed
delayed virus penetration (34). Previously, we showed that a
gHSAP mutant, truncated at residue 832 and containing the point
mutation V831A, reduced cell-cell fusion regardless of whether
WT gB or a syn allele containing the A855V mutation was present
(36). These results established the importance of the gH cytotail in
regulating fusion and suggested that it participates at a rate-limit-
ing step, yet its contribution to fusion has not yet been systemat-
ically investigated.

Here, we generated a panel of gB cytodomain mutants and
characterized their fusion activity to further refine our model of
the cytodomain. Four hyperfusogenic mutants were characterized
further. We found that these mutants were fully functional at
short coincubation times and at low temperatures, conditions that
reduce the fusion activity of WT gB to �35%. This suggests that
hyperfusogenic gB mutations reduce the kinetic energy barrier to
fusion. However, none of the hyperfusogenic mutants were capa-
ble of bypassing the requirement for gH/gL and gD. We confirm
previous observations that the gH cytotail is an essential compo-
nent of the cell-cell fusion mechanism and show that the N-ter-
minal portion of the gH cytotail is critical for this process. More-
over, the fusion levels achieved by all gB constructs, WT and
mutant, were proportionate to the length of the gH cytotail. Put-
ting these results together, we propose that the gH cytotail, in
addition to the gH/gL ectodomain, may be essential for gB activa-
tion.

MATERIALS AND METHODS
Cells and plasmids. CHO cells were a gift from J. M. Coffin and were
grown in Ham’s F-12 medium supplemented with 10% fetal bovine se-
rum (FBS) at 37°C in the presence of 5% CO2, except where noted other-
wise. Plasmids pPEP98, pPEP99, pPEP100, and pPEP101 carry the full-
length HSV-1 (strain KOS) gB, gD, gH, and gL genes, respectively, in a
pCAGGS vector and were gifts from P. G. Spear (3). Plasmids pCAGT7
(carrying the T7 polymerase gene) and pT7EMCLuc (carrying the firefly
luciferase gene) (38) were also gifts from P. G. Spear. Plasmid pSC386
carrying the herpesvirus entry mediator (HVEM) gene (39) and the
pCAGGS vector were gifts from G. H. Cohen and R. J. Eisenberg. Plasmid
pmCherry-C1, a Clontech pAcGFP1-C1 vector carrying mCherry in place
of enhanced green fluorescent protein (GFP), was a gift from R. R. Isberg.

FIG 1 The HSV-1 gB cytodomain. (A) Known syn point mutations, truncations, and insertion in HSV-1 and HSV-2 gB within the primary amino acid sequence
of the HSV-1 gB cytodomain. Locations of putative helices proposed in previous work (27) are shown below the sequence. Mutations generated in this work are
marked below the sequence in green. MPR, membrane-proximal region; TM, transmembrane region. (B) Previously proposed model of the gB cytoplasmic
domain fully folded in the presence of the membrane. (Panel B reprinted from reference 27.)
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Plasmid pJLS8 (gB with an R858H mutation) was generated previously
(27).

gB cytodomain mutants. The R858H point mutant (pJLS8) in gB
expression plasmid pPEP98 was described previously (27). Point muta-
tions in the cytodomain of the full-length gB gene were generated in
pPEP98 by using “splicing by overlap extension” PCR (SOE PCR) (40).
The forward primer 5=-TCCCACGTGCGTGCCGGTCGC-3= (the PmlI
site is underlined) and the reverse primer 5=-CAGAGGGAAAAAGATCT
GCTAGAC-3= (the BglII site is underlined) were used in each SOE PCR.
Primer pairs used for each mutant are as follows: 5=-CCACCAAGGAGC
ACAAGAACCCCA-3= and 5=-TGGGGTTCTTGTGCTCCTTGGTGG-3=
for the L817H mutant, 5=-GAGGGCAGTTCGGGCGGTGACTTT
GAC-3= and 5=-GTCAAAGTCACCGCCCGAACTGCCCTC-3= for the
E830S/E831S mutant, 5=-CTAGCGAGTGCGAGGGAGATGATACGG-3=
and 5=-TATCATCTCCCTCGCACTCGCTAGCT-3= for the E842S mu-
tant, 5=-GCCGAGGCAAGGTCTATGATACGGTAC-3= and 5=-GTACC
GTATCATAGACCTTGCCTCGGC-3= for the E845S mutant, and 5=-AA
GGCCAGCAGTTCAGGCACGAGC-3= and 5=-GCTCGTGCCTGAACT
GCTGGCCTT-3= for the K864S/K865S/K866S mutant. The resulting
plasmids were pJLS19 (L817H), pJLS21 (E830S/E831S), pJLS23 (E842S),
pJLS25 (E845S), and pJLS29 (K864S/K865S/K866S). These initial plas-
mids contained cloning errors at the 5= PmlI site and were subcloned back
into pPEP98 using PvuI and BglII sites to generate plasmids pJLS19F,
pJLS21F, pJLS23F, pJLS25F, and pJLS29F, which were used in all experi-
ments reported here. The L817H/R858H double mutant (pHR21) was
generated by digesting pJLS8 and pJLS19F with MluI, ligating the 2
smaller fragments from pJLS19F with the large fragment from pJLS8, and
screening for the correct orientation by restriction digestion.

gH cytodomain mutants. The gH truncation gH832 was generated as
described previously (36). The gH truncation gH828 was generated by
SOE PCR using the primer pair 5=-AGCCTTCTGATAGCCTCGGCCCT
GTGTACGT-3 and 5=-CGGGACTTATTACCGGAGAACCTTTAGGA-3=
and the primer pair 5=-TCCTAAAGGTTCTCCGGTAATAAGTCCCGT
TTTTTTG-3= and 5=-GTCCCCATAATTTTTGGCAGAGGGAAAAA-3=
(double stop codons are in boldface type). The PCR product was sub-
cloned into pPEP100 by using Bsu36I and BglII. Truncations in the cyt-
odomain of gH were generated by PCR from pPEP100 and cloning the
fragment back into pPEP100, except for gH828, which was generated by
using SOE PCR. The forward primer 5=-AGCCTTCTGATAGCCTCGGC
CCTGTGTACGT-3= was used in each case, which is before the Bsu36I
restriction site. The reverse primer 5=-CCAAAAAGATCTTTATTATGT
CCGGAGAACCTTTAGGA-3= (the BglII site is underlined, and the dou-
ble stop codon is in boldface type) was used to generate gH829. The
reverse primer 5=-AAAACGGAGATCTTTATTAGAGAACCTTTAGGA
TGCCAGCCAGG-3= (the BglII site is underlined, and the double stop
codon is in boldface type) was used to generate gH827. The reverse primer
5=-GGACACTAGATCTTTAAACCTTTAGGATGCCAGCCA-3= (the
BglII site is underlined, and the stop codon is in boldface type) was used to
generate gH826. The reverse primer 5=-CACTTGTAGATCTTTACTTTA
GGATGCCAGCCAGGGC-3= (the BglII site is underlined, and the double
stop codon is in boldface type) was used to generate gH825. The reverse
primer 5=-TGTCCGAGATCTTTATAGGATGCCAGCCAGGGCGG-3=
(the BglII site is underlined, and the stop codon is in boldface type) was
used to generate gH824. All constructs were verified by sequencing.

Cell fusion assay. Cell fusion was measured by using the well-estab-
lished luciferase gene reporter system (3, 27, 41, 42). CHO cells were
seeded into 6-well and 24-well plates and transfected the following day at
70 to 90% confluence by using Lipofectamine 2000. Target cells in 6-well
plates were transfected with 1.6 �g pT7EMCLuc and 0.4 �g pSC386 per
well in 1 ml Optimem with 5 �l Lipofectamine 2000. Effector cells were
transfected in triplicate with 80 ng each of gB (pPEP98), gB cytoplasmic
domain mutants, or an empty vector (pCAGGS), along with gH
(pPEP100 or the gH mutant), gL (pPEP101), gD (pPEP99), and pT7
(pCAGT7), in 200 �l Optimem with 1 �l Lipofectamine 2000 per well. For
the initial experiments shown in Fig. 2A, target cells at 3 h posttransfection

were washed with phosphate-buffered saline (PBS), treated with trypsin,
and cocultured with effector cells washed with PBS at a 1:1 ratio for 20 h.
For later experiments, cells were cocultured at 4 h posttransfection for 18
h or the indicated times. Cells were washed with 1 ml PBS per well, lysed
with 200 �l of 1� lysis buffer (Promega), and assayed or frozen at �80°C
until later use. Luciferase production was assayed by adding 100 �l of the
substrate (Promega) to the mixture and measuring luminescence by using
a BioTek plate reader. In each experiment, light output from the vector
was subtracted from that from each sample and expressed as a percentage

FIG 2 Fusion activity and surface expression of gB cytodomain mutants. (A)
Luciferase production was used to quantify the fusion of CHO cells mediated
by WT gB, the vector, or the gB mutant indicated below each bar. Glycopro-
teins gH, gL, and gD as well as pT7 were transfected with each gB mutant or the
control. Target cells were transfected with pHVEM and pLuciferase, which is
under the control of the T7 promoter. Cell populations were coincubated in a
1:1 ratio for 20 h at 37°C. In each experiment, the value for the vector control
was subtracted from the value for each sample (performed in triplicate), and
the values are expressed as a percentage of the value for WT gB. Reported
values represent averages of data from at least three experiments. Error bars
represent standard deviations. Statistical analysis was performed by using a
paired Student t test comparing each mutant to the WT control (****, P �
0.0001; ***, P � 0.001; **, P � 0.01; ns, not significant). (B) Expression of WT
gB and each mutant determined by FACS analysis using anti-gB polyclonal
antibody R68 and fluorescein isothiocyanate (FITC)-conjugated anti-rabbit
secondary antibody. mCherry was included as a transfection control. The per-
centages of cells double positive for mCherry and fluorescein isothiocyanate
were normalized to WT expression levels. Reported values represent averages
of data from two experiments. Error bars represent standard deviations.
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of the output under WT conditions. Values reported here represent aver-
ages of the results from at least three experiments unless otherwise noted.
To test fusion without gH/gL or gD, the expression plasmids were re-
placed with pCAGGS during transfection.

FACS analysis. Surface expression of gB and gB mutants was assessed
by fluorescence-activated cell sorter (FACS) analysis as previously de-
scribed (27), with modifications. CHO cells seeded previously into 6-well
plates were transfected with 1.6 �g gB (pPEP98), the indicated mutant, or
the empty vector (pCAGGS) plus 0.4 �g pmCherry-C1 with 5 �l Lipo-
fectamine 2000 in 1 ml Optimem. The transfection solution was replaced
after 4 h and incubated for 18 to 20 h in 2 ml growth medium. Cells were
treated with trypsin and resuspended in PBS with 3% FBS (FACS me-
dium). A total of 1 � 106 cells were washed with FACS medium and
resuspended in 50 �l primary antibody (1:1,000 in FACS medium). To
test the expression of gB and the gH truncation mutants together, CHO
cells were transfected with 0.4 �g each of gB, gH or the indicated mutant,
gL, gD, and pmCherry-C1 with 5 �l Lipofectamine 2000 in 1 ml Optimem
as described above, except the cells were incubated for 12 h after replace-
ment of the transfection solution.

Dye transfer assay. CHO cells were transfected as described above,
with the following modifications. Effector cell transfections were per-
formed by using pmCherry instead of pT7, and target cell transfections
were performed by using pCAGGs instead of pT7EMCLUC. The trans-
fection solution was replaced with medium at 4 h posttransfection. Target
cells were incubated with 3 �M DiO [DiOC18(3) (3,3=-dioctadecyloxac-
arbocyanine perchlorate)] (Molecular Probes) in Ham’s F-12 medium
containing 10% FBS for 20 min at 37°C. Medium was replaced twice over
20 min to remove unincorporated dye. The target and effector cells were
detached by using Versene solution at 12 h posttransfection, and 1.5 � 105

cells each were coincubated on glass coverslips in a 24-well plate at 37°C.
Four hours later, the cells were washed with PBS, fixed by using 4% para-
formaldehyde (PFA) in PBS, and stained by using DAPI (4=,6-diamidino-
2-phenylindole) at 1 �g/ml for 20 min at room temperature. The cover-
slips were mounted by using Prolong Gold (Invitrogen). Coverslips were
imaged with a Spot RT2 color digital camera mounted on a Nikon E800
microscope. mCherry-positive cells were counted in random visual fields
at a �40 magnification, and the numbers of mCherry- and DiO-positive
cells were quantified. Nuclei in each double-positive group were also ex-
amined.

Statistics. Statistical analysis was performed for each experiment on
the raw luminescence units following log10 transformation by using
GraphPad PRISM 6 software. Repeated-measures analysis of variance
(ANOVA) was used when all conditions/mutants were tested together,
followed by either Dunnett’s posttest for comparisons against the WT
control or Bonferroni’s posttest for specific comparisons.

RESULTS
Choice of gB cytodomain mutations. Previously, we proposed a
model for the secondary structure and the tertiary fold of the
cytoplasmic domain of HSV-1 gB based on bioinformatic se-
quence analysis and biochemical characterization of the isolated
cytodomain, which included membrane binding assays and pro-
tection from proteolysis in the presence of membranes (Fig. 1)
(27). To refine this model and to gain further mechanistic insights
into the gB cytodomain function, we generated a panel of the
following mutants: L817H, L817H/R858H, K864S/K865S/K866S,
E830S/E831S, E842S, and E845S.

Within the HSV gB cytodomain, clinical syn mutations clus-
ter into two “hot spots,” residue 817 in putative helix h1b (hot
spot 1) (21, 23) and putative helix h2b (hot spot 2) (19, 21, 28,
43–45) (Fig. 1). We previously showed that the A855V (21, 43)
and R858H (19) syn mutants, both in hot spot 2, have hyper-
fusogenic phenotypes in cell-cell fusion (27). Here, we wanted
to determine whether the L817H syn mutant (21) also had a

hyperfusogenic phenotype in cell-cell fusion and whether com-
bining syn mutations from two hot spots would have an addi-
tive effect on fusion.

We previously showed that the removal of the putative helix
h3 reduced membrane binding by the cytodomain, which we
attributed to a cluster of basic residues at the C terminus of
helix h3 (32). Removal of h3 also resulted in hyperfusion, con-
sistent with the idea that membrane binding by the gB cytodo-
main plays an important role in fusion restriction. The simul-
taneous removal of putative helices h3 and h2b eliminated
membrane binding, which suggested that residues within helix
h2b contact the membrane (32). Moreover, h2b residues 857 to
867 are protected from proteolysis when the gB cytodomain is
bound to anionic membranes (27). We hypothesized that a con-
served cluster of basic residues at the C terminus of helix h2b may
be important for membrane binding and, thus, fusion regulation.
The K864S/K865S/K866S triple mutant was generated to test this
hypothesis.

Several known syncytial mutations target basic residues R876,
R800, K839, and R858. The gB cytodomain also contains a large
number of acidic residues, which could form salt bridges with the
basic residues. We hypothesized that their side chains may partic-
ipate in salt bridges, and to identify potential counterparts, we
mutated several glutamates conserved in HSV to generate the
E830S/E831S, E842S, and E845S mutants. Residues E830 and
E831 are located in the proteolytically resistant region between
putative helices h1b and h2a, while residues E842 and E845 map to
putative helix h2a.

The L817H and K864S/K865S/K866S mutants are hyperfuso-
genic in the cell-cell fusion assay. All gB cytodomain mutants
were first tested by using a quantitative virus-free luciferase cell-
cell fusion assay (3). The previously characterized R858H mutant
(27) served as a positive control for the hyperfusogenic pheno-
type. The E830S/E831S mutant had WT fusogenicity, while the
E842S and E845S mutants had fusogenicity that was only 30%
above that of the WT (Fig. 2A), which suggested that the four
glutamates played a minor role, if any, in either fusion or its reg-
ulation. The R858H, L817H, L817H/R858H, and K864S/K865S/
K866S mutants mediated fusion at �2-fold-higher levels than
those of the WT following a 20-h incubation (Fig. 2A). These
results show that syn mutation L817H from hot spot 1 increases
cell-cell fusion to a similar extent as syn mutation R858H from hot
spot 2 and that combining these two mutations does not cause a
further increase in fusion, which implies that �2-fold fusion over
that of the WT represents the upper fusion limit under these ex-
perimental conditions. The hyperfusogenic phenotype of the new
K864S/K865S/K866S mutant supports the idea that the basic clus-
ter at the C terminus of putative helix h2b plays a role in fusion
regulation. The hyperfusogenic phenotype of the four gB mutants
was not due to overexpression because all mutants were expressed
on the cell surface at WT levels (Fig. 2B). These mutants were
characterized further.

Hyperfusogenic mutants require gH/gL and gD for fusion.
Certain truncation mutants of Epstein-Barr virus (EBV) gB are
fusogenic on their own (46, 47). The increased activity of the hy-
perfusogenic mutants raised the question of whether gH/gL and
gD were still required for fusion. In the absence of either gH/gL or
gD, the fusion of all four hyperfusogenic mutants was at back-
ground (no-gB) levels (Fig. 3). Therefore, all hyperfusogenic gB
mutants depend on gD and gH/gL for fusion activity.
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Unlike WT gB, the mutants are fully hyperfusogenic at lower
temperatures or shorter coincubation times. In all previous ex-
periments, the cell-cell fusion activity of HSV-1 gB was assayed at
37°C after an 18- to 20-h coincubation of target and effector cells.
To characterize the temporal and thermal dependencies of gB-
mediated fusion, we measured the fusion activity of WT and mu-
tant gB proteins after 6, 12, or 18 h of coincubation at 37°C (Fig. 4)
or after 18 h of coincubation at 28°C. The fusion activity of WT gB
decreased proportionately to the coincubation time and at 6 h was
only at 37% of its 18-h level. In contrast, all hyperfusogenic mu-
tants reached their full fusion activity by 6 h. Similarly, at 28°C,
WT gB mediated only 36% fusion relative to its 37°C level, while
all the mutants were just as active at 28°C as they were at 37°C (Fig.
5A). Cell surface expression levels of the mutant and WT gB pro-
teins were similar at 28°C and could not account for the large
differences in fusion activity at low temperatures between WT gB
and the mutants (Fig. 5B). Thus, unlike WT gB, all four mutants
were fully fusogenic at lower temperatures and shorter coincuba-
tion times, implying that each mutation reduced the kinetic en-
ergy barrier to fusion.

Hyperfusogenic mutants require less gH/gL to achieve WT
gB fusion levels. A hyperfusogenic truncation mutant of EBV gB
has been shown to achieve the same fusion levels as the WT with
less gH/gL (48). We tested whether hyperfusogenic mutants of
HSV-1 gB had the same ability by measuring cell-cell fusion in the
presence of different amounts of transfected WT gH. To keep the
total amount of transfected gH constant, we complemented WT

gH with a gH truncation mutant lacking the cytotail (gH824),
which is expressed on the cell surface at WT gH levels (see Fig. 7B)
but is unable to support fusion (see Fig. 7A). For any given
amount of gH, the gB mutants achieved higher fusion levels than
those of WT gB. For example, in the presence of only 1/16 of the
WT gH level, WT gB fusion levels were reduced to 20%, while
those of the mutants were reduced to �37 to 70%, depending on
the mutant (Fig. 6A). However, while higher fusion levels were
achieved overall, the proportional response of mutant versus WT
gB to gH amounts appeared similar. For example, with one-eighth
of the gH level, fusion levels of WT gB and the R858H/L817H and
K864S/K865S/K866S gB mutants were reduced 2-fold from their
maximum levels (Fig. 6B). Thus, while the gB mutants achieved
higher fusion levels than those of WT gB, their dependence upon
gH/gL was similar.

Fusion of WT gB and hyperfusogenic mutants is proportion-
ate to the length of the gH cytotail. To systematically assess the
dependence of cell-cell fusion on the length of the gH cytotail, we
generated a panel of gH truncation mutants (Fig. 7A). A coincu-
bation time of 12 h was selected based on previous experiments
(Fig. 4) to maximize fusion levels while permitting the detection of
small amounts of fusion. Truncations of the gH cytotail did not
change the surface expression levels of either gH/gL or gB (Fig.
7B). Moreover, truncations of the gH cytotail did not affect the
conformation of the extracellular portion of the gH/gL ectodo-
main because they did not alter the reactivity of several truncated
gH/gL constructs with a conformational monoclonal antibody,
LP11 (Fig. 7C), which is considered the “gold standard” in the
field (49). gH832 did not reduce cell-cell fusion, whereas the re-

FIG 3 Hyperfusogenic gB mutants require gH/gL and gD for fusion. Fusion
experiments were carried out as described in the legend of Fig. 2 except that cell
populations were coincubated in a 1:1 ratio for 18 h at 37°C. The vector was
transfected in place of gD or gH/gL, as indicated. Transfected glycoproteins (B,
D, H, and L) are indicated below each bar, and the gB construct used is indi-
cated below each set of bars. In each experiment, the value for the vector
control was subtracted from the value for each sample (performed in tripli-
cate), and the values are expressed as a percentage of the WT value. Reported
values represent averages of data from at least three experiments. Error bars
represent standard deviations. Comparison to the WT for each set (BHLD,
BHL, and BD) was done by repeated-measures ANOVA (P � 0.001 for all sets)
with Dunnett’s post hoc test (****, P � 0.0001; ***, P � 0.001; **, P � 0.01).

FIG 4 Hyperfusogenic mutants complete fusion faster than the WT. Fusion
experiments were carried out as described in the legend of Fig. 2 except that the
two populations were coincubated for the indicated times at 37°C before the
luciferase assay. Reported values represent averages of data from three exper-
iments. Error bars represent standard deviations. Comparison to the WT for
each set (6 h, 12 h, and 18 h) was done by repeated-measures ANOVA (18 h,
P � 0.0002; 12 h, P � 0.017; 6 h, P � 0.0001) with Dunnett’s post hoc test
(***, P � 0.001; **, P � 0.01; *, P � 0.05; ns, not significant).
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moval of the entire gH cytotail abolished fusion with all gB con-
structs (Fig. 7D), consistent with data from previous reports (33,
36). The rest of the truncations progressively reduced the fusion
activity of both WT gB and the hyperfusogenic mutants (Fig. 7D
and Table 1) proportionately to the length of the truncation. With
any given gH mutant, hyperfusogenic gB mutants mediated
higher fusion levels than those of WT gB. For example, in the
presence of gH828, the mutants mediated between 85 and 161%
fusion (relative to WT gB/WT gH), whereas WT gB mediated only
27% fusion. In the presence of gH826, the mutants mediated be-
tween 29 and 63% fusion (relative to WT gB/WT gH), whereas
WT gB mediated only 7% fusion. These results show that although
the fusion of all gB variants requires the gH cytotail, the gB mu-
tants can achieve similar fusion levels with a shorter gH cytotail,
e.g., gH827 versus gH829 and gH826 versus gH828 (Fig. 7D and
Table 1). We also found that the gB mutants require at least one

residue within the gH cytotail to mediate fusion above the back-
ground level, whereas WT gB requires at least two residues. De-
spite this, gH truncations reduced fusion to a similar extent for gB
constructs, be they WT or hyperfusogenic (Fig. 7E). For example,
the gH829 truncation reduced fusion by �2-fold (relative to WT
gH levels), whereas the gH827 truncation reduced fusion by �5-
fold (Fig. 7E). Thus, the fusion activity of all gB variants, mutant
or WT, is dependent upon the length of the gH cytotail to similar
extents.

Hyperfusogenic mutants and the gH cytotail exert their ef-
fect prior to lipid mixing. To narrow down the step(s) in fusion

FIG 5 Hyperfusogenic mutants fuse at lower temperatures. (A) Fusion exper-
iments were carried out as described in the legend of Fig. 2 except that the two
populations were coincubated for 18 h at 28°C before the luciferase assay.
Reported values represent averages of data from three experiments. Error bars
represent standard deviations. Data from 18 h at 37°C (Fig. 4) are shown for
comparison. Comparison to the WT was done by repeated-measures ANOVA
(P � 0.0001) with Dunnett’s post hoc test (***, P � 0.001; *, P � 0.05; ns, not
significant). (B) Expression levels of WT gB and each mutant were determined
by FACS analysis as described in the legend of Fig. 2 except that the cells were
moved to 28°C following transfection. Reported values represent averages of
data from two experiments. Error bars represent standard deviations.

FIG 6 Hyperfusogenic mutants require less gH/gL for fusion activation. (A)
Fusion experiments were carried out as described in the legend of Fig. 2 except
that the two populations were coincubated for 12 h at 37°C. In each experi-
ment, the value for the vector control was subtracted from the value for each
sample (performed in triplicate), and the values are expressed as a percentage
of the WT value. gH was transfected in smaller amounts, with the gH824
mutant making up the difference. Reported values represent averages of data
from 3 experiments. Error bars represent standard deviations. Comparison to
the WT was done by repeated-measures ANOVA (P � 0.0001) with Bonfer-
roni’s multiple-comparison test (****, P � 0.0001; ***, P � 0.001; **, P � 0.01;
*, P � 0.05; ns, not significant). (B) Fusion results from panel A reported as
ratios of reduced gH transfection to full gH transfection.
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FIG 7 Hyperfusogenic mutants do not rescue gH truncations that reduce fusion. (A) gH truncations generated in this work. (B) Expression of gB and gH/gL was
determined by FACS analysis using either anti-gB monoclonal antibody SS10 or anti-gH polyclonal antibody R137 and Alexa 488-conjugated anti-mouse
secondary antibody or fluorescein isothiocyanate-conjugated anti-rabbit secondary antibody, respectively. mCherry was included as a transfection control.
Percentages of cells double positive for mCherry and fluorescein isothiocyanate were normalized to WT expression levels. (C) Surface expression of gH/gL or the
indicated gH truncation with gL determined by FACS analysis using anti-gH/gL monoclonal antibody LP11 and Alexa 488-conjugated anti-mouse secondary
antibody. Percentages of cells double positive for mCherry and fluorescein isothiocyanate were normalized to WT expression values. Reported values represent
averages of data from two experiments. Error bars represent standard deviations. (D) Fusion experiments were carried out as described in the legend of Fig. 2
except that the two populations were coincubated for 12 h at 37°C. In each experiment, the value for the vector control was subtracted from the value for each
sample (performed in triplicate), and the values are expressed as a percentage of the WT value. Reported values represent averages of data from three experiments.
Error bars represent standard deviations. Linear regression was performed with WT and gB mutants against gH cytotail length, omitting control WT gB and WT
gH (R2 � 0.96 for WT gB, R2 � 0.74 for the R858H mutant, R2 � 0.75 for the L817H mutant, R2 � 0.75 for the L817H/R858H mutant, and R2 � 0.72 for the
K864S/K865S/K866S mutant; P � 0.001 for each condition). (E) Fusion results from panel D reported as a ratio of each gH truncation to full-length gH.
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targeted by the hyperfusogenic mutations in gB and by the gH
cytotail, we tested for transfer of the lipophilic dye DiO, as a
marker of lipid transfer, from target CHO cells to effector CHO
cells expressing mCherry, gL, gD, WT gB or gB mutants, and WT
gH or gH824 (Fig. 8). In the absence of gB, nonspecific transfer of
DiO to mCherry-positive cells was limited to �1% (Fig. 8A). In
the presence of WT gB and WT gH/gL, we observed a number of
DiO/mCherry-positive cells containing 2 or more nuclei (Fig. 8B).
In the presence of the R858H mutant and WT gH/gL, we observed
a higher number of DiO/mCherry-positive cells containing 2 or
more nuclei (Fig. 8C). If the hyperfusogenic mutants increased the
rate of fusion at a step after hemifusion, we would have expected to
find some mCherry/DiO-positive cells with single nuclei for WT
gB with WT gH/gL. Instead, all DiO/mCherry-positive cells con-
tained 2 or more nuclei, which implies that the hyperfusogenic
mutations exert their effect at a step prior to lipid mixing. Addi-
tionally, we tested the R858H mutant with the gH824 mutant and
found that DiO transfer to mCherry-positive cells was at a back-
ground level (Fig. 8D). The cytoplasmic tail of gH is thus required
not only for full fusion (Fig. 7) but also for DiO transfer to effector
cells, which is a marker for hemifusion. This result extends previ-
ous findings with a fusion-null gH tail insertion mutant (35) to
CHO cell-cell fusion.

DISCUSSION
Updated gB cytodomain model. The cytodomain of gB plays an
important regulatory role in membrane fusion that is yet unclear,
at least in part, due to the lack of any direct structural information
on the gB cytodomain. Previously, we proposed a model for the
secondary and tertiary structures of the gB cytodomain on the
basis of bioinformatic analysis and biochemical data (Fig. 1) (27).
Here, we generated and characterized a panel of mutants, E830S/
E831S, E842S, E845S, and K864S/K865S/K866S, with the goal of
refining this model. The K864S/K865S/K866S triple mutant was
generated to test the hypothesis that a conserved cluster of basic
residues at the C terminus of helix h2b is important for fusion
regulation by binding the membrane. The K864S/K865S/K866S
mutant was hyperfusogenic, which supports the role of this region
in fusion repression. Although the involvement of these residues
in membrane interactions has not yet been tested directly, for
now, we place the C terminus of helix h2b in proximity to the
membrane in our revised model (Fig. 9A).

The E842S and E845S mutants were used to test the hypothesis
that one of these residues in helix h2a may form a salt bridge with
R858 in helix h2b. Previously, we found that the soluble gB cyt-
odomain containing the R858H mutation had an additional pro-
teolytic cleavage site after residue R844 in helix h2a not found in
the soluble WT gB cytodomain (27). We speculated that helices
h2a and h2b interacted, possibly, through a salt bridge formed by
R858 with either E842 or E845 and that the disruption of the salt
bridge by the R858H mutation could explain why R844 became
more accessible to cleavage (27). If either E842 or E845 partici-
pated in a salt bridge with the R858H mutation, the E842S or
E845S mutant would have been expected to be hyperfusogenic like
R858H. However, neither mutant was hyperfusogenic, so R858
probably does not form a salt bridge with either of these residues.
To reflect this, helices h2a and h2b are no longer shown as inter-
acting in the new model (Fig. 9A).

The E830S/E831S double mutant was designed to probe the
functional role of these conserved residues located in the proteo-
lytically resistant region between putative helices h1b and h2a. The
double mutation did not affect the fusion activity of gB, which is
notable because relatively few such mutations within the cytodo-

FIG 8 Lipid transfer requires gB and the gH cytoplasmic tail. CHO cells were
transfected with pHVEM for target cells and with gL, gD, pmCherry, and the
indicated gB and gH plasmids for effector cells. Following transfection, target
cells were labeled with the lipophilic dye DiO. Target and effector cells were
coincubated at a 1:1 ratio on a glass coverslip for 4 h at 37°C before fixing with
PFA and staining of nuclei with DAPI. mCherry-positive cells were counted in
random visual fields at a �40 magnification, and the numbers of mCherry-
and DiO-positive cells were quantified. Values on the right indicate averages �
standard deviations for the percentages of mCherry cells that were DiO posi-
tive. The experiment was performed twice, and representative images are
shown.

TABLE 1 Fusion in the presence of different gB and gH variantsa

Protein

Mean % fusion � SD

WT gB R858H L817H L817H/R858H K864S/K865S/K866S

WT gH 100 322 � 137 309 � 108 271 � 73 272 � 85
gH832 94 � 13 415 � 107 388 � 102 343 � 112 365 � 117
gH829 54 � 23 170 � 69 159 � 64 156 � 41 155 � 50
gH828 27 � 18 161 � 20 140 � 16 85 � 41 121 � 33
gH827 19 � 6 61 � 19 59 � 10 62 � 24 50 � 29
gH826 7 � 1 57 � 11 33 � 6 27 � 8 27 � 5
gH825 2 � 3 19 � 4 7 � 2 4 � 1 6 � 2
gH824 �3 � 1 �2 � 2 �3 � 0 �4 � 1 �4 � 1
a Glycoproteins gL and gD as well as pT7 were transfected with each gB (or the
empty vector) and gH variant. Target cells were transfected with pHVEM and
pLuciferase, which is under the control of the T7 promoter. In each experiment, the
value of the vector control with WT gH was subtracted from the value for each
sample, and fusion values (percent) were normalized to the value obtained in the
presence of WT gH and WT gB, set to 100%. Reported values represent averages of
data from 3 experiments.
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main have been described (29). Why these two glutamates are
conserved remains unclear.

Hyperfusogenic gB mutations reduce the kinetic barrier to
fusion. The four hyperfusogenic mutants of HSV-1 gB investi-
gated here achieved the same levels of fusion sooner than did WT
gB. The differences in fusion between WT gB and the mutants
became smaller with longer incubation times, which means that
the WT was catching up to the mutants. Thus, the effect of hyper-
fusogenic mutants is kinetic. These observations highlight the im-
portance of monitoring fusion at early time points because the
total number of possible fusion events is finite.

For the first time, we tested whether combining syn mutations
from two “hot spots” could have an additive effect on fusion. The
L817H/R858H double mutant mediates fusion at the same level as
the single mutants, suggesting that these mutations target the
same step in fusion. Alternatively, these mutations could cause the
hyperfusogenic phenotype by disrupting the same structural ele-
ment.

The hyperfusogenic mutants were fully functional even at re-
duced incubation times and temperatures, suggesting that muta-
tions reduced the overall kinetic barrier to fusion (Fig. 9B). This is
in agreement with data from a recent report in which a hyperfu-
sogenic truncation mutant of EBV gB mediated fusion at levels
well above those of WT gB even with reduced incubation times
and temperatures (48). We (27) and others (48) have proposed
that hyperfusogenic mutants either exist in an activated confor-
mation or require less energy to achieve such a conformation. If
so, they could potentially mediate fusion in the absence of gD or
gH/gL. We found, however, that in the absence of either gH/gL or

gD, fusion was at background levels (no gB) for all tested gB mu-
tants. Although we previously observed that some hyperfusogenic
mutants, including the R858H mutant used here, could mediate
low-level fusion in the absence of either gH/gL or gD (27), this was
probably due to a higher background level and lower signal-to-
noise ratio of the previous experimental setup. Despite having a
lower overall activation energy barrier, the hyperfusogenic mu-
tants require gH/gL, yet they can achieve the same fusion levels
with less gH/gL. We propose that the hyperfusogenic mutations in
gB increase the probability that any particular gB-gH/gL interac-
tion will activate gB. In other words, these gB mutants are hyper-
sensitive to gH: they show a similar response to gH truncation as
that of WT gB but are more likely to drive fusion at any given gH
level. In this scenario, the subsequent rate of fusion remains un-
changed. Current data do not exclude the alternative model, how-
ever, in which both WT gB and the hyperfusogenic mutants re-
quire gH/gL to be activated, but once triggered, the mutants drive
fusion at a higher rate than does WT gB. Data from lipid transfer
experiments suggest that the hyperfusogenic mutants accelerate a
step prior to lipid mixing, but further experiments are needed to
identify this step and to distinguish the two models.

The gH cytotail is essential for fusion. We selected the CHO
cell-cell fusion assay to systematically investigate the activity of the
hyperfusogenic gB mutants and their dependence on the length of
the gH cytotail. This system provides a sensitive assay for the effect
of gH truncations while permitting comparisons between our
work and those of others. Our results confirm previously reported
observations that the gH cytotail is an essential component of the
cell-cell fusion mechanism and show that the N-terminal portion
of the gH cytotail is critical for this process. Eight residues of the
14-residue gH cytotail were sufficient to mediate fusion at WT gH
levels, whereas the complete removal of the cytotail abrogated
fusion. Fusion levels achieved by all gB constructs, WT or mutant,
in the presence of gH with truncated cytotails were reduced and
proportionate to the remaining cytotail length, and at least a 1-res-
idue-long gH cytotail was necessary to produce measurable fu-
sion. Based on the results presented here, we propose that, in
addition to the gH/gL ectodomain, the gH cytotail is involved in
gB activation.

How could the gH cytotail activate gB? We ruled out the pos-
sibility that the gH cytotail truncations could play an indirect role
by altering the conformation of the ectodomain. Previously, we
hypothesized that the gB cytodomain restricts fusion by stabiliz-
ing the prefusion form, like a clamp, and preventing its premature
refolding into the postfusion form (50) and that a fully folded
cytodomain is necessary for this effect (27). The hyperfusogenic
gB mutations could destabilize the cytodomain “clamp” to allow
gB to be triggered more readily. Here, we further hypothesize that
the gH cytotail also destabilizes the cytodomain clamp by disrupt-
ing the interprotomer contacts like a wedge (Fig. 9B). Shorter gH
cytotails, being smaller wedges, are less efficient at disrupting the
gB cytodomain fold. Indeed, truncations resulted in a gradual re-
duction in fusion levels rather than an abrupt loss of activity at a
specific length. Although no interaction between the recombinant
gB cytodomain expressed in E. coli and a synthetic peptide encom-
passing the gH cytotail was detected in in vitro pulldown experi-
ments (36), the interaction may be transient, or it may require the
transmembrane regions (TMs) of gB and gH. Although the roles
of the TMs in fusion have not yet been delineated, mutations in
either TM reduce fusion (33, 51).

FIG 9 Working model for gB activation by the gH cytotail. (A) gB cytoplasmic
domain model updated to show the end of h2b and h3 interacting with the
membrane, supporting the idea that the cytodomain functions as a clamp that
stabilizes prefusion gB. The region between helices h1b and h2a, which is
protected from proteolysis even in the absence of the membrane, is placed
inside the “cage” formed by the interacting protomers. Receptor-bound gD
activates gH/gL, which causes the ectodomains of gB and gH/gL to interact. (B)
The gB cytodomain and gH cytotail transiently interact, which disrupts the
interprotomer interactions within the gB cytodomain and releases the clamp.
This allows gB to undergo a conformational change.
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To summarize, hyperfusogenic mutations within the gB cyt-
odomain can either render it more sensitive to triggering by gH/gL
or increase the rate of fusion at a posttriggering step prior to hemi-
fusion. Recent studies monitoring the kinetics of fusion of single
influenza A virus virions or West Nile virus-like particles with a
membrane bilayer (52–54) distinguished two steps prior to hemi-
fusion: activation of the fusogen characterized by the exposure
and outward extension of the fusion peptide (or loop) followed by
the clustering of activated fusogens in a number sufficient to over-
come the energy barrier to membrane deformation. Future single-
particle membrane fusion studies will help delineate the steps in
HSV fusion and the respective contributions of various regulatory
elements.
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