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Residues within the C-Terminal Arm of the Herpes Simplex Virus 1
Glycoprotein B Ectodomain Contribute to Its Refolding during the
Fusion Step of Virus Entry

Sarah A. Connolly and Richard Longnecker
The Feinberg School of Medicine, Northwestern University, Chicago, Illinois, USA

Herpesvirus entry into cells requires coordinated interactions among several viral glycoproteins. The final membrane fusion
step of entry is executed by glycoprotein B (gB), a class III viral fusion protein that is conserved across all herpesviruses. Fusion
proteins are metastable proteins that mediate fusion by inserting into a target membrane and refolding from a prefusion to post-
fusion conformation to bring the viral and cell membranes together. Although the structure of gB has been solved in a confor-
mation that likely represents its postfusion form, its prefusion structure and the details of how it refolds to execute fusion are
unknown. The postfusion gB structure contains a trimeric coiled-coil at its core and a long C-terminal arm within the ectodo-
main packs against this coil in an antiparallel manner. This coil-arm complex is reminiscent of the six-helix bundle that provides
the energy for fusion in class I fusogens. To determine the role of the coil-arm complex, we individually mutated residues in the
herpes simplex virus 1 gB coil-arm complex to alanine and assessed the contribution of each residue to cell-cell and virus-cell
fusion. Several coil mutations resulted in a loss of cell surface expression, indicating that the coil residues are important for
proper processing of gB. Three mutations in the arm region (1671A, H681A, and F683A) reduced fusion without affecting expres-
sion. Combining these three arm mutations drastically reduced the ability of gB to execute fusion; however, fusion function
could be restored by adding known hyperfusogenic mutations to the arm mutant. We propose that the formation of the coil-arm
complex drives the gB transition to a postfusion conformation and the coil-arm complex performs a function similar to that of

the six-helix bundle in class I fusion. Furthermore, we suggest that these specific mutations in the arm may energetically favor

the prefusion state of gB.

nlike most enveloped viruses, which use a single protein to

mediate binding to and fusion with a target cell, herpesvirus
entry requires the coordinated action of multiple entry glycopro-
teins (reviewed in references 11 and 24). Glycoprotein D (gD) is
the main receptor-binding protein, and engagement with receptor
triggers fusion mediated by the gH/gL heterodimer and gB, pro-
teins that together represent the conserved fusion machinery of
herpesviruses. The herpesvirus gB crystal structures (3, 25) and
subsequent mutational analyses (2, 22) indicate that gB is the fu-
sion protein for herpesviruses.

Fusion proteins are metastable proteins that execute the final
membrane merger step of virus entry by inserting into a target
membrane and refolding to bring the viral and cell membranes
into proximity. Crystal structures of multiple viral fusion proteins
have been solved, and the proteins can be classified into three
categories (23, 58). Class I fusogens are homotrimers that are rich
in a-helices. Most class I fusion proteins contain a hydrophobic
fusion peptide and proteolytic processing N terminal to this pep-
tide activates the fusogenic potential of the protein. Upon trigger-
ing by low pH and/or receptor binding, the fusion peptides insert
into the target membrane, and the protein refolds into a stable
postfusion conformation. During transition to the postfusion
form, a C-terminal region of the ectodomain adjacent to the trans-
membrane (TM) region (called heptad repeat B [HRB]) packs
against an N-terminal trimeric a-helical coiled-coil adjacent to
the fusion peptide (called heptad repeat A [HRA]) in an antipar-
allel manner, thus bringing the two membrane-inserted portions
of the protein together. In the postfusion conformation, HRA and
HRB form an energetically stable “six-helix bundle,” which may
provide the energy to drive membrane fusion (34, 39, 53). There is
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variability among class I fusion proteins. In some class I fusion
proteins, such as the paramyxovirus F protein (61) and human
immunodeficiency virus (HIV) gp41 Env (57), the six-helix bun-
dle is long and extends through the region adjacent to the mem-
brane. In contrast, the six-helix bundles of influenza virus hemag-
glutinin (HA) (7) and human T-cell leukemia virus (HTLV) gp21
Env (33) are relatively short and distal from the membrane. At the
membrane proximal C-terminal end of the six-helix bundles of
HA and gp21 Env, a primarily nonhelical strand (termed a leash)
packs against the helical N-terminal coiled-coil (46). The spacing
of the heptad repeats also differs among class I fusion proteins. For
example, while only a few residues separate the heptad repeats of
HA, the paramyxovirus F heptad repeats are separated by over 250
residues. In addition, instead of fusion peptides, the avian sarco-
ma/leukosis virus (13), filovirus (30, 35), and arenavirus (29, 32)
fusion proteins have internal fusion loops lacking a free N termi-
nus positioned at the ends of their six-helix bundles. Class II fu-
sogens differ from class I fusogens in that they have a higher con-
tent of B-sheets, they transition from hetero- or homodimers into
trimers during refolding, and they lack six-helix bundles. In addi-
tion, class II fusogens contain internal fusion loops that lie within
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C. HSV-1gB

FIG1 (A) HSV-1 gB ectodomain (PDB ID 2GUM). The structure of HSV-1 gB is shown and colored by domain. Domain I (blue) contains hydrophobic fusion
loops (magenta) that insert into the cell membrane. Domain V (red) is comprised of a C-terminal arm that packs against a coiled-coil core formed by domain IIT
(yellow) and proceeds through domain I toward the TM region at the C terminus of the ectodomain. This creates a hairpin-like organization, with the fusion
loops and TM domain at the same end of the trimer. A close-up of the anti-parallel coil-arm complex is shown. (B) For comparison, the six-helix bundle from
the paramyxovirus class I fusogen PIV5 F (PDB ID 1SVF) (5) is shown, comprised of three HRA (yellow) and HRB (red) peptides. (C) The gB coil-arm complex
is colored to summarize the results. When the numbered residues were mutated to alanine, either gB was poorly surface expressed (gray), gB expression and
fusion were at wild-type levels (blue), or gB was expressed at wild-type levels but fusion was reduced (shades of pink, space-filling residues). (D) gB arm residue
1671 (red sticks) contacts residues A527, E530, L531, and H534 (yellow sticks) on one helix of the coil and residue W528 (brown sticks) on a second helix of the
coil. (E) gB arm residue H681 contacts F508 (yellow sticks) on one helix of the coil and Q507 and Y510 (brown sticks) on a second helix of the coil. (F) gB arm
residue F683 contacts residue T509 (yellow sticks) on one helix of the coil and residue F503, L506, Q507, and Y510 (brown sticks) on a second helix of the coil.

domains comprised of mainly B-sheets (23, 58). Class III fusogens
share features of both class I and class II fusogens, including an
a-helical coiled-coil core and trimeric arrangement like class I and
internal fusion loops within a predominantly B-sheet domain like
class II. gB is a class III fusogen (Fig. 1A).

The crystal structures of herpes simplex virus 1 (HSV-1) (25)
and Epstein-Barr virus (EBV) gB (3) most likely represent postfu-
sion conformations, although this has not been proven. The ve-
sicular stomatitis virus G protein (VSV-G) is a class III fusogen
that is pH dependent, and its structure has been solved in two
forms that are proposed to represent a prefusion (crystallized at
basic pH) and postfusion (crystallized at acidic pH) conformation
(50, 51). Despite a lack of sequence homology with VSV-G, the
HSV and EBV gB structures resemble the postfusion structure of
VSV-G. The gB structures were solved using a soluble form of gB
lacking a TM domain. Removal of the gB TM domain may have
caused the protein to spontaneously adopt a postfusion confor-
mation, as has been observed for other fusion proteins including
class III baculovirus gp64 (31) and class I paramyxovirus F
protein (61).

Similar to class I fusogens, the gB postfusion structure contains
a trimeric a-helical coiled-coil at its core (25) (Fig. 1A). A long
C-terminal arm within the ectodomain packs against this coiled-
coil core in an antiparallel manner, reminiscent of the class I six-
helix bundle (29) (Fig. 1B). The gB arm is nonhelical, and thus it
more closely resembles the leash present in influenza virus HA and
HTLV gp21 Env (7, 33, 46). The gB coil-arm complex consists of
residues 500 to 541 in the coil and residues 670 to 690 in the arm.
This hairpin-like arrangement most likely brings the C-terminal
TM region into proximity with the fusion loops at the base of gB,
further supporting the concept that this structure represents a
postfusion gB conformation.

June 2012 Volume 86 Number 12

gB exhibits some notable differences from class I fusogens. In
class I fusogens, the HRA coiled-coil is adjacent to the fusion pep-
tide. In contrast, the gB coiled-coil lies over 200 residues down-
stream from its fusion loops, such that the coil and fusion loops
are separated by the entirety of domain I (Fig. 1A). Similarly, in
most class I fusogens, the HRB or leash region is proximal to the
TM region. For gB, the arm that packs against the coil lies nearly
80 residues upstream of the TM domain.

We hypothesize that gB and other class III fusogens refold in a
manner similar to class I fusogens and that the packing of the arm
against the coiled-coil provides a driving force for gB refolding
from a prefusion to a postfusion conformation. To investigate the
role of the coil and arm regions in fusion, we mutated residues that
make contacts within the coil-arm complex and assessed the effect
of these mutations on the ability of gB to execute fusion.

MATERIALS AND METHODS

Cells, virus, antibodies, and plasmid constructs. Chinese hamster ovary
(CHO-K1) cells lack HSV-1 receptors and were grown in Ham F-12 me-
dium supplemented with 10% fetal bovine serum (FBS). CHO cells stably
expressing the gD receptor HVEM (CHO-HVEM) (40) or nectin-1
(CHO-nectin-1) (21) were grown in Ham F-12 with 10% FBS and 250 pg
of G418/ml. Vero and Vero-B24 cells (i.e., Vero cells stably expressing
HSV-1 gB [27], also called VgB) were grown in Dulbecco modified Eagle
medium (DMEM) supplemented with 10% FBS. Vero-B24 cells were
used to propagate the gB-negative HSV-1 (KOS) strain K082 (8). Conflu-
ent Vero-B24 cells were infected with K082 at 0.01 PFU/cell. After 3 days,
the supernatants were harvested and titered on Vero-B24 cells. The anti-
bodies used included anti-gB polyclonal serum R74 (26), the anti-gB
monoclonal antibodies (MAbs) 1-1-7, I-84-5, 1-144-2, 1-252, 11-105, and
I1-125-4 (38,45),1-59-6 and II-137-1 (45), H1397 and H336 (gifts from L.
Pereira) (47), and B1 (a gift from J. Glorioso) (28) and the anti-VP5 MAb
H1.4 (Biodesign International, Sato, ME). pT7EMCLuc plasmid encod-
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TABLE 1 Selected candidate coil-arm interaction residues from the
gB coil

No. of H-bond contacts
N-terminal contacts® No. of side-chain  with arm No. of arm
gB coil with arm  contacts? with residues (no. of  residues
residue residues  arm residues side chains) contacted
F503 13 12 3
Q507 16 13 2 3
Y510 17 17 4
Q514 13 13 1 3
H516 16 16 3
N518 16 16 1 2

7 A contact is defined to occur when one atom lies within 4 A of another atom, as
determined using MacPyMol.

b Side-chain contacts are defined as contacts involving atoms past the Cat of the selected
amino acid residue.

ing a firefly luciferase reporter gene under the control of the T7 promoter
and pCAGT7 plasmid encoding T7 RNA polymerase (44) were used in the
fusion assay. gD, gH, and gL were expressed from pCAGGS constructs
(48). gB mutants were created by site-directed mutagenesis of the HSV-1
gB gene in a pSG5 vector using QuikChange (Agilent, Santa Clara, CA).
The wild-type gB used here contains a few conservative amino acid
changes compared to the published sequence for HSV-1 strain KOS gB
(GenBank no. K01760.1), including T33S, P58A, T313S, Q443L, and
R515H. The GenBank sequence was used to construct the mutagenic
primers, and consequently the Q514A, H516A, and N518A mutants con-
tain an H515R amino acid change that should not affect gB function.

Quantitative cell-cell fusion assay. Effector CHO-K1 cells (4 X 10*
cells/well) were seeded in 96-well plates and target CHO-HVEM or CHO-
nectin-1 cells (6 X 10° cells/well) were seeded in six-well plates overnight.
Effector cells were transfected in triplicate with plasmid DNA (total, 110
ng/well; 30 ng of gB or empty vector and 20 ng of each of HSV-1 gD, gH,
gL, and T7 RNA polymerase) using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA) (0.35 pl/well) in Opti-MEM (50 pl/well, total volume).
Target cells were transfected with 2.2 g of pT7EMCLuc/well using 7 pl of
Lipofectamine 2000/well (1 ml/well, total volume). After 3 h of transfec-
tion at 37°C, the cells were rinsed, and target cells were released using
EDTA. Target cells were overlaid onto the effector cells at a 1:1 ratio and
coincubated at 37°C for 15 h. The cells were rinsed and lysed in 50 wl of
passive lysis buffer (Promega, Madison, WI)/well. Luciferase activity was
measured by adding 50 .l of luciferase assay reagent (Promega)/well and
detecting light output using a luminometer (Perkin-Elmer).

Cell-based enzyme-linked immunosorbent assay (CELISA). To de-
termine the level of gB expression on the surface of the cells used in the
fusion assay (12, 20), a duplicate 96-well plate of transfected effector cells
was fixed in 3% paraformaldehyde. The cells were rinsed and incubated in
triplicate with anti-gB R74 polyclonal antibody (PADb) at 1:5,000, followed
by goat anti-rabbit IgG coupled to horseradish peroxidase (HRP) at
1:1,000. Expression was determined by adding BioFx TMB one-compo-
nent HRP microwell substrate (SurModics, Eden Prarie, MN) and mea-
suring the absorbance at 370 nm. To probe gB conformation by CELISA,
CHO-K1 cells seeded overnight in six-well plates (10° cells/well) were
transfected with DNA encoding gB or empty vector (2.2 pg/well) using
7 wl Lipofectamine 2000/well (1 ml/well, total volume). The cells were
replated into 96-well plates the next day, followed by incubation at 37°C
overnight. The wells were blocked for 30 min at room temperature with
PBS-BSA (phosphate-buffered saline containing 0.5 mM Mg>", 0.9 mM
Ca®" [PBS+], and 3% [wt/vol] bovine serum albumin). PAb R74 diluted
1:5,000 or MADbs diluted 1:1,000 in PBS-BSA were added to cells in tripli-
cate for 1 h at room temperature. The cells were rinsed and fixed in PBS+
with 2% formaldehyde and 0.2% glutaraldehyde. Cells were incubated
with biotin-conjugated goat anti-rabbit IgG or goat anti-mouse IgG
(Sigma) at 1:500 dilution for 1 h, followed by streptavidin-HRP (GE
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TABLE 2 Selected candidate coil-arm interaction residues from the gB arm

No. of H-bond contacts
C-terminal  contacts” No. of side-chain  with coil No. of coil
gB arm with coil ~ contacts” with residues (no. of  residues
residue residues  coil residues main chains) contacted
1671 24 14 1 6
L673 7 7 3
L678 28 12 1 5
He681 12 7 1 3
F683 18 13 1 5

“ A contact is defined to occur when one atom lies within 4 A of another atom, as
determined using MacPyMol.

b Side-chain contacts are defined as contacts involving atoms past the Cat of the selected
amino acid residue.

Healthcare) at a 1:10,000 dilution for 1 h. Expression was measured using
HRP substrate as described above.

Virus complementation assay. Confluent Vero cells in six-well plates
were transfected with plasmid DNA encoding gB mutants (2 pg/well)
using Lipofectamine 2000 (7 pl/well) in Opti-MEM (1 ml, total volume).
After overnight incubation, the cells were rinsed and infected with K082
(5 X 10° PFU/well) for 2 h. The cells were rinsed with an acid wash (40
mM sodium citrate [pH 3], 10 mM KCI, 135 mM NaCl) to inactivate
extracellular virus, and DMEM supplemented with 10% FBS was added (1
ml/well). After an overnight incubation at 37°C, virus was harvested from
both cells and medium by exposing the plates to three freeze-thaw cycles
and removing the cellular debris by pelleting in a microcentrifuge. To titer
the complemented virus stocks, supernatants were serially diluted and
added to Vero-B24 monolayers in triplicate for 3 h. The cells were overlaid
with DMEM containing 5% methylcellulose and 5% heat-inactivated fetal
calf serum (FCS). After 3 days, the cells were fixed with methanol and
stained with Giemsa stain, and the plaques were counted.

Western blotting. Vero cells transfected as described above were ei-
ther infected as described above or mock infected. The cells were subjected
to three rounds of freeze-thawing, and both the cells and the supernatants
were harvested. Cellular debris was removed by pelleting in a microcen-
trifuge, and 900 pl of the resulting supernatants was pelleted at 55,000 X
g for 2 hin a Ti50 rotor. The supernatants were removed, and the pellets
were resuspended in loading buffer (2% sodium dodecyl sulfate [SDS],
175 mM B-mercaptoethanol) and separated by electrophoresis on 10%
gels (Bio-Rad, Hercules, CA). The proteins were transferred to nitrocel-
lulose membranes and probed for gB using R74 diluted 1:10,000 and VP5
using MAb H1.4 diluted 1:4,000, followed by the addition of IRDye
800CW goat anti-rabbit IgG (Li-Cor, Lincoln, NE) and IRDye 680LT
donkey anti-mouse antibody at 1:10,000. The bands were visualized using
Odyssey imaging (Li-Cor).

RESULTS

We predict that if the interaction between the gB C-terminal arm
and the coiled-coil core drives the refolding of gB, mutation of
residues at these sites should inhibit gB refolding and block fusion.
Linker-insertion mutagenesis within the arm region of HSV-1 or
HSV-2 gB has been shown previously to abrogate gB function (37,
38). Candidate residues within HSV-1 gB that contribute to the
coil-arm interaction were identified by examining the gB structure
(25). Residues were selected based on the number of side-chain
contacts each residue made with the opposing region (Tables 1
and 2). Selected residues included F503, Q507, Y510, Q514, H516,
and N518 in the coil region and 1671, L673, L678, H681, and F683
in the arm region (Fig. 1C). Using site-directed mutagenesis, we
individually mutated each of these residues in HSV-1 gB (strain
KOS) to alanine to assess the contribution of each to gB function.
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FIG 2 Expression of and cell-cell fusion mediated by coil (A) and arm (B) gB
mutants. CHO effector cells were transfected with plasmids encoding T7 RNA
polymerase, gD, gH, gL, and a gB mutant. CHO-HVEM or CHO-nectin-1
target cells were transfected with a plasmid encoding luciferase under a T7
promoter. Cells were cocultured for 15 h, and the luciferase activity was re-
corded as a measure of cell-cell fusion. Surface expression was determined by
CELISA using anti-gB PAb R74. Wild-type gB levels of expression and fusion
were set to 100% (dashed line). The data from three independent experiments
were averaged, and standard deviations are shown.

Mutations in the coil-arm complex affect gB expression and
function in fusion. We used a quantitative cell-cell fusion assay to
evaluate the function of the mutants. Effector CHO-K1 cells were
transfected with constructs encoding wild-type or mutant gB and
wild-type gD, gH, gL, and T7 RNA polymerase. CELISA was used
to assess cell surface expression of the gB constructs. Most of the
mutations within the coiled-coil core (F503A, Q507A, Y510A, and
N518A) resulted in proteins with poor surface expression (Fig.
2A). This was not surprising since these residues are buried in the
postfusion structure and may be critical for proper protein folding
(25). Only one mutation in the arm region, L678A, impaired cell
surface expression (Fig. 2B). Mutations in the remaining two coil
residues (Q514A and H516A) and four arm residues (I671A,
L673A, H681A, and F683A) resulted in wild-type levels of cell
surface expression, suggesting the proteins were properly folded
enough to be transported to the cell surface.

A luciferase reporter gene assay was used to assess cell-cell fu-
sion (Fig. 2). The effector cells described above were overlaid with
target CHO cells that express a single gD entry receptor (HVEM or
nectin-1) and were transfected with a plasmid encoding luciferase
under the control of the T7 promoter. Fusion of the effector and
target cells results in luciferase expression. As expected, all of the
constructs with poor surface expression (F503A, Q507A, Y510A,
N518A, and L678A) yielded poor cell-cell fusion. The two coil
mutants with wild-type expression levels, Q514A and H516A, and
one of the arm mutants with a wild-type expression level, L673A,
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executed wild-type levels of fusion. The rest of the arm mutations
(I671A, H681A, and F683A) resulted in wild-type expression lev-
els but reduced the ability of gB to execute cell-cell fusion, using
either HVEM- or nectin-1-expressing target cells (Fig. 2B). Mu-
tants 1671A, H681A, and F683A mediated fusion with HVEM-
expressing cells at 22, 78, and 49% of wild-type levels, respectively,
and fusion with nectin-1-expressing cells at 46, 63, and 44% of
wild-type levels.

Thus, residues in the arm region located at both ends of the
coil-arm complex contribute to gB function. 1671 at the N termi-
nus of the arm makes 24 contacts (14 side chain) with 6 coil resi-
dues on two helices (Fig. 1D and Table 2). At the C terminus of the
arm, F683 makes 18 contacts (13 side chain) with 5 coil residues
on two helices and H681 makes 12 contacts (7 side chain) with 3
coil residues on two helices (Fig. 1E and F). F683 and H681 contact
one another and also share contact residues in the coil. Consistent
with the functional importance of F683, this residue is conserved
across herpesviruses, including HSV, EBV, and cytomegalovirus.

We hypothesized that combining the three arm mutations that
diminish fusion would have an additive effect on fusion inhibi-
tion. As predicted, the combinations of 1671A/F683A and 1671A/
H681A/F683A resulted in stepwise reductions in cell-cell fusion
with both target cell types without compromising cell surface ex-
pression (Fig. 2B). Mutants 1671A/F683 and 1671A/H681A/F683A
mediated fusion with HVEM-expressing cells at 16 and 7% of
wild-type levels, respectively, and fusion with nectin-1-expressing
cells at 23 and 9% of wild-type levels.

The diminished fusion caused by the gB arm mutations can
be rescued by adding hyperfusogenic mutations to gB. We have
demonstrated that residues within the arm of gB are critical for gB
function. In the postfusion structure, the intimate contacts of
these arm residues with the coil may facilitate the transition of gB
to its postfusion conformation. Mutation of these arm residues
may destabilize the postfusion coil-arm complex and thus stabi-
lize the gB prefusion conformation. In addition, these arm resi-
dues may form stabilizing contacts in the currently unknown pre-
fusion structure.

We hypothesized that the reduced fusion caused by the arm
mutations could be rescued by the addition of hyperfusogenic
mutations. The ability to rescue gB function with additional mu-
tations would support the concept that the arm mutations do not
inhibit fusion simply by causing gB to misfold. We added known
hyperfusogenic mutations to the cytoplasmic tails of wild-type
and mutant gB proteins to determine whether altering the ener-
getics of the gB arm mutants would reverse their fusion deficits.
We tested the mutants for cell surface expression and fusion using
the luciferase reporter gene assay as described above. As expected,
a point mutation (A874P) in the cytoplasmic tail of wild-type gB
resulted in increased levels of fusion with both HVEM and nec-
tin-1 expressing target cells without affecting cell surface expres-
sion (18). Truncation of the final 28 residues of the wild-type gB
tail (876t) similarly increased cell-cell fusion without affecting cell
surface expression (4, 18). When either of these hyperfusogenic
mutations were added to the gB arm mutations, they indepen-
dently rescued the ability of the gB arm mutants to mediate cell-
cell fusion without altering cell surface expression (Fig. 3). Single
mutations within the gB arm were rescued as well as the double-
and triple-mutation combinations. These data are consistent with
the concept that the arm mutations (1671A/H681A/F683A) in-
hibit cell-cell fusion by trapping gB in a prefusion conformation.
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FIG 3 Expression and fusion of gB mutants carrying hyperfusogenic muta-
tions. Effector cells were transfected with plasmids carrying T7 RNA polymer-
ase, gD, gH, gL, and a gB mutant. HVEM- or nectin-1-expressing target cells
were transfected with a plasmid carrying luciferase under a T7 promoter. The
cells were cocultured for 15 h, and the luciferase activity was recorded as a
measure of cell-cell fusion. Surface expression was determined by CELISA
using anti-gB PAb R74. Wild-type gB levels of expression and fusion were set
to 100% (dashed line). The data from three independent experiments were
averaged, and standard deviations are shown.

Mutations in the gB arm inhibit virus entry. To determine
whether the cell-cell fusion defects exhibited by the gB arm mu-
tants are apparent also in the context of virus-cell fusion, gB-null
virus was phenotypically complemented with the gB mutants, and
the complemented viruses were titered on Vero cells stably ex-
pressing gB to allow for plaque formation. Individual gB muta-
tions of I671A, H681A, or F683A resulted in an ~1-log decrease in
virus titer (Fig. 4). When the three gB arm mutations—I671A,
H681A, and F683A—were combined, the complemented virus titer
decreased by 3 logs and became indistinguishable from back-
ground. Thus, mutations in the gB arm region affect gB function
during virus-cell as well as cell-cell fusion.

When the hyperfusogenic gB mutations A874P or 876t were
added to wild-type gB, the complemented virus titers decreased by
~1 log. This is consistent with a previously reported modest de-
crease in titer for virus complemented with the 876t gB mutant (4)
or with some other (although notall) gB tail mutants that enhance
cell-cell fusion (16, 52). When the hyperfusogenic gB mutations
were added to the I671A/H681A/F683A gB triple-arm mutations,
the complemented virus titers were enhanced by 1 or 2 logs. Thus,
in both virus-cell and cell-cell fusion, the hyperfusogenic muta-
tions were able to rescue the fusion deficiency imparted by the
1671A/H681A/F683A gB mutations, a finding consistent with the
notion that the gB triple-arm mutant is energetically trapped in a
prefusion conformation.

We attempted to assess the incorporation of gB into virions by
pelleting the complemented virus preparations by ultracentrifu-
gation and analyzing the pelleted proteins by SDS-PAGE and
Western blotting. Both gB and the HSV-1 capsid protein VP5 were
present in all of the virus preparations; however, similar amounts
of gB were found in samples derived from mock-infected cells
transfected with gB (data not shown). The release of gB from cells
in the absence of infection has been reported previously (37), and
this complication prevents us from assessing the virion incorpo-
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FIG 4 Mutant gB function during virus entry (virus complementation). Vero
cells were transfected overnight with gB mutant plasmids and then infected
with gB-null virus that had been phenotypically complemented with wild-type
gB. After 24 h, virus complemented with mutant gB proteins was harvested by
freeze-thawing the cells. Infectious titers were determined by titration of the
complemented stocks on a cell line that constitutively expresses wild-type gB.
The data from three independent experiments were averaged, and the standard
deviations are shown.

ration of our gB mutants. Although the consistency between the
cell-cell and virus-cell fusion results suggests that the entry defect
seen for the triple-arm mutant is due to a defect in fusion, we
cannot rule out the possibility that insufficient virion incorpora-
tion of this mutant contributes to its lower virus titer.

gB mutants are properly folded and transported to the cell
surface. To examine the conformational state of the gB mutants,
the binding of a panel of 11 MAbs to gB on the cell surface was
assessed by CELISA (Fig. 5). None of the gB mutants tested dem-
onstrated a consistent decrease in MADb binding, suggesting that
none of the gB mutants have global alterations in gB folding, pro-
cessing, or transport to the surface. Excluding the MAbs 1-59-6
and B1 (discussed below), all of the MAbs bound every gB mutant
with >70% reactivity compared to wild-type gB.

Interestingly, the differential reactivity of the 1-59-6 and B1
MAbs with the gB mutants may reveal modest conformational
differences among the mutants. The gB triple-arm 1671A/H681A/
F683A mutant shows high reactivity with I-59-6 (91% of wild-
type gB levels) and lower reactivity with B1 (68%). Conversely, the
hyperfusogenic gB mutants A874P and 876t both show low reac-
tivity with I-59-6 (57 and 64%) and high reactivity with B1 (85and
101%). Adding the triple-arm gB mutations to the hyperfusogenic
gB mutations causes the I-59-6 reactivity to increase (72 and 77%)
and the B1 reactivity to decrease (68 and 73%).

DISCUSSION

gB is a class III fusogen, and the mechanism by which it refolds
from a prefusion to postfusion form to mediate fusion is not yet
understood. Using site-directed mutagenesis, we have demon-
strated that the coil-arm complex of gB is important for its func-
tion. Several mutations to the coil disrupted gB expression, sug-
gesting that this region is critical for proper folding of the protein.
Previous studies have shown that gB is sensitive to mutagenesis
and mutations frequently result in gB misfolding or aberrant
processing (37, 38, 43). In contrast, three mutations to the arm
region—I671A, H681A, and F683A—resulted in wild-type levels
of surface expression and MADb reactivity but decreased ability to
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FIG 5 MAD reactivity with gB mutants. CHO cells were transfected with plasmids encoding the gB mutants listed and stained for surface expression of gB using
PAb R74 (black bar) or one of 11 MAbs. For each antibody, data were normalized by setting reactivity with wild-type gB at 100%. MAbs I-59-6 and B1 (stripes)

are highlighted.

mediate both cell-cell and virus-cell fusion. We conclude that
these three arm residues are critical for gB fusion execution.

The gB coil-arm complex resembles the six-helix bundle pres-
ent in the postfusion structures of class I fusion proteins (23, 29,
58). The coil-arm complex and six-helix bundles are both trimeric
and their C-terminal regions (arm or HRB) pack on the outside
and antiparallel to their N-terminal regions (coil or HRA) (Fig,
1A and B). The gB coil-arm complex most closely resembles the
six-helix bundle regions of the influenza virus HA and HTLV gp21
Env because the C-terminal portions that pack against those coils
are primarily nonhelical leashes (7, 33). Similar to our observa-
tions for the gB arm, mutations of residues within the HA leash
inhibit fusion (46). The class I six-helix bundle is energetically
stable, and its formation during the transition from a prefusion to
postfusion conformation has been suggested to provide the energy
to execute membrane fusion (5, 34, 39). Our results suggest that
the coil-arm complex of gB may play the same role as the six-helix
bundle during herpesvirus entry, despite the fact that the coil-arm
complex is positioned relatively distantly from the membrane-
embedded fusion loops and transmembrane domain of the pro-
tein (Fig. 1A). We predict that the alanine substitutions in the arm
weaken its interaction with the coil, and thus the energy released
when the arm-coil complex forms is reduced. In addition, lower-
ing the affinity of the arm for the coil may reduce the frequency at
which gB achieves its postfusion conformation.

Consistent with this model for how the mutations in the arm
inhibit fusion, the addition of known hyperfusogenic mutations
to the gB triple-arm mutant rescued its fusion function in both
cell-cell and virus-cell fusion. This suggests that the arm muta-
tions did not cause global disruption in gB folding, processing, or
transport. The hyperfusogenic mutations in the gB cytoplasmic
tail may decrease the activation energy required to convert gB to
its postfusion conformation and thus allow gB to execute fusion
despite the presence of the triple arm mutations. Although the
mechanism by which gB cytoplasmic tail mutations enhance fu-
sion is unknown, a previous study hypothesized that the gB tail
negatively regulates fusion by interacting with the membrane
(10). Residues 869 to 882 were predicted to form a helix that stably
interacts with membranes. A truncation at residue 876 or a proline
substitution at residue 874 may enhance fusion by disrupting this
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helix and its membrane association. The cytoplasmic regions of
fusion proteins from other viruses have been shown to similarly
negatively regulate fusion, including those of HIV (60) and
paramyxovirus (56). For the paramyxovirus fusion protein, the
suppression of fusion mediated by a long cytoplasmic tail can be
overcome by adding a hyperfusogenic mutation to the ectodo-
main (56); thus, as we have shown for our gB mutants, mutations
in the tail and ectodomain can compensate for one another.

Since the hyperfusogenic gB tail mutations modestly decrease
the complemented virus titers (Fig. 4), it may initially seem coun-
terintuitive that adding these tail mutations to the triple-arm gB
mutant enhances the virus titer. We believe the explanation comes
down to energetics. The hyperfusogenic mutations may destabi-
lize the triple-arm mutant enough to rescue its function and re-
store virus entry. The virus carrying the hyperfusogenic gB mu-
tants may exhibit a decreased titer because a portion of the gB is so
destabilized that it adopts a postfusion conformation prematurely
and is thus inactive for fusion. A caveat to these experiments is that
we were unable to assess virion incorporation for the various gB
mutants.

Peptides corresponding to the HRA and HRB sequences of
several class I fusogens inhibit fusion by blocking six-helix bundle
formation (39, 53), and peptides corresponding to the C-terminal
leash of HA and gp21 Env also inhibit fusion (36, 49). We origi-
nally focused our mutations on the C-terminal end of the arm
because when a library of peptides spanning the gB ectodomain
was tested for inhibition, peptides containing residues from this
end of the arm were reported to inhibit entry better than peptides
derived from the N-terminal end of the arm (1). In congruence,
peptides derived from the N-terminal end of the coil (the region
that contacts the C terminus of the arm) also were reported to
inhibit entry better than peptides corresponding to the C terminus
of the coil (1, 19). As we predicted, we found two residues, H681
and F683, at the C terminus of the arm that contribute to gB
function. We were somewhat surprised to find that residue 1671
near the N terminus of the arm is also critical for gB function.
Thus, residues at both ends of the coil-arm complex are impor-
tant. [671 contacts five coil residues (Fig. 1D and Table 2), and we
predict that some of these coil residues contribute to gB function,

jviasm.org 6391


http://jvi.asm.org

Connolly and Longnecker

most notably W528 and Q532, which both make 11 side-chain
contacts with two arm residues.

Results from a previous random linker-insertion mutagenesis
study of HSV-1 gB support the concept that the arm is important
for gB function (38). Insertions of five amino acids after residues
671, 673, or 690 in the arm inhibited fusion; however, these inser-
tions likely had a more drastic effect on gB folding than the point
mutations described here, because surface expression of the inser-
tion mutants was decreased by 53, 43, and 85%, respectively, and
MAD reactivity and processing for the 673 insertion mutant was
reduced.

HSV gB likely adopts multiple conformations within infected
cells. Although HSV entry into some cells occurs at the plasma
membrane, entry into other cell types occurs via endocytosis (41,
42), and low pH has been shown to alter the gB conformation in a
reversible manner (9, 14, 15, 55). In addition, soluble forms of gB
produced from different expression systems exhibit different
properties (15). The prefusion structure of gB is currently un-
known; however, our results predict that the coil-arm complex
would not be formed in the gB prefusion conformation. A model
of prefusion gB based on the prefusion VSV-G structure was cre-
ated previously (3). Although the arm region is C terminal to this
model and not shown, the N terminus of the coil is predicted to be
nonhelical in the prefusion state, which is consistent with the ab-
sence of a coil-arm complex.

We propose the arm mutations that block fusion may energet-
ically trap gB in a prefusion state. Purification of a soluble form of
gB carrying these arm mutations may serve as a starting point for
crystallization of gB in its prefusion form. Previously, random
mutagenesis of gB identified insertion mutants that were deficient
for fusion (38); however, these mutants adopted a postfusion con-
formation when expressed as soluble proteins (54), leading to the
conclusion that the insertion mutations interfered with gB func-
tion in a manner other than by preventing conversion to postfu-
sion. Point mutations introduced into the arm region may be less
disruptive to the overall folding of gB than the previously exam-
ined insertion mutations and thus may provide a good possibility
for preserving the prefusion gB structure.

The triple-arm mutant retained wild-type reactivity with mul-
tiple MAbs, regardless of whether the hyperfusogenic tail muta-
tions were added. A comparison of the prefusion and postfusion
structures of VSV-G reveals that intact domains move with re-
spect to one another, meaning that many of the antigenic struc-
tures may remain unchanged after the conversion. gB may un-
dergo a similar conformational change with some of its domains
shifting position but remaining relatively unchanged individually.
This would make the prefusion and postfusion forms indistin-
guishable by most conformational MAbs. Indeed, a previous
study demonstrated that a large panel of anti-gB MAbs can react
with both purified soluble gB (postfusion) and cell surface-ex-
pressed gB, which should be at least partially prefusion (6).

Interestingly, the binding of MAbs I-59-6 and B1 was moder-
ately affected by the mutations. I-59-6 bound better to the arm
mutant, possibly indicating that it recognizes a prefusion confor-
mation, and B1 bound better to the hyperfusogenic mutants, pos-
sibly indicating that it recognizes a postfusion conformation. The
specific epitopes recognized by these MAbs need further charac-
terization. gB conformations may exist in a mixed population on
the cell surface and mutations to the arm that inhibit fusion (or
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mutations to the tail that enhance fusion) may alter the equilib-
rium between the prefusion and postfusion conformations.
Understanding the contribution of specific coil-arm residues
to fusion execution should aid in the design of small peptide in-
hibitors of herpesvirus fusion, analogous to the peptide inhibitors
that correspond to the HRA and HRB or leash segments of mul-
tiple class I fusogens and efficiently block fusion. The present
study suggests that effective gB inhibitors should include residues
at both ends of the coil-arm complex. Effective peptide inhibitors
will be useful both for studying gB execution of fusion by trapping
refolding intermediates and for potential clinical applications.
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