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ABSTRACT Enveloped virus entry requires fusion of the viral envelope with a host cell
membrane. Herpes simplex virus 1 (HSV-1) entry is mediated by a set of glycoproteins
that interact to trigger the viral fusion protein glycoprotein B (gB). In the current model,
receptor-binding by gD signals a gH/gL heterodimer to trigger a refolding event in gB
that fuses the membranes. To explore functional interactions between gB and gH/gL, we
used a bacterial artificial chromosome (BAC) to generate two HSV-1 mutants that show a
small plaque phenotype due to changes in gB. We passaged the viruses to select for res-
toration of plaque size and analyzed second-site mutations that arose in gH. HSV-1 gB
was replaced either by gB from saimiriine herpesvirus 1 (SaHV-1) or by a mutant form of
HSV-1 gB with three alanine substitutions in domain V (gB3A). To shift the selective pres-
sure away from gB, the gB3A virus was passaged in cells expressing gB3A. Sequencing of
passaged viruses identified two interesting mutations in gH, including gH-H789Y in domain
IV and gH-S830N in the cytoplasmic tail (CT). Characterization of these gH mutations indi-
cated they are responsible for the enhanced plaque size. Rather than being globally hyper-
fusogenic, both gH mutations partially rescued function of the specific gB version present
during their selection. These sites may represent functional interaction sites on gH/gL for
gB. gH-H789 may alter the positioning of a membrane-proximal flap in the gH ectodo-
main, whereas gH-S830 may contribute to an interaction between the gB and gH CTs.

IMPORTANCE Enveloped viruses enter cells by fusing their envelope with the host cell
membrane. Herpes simplex virus 1 (HSV-1) entry requires the coordinated interaction of
several viral glycoproteins, including gH/gL and gB. gH/gL and gB are essential for virus
replication and both proteins are targets of neutralizing antibodies. gB fuses the mem- Editor Blossom Damania, The University of
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receptors. This receptor binding activates gH/gL which then triggers gB to insert into
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gH Mutations Rescue gB3A and HSV-SaHVgB Viruses

the target cell and refold, causing fusion of the viral and cellular membranes and entry
of the virus particle into the cell. The entry glycoproteins are targets of neutralizing
antibodies and defining how they interact could provide a basis for the development
of vaccine candidates or entry inhibitors for future research or clinical use.

Multiple structures of gD, gH/gL, and gB have been determined (3-7), but the full
details of the interactions among these glycoproteins during entry have not been
established. Studies of neutralizing antibody epitopes have modeled sites of glycopro-
tein interaction (2, 4, 8, 9). Physical interactions among the entry glycoproteins also
have been demonstrated (10-13), but glycoprotein complexes are difficult to capture,
presumably because the glycoprotein interactions are low affinity and/or transient. gH/
gl and gB are conserved among all herpesviruses, so understanding their interaction is
particularly important for understanding herpesvirus entry.

The goal of this study was to use in vitro natural selection to identify functional interac-
tions between gB and other entry glycoproteins. Two versions of gB with impaired fusion
function were introduced into herpes simplex virus 1 (HSV-1) and the viruses were passaged
to select for second-site mutations that rescue entry function. The first approach used a pre-
viously studied HSV-1 gB mutant and the second approach used gB from another species of
alphaherpesvirus.

Approach 1: Using structure-based mutagenesis, we previously identified three
mutations in gB (1671A/H681A/F683A) that inhibit fusion (14). These mutations in the
domain V arm of gB were designed to disrupt interactions between the arm and the
domain Il coil in the postfusion form of gB. HSV-1 carrying these three mutations
(gB3A virus) showed a small plaque phenotype, impaired growth, and delayed entry
kinetics (15). Previously, serial passage of this gB3A virus selected for second-site muta-
tions that enhanced plaque size (16, 17), but all of the new mutations mapped within
the gB gene. We hypothesized that we could shift the selective pressure away from
gB3A by expressing gB3A in the cells used for passaging. By transiently complement-
ing virus with cell-expressed gB3A during passage, we predicted we could select muta-
tions in HSV-1 entry glycoproteins that restore entry by promoting an interaction with
gB3A. To further shift the selective pressure away from gB, we also passaged virus
deleted for gB on the gB3A-expressing cells.

Approach 2: Herpesvirus entry glycoprotein interactions are often species-specific (18-21).
We previously showed that gB from the saimiriine herpesvirus 1 (SaHV-1) mediated low levels
of cell-cell fusion (15% of wild-type levels) when coexpressed with HSV-1 gD and gH/gL (20).
SaHV-1 is a primate alphaherpesvirus with a gB homolog that has 65% sequence identity to
HSV-1 gB. We hypothesized that SaHV-1 gB does not function well in fusion with HSV-1 gD
and gH/gL because SaHV-1 gB interacts with these proteins poorly. In this study, we predicted
that HSV-1 carrying SaHV-1 gB in place of HSV-1 gB would have reduced virus entry. We pre-
dicted that we could select for mutations in HSV-1 entry glycoproteins that promote an inter-
action with SaHV-1 gB by serially passaging this virus and screening for the restoration of
normal entry over time.

Using both approaches, serial passage of viruses carrying impaired gB resulted in the
acquisition of second-site mutations. Characterization of these mutations demonstrated
that two mutations in gH (gH-H789Y and gH-S830N) partially restored gB function in fusion
and plaque formation. Interestingly, rather than having a global hyperfusogenic effect,
both gH mutations partially rescued the function of the specific gB version that was pres-
ent during their selection. The results suggest that more than one domain of gH function-
ally interacts with gB during entry.

RESULTS

Selection of HSV-SaHVgBP2s* viruses. Based on previous cell-cell fusion data show-
ing that SaHV-1 gB coexpressed with HSV-1 gD, gH, and gL did not mediate high levels of
fusion (20), we hypothesized that HSV-1 carrying SaHV-1 gB would show a small plaque
size. To create a virus encoding SaHV-1 gB in the background of HSV-1, the SaHV-1 gB
gene was recombined into a gB-null HSV-1 BAC (pQF282) to generate a new BAC
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FIG 1 Plaque morphology of HSV-SaHVgB and HSV-SaHVgBP®*s viruses. Vero cells were infected with WT HSV-1
(GS3217), HSV-SaHVgB (passage 1), or HSV-SaHVgBP>* (passage 20, lineage B) virus at an MOI of 0.01 for 3 days. (A)
Cells were stained with Giemsa and plaques were imaged at x40 magnification. The arrows indicate small plaques. (B)
The plaque sizes on Vero cells were calculated by measuring the radius of at least 50 plaques of each virus. Plaque
sizes are presented as a percentage of WT plaque area. Error bars represent standard deviation.

(pQF397). Vero-Cre cells, which express Cre recombinase to excise the BAC backbone, were
transfected with the HSV-SaHVgB BAC (pQF397) or wild-type (WT) BAC (pGS3217) and in-
fectious virus was harvested. The virus encoding SaHV-1 gB was designated HSV-SaHVgB.

Vero cells were infected with the BAC-derived HSV-SaHVgB or WT HSV-1 viruses at
0.01 PFU/cell. HSV-SaHVgB virus exhibited a growth defect, requiring 7 days to reach
full cytopathic effect (CPE), compared to only 3 days for WT virus. As expected, HSV-
SaHVgB virus formed small plaques (Fig. 1A). Three days postinfection, plaques formed
by HSV-SaHVgB virus on Vero cells were 25-fold smaller on average than WT HSV-1 pla-
ques (Fig. 1B).

We hypothesized that the HSV-SaHVgB virus plaque size would be increased by
mutations that enhance fusion, specifically by mutations that enhance interactions
between SaHV-1 gB and the HSV-1 entry glycoproteins, such as gH/gL. The locations of
these mutations could reveal sites of functional importance for glycoprotein interac-
tion and/or regulation.

To select for mutations in SaHV-1 gB or HSV-1 entry glycoproteins that could restore
plaque size, HSV-SaHVgB was passaged serially in Vero cells. Four independent virus
samples were passaged in parallel (Table 1). Cells were infected at a multiplicity of
infection (MOI) of 0.01, virus stocks were harvested at full CPE, and stocks were titered
after each passage. As the passages progressed, the time required to reach full CPE
decreased and plaques size increased noticeably for all lineages. By passage 20, plaque
size for one representative virus (lineage B) increased an average of 9-fold compared
to the plaque size generated by a virus stock passaged only once (Fig. 1A and B). The
passaged virus stocks were designated HSV-SaHVgBpPass,

Selection of HSV-1AgB/gB3AP2ss and gB3AP2ss viruses. In our previous work, HSV-
1 encoding gB3A in place of WT gB (gB3A virus) exhibited delayed entry and a small pla-
que phenotype (15). The small plague phenotype was rescued by second-site mutations
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TABLE 1 Glycoprotein mutations acquired in passaged virus isolates

mBi

o

Passaged virus Lineage: A B

C

D

HSV-SaHVgBP2ss Passage # at sequencing: Passage 20 Passage 20
Glycoprotein mutations: gH-H789Y“ gH-H789Y

gC-R228L gC-R145W

gB3AP2ss Passage # at sequencing: Passage 26 Passage 29

Glycoprotein mutations: gH-S830N gH-S830N
gC-L204F gB-M742T
gC-C286S gC-P225L
gM-Y407stop

AgB/gB3APass Passage # at sequencing: Passage 6 Passage 6
Glycoprotein mutations: gH-S830N gH-W30L

gH-T76M gH-W835ext?

gD-Q203H
gC-S459N

Passage 20
gH-H789Y
gC-R147L°
gC-Y242C

Passage 29
gH-G104D
gB-A855V

gG-E83stop
gl-K344extc

Passage 6
gH-L72P
gD-Q203H

Passage 20
gH-H789Y
gC-R145W

Passage 29
gH-S830N
gB-S392F
gB-V517I
gD-P219L
gC-R228W
gl-K344extc

Passage 13
gH-S830N

gH-W835ext?

gE-V269M

aThe gH mutations examined in this study are shown in bold.

PMutations in italics were detected in combination with WT sequence at that position (i.e., mixed sequence). Virus stocks were not plaque purified prior to sequencing.

<Cytosine insertion in gl-T341 codon resulted in a frameshift mutation at residue K344. gl-K344ext residues after P343:

QIPAPVVTHTNALPDGHRRRVGARGGGWASDAPRGPHDIHPNASPVGIGPRPLAGGTT.

dAdenine insertion in gH-W835 codon resulted in a frameshift mutation that extends the gH CT. Full CT of gH-W835ext: KVLRTSVPFFLETRIKGAWLRPFIRPTE.

selected during serial passage; however, all of the second-site mutations occurred in gB
(16, 17). We hypothesized that mutations in other entry glycoproteins also would be
able to rescue the small plaque size conferred by gB3A and that those mutations would
map to functional sites on the glycoproteins. To drive the selection pressure toward
genes other than gB, we created an HSV-1 deleted for the gB gene that carried gB3A
protein in its envelope (designated AgB/gB3A virus).

To produce AgB/gB3A virus, a Vero cell line expressing gB3A was generated and
designated Vero-gB3A (Fig. 2). The gB3A gene with its native promoter was cloned
into a pTuner plasmid such that gB3A expression would be induced upon HSV infec-
tion. The construct was designed to generate a bicistronic mRNA encoding gB3A and
EGFP. Vero cells were transfected with this plasmid, subjected to selection with G418,
and screened for GFP expression upon infection. To generate AgB/gB3A virus, the
Vero-gB3A cells were transfected with a gB-null HSV-1 BAC (pQF282) (15), which enco-
des the red fluorescence protein (RFP) tdTomato gene with a nuclear localization signal
under the control of a CMV promoter. Three weeks after transfection, expression of
both RFP from the HSV-1 BAC and GFP from bicistronic mRNA was apparent (Fig. 2).
AgB/gB3A virus was harvested from these cells.

To select for mutations in entry glycoproteins that could restore plaque size, AgB/
gB3A virus was passaged serially in Vero-gB3A cells. Four independent virus samples
were passaged in parallel (Table 1). Cells were infected at an MOI of 0.01, supernatants
were harvested at full CPE, and stocks were titered after each passage on Vero-gB3A
cells. The passaged viruses were designated AgB/gB3Arass,

Using a similar logic and approach, gB3A virus (which carries the gB3A gene in place of
gB) (15) also was passaged serially in Vero-gB3A cells. Four independent lineages of gB3A vi-
rus were passaged in parallel (Table 1) and the passaged viruses were designated gB3Arass,

Consistent with our previous study (15), gB3A virus formed small plaques on Vero cells
(Fig. 3A, B). Similarly, plaques of gB3A virus on Vero-gB3A cells were small. After 26 pas-
sages, the average plaque size of gB3Ar>s virus (lineage D) on Vero-gB3A cells had
increased by 9-fold. Consistent with an enhanced growth phenotype, the time required to
reach full CPE after infection decreased as the number of passages for gB3APas virus
increased. Unexpectedly, the plaque size for AgB/gB3Aras virus did not increase noticeably
after passaging on Vero-gB3A cells (Fig. 3A); however, the time required to reach full CPE
for AgB/gB3Aras decreased as passage number increased.
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FIG 2 Generation of AgB/gB3A virus. Vero cells expressing gB3A under the native viral promoter (Vero-
gB3A cells) were transfected with an HSV-1 BAC deleted for the gB gene (pQF282). After 3 weeks at 37°C,
cells were imaged at x200 magnification for GFP (left) encoded by the gB3A expression plasmid and RFP
(right) encoded by the virus. The scale bar represents 100 wm.

Passaged viruses have enhanced cell entry. We hypothesized that second-site
mutations in the passaged viruses may have increased plaque size by rescuing an entry
defect imparted by gB3A or SaHV-1 gB. To investigate an entry phenotype, we performed
an entry assay using CHO cells that carry the lacZ gene under the control of the HSV ICP4
promoter and express the gD-receptor nectin-1 (M3A cells) or the gD-receptor HVEM (M1A
cells). Cells were infected with the original stocks of gB3A virus or HSV-SaHVgB virus and
with the passaged virus stocks. Entry was assayed by measuring B-galactosidase activity
(22, 23). As expected, gB3A virus and HSV-SaHVgB virus showed greatly reduced entry com-
pared to WT virus (Fig. 4). The gB3APs virus (passage 26, lineage A) and HSV-SaHVgBrass
virus (passage 20, lineage B) showed enhanced entry compared to their parental strains,
demonstrating a two to 4-fold increase in entry.

Passaged viruses acquired mutations in glycoprotein H. Stocks of HSV-SaHVgBrass
gB3APas, and AgB/gB3Ars viruses were harvested and genomic DNA was sequenced for
four independent lineages of each. For comparison, HSV-SaHVgB and gB3A virus genomes
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FIG 3 Plague morphology of gB3A and gB3AP** viruses. (A) Plaques of WT, gB3A, gB3AP** (passage 26, lineage D), AgB/gB3A, and AgB/gB3AP** (passage
4, lineage D) viruses on Vero or Vero-gB3A cells are shown. Cells were infected at an MOI of 0.01 and stained with Giemsa 3 days postinfection. The arrows
indicate small plaques. (B) Plaque sizes were calculated by measuring the radius of at least 50 plaques of WT, gB3A, and gB3AP** (passage 26, lineage D)
viruses on Vero or Vero-gB3A cells. Plaque sizes are presented as a percentage of WT plaque area. Error bars represent standard deviation.
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FIG 4 Entry of passaged viruses into cells. CHO-K1 cells that carry lacZ under the control of the ICP4
promoter and express nectin-1 (M3A cells, dark bars) or HVEM (M1A cells, light bars) were incubated
overnight with virus stocks at an MOI of 10, including gB3AP** (passage 26, lineage A) and HSV-
SaHVgBP>* (passage 20, lineage B). The B-galactosidase production was used as a measure of virus
entry. Entry is shown as a percentage of WT (GS3217) virus. Error bars represent the standard
deviation of three independent trials.

also were sequenced. For each passaged virus stock, mutations were identified in multiple
glycoproteins (Table 1).

Interestingly, HSV-SaHVgBras viruses did not acquire second site mutations in SaHV-1
gB, but the gH mutation H789Y in domain IV was present in all four independent lineages.
Additional mutations arose in gC as well. For the gB3APs and AgB/gB3Ars viruses, the
gH mutation S830N arose in five of the eight stocks sequenced. Additional mutations in
other glycoproteins were also identified (Table 1). Two of the mutations acquired in gB,
M742T and A885V, were characterized previously after they were identified by passaging
gB3A virus on Vero cells (16, 17).

Cellular expression of WT gH reduces plaque size for HSV-SaHVgBP2ss and
gB3APr2ss viruses. To examine whether the acquired mutations in gH contributed to
the increased plaque sizes for gB3APass and HSV-SaHVgBPss viruses, Vero cells express-
ing WT gH (Vero-VgHC4 cells) were infected with the passaged viruses. We predicted
that if the mutant gH proteins were promoting growth of these mutant viruses, for
example through an enhanced interaction with the mutant gB, cellular expression of
WT gH would compete with the mutant gH and reduce plaque size. Vero cells were
used because they readily form plaques. Vero cells and Vero-VgHC4 cells were infected
with equal number of PFU per well, as judged by titers on Vero cells. The plaques on
Vero-VgHC4 cells were smaller on average than the plaques on Vero cells (Fig. 5). WT
virus plaque sizes were similar on Vero and Vero-VgHC4 cells. These results support the
hypothesis that the mutations acquired in gH contribute to the larger plaque size
observed for gB3APass and HSV-SaHVgBPass viruses.

Cellular expression of gH-H789Y or gH-S830N enhances plaque size for HSV-
SaHVgB and gB3A viruses. We predicted that if the newly acquired gH mutations were
responsible for the enhance growth observed for the passaged mutant gB viruses, cellular
expression of the new gH mutants would enhance the growth of the original gB3A virus
or HSV-SaHVgB virus. To examine whether specific mutations in gH contributed to the
increased plaque sizes for gB3APs and HSV-SaHVgBrP=* viruses, we expressed the gH
mutants in cells and then infected with the original stocks of gB3A virus or HSV-SaHVgB vi-
rus. We focused on the gH mutations that were selected independently multiple times,
gH-S830N and gH-H789Y (Table 1). These mutations were cloned individually into a gH
expression construct. Vero cells were transfected with a plasmid encoding gH-S830N, the
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FIG 5 Impact of WT gH expression on growth of passaged viruses. Vero cells (dark bars) and Vero cells expressing WT gH (VgHC4 cells, light bars) were
infected with WT, gB3AP™* (passage 26, lineage A) or HSV-SaHVgBP** (passage 21, lineage B) viruses. (A) Cells were stained with Giemsa 3 days
postinfection. (B) Plaque sizes are expressed as a percentage of plaque size on Vero cells. The error bars represent standard deviations. Asterisks indicate a
significant difference in plaque size between the Vero and VgHC4 cells (Mann-Whitney U test, P =< 0.01).

mutation identified in gB3APs viruses, and then infected with gB3A virus. Similarly, Vero
cells were transfected with a plasmid encoding gH-H789Y, the mutation identified in HSV-
SaHVgBP2ss viruses, and then infected with HSV-SaHVgB. For comparison, Vero cells trans-
fected with empty vector were infected in parallel. For both gB3A virus and HSV-SaHVgB
virus, expression of the corresponding gH mutant increased plaque size (Fig. 6). These
results are consistent with the gH mutations partially rescuing the growth defect imparted
by the gB mutations.
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FIG 6 Impact of mutant gH expression on growth of mutant viruses prior to passage. Vero cells were transfected with plasmids encoding gH-S830N or gH-
H789Y and then infected with gB3A or HSV-SaHVgB viruses, respectively. Cells transfected with empty vector were infected in parallel. (A) Cells were stained with
Giemsa 3 days postinfection. (B) Plaque sizes are expressed as a percentage of plaques sizes on cells transfected with vector. The error bars represent standard
deviations. Asterisks indicate a significant difference in plaque size between the Vero cells transfected with gH versus vector (Mann-Whitney U test, P < 0.01).
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FIG 7 Syncytia formation upon coexpression of gH and gB mutants. (A) Cells expressing nectin-1 (B78H1 C10 cells) were transfected with
plasmids encoding gD, gL, a version of gB (WT, gB3A, or SaHV-1 gB) and a version of gH (WT, gH-S830N, or gH-H789Y). Cells were stained
and imaged using EVOS Cell Imaging System. Syncytia were counted and data are expressed as a percentage of the number of syncytia
formed when WT glycoproteins were expressed. The means of at least three independent determinations are shown. (B) Representative
images of syncytia are shown.

gH-H789Y enhances syncytium formation mediated by SaHV-1 gB. We hypothe-
sized that the gH mutations isolated in the gB3Ar>s and HSV-SaHVgBP>* viruses were
selected due to functional interactions with the gB mutants present in these viruses. We
used a syncytia assay to investigate whether the gH mutants impacted the fusion mediated
by WT or mutant gB. B78-H1 cells stably expressing nectin-1 (C10 cells) were transfected
with the four entry glycoproteins required for fusion (gD, gB, gH, and gL), swapping in gH or
gB mutants. C10 cells were used because they can form large syncytia. When coexpressed
with WT gB, both gH-S830N and gH-H789Y showed reduced syncytium formation, with gH-
S830N reducing the number of syncytia to below 20% of that seen with WT gH (Fig. 7A). In
alignment with previous results using a cell-cell fusion assay in CHO-K1 cells (15, 20), cells
expressing WT gH and either gB3A or SaHV-1 gB formed fewer syncytia than cells expressing
WT gB. Co-expression of gH-S830N with gB3A did not increase the number of syncytia medi-
ated by gB3A substantially. In contrast, coexpression of gH-H789Y with SaHV-1 gB greatly
increased syncytium formation mediated by SaHV-1 gB, compared to WT gH coexpression
(Fig. 7A and B). The finding that gH-H789Y enhances fusion mediated by SaHV-1 gB but not
HSV-1 gB suggest that gH-H789Y functionally interacts with SaHV-1 gB specifically.

gH-H789Y and gH-S830N enhance fusion mediated by SaHV-1 gB and gB3A,
respectively. To further investigate the function of these gH mutants in fusion, we used a
reporter-gene cell-cell fusion assay. One set of CHO-K1 cells (effector cells) was transfected
with plasmids encoding T7 polymerase, gD, gL, gB, and gH, swapping in mutant gB or gH
constructs. A second set of CHO-K1 cells (target cells) was transfected with plasmids carry-
ing the luciferase gene under the control of the T7 promoter and nectin-1 receptor.
Effector and target cells were mixed and luciferase activity was measured after 6 h to quan-
tify cell-cell fusion. CHO-K1 cells were used because they provide strong signals in this
assay. Cell surface expression of the WT gH and the gH mutants was determined by
CELISA, using the MAb 53S on a duplicate set of effector cells.

gH-S830N and gH-H789Y were expressed at WT levels (Fig. 8A). As previously reported
(15, 20), gB3A and SaHV-1 gB mediated low levels of fusion when coexpressed with WT gH.
When gH-S830N or gH-H789Y was coexpressed with WT gB, fusion was reduced compared
to WT gH (Fig. 8B), indicating that these mutations are not globally hyperfusogenic. In con-
trast, when gH-S830N was coexpressed with gB3A, fusion was enhanced compared to WT
gH activity with gB3A (Fig. 8C). Similarly, when gH-H789Y was coexpressed with SaHV-1 gB,
fusion was enhanced compared to WT HSV-1 gH activity with SaHV-1 gB (Fig. 8D). The
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FIG 8 Cell-cell fusion mediated by gH and gB mutants. One set of CHO-K1 cells (effector cells) was transfected with plasmids encoding
a version of gB (WT, gB3A, SaHV-1 gB, or empty vector), a version of gH (WT, gH-S830N, gH-H789Y, or empty vector), gD, gL, and T7
polymerase. gB and gH versions are indicated below each graph. A second set of CHO-K1 cells (target cells) was transfected with
plasmids carrying the luciferase gene under the control of the T7 promoter and nectin-1 receptor. Target and effector cells were
cocultured for 6 h and luciferase activity was measured as an indication of cell-cell fusion. Cell-surface expression of gH was determined
by CELISA using a duplicate set of effector cells and anti-gH MAb 53S. (A) Mutant gH surface expression when coexpressed with WT gH,
gL, and gD. Data are expressed as a percentage of WT gH expression and background signals from cells transfected with vector alone
are subtracted. (B) Fusion mediated by gB or gH mutants coexpressed with WT gH or WT gB. Data are expressed as a percentage of
fusion in the presence of both WT gH and WT gB. (C) Fusion mediated by gB3A coexpressed with WT gH or gH-S830N. Data are
expressed as a percentage of gB3A fusion in the presence of WT gH. (D) Fusion mediated by SaHV-1 gB coexpressed with WT gH or gH-
H789Y. Data are expressed as a percentage of SaHV-1 gB fusion in the presence of WT gH. For all graphs, background fusion signals
detected after transfection with vector instead of glycoproteins were subtracted from the values.

enhancement observed for gH-H789Y was more pronounced than the enhancement
observed for gH-S830N, consistent with the results from the syncytia assay (Fig. 7A). Taken
together, the results indicate that these gH mutants specifically partially counteract the
fusion deficiency imparted by gB3A or SaHV-1 gB.

DISCUSSION

Herpesvirus entry into cells is complex because it requires the concerted effort of
multiple viral glycoproteins, as opposed to most enveloped viruses that require only
one or two viral glycoproteins for entry. Mapping the physical and functional glycopro-
tein interaction sites has been challenging because glycoprotein complexes are diffi-
cult to capture. This study used structure-based mutagenesis and in vitro natural
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selection to examine how mutations impact glycoprotein interactions. Building on pre-
vious studies, we introduced functionally impaired gB mutants into the HSV genome
and use serial passage to select for second site mutations that rescue entry function. In
the case of the gB3A virus, to shift the selective pressure away from gB and
explicitly select for mutations outside gB, we passaged virus on cells expressing gB3A.
A similar approach was used previously to isolate extragenic suppressors of an HSV-1
UL34 mutant (24, 25).

Passage of these viruses selected for novel gH mutations, multiple times independently.
Despite being conserved in all herpesviruses, the role of the HSV gH/gL heterodimer in
entry is defined incompletely. The current model of entry places gH/gL between gD and
gB in the sequence of events, with receptor-binding by gD initiating a change in gH/gL
that triggers gB to refold to drive fusion. Interactions of all of the glycoprotein combina-
tions (gD-gH/gL, gD-gB, and gH/gL-gB) have been demonstrated using a split-luciferase
assay (13) and bimolecular fluorescence complementation (BiFC) assays (10, 12).

Purified forms of the gD and gH/gL ectodomains have been shown to interact
directly using surface plasmon resonance (SPR) (8, 11). Anti-gH/gL MAbs that block the
gD-gH/gL interaction detected by SPR map to the flexible N-terminus of gH (residues
19-47) and the C-terminus of gL (resides 48, 55, 77) (Fig. 9), suggesting that gD binds
to the gH/gL N-terminus (8). Studies of panels of neutralizing anti-gH/gL and anti-gD
antibodies support this location for gD binding (9). Chimeric constructs of HSV gH and
SaHV-1 gH also mapped a species-specific gD functional interaction to the N-terminal
half of the gH/gL ectodomain (26).

The gB interaction site on gH/gL is less well defined than the gD interaction site on gH/
gL. Purified forms of the HSV gH/gL and gB ectodomains were shown to associate at low
pH using a co-flotation liposome binding assay (27). Similarly, human cytomegalovirus gH/
gL and gB were coimmunoprecipitated and this association did not require the gB cyto-
plasmic domain (28). Using BiFC, the anti-gH/gL neutralizing MAb LP11 was shown to
reduce the interaction between gH/gL and gB (4), suggesting that gB binds to the gH/gL
ectodomain at a site distinct from the gD-interaction site (Fig. 9). In addition, chimeric con-
structs of HSV-1 gH and pseudorabies gH mapped a species-specific gB functional interac-
tion to the membrane-proximal domain of the gH/gL ectodomain (21).

Although the gB and gH/gL ectodomains appear to interact and a purified form
of the HSV gH/gL ectodomain was sufficient to trigger low levels of cell-cell fusion
(29), the gH transmembrane (TM) and/or cytoplasmic tail (CT) also contribute to
fusion. Mutations in the TM or CT of membrane-anchored gH inhibit fusion function
without impairing protein folding (30-35). Insertion of five residues in the gH CT, im-
mediately after the TM domain, completely abrogates fusion despite normal levels
of expression (31). Removal of the last nine residues of the gH tail (i.e., S830 and
beyond) results in a small plaque phenotype, reminiscent of the gB3A plaque phe-
notype (32, 34).

Recently, a gH/gL-gB interaction was shown using a split-luciferase assay and chi-
meric forms of gH comprised of combinations of HSV and Epstein Barr virus (EBV) seg-
ments (13). The gH/gL ectodomain, CT, and TM each were shown to promote the gH/
gl-gB physical interaction independently, suggesting that gH/gL may interact with gB
at multiple sites. Consistent with a model of gB interacting with multiple sites on gH/
gL, the two gH mutations in the current study that partially restored virus entry in the
presence of gB mutants map to different domains of gH/gL: the membrane-proximal
domain of gH (H789Y) and the gH cytoplasmic tail (S830N) (Fig. 9).

Passage of HSV-1 carrying SaHV-1 gB resulted in the selection of gH-H789Y in all
four independent lineages (Table 1). We concluded that the gH-H789Y mutation con-
tributed to the larger plaque size (Fig. 1) and enhanced entry (Fig. 4) observed for the
HSV-SaHVgBPas viruses because (i) gH-H789Y enhanced cell-cell fusion when coex-
pressed with SaHV-1 gB (Fig. 7, 8); (ii) providing gH-H789Y in trans during infection
with HSV-SaHV(gB virus increased plaque size (Fig. 6); and (iii) complementing the pas-
saged HSV-SaHVgB virus with WT gH reduced plaque size (Fig. 5).

January/February 2023 Volume 14 Issue 1

10.1128/mbio.03368-22

mBio

10


https://journals.asm.org/journal/mbio
https://doi.org/10.1128/mbio.03368-22

gH Mutations Rescue gB3A and HSV-SaHVgB Viruses mBio

A

[:) HSV-1 gH MGNG---========== LWFVGVILLGVAWGQVHDWTEQTDPWFLDGLGMDRMYWRDTNT 47
SaHV-1 gH MLRSTLSLPGRPGMLLRLWVACTVVLAEA---===~ KADTPPHPLP-YDAER-------- 44
* . *k sk, * Lok ok % Loax
HSV-1 gH GRLWLPNTPDPQKPPRGFLAPPDELNLTTASLPLLRWYEERFCFVLVTTAEFPRDPGQLL 107
SaHV-1 gH ~HLWTPSLARPGEVSGGGLDPPPSLNLTATTVIFGQWYSPDHIFFMITNQDFPRDTGHLL 103

skk x * . * Kk kk _kkkkssss s sk k_ssk, skkkk _kekk

535

HSV-1 gH YISKTYLLGR-PPNASLPAPITVEPTAQPPPAVAPLKGLLHNPTASVLLRSRAWVTESAV 166

GEF)it()F)GE SaHV-1 gH YILKSTMAGRTPPPSWGGGSAAFSHGSRKSRDFTPTPGLOQHNPAATALLRSRYLVDYAAI 163
*k Ky o2 Kk Kk g e e Tt . Ltk Kk kkkaky kkkkk Kk gk

HSV-1 gH PDPEALTFPRGDNVATASHPSGPRDTPP-------— PRPPVGARRHPTTE----LDITHL 214

SaHV-1 gH TDYHDLNVPRGADTATPQRPNGRRHVPPWASAHGESKTGVAGARGESETRRLSSVTAGEA 223

18 ol o B acl e B T &
HSV-1 gH HNASTTWLATRGLLRSPGRYVYFSPSASTWPVGIWTTGELVLGCDAALVRARYGREFMGL 274
. SaHV-1 gH LNASTVWLDALQLLRPPTSHVYRSPSAAVWPAYVWTLGELVVGSSEALARARYGVEFMSL 283
(\ epitope e i AR o ReREaler B e ek
HSV-1 gH VISMHDSPPVEVMVVPAGQTLDRVGDPADENPPGALPGPPGGPRYRVFVLGSLTRADNGS 334
SaHV-1 gH TLSTRNGTPAEVVVVPRGDALYLVGETRDVFAVPA-PGPPRGPRYRVHLISALSEPEDAA 342

LiK o rrL Kk Kkakkk Kpaik  kky x kokkkk kkkkkk 2. sks

HSV-1 gH ALDALRRVGGYPEEGTNYAQFLSRAYAEFFSGDAGA---EQGPRPPLFWRLTGLLATSGF 391
SaHV-1 gH ALAALGQVAAYPEESLNYAYHFSRAYALLVRGTSQACLEAQSGGSSVFWRAAGRLGTAGF 402

Kk KK gk kKKK KKKk kkKKK 3 K 1 K K L aRRE ok Kk kikk
HSV-1 gH AFVNAAHANGAVCLSDLLGFLAHSRALAGLAARGAAGCA----——~ ADSVFENVSVLDPT 444
SaHV-1 gH AFLTSALESKRVPLEDVLEFLFHARVLGRLVLSAASECGDASASRKTDLPFLRVGVWAAS 462

Fhigosk o R RONGK BN NSRRI T sk ke K
HSV-1 gH ARLQLEARLQHLVAEILEREQS-LALHALGYQLAFVLDSPSAYDAVAPSAAHLIDALYAE 503
SaHV-1 gH AQREMRERFSALATELSSDEKAPVSALSRALQLALVSDDPHARARAAPVAVAVVDAVYRD 522

L St Ele WLIE o I 9C 0 o PERGE R SEE Ey SIIRESE
HSV-1 gH FLGGRVLTTPVVHRALFYASAVLRQPFLAGVPSAVQ-—~——======] RERARRSLLIASA 552
SaHV-1 gH FLAGNFVWSPALGRALFLASATI---LAAPVPDPKTTREAAARHDEWRARARRVLLLNTA 579

Kk ks k.2 kkkk Kkkk s sk kR K kkkk kks sk

HSV-1 gH LCTSDVAAATNADLRTALARADHQKTLFWLPDHFSPCAASLRFDLDESVFILDALAQATR 612
SaHV-1 gH LCTSDAAADSNYRLRRAMETSDHQSSLFLLPDAFSPCSYSLRFDLASDSAIFEALALAHD 639

KERKKK KK gk KK Ky pkkK g KK KKK Kkkky KKKKKK | Kpikkk x
HSV-1 gH -SETPVEVLAQQTHGLASTLTRWAHYNALIRAFVPEASHRCGGQSANVEPRILVPITHNA 671
SaHV-1 gH GSDEPLSEVLGDTQQVARAMDHWTDRRRLVRAYLPETTRRCPHLTEDIDPLVAIPIAHNA 699

Fp: M @ BEE B G p¥m, o THINERD SRR phdk sl ifEiaN [ TEREARN
HSV-1 gH SYVVTHSPLPRGIGYKLTGVDVRRPLFLTYLTATCEGSTRDIESKRLVRTONQRDLGLVG 731
SaHV-1 gH SFLVTRTPPPRGRSYKLGGVDVKRPLVVTYMTAACDHVYSEVEPKRLLRPESRADASLLG 759

Kpikkgik KKK Kkkk Kkkkikkk ki kkghg Dk kkkyk s n K ki
HSV-1 gH AVFMRYTPAGEVMSVLLVDTDNTQQQIA----AGPTEGAPSVFSSDVPSTALLLFPNGTV 787
SaHV-1 gH SVFLRYTSAGEVMATLVIDSLEAQQRLAGEERAGDEEEPRDVFTSLTPSTALLLFPNGTV 819

SRk g kKK kkkkky Kypk: paikkgik o KKk KKKKKKKKKKKKK

HSV-1 gH IlLLAFDTQPVAAIAP [FLAASALGVVMITAALAGI VLRT.PFF WRRE 838
SaHV-1 gH VHLLAFDRRQQIAVPTAVIVATVLGVFFVAGALAGLVRIVWTVTPSLCWSKQ 871

Lkkkkkx * . ke kkk sa. Kkkksaasoss * Kk s ok ss

FIG 9 Structural model of gH/gL. (A) The boot-shaped crystal structure of HSV-2 gH/gL (PDB ID 3M1C) is presented from a side-view, with the gH N- and
C-termini labeled. gL (light blue) associates with domain | (red) and domain Il (green) of gH in the membrane-distal N-terminal half of the complex.
Domain Il (yellow) and domain IV (orange) comprise the membrane-proximal half of the heterodimer with the TM anchor following domain IV
(unresolved). Point mutations in gL (light blue spheres) reduce the binding of the neutralizing MAb 53S, an antibody that blocks a gD-gH/gL interaction
detected by SPR (8). These residues mark a putative gD-binding site on gH/gL. Point mutations in gH (magenta spheres) reduce the binding of the
neutralizing MAb LP11, an antibody that reduces a gB-gH/gL interaction detected by BiFC (4). These residues mark a potential gB-binding site on gH/gL.
The base of domain IV is capped by a conserved flap (dark blue) comprised of residues C706-A732 (36). Residue gH-H789 (green spheres) lies directly
beneath this flap, contacting gH flap residues 713 to 715 (blue sticks). (B) The gH/gL structure has been rotated approximately 45 degrees, providing a
view of the “toe” of the boot. A surface rendering of gH generated in the absence of the flap (blue) is shown. Residues are colored according to
hydrophobicity (i.e., darker red is more hydrophobic). Residue H789 (green) lies beneath the flap and contacts residues 713 to 715 (blue sticks). Movement
of the flap would expose a hydrophobic patch (red) near H789. (C) The 14 residue CT of gH has been modeled in PyMol as an extended strand. Residue
S830 (green) neighbors V831 (magenta), a residue that is proposed to interact with a pocket in the gB CT (47). Images were generated using PyMol
(https://pymol.org/2/). (D) An amino acid alignment of HSV-1 gH (GenBank accession number AFE62849) and SaHV-1 gH (GenBank accession number
ADO13806.1) was generated using MAFFT version 7. Identical (asterisks) and similar (colons or periods) residues are marked and amino acid numbers are
listed. gH domains are colored as in A. The TM is boxed. gH-H789 and gH-S830 are green and gH-V831 is magenta. The domain IV flap is blue with
residues predicted to contact H789 underlined. Residue 715 is proline in the HSV-2 gH/gL structure.

gH-H789 is conserved in HSV-1 and SaHV-1 gH homologs, near the center of a
stretch of 20 amino acids in domain IV that are nearly identical for the two viruses
(Fig. 9D). H789 is only 16 residues upstream of the TM domain, placing this residue
close to the membrane. Based on the HSV-2 gH/gL structure, H789 lies directly beneath
a previously identified “flap” that runs across the bottom edge of domain IV (36, 37)
(Fig. 9A). This flap (residues C706-G732) covers a hydrophobic patch on domain IV and
H789 contacts residues 713 to 715 in the center of the flap (Fig. 9B). Mutating H789 to
tyrosine, a bulky polar residue, may disrupt interactions with the flap, causing a shift in
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the flap position and a conformation of gH that more readily exposes the hydrophobic
patch beneath the flap. None of the gH homologs examined encode a tyrosine at this
position (36). Notably, gH-H789Y does not enhance fusion when coexpressed with WT
HSV gB (Fig. 8B), so the alteration to gH enhances fusion via a specific interaction with
SaHV gB. These results suggest a species-specific gH-gB interaction may be enhanced
by this change to the base of domain IV.

Passage of HSV-1 carrying virally encoded gB3A or cell-expressed gB3A resulted in
the selection of gH-S830N in five independent lineages (Table 1). We concluded that
the gH-S830N mutation contributed to enhanced entry using the same reasoning as
for the gH-H789Y mutation above. gH-5830 maps to the short gH CT (residues 825-
838) that is essential for WT levels of fusion (1, 2, 38).

Two nonexclusive possibilities may explain how gH-S830N restores entry. The gH CT
may influence the gH ectodomain conformation through inside-out signaling and/or the
gH CT may interact directly with the gB CT. Truncations in the EBV gH CT were previously
shown to reduce binding of gp42 to the gH/gL ectodomain, demonstrating that the gH CT
influences the gH ectodomain structure (39). In addition, the CT of fusion proteins from
multiple virus families have been shown to affect fusion protein function (40-42). The gB
CT regulates gB activity, potentially serving as a “clamp” that stabilizes gB (5). Mutations or
truncations in the gB CT enhance fusion (43-46), potentially by disrupting the clamp.
During virus entry, the gH CT may act as a “wedge” to disrupt the gB CT and promote
fusion (5). Using mutagenesis and structural modeling, a recent study proposed that gH-
V831, a residue neighboring gH-S830, may insert into a pocket in the gB CT to activate gB
by disrupting interprotomer contacts and releasing the 'clamp’. This gB pocket was identi-
fied because mutations near this site can have hyperfusogenic or hypofusogenic effects.
When the gH tail was modeled as an extended strand, gH-V831 was positioned at the
same distance from the membrane as the functional gB pocket.

gH-S830N may promote gB3A virus entry by enhancing an interaction of the gH CT
with the gB3A CT. gH-S830N displayed enhanced fusion when coexpressed with gB3A
(Fig. 8C) but not with WT gB (Fig. 8B), indicating that S830N is not globally hyperfuso-
genic and suggesting that the CT of gB3A may be altered compared to the CT of WT
gB. Multiple studies have demonstrated that the gB CT influences activation of the gB
ectodomain. The result from the current study suggests that the gB ectodomain con-
formation (i.e., gB3A) may also influence the gB CT conformation. The gH-S830N muta-
tion replaces a polar residue with another polar residue and may facilitate gH-V831
insertion into the gB3A CT pocket by altering interactions with residues near the gB3A
CT pocket. Similar to our results for gH-S830N, gH-S830A was shown recently to reduce
fusion moderately when coexpressed with WT gB (47).

Additional novel mutations in glycoproteins were identified in the passaged viruses
(Table 1). One of the AgB/gB3Ara lineages acquired a mutation that extends the gH
cytoplasmic tail (gH-W835ext), replacing the final three residues with nine residues.
Previous work has shown that the gH tail residues past V831 also contribute to fusion.
gH truncation mutants show that gH fusion activity positively correlates with gH tail
length (35). Likewise, the mutation V831A reduces fusion more substantially in the con-
text of a tail truncated after residue 832 rather than a full-length tail (30), suggesting
the distal region of the tail can compensate for the V831A substitution (47). In addition,
all four HSV-SaHVgBP=ss lineages acquired mutations in gC. gC contributes to entry by
binding to cell surface glycosaminoglycans (48). Recent work has shown that gC can
regulate entry via a low-pH pathway and impact gB conformational changes (49, 50).
Whether these gC and gH mutations contributed to the enhanced entry observed in
these passaged viruses may be the subject of future work.

gB and gH/gL represent fusion machinery that is conserved across all herpesviruses,
underscoring the importance of defining how gH/gL interacts with gB and triggers the
conformational change in gB that mediates fusion. The current work supports the
model that gH/gL regulates gB fusion function and predicts that gH/gL-gB interactions
occur at multiple sites. The approach employed provides a means to genetically map
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interaction sites on gH/gL and potentially other proteins that have weak or transient
interactions to dissect a stepwise understanding of the herpesvirus fusion mechanism.

MATERIALS AND METHODS

Cells and antibodies. African green monkey kidney Vero cells (American Type Culture Collection
[ATCC], USA) were grown in Dulbecco modified Eagle medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) (Thermo Fisher Scientific, USA), penicillin, and streptomycin. Vero-Cre cells were
derived from Vero cells to express Cre recombinase (kindly provided by Dr. Gregory Smith at
Northwestern University) and Vero-VgHC4 cells (31) were derived from Vero cells to express WT gH. Both
of the Vero-derived cell lines were grown in the same medium as Vero cells. Chinese hamster ovary
(CHO-K1) (ATCC, USA) cells were grown in Ham's F12 medium supplemented with 10% FBS. M1A and
M3A cells (22) were derived from CHO-IEB8 cells to stably express human HVEM and nectin-1, respec-
tively. CHO-IEB8 is a CHO-K1-derived cell line that expresses B-galactosidase under the control of an im-
mediate early promoter. MTA and M3A cells were grown in Ham's F-12 medium supplemented with
10% FCS, 150 g of puromycin/mL, and 250 g of G418/mL. C10 cells were derived from B78-H1 mouse
melanoma cells and stably express human nectin-1 (51). They were grown in DMEM supplemented with
10% FBS and 500 ng of G418/mL. Anti-gH monoclonal antibody (MAb) 53S (52) recognizes HSV-1 gH/gL.

Plasmids and bacterial artificial chromosomes. Plasmids and bacterial artificial chromosomes (BACs)
generated for this study include: pQF439 (pSG5-gB), pQF440 (pSG5-gD), pQF441 (pSG5-gH), pQF442 (pSG5-
gl), pQF444 (pSG5-gH-S830N), pQF445 (pSG5-gH-H789Y), pQF356 (pTuner-gB3A), pQF397 (HSV-SaHV1gB
BAC), and pQF395 (an intermediate construct for BAC construction).

Plasmids encoding HSV-1 KOS strain gB (pPEP98), gD (pPEP99), gH (pPEP100), and gL (pPEP101)
were previously described (53). To clone HSV-1 gB, gD, and gL into the pSG5 vector, pPEP98, pPEP99,
and pPEP101 were digested with EcoRI and Bglll and the fragments containing the glycoproteins were
ligated into pSG5 after digestion with EcoRI and Bglll. This generated plasmids pSG5-gB (pQF439), pSG5-
gD (pQF440) and pSG5-gL (pQF442). To clone HSV-1 gH into the pSG5 vector, pPEP100 was digested
with Sacl and the fragment was blunted with T4 DNA polymerase and then cut with Bglll. pSG5 was
digested with EcoRl, blunted with T4 DNA polymerase, and then cut with Bglll. The gH fragment was
ligated to the digested pSG5 to generate pSG5-gH (pQF441).

Site-directed mutagenesis of pQF441 was used to generate pSG5-gH-S830N (pQF444) using primers
5'-GGTTCTCCGGACAAATGTCCCGTTTTTTTG3" and 5'CAAAAAAACGGGACATTTGTCCGGAGAACC-3' and to
generate pSG5-gH-H789Y (pQF445) using primers 5'-CAAACGGAACCGTCATTTATTTGCTAGCCTTTGAC-3'
and 5'-GTCAAAGGCTAGCAAATAAATGACGGTTCCGTTTG-3".

gB3A was expressed using the previously described plasmid pSG5-HSVgB-1671A/H681A/F683A (14).
SaHV-1 gB was expressed using the previously described pCAGGS plasmid pQF77 (20).

pT7EMCLuc plasmid encoding a firefly luciferase reporter gene under the control of the T7 promoter
and pCAGT7 plasmid encoding T7 RNA polymerase (53, 54) were used in the fusion assay.

To generate an inducible expression construct to make a Vero-gB3A cell line, gB3A was inserted into
pTuner-IRES2 using the plasmid pUL34-IRES2-EGFP (24). This plasmid was kindly provided by Dr. Richard
Roller at University of lowa. In pUL34-IRES2-EGFP, the CMV promoter was replaced by the UL34 pro-
moter and UL34 expression is induced by infection. We replaced UL34 with gB3A and the gB promoter
such that the resulting plasmid (pQF356) encodes gB3A under the control of its native promoter with
bicistronic expression of EGFP. To amplify the gB3A gene with its native promoter, we used the previ-
ously described HSV-1 gB3A BAC (pQF297) (15).

pGS1439, a plasmid containing the kanamycin resistance gene (kan®), was used for the BAC con-
struction and was kindly provided by Dr. Gregory Smith at Northwestern University.

gB3A virus and AgB/gB3A viruses were generated using the previously described HSV-1 gB3A BAC
(pQF297) and gB-null BAC (pQF282), respectively (15). HSV-SaHV1gB virus was generated by creating a
new BAC (pQF397), using an intermediate gB-kan® construct (pQF395), as described below.

Construction of HSV-SaHVgB BAC. The HSV-SaHVgB BAC (pQF397) was generated using the gB-
null BAC pQF282 (15). pQF282 was generated previously by deleting UL27 (the gB gene) from the BAC
GS3217 (55). GS3217 is an HSV-1 F strain BAC that carries the red fluorescence protein (RFP) tdTomato
reporter gene with a nuclear localization signal under the control of a CMV immediate early promoter.
The CMV>NLS-tdTomato>pA cassette is inserted in the US5 (gJ) gene.

The HSV-SaHVgB BAC was generated using a two-step red-mediated recombination strategy (56).
First, the kan® gene was PCR-amplified from pGS1439 using the primers 5-ACGGGTCTGTACAACG
ACCGCGCCCCGGTTCCAT TCGAAGAGATCACGGACGTGATCAAC GCCAAAGGATGACGACGATAAGTAGGGA-
3’ and 5'-GAACCGGGGCGCGGTCGTTGTACACAACCAATTAACCAATTCTGAT-3'. These primers consist of
5’ SaHV-1 gB sequence, including a BsrGl restriction site in bold, and 3’ kan® homology (underlined).
This PCR product was digested with BsrGl and ligated into BsrGl-digested pQF77 (pCAGGS-SaHV-1 gB)
to generate pQF395. The SaHV-1 gB gene containing a kan® insert was PCR-amplified from pQF395 using
primers 5’-GTCCTCCAGCACCTCGCCCCCAGGCTACCTGACGGGGGGCACGACGGGCCCCCGTAGTCCCGCCAT
GGCGCCTCCGGCCGCCAAGAGC-3" and 5'-AACAAACCAAAAGATGCACATGCGGTTTAACACCCGTGGTTTTT
ATTTACAACAAACCCCCCGCTACACAGCAGCGTCGTCTTCGTCC-3'. Using two-step red-mediated recombi-
nation, this PCR product was recombined into the gB-null BAC pQF282. Then the kan® cassette was
recombined out to generate the BAC HSV-SaHVgB (pQF397) that carries the SaHV-1 gB gene in place of
HSV-1 gB. The intermediate BAC with kan® insertion and the final BAC constructs were confirmed by at
least four restriction enzyme digestions.
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Generating virus stocks. gB3A virus and WT HSV-1 (GS3217) were generated from BACs previously
(15). To generate HSV-SaHVgB virus, the HSV-SaHVgB BAC (pQF397) was transfected into four wells of
Vero-Cre cells using Lipofectamine 2000 (Invitrogen, Carlsbad, CA). The transfected cells were harvested
2 to 3 weeks after transfection using three rounds of freeze-thaw. Four independent transfections were
used to generate the four lineages. To generate AgB/gB3A virus, four wells of Vero-gB3A cells were
transfected with the gB-null BAC (pQF282) using Lipofectamine 2000. For lineage D, a plasmid express-
ing Cre recombinase was cotransfected. Virus was harvested from the cells when CPE was apparent at 2
to 3 weeks after transfection using three rounds of freeze-thaw. Four independent transfections were
used to generate the four lineages used for passage.

Generating the Vero-gB3A cell line. Vero cells in six-well plates were transfected with 1.5 ug/well
PQF356 using Lipofectamine 2000. Then the cells were seeded in 100-mm plates in medium containing
800 wg/mL G418 to allow colonies to develop for two to 3 weeks. Approximately 100 individual colonies
were seeded into 96-well plates. When the cells reached near confluence, they were transferred to 24-
well plates. As these cells reached confluence, duplicate cultures were seeded in 24-well plates. One set
of cells was saved and one was assessed for GFP expression after an overnight infection with WT HSV-1
at an MOI of 5. Cells that screened positive for GFP expression were subjected to two additional rounds
of screening. Fluorescence microscopy was performed using an EVOS Cell Imaging Systems (AMG, Thermo
Fisher Scientific).

Determining plaque size. Plaques were visualized 3 days postinfection using Giemsa staining and
imaged with transmitted light microscopy using EVOS Cell Imaging Systems. The average radius of ran-
domly selected plaques was calculated from two independent measurements. At least 50 plaques were
measured for each virus sample. Using the average radius, the plaque area and the ratio of plaque size
between WT and mutant viruses was determined, as described previously (16, 17).

Entry of mutant viruses into M1A and M3A cells. As previously described (22), M1A or M3A cells
growing in 96-well plates were infected at an MOI of 1. After 5 h at 37°C, the cells were washed with
phosphate-buffered saline (PBS) and lysed in 50 uL/well DMEM containing 0.5% NP-40. B-galactosidase
activity was measured by adding 50 uL/well of a 4.8 mg/mL solution of chlorophenol red-3-d-galacto-
pyranoside (CPRG; Boehringer Mannheim) and reading the absorbance at 560 nm on a plate reader
(Perkin Elmer). This assay was repeated at least three times.

Virus genome sequencing and analysis. DNA was purified for sequencing from cells infected in six-
well plates using a blood and cell culture DNA minikit (Qiagen). Samples were sequenced at the Northwestern
University Genomics Core Facility using NextGen lllumina HiSeq SR500 sequencing. Unipro UGene (57) was
used to create a trimmed reference sequence composed of the HSV-1 F strain genome (GenBank accession
number GU734771.1) with the long- and short-terminal repeat regions deleted (58). The gB (UL27) gene in the
reference sequence was replaced with either the SaHV-1 gB sequence or the KOS strain gB sequence
(GenBank accession number KT899744.1) with the gB3A substitutions added. Using Geneious 8.1.9, sequenc-
ing reads were aligned to the reference genome and variants were identified. Variants present in both the
revertant viruses and the original BACs were ignored, as were variants in the gJ gene due to the RFP insertion.
Mutations identified in other glycoproteins are reported in Table 1. The SaHV-1 gB sequence of HSV-
SaHVgBP* viruses was confirmed using standard single pass DNA sequencing after PCR ampilification.

Infection of gH-expressing cells. Vero and VgHC4 (cells expressing WT gH) seeded in six-well plates
were infected at 150 PFU/well with WT, gB3AP>*, or HSV-SaHVgBP®* virus. Alternatively, Vero cells seeded in
six-well plates were transfected with 1.5 ug/well of plasmids encoding gH-S830N, gH-H789Y, or vector using
5 uL Lipofectamine 2000. After an overnight incubation, cells were infected at 150 PFU/well with gB3A or
HSV-SaHVgB virus. Viral titers had been determined previously on Vero cells. Cells were stained with Giemsa
3 days postinfection to visualize plaques.

Syncytium formation assay. The syncytium formation assay was performed as described previously
(23). C10 cells in 24-well plates were transfected with 250 ng/well each of plasmids encoding gB, gD, gH,
and gL using 2.5 uL/well FUGENE 6 (Promega, USA) in 500 uL/well DMEM with 10% FBS. When indicated,
WT versions were substituted with gB and/or gH mutants. After an overnight incubation, cells were fixed
with methanol and stained with Giemsa for 30 min. Syncytia, defined as multinucleated cells with three
or more nuclei, were counted using microscopy.

Cell-cell fusion assay. The fusion assay was performed as previously described (53). Briefly, CHO-K1
cells were seeded in six-well plates overnight. One set of cells (effector cells) were transfected with
400 ng each of plasmids encoding T7 RNA polymerase, gB, gD, gL, and gH, using 5 uL of Lipofectamine
2000. When indicated, WT versions were substituted with gB and/or gH mutants. WT glycoproteins were
expressed from pSG5 plasmids, rather than pCAGGS plasmids as described previously. A second set of
cells (target cells) was transfected with 400 ng of a plasmid encoding the firefly luciferase gene under
the control of the T7 promoter and 1.5 ug of a plasmid expressing nectin-1, using 5 uL of Lipofectamine
2000. After overnight transfection, the cells were detached with versene and resuspended in 1.5 mL/well
of F12 medium supplemented with 10% FBS. Effector and target cells were mixed in a 1:1 ratio and
replated in 96-well plates for 6 h. Luciferase activity was quantified using a luciferase reporter assay sys-
tem (Promega) and a Wallac-Victor luminometer (Perkin Elmer).

Cell-based ELISA. To evaluate the cell surface expression of the gH mutants, cell-based ELISA
(CELISA) staining was performed as previously described (59). During the cell-cell fusion assay, a dupli-
cate set of CHO-K1 effectors cells was generated. After an overnight incubation, these cells were rinsed
with PBS and the primary anti-gH/gL MAb 53S was added at 1:5,000 dilution. After a 1-h incubation, the
cells were rinsed, fixed in formaldehyde-glutaraldehyde, and incubated with biotinylated goat anti-
mouse IgG (Sigma), followed by streptavidin-HRP (GE Healthcare) and HRP substrate (BioFX).
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Statistical analysis. Statistical comparison of the plaque areas was performed with a Mann-Whitney
U test using SPSS (version 25). Analyses were performed using IBM SPSS statistics version 25 for
Windows (IBM Corp., Armonk, NY) and SAS 9.4 (SAS Institute, Cary, NC).
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