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The 773-residue ectodomain of the herpes simplex virus type 1 (HSV-1) glycoprotein B (gB) has been
resistant to the use of mutagenic strategies because the majority of the induced mutations result in defective
proteins. As an alternative strategy for the identification of functionally important regions and novel inhibitors
of infection, we prepared a library of overlapping peptides homologous to the ectodomain of gB and screened
for the ability of the peptides to block infection. Seven of 138 15-mer peptides inhibited infection by more than
50% at a concentration of 100 wM. Three peptides (gB94, gB122, and gB131) with 50% effective concentrations
(ECsqs) below 20 M were selected for further studies. The gB131 peptide (residues 681 to 695 in HSV-1 gB
[gB-1]) was a specific entry inhibitor (EC;,, ~12 uM). The gB122 peptide (residues 636 to 650 in gB-1) blocked
viral entry (ECs,, ~18 nM), protected cells from infection (ECy,y, ~72 uM), and inactivated virions in solution
(ECsp, ~138 pnM). We were unable to discern the step or steps inhibited by the gB94 peptide, which is
homologous to residues 496 to 510 in gB-1. Substitution of a tyrosine in the gB122 peptide (Y640 in full-length
gB-1) reduced the antiviral activity eightfold, suggesting that this residue is critical for inhibition. This
peptide-based strategy could lead to the identification of functionally important regions of gB or other

membrane proteins and identify novel inhibitors of HSV-1 entry.

Herpes simplex virus type 1 (HSV-1) is a significant human
pathogen that primarily causes mucocutaneous ulcers. Less
common but more serious infections can result in encephalitis,
blinding keratitis, or neonatal herpes (78). Several antivirals
are approved for the treatment of HSV infections but are
ineffective in certain situations and do not eliminate latent
infections (20, 56, 65). Thus, new strategies are needed to deal
with these infections.

HSV-1 infection is initiated by the binding of glycoprotein C
(gC) to cell surface heparan sulfate (69, 71, 72). The HSV-1 gB
protein (gB-1) can also bind to heparan sulfate proteoglycan,
but the binding is less efficient (37). Following attachment, gD
binds to any of four cellular coreceptors, including HVEM
(herpesvirus entry mediator), nectin 1, nectin 2, or 3-O-sul-
fated heparan sulfate, resulting in a conformational change in
gD (18, 28, 41, 50, 51). The conformational change in gD is
then thought to trigger the formation of the fusion complex,
which includes gB and the gH-gL heterodimer. The coexpres-
sion of gD, gB, and gH-gL in the same cell results in cell-cell
fusion, indicating that these four proteins constitute the min-
imal fusion apparatus (10, 24, 52, 61, 75). It has been suggested
that gH-gLL and gB are recruited to gD independently of one
another and possibly interact with each other (3). Recent stud-
ies show that HSV-1 fusion is mediated through a hemifusion
intermediate involving gH-gL. but that the complete fusion
event requires the action of gB (73). gB-1 interacts with the cell
surface (7, 59, 60), and a cell surface protein, PILRq, has been
identified as a gB-1 binding entry coreceptor (66).
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The role of gB-1 in the entry/fusion process is poorly under-
stood, even though it is the most highly conserved herpesvirus
envelope protein (58). Several studies indicate that gB-1 func-
tions as an oligomer. Mature gB-1 sediments at approximately
200 kDa in sucrose gradients, whereas the monomeric form
has an apparent molecular mass of 110 kDa (2, 17, 38). Mutant
gB-1 can act in a dominant negative manner to reduce viral
titers and inhibits the complementation of null mutants by
wild-type gB-1 (13), and a temperature-sensitive gB-1 mutant
(mutant tsB5) fails to oligomerize at the nonpermissive tem-
perature (15, 34). Recently, the elucidation of the crystal struc-
ture of the postfusion form of gB-1 has confirmed that the
protein is a trimer (36) and shares a high degree of structural,
but not sequence, homology to the vesicular stomatitis virus G
protein (64).

gB-1 is 904 amino acids long and has a 773-residue ectodo-
main, a 22-residue transmembrane domain, and a 109-residue
cytoplasmic tail (36, 57). Monomeric gB-1 contains 10 cys-
teines that form five intramolecular disulfide bonds, some of
which appear to be important for proper folding and process-
ing of the protein (36, 42, 53). Each gB-1 monomer contains
five domains (36), and recent studies with gB-specific mono-
clonal antibodies have identified functional regions in the gB-1
ectodomain that are important for infection (6). A heparan
sulfate binding site, which allows gB-1 to substitute for gC-1 in
attachment, is located between residues 68 to 76 of gB (37, 43).
Single amino acid substitutions in domain I of gB-1, which is
structurally analogous to the fusion loop in vesicular stomatitis
virus G protein, were shown to ablate syncytium formation and
cell-cell fusion in transfected receptor-positive cells that tran-
siently expressed gD, gH-gL, and the mutant gB, suggesting
that these residues are important for membrane fusion. Thus,
this region is a putative fusion loop in gB-1 (35). Several
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mutations resulting in a hyperfusion phenotype have been
mapped to the cytoplasmic tail of gB-1, indicating that this
region plays an important role in regulating the fusogenic
activity of the protein (4, 21, 24, 25, 46, 63, 77). Mutations
leading to reversion of the syncytium-forming phenotype of
¢B-1 mutants have been mapped to the UL45 envelope protein
(33), suggesting that ULA45 may interact with gB-1 and regulate
fusogenic activity. gB-1 is also associated with lipid rafts in
infected cells (8); however, the region in gB-1 that is involved
in this association has not been identified.

The use of mutagenic approaches to identify functionally
important regions of the gB-1 ectodomain has been difficult
due to misfolding of the majority of the mutant proteins (13,
14, 49, 62). Insertions into « helices or B sheets appear to be
particularly disruptive (54). Even approaches that target pre-
dicted surface-exposed loops result in a high percentage of
mutants that are improperly expressed (44). Recently, a ran-
dom 5-amino-acid-insertion mutagenesis strategy was utilized;
and only 27 of 81 mutants were properly folded, processed, and
transported to the cell surface (45). The difficulty with the use
of mutagenesis strategies to study the function of the gB-1
ectodomains may be due to the fact that trimer formation
involves extensive intermolecular contacts over large areas of
the protein (36).

Peptide-based strategies have previously been used to study
herpesvirus glycoprotein function. Trybala et al. (74) used a
series of synthetic peptides to show that two discontinuous
regions of HSV-1 gC were involved in binding to heparan
sulfate proteoglycans. Several laboratories have shown that
peptides homologous to heptad repeat regions from gB-1,
HSV-1 gH, bovine herpes virus type 1 gB, and human cyto-
megalovirus gB inhibit infection, indicating that these regions
of the proteins are functionally significant (27, 29, 48, 55).
Rationally designed B-peptides that mimic the human cyto-
megalovirus gB heptad repeat are effective inhibitors of infec-
tion (23). More recently, and while the manuscript for this
study was being written, peptides homologous to HSV-1 and
bovine herpes virus type 1 gB that had a high probability of
forming regions of high interfacial hydrophobicity were shown
to inhibit viral infection (26). Those studies clearly indicate
that peptide-based approaches can be useful in identifying
functionally important regions of herpesvirus glycoproteins. A
significant feature of these peptide-based studies is that all of
them targeted regions of the proteins with predictable struc-
tures or motifs, and these approaches might miss unique re-
gions that play important roles in infection.

To determine if a more generalized peptide-based ap-
proach could identify functionally important regions of gB,
we synthesized a library of overlapping 15-mer peptides
encompassing the ectodomain of gB-1 and tested the pep-
tides for their ability to inhibit HSV infection. Seven of the
peptides inhibited infection by 50% or more when they were
screened at a concentration of 100 wM. Three peptides were
selected for further study, and two primarily blocked the
entry of HSV-1 into cells. These results validate the use of
overlapping peptide libraries (peptide scanning inhibition)
for the identification of functionally important regions in
membrane glycoproteins.
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MATERIALS AND METHODS

Cells and viruses. Vero cells were grown in Dulbecco’s modified Eagle me-
dium (DMEM) supplemented with 5% fetal bovine serum and 5% calf serum.
High-titer stocks of HSV-1 KOS mutant hrR3, which expresses Escherichia coli
B-galactosidase from the early ICP6 promoter (30), were prepared (32) and were
further purified on sucrose gradients, as described previously (76).

Peptide synthesis and analysis. All peptides were synthesized at the University
of Wisconsin—Madison Biotechnology Center. Overlapping gB peptides were
synthesized by using SynPhase lanterns (rink amide, 8 uM; Mimotopes Pty. Ltd.,
Australia), according to the manufacturer’s instructions. The peptide concentra-
tions were determined by dividing the weight of the crude product by the volume
of water used to dissolve the peptide. Note that for the high-throughput initial
screen, potential differences in the solubilities of the peptides were not ac-
counted for. The large-scale synthesis and the purification (>95% purity) of the
individual peptides were carried out as we described previously (11, 12). The
concentrations of the large-scale batches were determined by measuring the ab-
sorbance at 215 nm and 225 nm (68).

MTS assay. Peptide cytotoxicity was determined by a commercially available
assay (Celltiter 96 AQgycous One Solution cell proliferation assay reagent; Pro-
mega, Madison, WI), as described previously (1). Briefly, Vero cells (1.5 X 10*
cells/well) were seeded in a 96-well plate, and the plate was incubated for 24 h at
37°C. A total of 20 pl of medium containing the desired concentration of
peptides was added to the cells. Control cells received medium only. After
incubation of the cells in the presence of peptide overnight at 37°C, 20 pl of
the 96 AQgucous One Solution cell proliferation assay reagent was added to
each well. The plate was then incubated for 2 h at 37°C, and the absorbance
at 490 nm was determined with a 96-well plate reader (Biotek Instruments,
Inc., Winooski, VT).

Antiviral assays. Vero cells (1 X 10* cells/well) seeded in 96-well plates and
incubated for 4 days at 37°C were infected with hrR3 at a multiplicity of infection
of 1. Carbonate-free DMEM supplemented with 5% calf serum and 5% fetal
bovine serum (S* medium) was used for all assays. At 6 h postinfection, the
B-galactosidase activity was measured by enzyme-linked immunosorbent assay
(ELISA) (12). After the cells were lysed with 0.5% Nonidet P-40 and 2 mM
MgCl, in phosphate-buffered saline (PBS; 50 wl/well) for 5 min and the addition
of 10 mM chlorophenol red—f3-p-galactopyranoside (50 pl/well; Roche Applied
Science, Indianapolis, IN) to each well, the absorbance was measured in tripli-
cate at 570 nm in a 96-well plate reader (Biotek Instruments, Inc.).

(i) Comprehensive antiviral assay. Various concentrations of the peptides
were mixed with virus (1 X 10° PFU/ml) in 70 pl of S* medium and with Vero
cells in 96-well plates. Following incubation for 1 h at 37°C, the virus-peptide
mixture was added to the treated cells. At 6 h postinfection, B-galactosidase
activity was measured as an indicator of infection, as described above.

(ii) Virus inactivation assay. Virus (1 X 10® PFU/ml) was treated with various
concentrations of peptide in 50 pl of S* medium for 1 h at 37°C. The treated
virus was then diluted 200-fold and used to infect cells (40 wl/well) for 1 h at
37°C. The diluted virus-peptide mixtures were replaced with S™ medium, and the
B-galactosidase activity was measured 6 h later.

(iii) Cell protection assay. Vero cells were treated with various concentrations
of peptide (50 wliwell) at 37°C. After 1 h, the cells were washed with S* medium
and infected with 40 plwell of hrR3 (1 X 10° PFU/ml) at 37°C for 1 h. The
medium containing virus was replaced with fresh S* medium, and the B-galac-
tosidase activity was measured 6 h later.

(iv) Entry assay. Vero cells were fed with S* medium and incubated at 4°C for
30 min. The medium was removed, and hrR3 (40 pl/well, 5 X 10° PFU/ml) was
allowed to attach to the cells at 4°C. After 1 h, the cells were rinsed with S*
medium. Various concentrations of peptide were then added (40 pl/well), and
the cultures were incubated at 4°C for 15 min before the incubation temperature
was shifted to 37°C. After 1 h, the cells were washed with 1X PBS, and any
remaining extracellular virus was inactivated by treatment with citrate buffer (pH
3.0) for 1 min. The infected cells were rinsed again with 1X PBS and fed with S*
medium, and the B-galactosidase activity was measured 6 h later.

Attachment assay. The hrR3 virus (4 X 10° PFU/well) was allowed to bind to
Vero cells in the presence of various concentrations of peptide at 4°C for 1 h.
After free virus was rinsed off with serum-free carbonate-free DMEM (S™
medium), the cells were fixed with 4% paraformaldehyde in S~ medium and
blocked for 1 h with 3% bovine serum albumin in S~ medium. Absorbed virus
was detected with polyclonal rabbit anti-HSV-1 immunoglobulin G (IgG; 1:100
dilution; Dako, Carpinteria, CA) and alkaline phosphatase (AP)-conjugated goat
anti-rabbit IgG (1:2,000 dilution; Sigma-Aldrich, St. Louis, MO). After the plates
were washed with S~ medium, 100 pl of AP substrate (0.2 M diethanolamine, 0.5
mM MgCl,, 1.1 mM L-homoarginine, and 1.7 mM p-nitrophenylphosphate in
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FIG. 1. Identification of gB-1 peptides that inhibit HSV-1 infection. A library of 138 overlapping peptides spanning residues 30 to 730
(ectodomain) of gB-1 were synthesized and tested at a concentration of 100 wM in a comprehensive antiviral assay for the ability to inhibit
B-galactosidase (B-gal) expression by the hrR3 virus. The top line shows a schematic representation of the gB-1 protein, and the activities of the
peptides are shown at the bottom. Arrows denote the seven peptides that were positive in the assay. V, virus-only control; E, inhibition by the EB
peptide as a positive control (12); SS, signal sequence; TM, transmembrane domain.

Tris-buffered saline, pH 9.6) was added to each well, and the absorbance (405 peptides remained present throughout the assay. Infectivity was
nm) was read in a 96-well plate reader (Biotek Instruments, Inc.) at 1-min measured by determination of the B-galactosidase activity ex-
intervals for 20 min. The amount of binding was determined from the slope of . . o
the initial rate for triplicate samples, and the signal from mock-infected cultures pressed ?’S a repor'ter gen.e.m the hrR3. Vl?u.S.. The criterion fqr
was subtracted from the data. designating a peptide positive was the inhibition of B-galactosi-
VP16 transport to the nucleus and ICP0 expression. Vero cells (8 X 10° cells dase activity by 50% or more at a presumptive concentration of
per well) were seeded into six-well plates. On the following day, the cells were 100 uM. Figure 1 shows the locations of the peptides in the library
coole(.1 to 4°C, hrR3 was added at a multiplicity of.lnfectlon of 1, a.nd the cultu'res and their antiviral activities in the initial screen. Of the 138 pep-
were incubated for 1 h to allow attachment. Various concentrations of peptide i . . N
were then added, and the cultures were incubated for an additional 15 min at tides in the hbrary’ 7, all of whose sequences clustered in the
4°C. The cultures were then shifted to 37°C for 1 h, rinsed with citrate buffer, and carboxy-terminal half of the ectodomain, inhibited infection by
then incubated for either 4 h (VP16) or 5 h (ICP0). For VP16 translocation, 50% or more (Flg' 1)' The seven peptides Corresponded to resi-
nuclear extracts were isolated by using a NucBuster protein extraction kit (cat-
alog no. 71183-3; EMD Bioscieices, f/ladison, WI), gccording to the mamEfac— dues 346 to 360 (gB64), 436 to 450 (gB82), 496 to 510 (gBY4), 501
e retions, t0 515 (gB95), 576 to 590 (gB110), 636 to 650 (gB122), and 681 to
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blot- 695 (gBlSl) (Fig. 2 and Table 1). A peptide known to inhibit
ting. All samples were boiled for 5 min in Laemmli sample buffer containing HSV-1 entry, the EB peptide (12), was also included as a positive
0.05% B-mercaptoethanol (Bio-Rad, Hercules, CA) and subjected to electro- control in this assay. Eight peptides clustering in the amino-

phoresis in 12% sodium dodecyl sulfate-polyacrylamide gels. The proteins were . . .
then transferred to nitrocellulose membranes, which were subsequently blocked terminal half of the gB-1 ectodomain appeared to enhance infec-

in 5% (wt/vol) milk powder in washing buffer (0.3% [volivol] Tween 20, 100mM  tion by more than twofold. These peptides were not explored
maleic acid, 150 mM NaCl, pH 7.5) for 1 h at room temperature. The membrane further.

was incubated with primary antibody overnight at 4°C. After the membrane was To further confirm that the active peptides inhibited infec-

washed, it was incubated with secondary antibody for 1 h at room temperature. tion. each peptide was resvnthesized on a lareer scale and with
The immunoblots were developed with the AP substrate 5-bromo-4 chloro-3- ? pep Y g

indolylphosphate—nitroblue tetrazolium (FAST; Sigma-Aldrich). The primary a higher Purit}’- Resynthesized Peptides gB82, gBI5, and gB110
antibodies used were polyclonal goat anti-VP16 antibody (1:200 dilution; catalog had reduced solubility in aqueous solution compared to the
no. 50'1340710§ S?f}t&gruz iio(;ecmll‘;l%%’ (ij}lcw_ Santa Clruz, CA)H?IIE);TE;JG solubilities of the other peptides and were not studied further.
r\iliiﬁg;sog:rp:?gtion, Syirel;:/il?e,y NED)’ The slelcl(t)lr(l)(;le’lr; c:r?ti(i)godril; were AP—con: The remaining peptides were teSt,ed in the comprehensive as-
jugated rabbit anti-goat IgG and AP-conjugated goat anti-mouse IgG (1:2,000 say, and the ECss were determined. The results confirmed
dilution; catalog nos. A7650 and A3562, respectively; Sigma-Aldrich). that gB94, gB122, and gB131 inhibited viral infection with
ECjs of less than 20 pM (6.5, 15, and 18 pM, respectively; Fig.
3 and Table 2). Peptide gB64 had an ECs, of 85 pM and was
not considered further. The locations of the inhibitory peptides
Screening of the gB homologous peptide library. To test the on the monomeric gB-1 crystal structure are shown in Fig. 2.
feasibility of using a more general peptide strategy for identifying None of the selected inhibitory peptides (gB94, gB122, and
functionally important regions of membrane glycoproteins and gB131) were cytotoxic at a concentration of 200 uM by an MTS
potential inhibitors, a library of 15-mer peptides extending from assay (Fig. 4).
residues 30 to 730 of the gB-1 ectodomain and overlapping each Peptides gB94, gB122, and gB131 have different modes of
other by 10 residues was synthesized. The library was initially action. To determine the step in infection inhibited by gB94,
screened for peptides with inhibitory activity by using a high- gB122, and gB131, we varied the time during infection when
throughput comprehensive antiviral assay in which both virus and the peptide was added. Initially, to test the inhibition of at-
cells were exposed to the peptides prior to infection and the tachment, the virions were mixed with peptides and added to

RESULTS
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FIG. 2. Schematic representation of the locations of the seven in-
hibitory peptides on the gB-1 monomer. The structural coordinates
were obtained from http://www.rcsb.or/pdb/home/home/do. The gB-1
structure is designated 2GUM in the PDB and was visualized by use of
the visual molecular dynamics program (version 1.8.4) at http:/www
.ks.uiuc.edu/Research/vmd (36, 40).

cells, and the amount of bound virus was determined by a
cell-based ELISA. To determine if the peptides were virucidal,
virions were incubated with various concentrations of peptides
for an hour at 37°C and then serially diluted, and the titers
were determined. To determine if pretreatment of the cells was
protective, the cells were incubated with the peptides for 1 h at
37°C and rinsed prior to infection. The ability of the peptides
to block entry was tested by adding virions to the cells at 4°C,

TABLE 1. Sequences of the seven inhibitory peptides, locations in
¢B-1, and ECyys*

¢B location
Peptide” Sequence (a;glgo Domain® (ﬁ(l\:/lss]"
residues)

gB64 TTPKFTVAWDWYVPKR 346-360 I 85
gB8§2 VGQPQYYLANGGFLI 436-450 II ND¢
¢B9%4 KTTSSIEFARLQFTY 496-510 111 6.5
gB95 IEFARLQFTYNHIQR 501-515 11 ND
¢B110 VAADNVIVQNSMRIS 576-590 v ND
¢B122  GHRRYFTFGGGYVYF  636-650 v 15
¢B131 HEVVPLEVYTRHEIK 681-695 \'% 18

“ At least one peptide maps to each of the five subdomains of gB-1.

> The peptides are designated sequentially starting at residue 30 of mature
gB-1 and extending to the start site of the transmembrane segment.

¢ The domain nomenclature is that of Heldwein et al. (36).

4 Comprehensive assay.

¢ ND, not determined due to poor solubility.
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FIG. 3. Antiviral activities of gB94, gB122, and gB131 in the com-
prehensive assay. The peptides were newly synthesized and purified,
and their antiviral activities were confirmed in the comprehensive
assay, as described in Materials and Methods. Briefly, both cells and
virus were incubated with various concentrations of peptides for 1 h at
37°C. Following incubation, the peptides on the cells were replaced
with virus-peptide mixtures and the cultures were incubated further.
Six hours later, the B-galactosidase (3-gal) activity was determined as
a measure of infectivity. The graph is a representative result from at
least two independent experiments. Each point and error bar repre-
sents the mean * standard deviation of triplicate samples.

followed by the addition of the peptides. The cultures were
incubated at 4°C for an additional 15 min, at which time they
were shifted to 37°C and infection was monitored. For all these
assays except the attachment assay, infectivity was determined
by measuring the B-galactosidase activity at 6 h postinfection.
The means of the ECsys determined in these assays are sum-
marized in Table 2.

(i) Entry-blocking activities of peptides gB94, gB122, and
gB131. As shown in Fig. 5A, the gB94 peptide had no effect in
the entry assay. In contrast, both gB122 and gB131 clearly
inhibited viral infection at the entry step in a dose-dependent
manner with EC5gs of 18 and 12 uM, respectively. These values
were comparable to the ECsys of 15 and 18 uM for gB122 and
gB131, respectively, in the comprehensive assay. To rule out
the possibility that peptides gB94, gB122, and gB131 blocked
virus binding to cells, the ability of the peptides to inhibit
attachment was tested by the cell-based ELISA. As summa-
rized in Table 2, the peptides at concentrations as high as 200
pM did not interfere with attachment (ECs,s > 200 wM).
These results indicate that the predominant antiviral mecha-
nism of peptides gB122 and gB131 is at the viral entry step,
whereas peptide gB94 does not appear to block viral entry.

(ii) Effects of gB94, gB122, and gB131 on cellular protection.
Figure 5B shows the antiviral activities of peptides gB94,
gB122, and gB131 when Vero cell monolayers were pretreated
with one of the peptides and rinsed prior to infection. Pretreat-
ment of the cells with the gB94 peptide inhibited infection by
45% at the highest concentration tested (200 wM). When the
cells were pretreated with gB122, protection was seen with an
ECs, of 70 wM. These results suggest that peptides gB94 and
gB122 had some effect on the cells, but this could not account
for the majority of the antiviral activity seen in the compre-
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TABLE 2. ECsgs of gB peptides in various antiviral assays

ECsy (LM) in the following assays”:

Peptide

Comprehensive Entry Cell protection Virus inactivation Attachment
gB9Y%4 65*+13 >200 165.0 = 71.9 125 = 11.4 >200
¢B122 150 =22 17.6 = 2.6 715 =174 118 = 11.6 >200
¢B131 18.7 = 2.70 12.2 = 6.56 >200 >200 >200

“The ECsys are the means = standard deviations determined from at least two independent experiments.

hensive assay. The gB131 peptide was inactive when the cells
were pretreated with the peptide prior to infection.

(iii) Effects of gB94, gB122, and gB131 on inactivation of
virions in solution. Having shown that gB94, gB122, and gB131
vary in their abilities to block viral entry and confer cellular
resistance to infection, we next tested them for their virucidal
activities. When virus was incubated with the gB94 peptide
prior to infection, the ECs, was approximately 125 pM (Fig.
5C). This was significantly higher than that observed in the
comprehensive assay, suggesting that the gB94 peptide can
irreversibly inactivate virions in solution only at high concen-
trations. When virus was pretreated with the gB122 peptide,
the EC5, was 118 uM (Fig. 5C), indicating that the antiviral
activity of gB122 is not primarily due to virucidal activity.
Pretreatment of virus with the gB131 peptide had no inhibitory
effect at concentrations as high as 200 pM (Fig. 5C). In sum-
mary, Table 2 and Fig. 3 to 5 demonstrate that gB94, gB122,
and gB131 all inhibited HSV-1 infection but did so by distinct
mechanisms.

Peptide gB122 blocks postentry events, as measured by nu-
clear VP16 translocation and ICP0 expression. A comparison
of previously identified functionally important regions in gB
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FIG. 4. The gB94, gB122, and gB131 peptides are not cytotoxic for
Vero cells. Vero cell monolayers in a 96-well plate were treated with
various concentrations of the peptides overnight. The next day, 20 pl
of Celltiter 96 AQ,cous One Solution cell proliferation assay reagent
(Promega) was added to each well, and 2 h later, the absorbance at 490
nm was read in a 96-well plate reader. The bKLA peptide is a cationic
amphipathic peptide that is toxic to cells (1, 11) and was used at 10 pM
as the positive control. Each point and error bar represents the
mean * standard deviation of triplicate samples. The peptide concen-
tration denoted zero is the no-peptide control, whose activity was set
equal to 100%.

with the locations of the seven inhibitory peptides indicated
that only one of the peptides, gB122, mapped to a putative
functionally important region (38, 42). A comparison of the
gB122 sequence in all herpesvirus gB proteins indicated that
this region is highly conserved among the alphaherpesvirus
subfamily (Table 3). The gB122 peptide also partly overlaps a
peptide identified as having a propensity for high interfacial
hydrophobicity (26). Because of these features, we selected the
gB122 peptide for further studies. To confirm that gB122 acted
at an early step in infection, the translocation of the VP16
tegument protein to the nucleus and expression of the ICP0
immediate early protein in the presence of gB122 were deter-
mined. The translocation of VP16 to the nucleus has previously
been used as an indicator of entry (16, 67). In the absence of
gB122, VP16 was detected in the nucleus by 4 h postinfection
(Fig. 6A). There was a dose-dependent decrease in the amount
of nuclear VP16 in the presence of gB122, and at concentra-
tions of 100 pM or higher, VP16 was not detected in the
nuclear fraction. The ICPO protein is one of five HSV-1 im-
mediate early proteins that are expressed before any other viral
proteins are expressed. Similar to the VP16 translocation,
there was a dose-dependent reduction in ICP0O expression in
the presence of peptide, and no expression was detected at
peptide concentrations of 50 wM or higher (Fig. 6B). Both of
these results are consistent with a mechanism by which gB122
acts to block infection at the entry step.

Residues critical for antiviral activity of gB122. To identify
the residues in gB122 critical for the antiviral activity, a series
of altered peptides were synthesized, and their EC5,s were
determined. The results are summarized in Table 4. Deletion
of the first glycine residue [gB122(2-15)] increased the ECs,,
only about twofold (P < 0.05). The gB122 peptide contains two
hydrophobic amino acid blocks that are separated by a 3-res-
idue glycine linker. Deletion of 3 residues from the N-terminal
end of gB122 (gB122A1-3) resulted in a 2.5-fold increase in the
ECs, whereas the removal of 6 residues at the N-terminal end
(gB122A1-6), which included 2 hydrophobic residues, resulted
in a greater reduction in antiviral activity (ECs, > 100 uM).
Deletion of 3 residues (hydrophobic residues V, Y, and F)
from the C-terminal end of gB122 (gB122A13-15) resulted in a
sixfold increase in the ECs,. The removal of 6 residues at the
C terminus (gB122A10-15) resulted in the complete loss of
antiviral activity. When they are considered together, these
results suggest that deletions extending into either hydropho-
bic region were detrimental to the activity of gB122.

Replacement of the central residue of the glycine triplet with
leucine (gB122G10L) and an alanine substitution for the second
arginine (gB122R4A) increased the ECs, (25 wM) about 1.7-fold,
suggesting that the glycine and the arginine in this region are not
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FIG. 5. Antiviral activities of the gB94, gB122, and gB131 peptides.
(A) To test for entry inhibition, virus was attached to cells at 4°C,
peptide was added, and the cultures were shifted to 37°C. (B) To test
for cell protection, Vero cells were incubated with various concentra-
tions of peptide for 1 h at 37°C, rinsed, and then infected with hrR3.
(C) To test for virucidal activity, peptide was incubated with virus for
1 h at 37°C and serially diluted, and then the titers were determined on
Vero cells. For all studies, B-galactosidase (f3-gal) activity was deter-
mined at 6 h postinfection as a measure of infectivity. The graph is a
representative result from at least two independent experiments. Each
point and error bar represents the mean * standard deviation of
triplicate samples.
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critical for the antiviral activity. Single alanine replacements of
most of the amino acids in the two hydrophobic regions
(gB122F6A, gB122F8A, gB122Y14A, and gB122F15A) reduced
the antiviral activity approximately 2.5- to 5-fold. Of the single-
residue substitutions, the greatest decrease in the antiviral activity
(eightfold) resulted from replacement of the tyrosine in the first
group of hydrophobic residues (gB122Y5A), suggesting that this
residue is important for the antiviral activity of gB122. This cor-
responds to tyrosine 640 (Y640) in the full-length gB-1 protein.

DISCUSSION

Currently, gB-1 is thought to act downstream of gD and in
concert with gH-gL. as part of the fusion complex; however,
little is known about the specific role of gB in the entry process.
To date, only a few functionally important residues in gB have
been identified (2, 4, 5, 21, 24, 25, 27, 38, 39, 43, 63). The gB-1
ectodomain has been difficult to study by the use of mutagen-
esis strategies because a high percentage of the mutations
severely disrupt the structure and processing of the protein and
therefore affect its function (13, 45, 54). The targeting of ex-
posed loop regions for mutagenesis also results in a high per-
centage of altered proteins (44). The fact that the ectodomain
is intolerant of mutation is consistent with the extensive pro-
tein-protein contacts revealed in the crystal structure of the
gB-1 trimer (36).

In this study, we have described an alternative approach for
identifying functionally important regions of gB-1 and other
membrane-bound glycoproteins on the basis of the findings of
previous studies that showed that peptides that match protein-
protein interaction interfaces have inhibitory activity (9, 19, 22,
31, 47, 70, 74). The approach involved the synthesis of a library
of overlapping 15-mer peptides that encompassed the entire
ectodomain of gB-1 extending from residues 30 to 730. The
library of 138 peptides was then screened for antiviral activity.
Seven of the 138 peptides tested positive for reducing infection
by 50% or more at a presumed concentration of 100 uM in the
initial high-throughput screen. When we retested highly puri-
fied peptides, three of the seven peptides (gB94, gB122,
gB131) had ECss less than 20 wM in our comprehensive assay
and were selected for further studies. These peptides represent
novel inhibitors of HSV-1 infection and validate the strategy
(peptide scanning inhibition) for the identification of antiviral
drug targets. Evidence that the regions of gB-1 corresponding
to the active peptides are functionally important comes from
the finding that a linker insertion at T690 in the gB region
corresponding to gB131 altered the fusogenic activity (45), and
a monoclonal antibody that recognizes gB residues 640 to 670
(gB122) neutralized virus and blocked the binding of gB to
cells (6). The gB122 peptide also partly overlaps a region of gB
and has properties predictive of a membrane-partitioning do-
main (26). Further studies of the regions of gB-1 correspond-
ing to gB122 and gB131 are clearly warranted.

Dose-response studies showed that peptides gB94, gB122,
and gB131 inhibited infection with ECss of less than 20 uM
when the peptides were continuously present over the entire
assay period. However, when the peptides were introduced at
various times during infection, the three peptides displayed
different antiviral activity profiles, suggesting that they possess
different inhibitory mechanisms. The gB131 peptide was
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TABLE 3. gB protein sequences among herpesviruses
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Herpesvirus

Peptide sequence”

gBY4 gB122 gB131
HSV-1 KOS KTTSSIEFARLQFTY GHRRYFTFGGGYVYF HEFVPLEVYTRHEIK
HSV-1 strain F KTTSSIEFARLQFTY GHRRYFTFGGGYVYF HEFVPLEVYTRHEIK
HSV-1 strain 17 KTTSSIEFARLQFTY GHRRYFTFGGGYVYF HEFVPLEVYTRHEIK
HSV-1 Patton KTTSSIEFARLQFTY GHRRYFTFGGGYVYF HEFVPLEVYTRHEIK
HSV-1 Angelotti Path KTTSSIEFARLQFTY GHRRYFTFGGGYVYF HEFVPLEVYTRHEIK
HSV-1 HF KTTSSIEFARLQFTY GHRRYFTFGGGYVYF HEFVPLEVYTRHEIK
HSV-1 HSZP KTTSSIEFARLQFTY GHRRYFTFGGGYVYF HEFVPLEVYTRHEIK
HSV-1 MTD-1730 KTTSSIEFARLQFTY GHRRYFTFGGGYVYF HEFVPLEVYTRHEIK
HSV-2 333 KTTSSIEFARLQFTY GHRRYFIFGGGYVYF HEFVPLEVYTRHEIK
HSV-2 Burr KTTSSIEFARLQFTY GHRRYFIFGGGYVYF HEFVPLEVYTRHEIK
HSV-2 BBKC KTTSSIEFARLQFTY GHRRYFIFGGGYVYF HEFVPLEVYTRHEIK
HSV-2 HG52 KTTSSIEFARLQFTY GHRGYFIFGGGYVYF HEFVPLEVYTRHEIK
Chimp alpha-1 herpesvirus KTTSSIEFARLQFTY GHRRYFIFGGGYVYF HEFVPLEVYTRHEIK
SAS8 B264 KTTSSVEFARLQFTY® GHRRYFTFGAGYVYF HEFVPLEVYTRQEIK
Cercopithecine herpesvirus 1 E2490 KTTSSVEFARLQFTY GHRRYFTFGAGYVYF HEFVPLEVYTRQEIK
Pseudorabies virus Ea -TTGSAEFARLQFTY NHRRYFKLGGGYVYY REFLPLEVYTREELA
Varicella-zoster virus Varivax TTTSSVEFAMLQFTY NHKRYFLFGHHYVYY REFMPLQVYTRDELR
Epstein-Barr virus B95-8 GTLNNPATVQIQFAY TSQYYFQSGNEIHVY IDFASLELYSRDEQR
Cytomegalovirus Towne ESVHNLVYAQLQFTY PSLKIFIAGNSAYEY TDFRVLELYSQKELR
Human herpesvirus 6 U1102 KSRHDILYVQLQYLY PSTKIFLSGNHAHVY ADFKVLDLYSPDELS

“ Boldface amino acids represent changes from the original gB peptide sequence.

clearly shown to be an entry blocker, since the ECy,s obtained
in the comprehensive and entry assays were essentially identi-
cal and it was inactive in the other assays. The gB122 peptide
primarily blocked viral infection at a postattachment entry
step, but it also had other activities, as infection was inhibited
when either cells or the virus was exposed to the peptide prior
to infection. Although the gB94 peptide efficiently inhibited
viral infection in a dose-dependent manner with an ECy, of 6.5
pM in the comprehensive assay, it did not significantly block
infection when the peptide was added to either cells or the
virus before infection. Moreover, the gB94 peptide showed no
antiviral activity in the entry assay. It is possible that gB94 is
active intracellularly, which will require additional studies.
Currently, it is unclear at which stage in HSV-1 infection gB9%4
is acting.

Additional studies were focused on the gB122 peptide for
several reasons. First, it was the only peptide displaying at least

A
gB122 (uM)
$ L ——
¥ &
Q’b S ,ﬁo QJQ \QQ (LQQ W
60kD -

—— <4+ VP16

Nuclear fraction

some antiviral activity in all of the assays except the attachment
assay. Second, gB122 overlapped a region that had previously
been suggested to play a role in the oligomerization of gB, and
a linker insertion in this region altered the fusogenic activity
(38, 42, 45). The gB122 peptide consists of two 4-residue hy-
drophobic sequences separated by a 3-residue glycine linker
and has high tyrosine and phenylalanine contents. The hydro-
phobic amino acids may be important for the antiviral activity,
since peptides with deletions in these sequences had higher
ECsps or lost antiviral activity. With the exception of tyrosine
in the fifth position (residue 640 in the gB-1 protein), single
alanine substitutions for individual hydrophobic residues
raised the ECygs only slightly, suggesting that multiple hydro-
phobic residues are important for the activity of gB122. The
tyrosine at the fifth position in the gB122 peptide is a critical
residue for antiviral activity and corresponds to residue 640

B gB122 (uM)
C—
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FIG. 6. The gB122 peptide inhibits VP16 translocation to the nucleus and ICPO expression. (A) VP16 translocation. Virus was allowed to attach

to cells at 4°C for 1 h. Various concentrations of gB122 were then added,

and 15 min later the cells were transferred to 37°C. One hour later, the

cultures were treated with pH 3.0 citrate buffer, rinsed, and refed with fresh medium. At 4 h of citrate treatment, the cells were harvested, nuclear
extracts were prepared and electrophoresed, and nuclear VP16 was detected by immunoblotting. (B) ICPO expression. Cells infected as described
for panel A were harvested at 5 h postinfection, and the ICPO in total cell extracts was detected by immunoblotting with ICP0O-specific antiserum.
The blot was stripped and reprobed with actin-specific antibody to determine if all lanes were equally loaded.
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TABLE 4. Sequence and ECjgs of structural variants of peptide
¢B122 in the comprehensive assay

Peptide Sequence EC5p (WM)*
gB122 GHRRYFTFGGGYVYF 15.0 22
gB122(2-15)"  —-mmmmmo - 312 +5.1
gBI22R4A S N —— 26.4 + 13.5
gBI122Y5A By 119.2 = 26.6
gBI122F6A - ---- A--—---—-- 67.6 = 8.1
gB122FSA - - N 375+ 42
gB122G1I0L - -------- L----- 251 =49
gBI22Y14A oo A- 580+ 52
gBI22F15A  —---mmmmo— - A 48.6 + 6.2
gBI22A1-3 e 349 + 1.8
gB122A1-6 e >100
gB122A13—15 ———————————— 914 + 9.8
gB122A10-15 - —--—--—- ~100

“ The ECsqs are the means * standard deviations determined from at least two
independent experiments. The gB122A1-6 and gB122A10-15 peptides had no
effect on HSV-1 infection at the highest concentration tested (100 pM).

® The numbering system refers to the position of the residue by counting the
first glycine as 1 and does not refer to the residue in the full length gB-1 protein.
The glycine at position 1 in the peptide corresponds to residue 636 in full-length
gB-1. Note that except for gB122, a glycine residue at the first position is not
present in the peptides.

(Y640) in the full-length gB-1 protein. Studies to determine if
Y640 is important for the function of gB-1 are in progress.

A comparison of the herpesvirus gB protein sequences (Ta-
ble 3) revealed that the sequences corresponding to gB94 are
completely conserved across all HSV-1 and HSV-2 sequences
that are available and suggest that gB94 would have broad
activity against HSV-1 and -2 strains. The sequences corre-
sponding to gB122 match exactly for the gB-1 sequences that
are available but differ by 1 or 2 residues for HSV-2 strains.
Thus, gB122 would be predicted to block HSV-1. Further
studies will be needed to see if gB122 acts on HSV-2 strains.
For gB131, the sequence is highly conserved among the herpes
simplex viruses, and this result would be predicted to block
HSV-1 and HSV-2 strains. The three corresponding peptide
sequences are not highly conserved in pseudorabies and vari-
cella-zoster viruses, but only a single sequence is available for
each virus. The corresponding sequences for Epstein-Barr vi-
rus, cytomegalovirus Towne, and human herpesvirus 6 are
poorly conserved. It is therefore likely that gB94, gB122, and
gB131 would most likely be specific for HSVs. Clearly, addi-
tional studies of the spectrum of activity of the three peptides
are needed.

There are several possible mechanisms by which gB122 and
¢B131 could be inhibiting HSV-1 entry. These peptides could
disrupt the oligomeric structure of gB-1. If this were true, the
gB122 and gB131 peptides would be expected to be virucidal.
However, our data showed that gB122-treated virions lose
their infectivity only at higher concentrations and that gB131
was not virucidal. It is also possible that gB122 or gB131 could
either prematurely trigger or inhibit a conformational change
in the gB-1 molecule required for entry. Finally, gB122 or
gB131 may be acting by blocking a protein-protein interaction.
In particular, these peptides might inhibit gB binding to
PILRa, gD, or gH-gL.. The region of gB corresponding to
gB122 is predicted to have a high propensity for interfacial
hydrophobicity (26) and could function as a binding site for
gD, gH, or a cellular coreceptor such as PICRa (66).

ANTIMICROB. AGENTS CHEMOTHER.

According to the crystal structure (36), the region of gB
corresponding to gB122 forms a shallow pocket on the side of
the globular head opposite the viral envelope and would be in
a position to interact with another protein. Tyrosine 640, which
appears to be important for the activity of the gB122 peptide,
lies at the center of the shallow pocket where the side chain
would be available for binding. Thus, future studies focusing
on this region may provide important information on the func-
tion of gB. Our observation that preincubation of the cells with
gB122 was not inhibitory except at high peptide concentrations
leads us to favor the possibility that gB122 is not acting through
cellular effects. The gB131 peptide lies near the envelope prox-
imal end of the stalk portion of gB (36), and the crystal struc-
ture reveals that residues corresponding to gB131 are in a
position to form interactions between the monomers stabiliz-
ing the trimer (36). It is not likely that gB131 is acting by
destabilizing the trimer, since gB131 was not virucidal; how-
ever, the gB131 peptide could be interfering with a conforma-
tional change involving interactions between residues in this
region or by blocking a binding interaction.

The gB peptides identified by peptide scanning inhibition
could be useful in several ways. Further testing and develop-
ment could lead to their use directly as antiviral agents. The
fact that peptides generally enter cells poorly suggests that the
peptides would likely be most useful for topical applications,
perhaps as a microbicide. Alternatively, or in addition, molec-
ular modeling and drug design efforts focusing on the corre-
sponding regions of gB could lead to the identification of small
molecular inhibitors. Finally, these peptides may also be useful
as reagents in the screening of small-molecule libraries for
inhibitors of the function of gB.
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