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Entry of herpes simplex virus type 1 (HSV-1) into host cells occurs through fusion of the viral envelope with
the plasma membrane and involves complex and poorly understood interactions between several viral and
cellular proteins. One strategy for dissecting the function of this fusion machine is through the use of specific
inhibitors. We identified a peptide with antiviral activity that blocks HSV-1 infection at the entry stage and
during cell-to-cell spreading. This peptide (called EB for “entry blocker”) consists of the FGF4 signal sequence
with an RRKK tetramer at the amino terminus to improve solubility. The activity of EB depends exclusively
but not canonically on the signal sequence. Inhibition of virus entry (hrR3) and plaque formation (KOS)
strongly depend on virus concentrations and serum addition, with 50% inhibitory concentrations typically
ranging from 1 to 10 mM. Blocking preadsorbed virus requires higher EB concentrations. Cytotoxic effects
(trypan blue exclusion) are first noted at 50 mM EB in serum-free medium and at >200 mM in the presence
of serum. EB does not affect gC-dependent mechanisms of virus attachment and does not block virus attach-
ment at 4°C. Instead, EB directly interacts with virions and inactivates them irreversibly without, however,
disrupting their physical integrity as judged by electron microscopy. At subvirucidal concentrations, EB
changes the adhesive properties of virions, causing aggregation at high virus concentrations. This peptide may
be a useful tool for studying viral entry mechanisms.

Herpes simplex virus type 1 (HSV-1) is a significant human
pathogen causing mucocutaneous lesions primarily in the oral
mucosa but also in other sites as well. More serious manifes-
tations of HSV-1 infection include encephalitis and blinding
keratitis. Indeed, HSV-1 is the leading cause of sporadic viral
encephalitis and the leading cause of blindness due to infection
in the United States (65). HSV-1 also has the capacity to
latently infect the host, with important consequences for trans-
mission, treatment, and difficulties in eradication of the latent
infection. Obtaining more precise information about many as-
pects of the viral life cycle is critical for designing prevention
and intervention strategies. One critical aspect of the life cycle
is the ability of HSV to enter host cells. Previous studies have
shown that entry occurs at the cell surface due to fusion of the
viral envelope with the plasma membrane of the cell (54). The
combined processes of attachment and entry involve a number
of components and require a number of steps. This complexity
makes the study of these processes exceedingly difficult.

HSV encodes at least 12 glycoproteins, 10 of which are
structural components of the viral envelope (54). Of these, five
are clearly involved in attachment and entry. The proteins
involved in attachment and entry are gC, gB, gD, and a com-
plex of the gH and gL proteins (4, 10, 13, 21, 24, 25, 31, 34, 38,
47, 62). Of these five, four (gB, gD, gH, and gL) are essential
in that their loss results in noninfectious virus. The one non-
essential protein, gC, is likely to be nonessential only in cell
culture. Under circumstances of a natural infection, gC is likely

to be essential because of its greater receptor binding activity
(22), its ability to enhance the infectivity of the virus (21), and
its role in infection via apical rather than basolateral surfaces
of epithelial cells (50). Other glycoproteins (e.g., gE and gI)
appear to be involved in egress or cell-to-cell spreading (54).

The initial attachment of HSV to cells occurs primarily
through binding of gC to heparan sulfate proteoglycans
(HSPG) (5, 21, 23, 30, 33, 52, 53, 57). In the absence of gC, gB
mediates binding to HSPG, but the specific infectivity is sub-
stantially reduced (21, 22). In the absence of HSPG, virus can
bind to chondroitin sulfate proteoglycan with lower efficiency,
but the significance of this is not clear (2). The function of the
heparin binding of gB is unknown. In addition to the glycop-
roteins, the product of the UL45 gene is located in the enve-
lope (7, 60) and may also be involved in regulating the func-
tions of gB (18).

Using a variety of methods, several studies have shown that
gB, gD, and gH/gL are required for fusion (reviewed in refer-
ence 54). It appears that gB, gD, and gH/gL together are
necessary and sufficient to mediate membrane fusion (59),
suggesting these proteins work together as a fusion machine
(64). The gL protein is required for proper folding, processing,
and surface expression of gH but, to date, does not appear to
be specifically involved in fusion (10, 25, 47, 62). Of the fusion
proteins, the potential role of gD has been characterized best.
Several studies indicate that gD binds to cell surface proteins
(coreceptors). These include observations that soluble gD in-
hibits infection (14, 40, 57) and that cells expressing gD are
resistant to infection (26). Expression cloning studies have
been used to identify the host cell coreceptors that interact
with gD. Four different gD binding coreceptors (HveA to
HveD) have been identified and appear to function in different
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cell types (39, 41, 63). The Prr1 (HveC) protein may be the
main cell mediator of HSV-1 entry, since it is widely distrib-
uted on several cell types (15, 29).

The molecular mechanisms by which gB and gH/gL partic-
ipate in entry and fusion are unknown, except that the UL45
protein may regulate the fusogenic activity of gB during entry
(18). Neutralizing monoclonal antibodies to gB or gH/gL block
entry but not attachment, and virions lacking these proteins
bind but do not enter cells (10, 13, 24, 31, 38, 47, 54). Cross-
linking studies have also shown that during entry, interactions
between gB, gH, and gD occur and are in flux during the
process, but the significance of these interactions is presently
not clear (20).

One strategy for dissecting the functions of gB, gH, and gD
in the entry process is to use specific inhibitors. Compounds
with antiviral activity have proven to be useful tools for study-
ing the functions of their targets. For example, inhibitors of
HSV polymerase and thymidine kinase have been used to
identify active site residues and have contributed greatly to our
understanding of catalytic mechanisms. (8, 16, 19, 28, 35, 48).
There are few known inhibitors of HSV attachment and entry.
The majority, such as soluble heparan sulfate, primarily block
attachment and have been useful in understanding this pro-
cess. If specific inhibitors of fusion and entry could be identi-
fied, discovery of their targets and mechanism of inhibition
would provide important details for explaining the processes
involved.

In a project originally designed to determine if peptides with
the ability to enter cells could be used to deliver poorly pene-
trating antiviral peptides, we discovered a peptide with antivi-
ral activity, which blocks the entry and fusion steps of HSV-1
infection. This peptide consists of the 16-amino-acid FGF4
signal peptide with an RRKK tetramer attached to its amino-
terminal end to improve solubility in aqueous solutions. Earlier
studies had shown that the FGF4 signal peptide (32) is one of
several unrelated peptides that can penetrate membranes and
deliver potentially useful covalently linked molecules into cells
(1, 9, 11, 43–45, 49, 58, 61). Here we show that the modified
FGF4 signal peptide, called EB (for entry blocker) inhibits
HSV-1 entry whereas a scrambled sequence peptide (EBX) is
significantly less active. This peptide may serve as a useful tool
for studying the entry and fusion process in HSV-1 infection.

MATERIALS AND METHODS

Cell culture and virus. The procedures for growing Vero cells and preparing
high-titer stocks of HSV-1 KOS have been described previously (17). Vero cells
were maintained in carbonate-buffered Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 5% calf serum and 5% fetal bovine serum (regular
medium). For some studies, cells were switched to serum-free DMEM buffered
with 25 mM HEPES (pH 7.4) and allowed to adapt to that medium for 30 min
prior to experimental treatments. Vero cells were seeded into wells (0.28 cm2) of
microtiter plates either at 3.5 3 104 cells/well for use 1 day later (8 3 104

cells/well) or at 1 3 104 cells/well for use 3 days later (2 3 105 cells/well). The
gC-null mutant HSV-1 KOSDgC2-1 has a deletion of 900 bp of gC coding
sequence between two NaeI sites with a concurrent insertion of the Escherichia
coli lacZ gene. The gC1 revertant HSV-1 KOSDgC2-3rev was generated by
replacing the lacZ insertion of HSV-1 KOSDgC2-3 with wild-type gC sequence
by marker transfer. The construction and characterization of these viruses has
been described previously (2, 22).

Plaque reduction assay. Confluent Vero cell cultures in microtiter plates were
infected for 1 h at 37°C in 40 ml of medium. Except where indicated, peptide
treatments in 40 ml of medium lasted from 1 h before through 1 h after infection.
At the end of the adsorption period, the cultures were refed with 100 ml of

regular medium. Plaque formation was scored 2 days later, and the number of
plaques scored per well was normalized to the number counted in the absence of
peptide. Using an ocular micrometer, plaque size (p/2 3 L 3 S) was determined
by measuring the largest plaque diameter (L) and the diameter at a 90° angle to
that (S). The size of each of the first 40 scored plaques was measured, except
when a plaque included less than 10 rounded cells or touched the side of the well.

Yield reduction assay. At 3 days postinfection, Vero cell cultures in microtiter
plates were frozen (280°C) and thawed (37°C) three times. The cells were
suspended by repeated pipetting, and microtiter plates were centrifuged for 10
min at 700 3 g in a Beckman model TJ-6 tabletop centrifuge. The virus-con-
taining supernatant were serially diluted in regular medium and subjected to titer
determination on Vero cells. Plaques were counted after the monolayers were
stained with crystal violet (17).

Attachment assay. HSV-1 KOS was labeled with [32P]orthophosphate to a
specific activity of 0.01 cpm/PFU. Briefly, Vero cells were infected at a multi-
plicity of infection (MOI) of 5.0 and [32P]orthophosphate (0.5 mCi/ml) was
added 6 h postinfection. At 18 h postinfection, the cells and culture medium were
harvested separately. The cells were subjected to three freeze-thaw cycles, and
cell debris was pelleted by centrifugation at 2,000 3 g for 10 min. The freeze-
thaw supernatant was combined with the medium, and virus was pelleted by
centrifugation through a 26% sucrose gradient cushion (60). The viral pellet was
resuspended in phosphate-buffered saline (PBS) for use. Confluent Vero cell
cultures in microtiter plates were switched to serum-free DMEM, chilled on ice,
and maintained at 4°C. After 30 min, peptides were added, and 60 min later the
cells were incubated for 2 h with 32P-labeled virus (2 3 104 cpm/well). After
labeling, the cells were rinsed with ice-cold medium. Bound 32P was then quan-
titatively extracted with 1% sodium dodecyl sulfate–1% Triton X-100 in PBS and
counted in a Beckman LS5801 liquid scintillation counter.

lacZ1 virus (hrR3) entry assay. Confluent Vero cell cultures in 96-well micro-
titer plates were switched to HEPES-buffered serum-free DMEM, cooled on ice
to 4°C for 30 min, and infected with hrR3 for 1 h at 4°C in 40 ml of medium.
Unattached virus was removed by rinsing the mixture with ice-cold medium.
Treatments with EB or EBX (Table 1) or mock treatments with peptide-free
medium were carried out in serum-free DMEM as indicated. Virus entry was
initiated by transferring cultures to 37°C. To inactivate any remaining extracel-
lular virus, the cultures were rinsed with PBS and exposed to low-pH citrate
buffer (40 mM citric acid, 10 mM KCl, 135 mM NaCl [pH 3.0]) (24) for 1 min at
23°C. The citrate was rinsed off with PBS, and cultures were maintained in
serum-supplemented DMEM until they were fixed with 0.5% gluteraldehyde in
53 PBS for 30 min at 23°C; stained for b-galactosidase activity for 1 h or
overnight at 23°C with 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside (X-
Gal) (Fisher Biotech; BP1615-1) in 13 PBS containing 2 mM MgCl2, 1.3 mM
K4Fe(CN)6, and 1.3 mM K3Fe(CN)6; and scored for the presence of blue lacZ1

cells.
Virucidal assay. hrR3 (1.2 3 106 PFU/ml) was incubated with various con-

centrations of EB or EBX for 1 h at 37°C in 70 ml of serum-free DMEM (pH
7.4). The treated virus was diluted 200-fold with serum-supplemented DMEM
and assayed for infectivity approximately 1 h later in microtiter wells seeded with
Vero cells (3.5 3 104 cells/well) 1 day earlier. Then 40- or 100-ml volumes of
diluted virus were adsorbed for 1 or 2 h at 37°C, and lacZ1 cells were scored 8
h later. In some experiments, aliquots of diluted virus were first dialyzed (Spec-
tra/Por; molecular weight cutoff, 12,000 to 14,000) overnight at 4°C against a
60-fold excess volume of HEPES-buffered serum-supplemented DMEM or
forced by syringe through 0.22-mm-pore-size membranes (Millex-GV; Millipore)
before the remaining infectious virus was assayed.

Trypan blue exclusion assay. Uninfected Vero cells in serum-free or serum-
supplemented DMEM were treated for 1 h at 37°C with EB or EBX, rinsed with
PBS, stained for 5 min at 23°C with 0.4% trypan blue in PBS, rinsed again with
PBS, and air dried.

Electron microscopy. Purified HSV-1 KOS virions (2.5 3 107 PFU/ml) (60)
were treated for 5 to 60 min at 4 or 23°C with 25 mM EB or the control peptide

TABLE 1. Synthetic peptides tested for antiviral activity

Peptide Sequence Purity (%) Molecular mass

EB RRKKAAVALLPAVLLALLAP 95 2,085
EBX RRKKLAALPLVLAAPLAVLA 93 2,085
EBPP RRKKAAVALLAVLLALLAPP 91 2,085
RRKK RRKK —a 587

a —, not retained on high-pressure liquid chromatography column.
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(EBX) in 40 ml of serum-free DMEM buffered with 25 mM HEPES (pH 7.4).
Aliquots (10 ml) were adsorbed to pioloform poly-L-lysine-coated grids for 5 min
at 23°C. The grids were rinsed with PBS, stained with 2% phosphotungstic acid
(PTA) in water adjusted to pH ' 6, and air dried. Alternatively, virus was
preadsorbed to grids and treated with peptides thereafter. A total of 4 3 109

PFU of purified HSV-1 KOS per ml in 5 ml of PBS was applied to the coated
grids for 5 min at 23°C, and the grids were rinsed once with serum-free DMEM
buffered with 25 mM HEPES (pH 7.4) and treated with 15 ml of 5 mM EB or
EBX in the same medium for 30 min at 37°C. The pH of highly concentrated
solutions of EB and EBX was readjusted to 7.4 with NaOH prior to use. To
prevent evaporation of the peptide-containing solutions, each grid was held in a
Hiraoka flexible staining plate and covered with a miniature bell jar made from
a 0.5-ml polypropylene microcentrifuge tube, small enough for the 15 ml to fill
half of the bell jar facing the coated surface of the grid. The entire assembly was
then incubated in a moist chamber for 30 min at 37°C. After treatment, grids
were rinsed twice with DMEM and once with PBS before they were stained with
PTA and dried. Grids were examined in a JEOL JEM-1200EX electron micro-
scope at magnifications of 315,000 and 340,000.

Peptide synthesis. Synthesis and analysis of peptides were done at the Bio-
technology Center of the University of Wisconsin—Madison. Synthesis was car-
ried out at a 25-pmol scale using an automated synthesizer (Applied Biosystems
model 432A “Synergy”) following the principles initially described by Merrifield
(37) with modifications by Meienhofer et al. (36) and Fields et al. (12). The
cleaved peptides were precipitated with cold t-butylmethylether, dissolved in
water, and examined by analytical high-pressure liquid chromatography (purity)

and electrospray ionization mass spectroscopy (molecular mass) (Table 1). Pep-
tide concentrations in solution were determined from absorbance readings at 215
and 225 nm (51).

RESULTS

Antiviral activity of peptides. The EB peptide, consisting of
the RRKK tetrapeptide attached to the FGF4 signal sequence
(sequence data are given in Table 1) was an effective antiviral
agent when present during infection of Vero cell cultures with
HSV-1 KOS, blocking plaque formation (Fig. 1A and B, F)
and reducing virus yields by up to 8 orders of magnitude
depending on the concentration (see below). Compared to the
EBX peptide (Fig. 1A and B, E), in which the RRKK tetrapep-
tide was attached to a scrambled version of the signal se-
quence, the EB peptide was a far more effective antiviral,
blocking infections at 10- or 100-fold-lower concentrations de-
pending on the presence (Fig. 1A) or absence (Fig. 1B) of
serum.

The cytotoxic effects of EB, as measured by trypan blue
exclusion in the absence of serum, were seen only at concen-

FIG. 1. Specific antiviral and cytotoxic effects of EB and related peptides. (A and B) Antiviral activities of EB (F), EBX (E), and RRKK (Œ)
were compared in serum-supplemented (A) or serum-free (B) DMEM using cell cultures (2 3 105 cells/well) infected with 4000 PFU of HSV-1
KOS per well and scored for plaque formation 2 days later (control scores; 25 6 2.5 plaques/well; n $ 3). Note that the effectiveness of the EB
peptide (F) strongly depended on the presence of serum (IC50 5 6.4 mM [A] versus IC50 5 0.7 mM [B]) whereas that of the EBX peptide (E)
did not (IC50 5 77 [A] versus IC50 5 64 [B]). (C) Cytotoxic effects were measured in uninfected cells. In serum-free medium, EB inhibited trypan
blue exclusion in 50% of the cells at 68 mM (F) whereas EBX had no effect (E). In serum-supplemented medium, nearly all the cytotoxic effects
of EB were alleviated (D). (D) Antiviral activities of EB (IC50 5 2.1 mM [F]) and EBPP (IC50 5 1.1 mM [E]) were compared in serum-free DMEM
in cultures (2 3 105 cells/well) infected with 5,000 PFU of HSV-1 KOS per well. Control scores were 35 6 3.6 plaques/well (n 5 4). All points are
means of three to six determinations with standard errors of the means.
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trations 100-fold higher (Fig. 1C, F; 50% inhibitory concen-
tration [IC50] 5 68 mM) than antiviral concentrations (Fig. 1B,
F; IC50 5 0.7 mM). In the presence of serum, cytotoxic effects
were seen first at 200 mM EB (Fig. 1C, D). No cytotoxic effects
were associated with the EBX peptide (Fig. 1C, E).

The charged amino-terminal RRKK tetramer is critical for
enhancing the solubility of the otherwise hydrophobic EB pep-
tide but does not have any important antiviral activity by itself.
In the presence of serum, no antiviral activity was associated
with the free RRKK tetramer at concentrations as high as 200
mM (Fig. 1A, Œ). In separate experiments, we found that free
RRKK tetramer inhibited hrR3 infection of Vero cells under
serum-free conditions at an IC50 of 1.3 mM (data not shown).
We also found that high (up to 100-fold molar excess) but
nonantiviral concentrations of the free RRKK peptide did not
compete with EB activity and could not relieve the inhibition
of hrR3 infections due to EB (data not shown). Together with
the results obtained with the scrambled EBX control peptide,
we conclude that the antiviral activity of EB is associated

primarily, if not exclusively, with the FGF4 signal peptide in a
sequence-specific manner.

To inquire whether the FGF4 sequence per se was impor-
tant for antiviral activity, we tested a modified EB peptide in
which the central proline residue was moved to the carboxy-
terminal end. This EBPP peptide (Table 1) was twice as active
as the original EB peptide in both plaque (Fig. 1D) and yield
(data not shown) reduction assays. Since all other residues
(except for proline) are compatible with a-helicity (6), this
suggests that a more compact a-helical (EBPP) or partially
a-helical (EB) peptide is more efficient than a peptide with two
(EBX) internal proline residues.

EB acts early in the viral life cycle. To determine whether
EB acted before or after attachment and entry, we studied
the effect of varying the time of peptide addition. As shown
in Fig. 2A, EB was substantially more effective when present
during infection and 1 h pre- and postinfection than when
present continuously starting 1 hour postinfection (IC50 5
5.5 mM [E] and 24 mM [F], respectively). Furthermore, when
present before and during adsorption, EB had no effect on
plaque size. When the EB peptide was present continuously
after infection, plaque expansion was inhibited in a dose-
dependent manner (Fig. 2A, D; IC50 5 12 mM). To ensure
that individual plaques were measured reliably, cell cultures
were infected at very low multiplicity (MOI , 0.01) and
plaque sizes were measured microscopically very early (1
day postinfection). As shown in Fig. 2B, in untreated control
wells, the plaque size was broadly distributed (black bars;
mean: 66,000 6 6,200 mm2) whereas addition of increasing
concentrations of EB 1 h postinfection progressively shifted
the distribution toward smaller size classes (e.g., 25 mM EB

FIG. 2. Postinfection treatment with EB blocks viral cell-to-cell
spreading. (A) Cell cultures (8 3 104 cells/well) in serum-supple-
mented DMEM were infected with HSV-1 KOS (700 PFU/well). EB
either was added 1 h postinfection and remained present throughout
the experiment (F and D) or was present from 1 h before until 1 h after
infection (E). One day later, the cells were fixed in 10% formaldehyde
in PBS and the number of plaques were scored (F and E; control
score, 13 6 1.7; [n 5 6]) and their size was determined (D). All data
points are means of triplicate measurements with standard errors of
the means. (B) The distribution of plaque size in untreated controls
(black bars) and in cultures treated postinfection with 25 mM EB
(shaded bars) is shown.

FIG. 3. Effect of pretreating cells with EB on subsequent virus
infection. Cell cultures (2 3 105 cells/well) in microtiter wells were
switched to serum-free HEPES-buffered DMEM and incubated for 30
min at 37°C. A first set of cells were then pretreated for 1 h with EB,
rinsed three times, and infected for 1 h with 7,400 PFU of hrR3 per
well before they were returned to regular medium. Rinses and infec-
tions were carried out in the absence of EB in either serum-free (D) or
serum-supplemented (Œ) DMEM. A second set of cells was pretreated
for 1 h with (F) or without (E) EB and infected for 1 h with 7,400 PFU
of hrR3 per well in the presence of EB before they were returned to
regular medium. Triplicate counts of lacZ1 cells were performed 8 h
postinfection (all points are means with standard errors of the means;
control score, 265 6 13 [n 5 3]).
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significantly reduced the mean plaque size by 70% to
6,900 6 2,600 mm2; t 5 6.88; shaded bars). In contrast, the
presence of EB up to 1 h postinfection had no effect on
plaque size, even though the number of plaques was severely
reduced compared to that found for postinfection treat-
ment. Thus, the combined mean plaque size after transient
treatments with 6 and 12 mM EB (68,000 6 11,000 mm2) was
indistinguishable from the controls. In conclusion, EB ap-
peared to act at an early stage of viral infection and reduced
the plaque size when added after infection.

Pretreatment of cells with EB does not inhibit infection. To
determine whether EB also blocked infection by interacting
with cell surface components of host cells, we examined the
effects of pretreating cells with EB on subsequent infections

with the lacZ expressing hrR3 virus. To avoid interactions of
EB with serum components, pretreatments of cells were done
in serum-free medium. In the first experiment, cells were pre-
treated with various concentrations of EB, rinsed to remove
the peptide, and then infected with hrR3 in the absence of EB.
lacZ1 cells were scored 8 h later. As shown in Fig. 3 (Œ and D),
pretreatments of cells with EB inhibited subsequent virus in-
fections in the absence of EB, with an apparent IC50 5 29 mM
irrespective of the presence (Œ) or absence (D) of serum dur-
ing rinses and infections. These results are consistent with the
notion that cellular interactions of EB contribute to antiviral
activity. However, interpretation of the data is confounded by
cytotoxic effects of EB at concentrations $50 mM (Fig. 1C, F).
Only the 20 to 40% inhibition seen at 25 mM EB could possibly
be attributed to any specific cell-mediated antiviral activity.

To avoid the problem of cytotoxicity, we reexamined the
effects of cellular pretreatments with EB in cultures that were
subsequently infected with hrR3 in the presence of various EB
concentrations. In this second experiment, both, pretreatments
and infections were done in serum-free medium. As shown in
Fig. 3 (E), the presence of EB during infection alone shifted
the IC50 to 7 mM. The additional pretreatment of cells with
EB, however, was completely ineffective (Fig. 3, F), indicating
that interactions of EB with cells just prior to infection could at
best make only a minor contribution to the antiviral activity of
the peptide.

EB does not block virus adsorption. To measure the effect of
EB on adsorption, the binding of 32P-labeled virus to live or
formaldehyde-fixed cells was measured in binding assays car-

FIG. 4. Effect of EB on virus adsorption. (A) Live (solid symbols)
and formaldehyde-fixed (open symbols) cells (2 3 105 cells/well) were
exposed to 32P-labeled HSV-1 KOS (2 3 104 cpm/well; 0.01 cpm/PFU)
in the presence of EB (F and E), EBX (◊), or heparin (Œ and D), and
the bound labeled was extracted and counted (100% corresponds to
;1.8 3 103 cpm/well). (B) Under identical conditions, cells were also
infected with unlabeled HSV-1 KOS (2 3 106 PFU/well) and then
returned to regular medium for 3 days before the effect of EB on virus
yields was measured. Inhibition of virus production (IC50 ' 10 mM)
coincides with maximal EB-induced virus binding (10 to 50 mM). All
data points in are means of triplicate measurements with standard
errors of the means (error bars are mostly smaller than the symbols).

FIG. 5. EB inhibits gC-deficient virus. Cell cultures (8 3 104 cells/
well) in serum-supplemented DMEM were infected for 1 h with 4.7 3
103 PFU of the gC-deficient HSV-1 KOSDgC2-3 per well (E) or 3.5 3
103 PFU of a wild-type revertant, HSV-1 KOSDgC2-3 rev per well (F),
and viral yields were measured 3 days later. EB was added to the
cultures 1 h prior to infection and remained present throughout the
experiment. All data points represent means of triplicate measure-
ments with standard errors of the means.
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ried out at 4°C essentially as we described previously (2, 22). As
expected (22, 67), soluble heparin inhibited virus adsorption by
as much as 75% in this assay (Fig. 4A, D and Œ). EB, however,
had no inhibitory effect. Instead, it actually enhanced binding,
maximally about 2.5-fold, at concentrations between 10 and 50
mM (Fig. 4A, E and F), although in comparable assays viral
yields were severely reduced at these concentrations of EB
(Fig. 5B). The EBX peptide neither inhibited nor enhanced
32P-labeled virus binding to cells (Fig. 4A, ◊).

Since the initial attachment of HSV-1 to cells occurs by gC
binding to heparan sulfate on the cell surface, we measured the
antiviral activity of EB on a gC-null virus (HSV-1 KOSDgC2-3)
previously constructed in our laboratory (2, 22). A revertant,
HSV-1 KOSDgC2-3rev, served as a control. As shown in Fig. 5,
with increasing concentration of EB, the yield reductions of the
gC mutant and the revertant were essentially the same (IC50 '
5 mM) and comparable to the results obtained in plaque re-
duction assays with wild-type virus (Fig. 1A, F). It seems clear,
therefore, that EB does not require gC for blocking infection,
which supports the general conclusion that EB does not target
virus adsorption to exert its inhibitory effect.

EB can aggregate virus. To test whether the enhancing ef-
fects of EB on virus binding were due to aggregation of virus,
we examined EB-treated virions by electron microscopy. When
purified virus particles at high concentrations, as required for
efficient visualization, were incubated with 25 mM EB, ad-
sorbed to coated grids, and stained with PTA, nearly all of the
particles were seen in relatively few large aggregates (Fig. 6A).
In contrast, untreated virus (data not shown) or virus particles
treated with 25 mM EBX were nearly all found individually and
uniformly scattered over the grid surface (Fig. 6B). The indi-
vidual PTA-stained virus particles within aggregates were vir-

tually indistinguishable from control particles, indicating that
EB did not induce gross structural abnormalities in the virus
particles. The EB-induced aggregates were formed rapidly (,5
min) at room temperature as well as at 4°C (data not shown).

The antiviral activity of EB varies with virus input and is
distinct from aggregation effects. Initial results with wild-type
virus had shown that the antiviral activity of EB was strongly
dependent on the virus titer used for infection (data not
shown). To further examine the effect of viral input, cultures
were infected with hrR3 at inputs of 19,210, and 5,700 PFU/
well in the presence of various concentrations of EB and
scored 8 h later for lacZ1 cells; the IC50s obtained were 0.66,
1.2, and 11 mM, respectively (Fig. 7).

Significantly, above the intermediate input of 210 PFU/well,
there was a greater increase in the IC50 with increasing virus
titer than below that input (inset in Fig. 7). The inverse rela-
tionship between IC50 and virus titer would be expected if EB
merely acted as an aggregation agent, which should operate
more efficiently, i.e., with lower IC50, at the higher virus input.
We conclude, therefore, that viral aggregation does not make
any major contribution to the antiviral activity of EB in these
experiments. Furthermore, the fact that the antiviral activity of
EB strongly depended on the virus concentrations suggests
that the EB peptide interacts with viral components.

EB inhibits viral entry. Additional studies with pread-
sorbed hrR3 virus demonstrated that the antiviral effect or
effects of EB are related neither to virus adsorption nor to
virus aggregation but, rather, to inhibition of virus entry. In
these studies, the hrR3 virus was preadsorbed to cells for 1 h
at 4°C before ice-cold 25 mM EB or EBX was added in
serum-free DMEM. After an additional 1 h at 4°C, the
cultures were shifted to 37°C to initiate virus entry. At

FIG. 6. EB promotes virus aggregation. Purified HSV-1 KOS (2.5 3 107 PFU) was exposed to 25 mM EB (A) or EBX (B) for 1 h at 23°C in
serum-free DMEM. Aliquots (10 ml) were applied to coated grids, and the grids were stained with PTA. The electron micrographs compare
EB-treated aggregated virus (A) with nonaggregated EBX-treated virus (B) particles.
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15-min intervals following the temperature shift, any virus
remaining outside the cells was inactivated by washing the
cultures with low-pH citrate buffer. The cultures were then
rinsed and returned to peptide-free serum-supplemented
DMEM until they were fixed and stained for b-galactosidase
8 h after the temperature shift.

As shown in Fig. 8A, virus entry in mock-treated control
cultures (E) was initiated 15 to 30 min after transfer to 37°C
and was completed by about 60 min at a level of about 340
lacZ1 cells per 6.5 mm2 (or 1,450 lacZ1 cells/well). In cul-
tures treated with the EB peptide, the number of lacZ1 cells
was reduced by .90% (F). The EBX peptide did not sig-
nificantly reduce the number of lacZ1 cells (Œ). Essentially
the same results were obtained when EB and EBX were
added prior to virus adsorption (data not shown). When
peptide was added immediately after each citrate treatment,
EB no longer had any effect on the development of lacZ1

cells (Fig. 8B, F; cf. Fig. 8A, E). EBX also did not signifi-
cantly inhibit the development of lacZ1 cells when added
immediately after the citrate treatments (Fig. 8B, Œ). Thus,
EB had no effect on the expression of the lacZ gene from the
early ICP6 promoter but selectively blocked viral entry.

This conclusion is strengthened by the finding that the EB-
sensitive phase of infection with preadsorbed virus clearly pre-
cedes the expression of lacZ genes in hrR3-infected cells (Fig.
9A). Again, hrR3 was preadsorbed to cells for 1 h at 4°C,
unattached virus was rinsed off, and the cells were kept for an
additional 1 h at 4°C. Cultures were then transferred to 23°C
for 30 min before they were switched to 37°C. The more grad-
ual change to 37°C allowed cell layers to remain intact through
subsequent frequent medium changes. Immediately following
viral adsorption, cells were treated with 50 mM EB for 1-h
periods at consecutive 1-h intervals. Between 1 and 4 h postin-

fection, virus entry was inhibited by 70 to 80%. Thereafter,
infection was no longer significantly inhibited (Fig. 9B, F).
Parallel cultures were immediately fixed after mock treatments
and stained with X-Gal. In these cultures, blue (lacZ1) cells
first appeared 7 h postinfection and their number increased
nearly linearly for the next 3 h (Fig. 9A, E). By 7 h postinfec-
tion, EB ceased to be inhibitory. Thus, EB blocked virus entry
only during an early brief sensitive period and had no effect on
the expression of the lacZ gene and the development of b-ga-
lactosidase activity once the virus had entered the cell. As
shown in Fig. 9B, EB inhibited the entry of preadsorbed virus

FIG. 7. The antiviral activity of EB depends on virus input. Cell
cultures (2 3 105 cells/well) were switched to serum-free DMEM and
infected with 19 (E), 210 (F), or 5,700 PFU (D) of hrR3 per well EB
was present from 1 h before through 1 h after infection. lacZ1 cells
were scored 8 h postinfection. All data points are means of triplicate
measurements with standard errors of the means. The insert shows the
dependence of IC50s (0.66, 1.2, and 11 mM, respectively) on the virus
inputs.

FIG. 8. EB blocks virus entry. Virus (2.6 3 103 PFU of hrR3 per
well) was preadsorbed for 1 h at 4°C to Vero cells (2 3 105 cells/well
in 96-well microtiter strip plates), and the cultures were switched to
ice-cold serum-free DMEM and kept for an additional 1 h at 4°C
before they were transferred to 37°C to initiate virus entry. Every 15
min following the temperature switch, strips of wells were treated for
1 min with low-pH citrate buffer to inactivate any remaining extracel-
lular virus. After each citrate treatment, cultures were returned to
serum-supplemented medium. (A) EB (F) or EBX (Œ) at 25 mM was
added immediately after preadsorption of the virus and remained
present until the citrate treatment. Mock-treated controls were kept in
peptide-free medium (E). (B) EB (F) or EBX (Œ) at 50 mM was added
immediately after each citrate treatment and remained present until all
cultures were fixed and stained for b-galactosidase 8 h after the tem-
perature shift to 37°C. Blue cells in areas of 6.5 mm2 were counted in
triplicate wells. All data points are means with standard errors of the
means.
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in a dose-dependent manner with an IC50 5 15 mM (F),
whereas EBX was less effective (IC50 ' 100 mM; E).

Virucidal effects of EB. To determine if binding of EB to
virus particles leads to irreversible virus inactivation, routine
virucidal assays were performed with hrR3. In the first exper-
iment (Fig. 10A), EB inhibited the infectivity of virions in a
concentration-dependent manner with an IC50 of 44 mM (F)
whereas EBX had no inhibitory effect (❍). In the second

experiment, in which slightly higher concentrations of EB were
required to achieve inhibition (Fig. 10B, F; IC50 5 69 mM), we
also found that the treated virions were irreversibly inacti-
vated. That is, aliquots of EB-treated and then diluted virions
could not be reactivated during overnight dialysis against se-
rum-containing medium that could have trapped any reversibly
bound EB (cf. Fig. 1A and B, F). Instead, virions recovered
after dialysis (31% at any EB concentration) remained inacti-
vated, exactly like the nondialyzed controls (Fig. 10B, D and
F).

To assess possible contributions of viral aggregation to viral
inactivation, additional aliquots of EB-treated and subse-
quently diluted virions were filtered through 0.22-mm-pore-size
membranes before they were assayed for remaining infectivity.
In the absence of or at low concentrations of EB (#3 mM), 80
to 85% of the virions were trapped on the membranes. The
remaining virions, however, were retained only once they were
exposed to higher EB concentrations, which enhanced mem-
brane adhesion and/or caused viral aggregation (Fig. 10B, Œ).
Such changes in the adhesive properties of virions were in-
duced well below the EB concentrations required for virus
inactivation (Fig. 10B, Œ versus F and D; also cf. Fig. 4A and
B, F).

The effects of the most severe EB treatments were examined
by electron microscopy of PTA-stained virions that had been
preadsorbed to grids (to avoid aggregation) and exposed to 5
mM peptide. The EB-treated virions (Fig. 11A) looked essen-
tially the same as mock-treated virions (Fig. 11B), except that
the contours of the viral envelopes in the EB-treated particles
were less pleomorphic, suggesting that EB stabilized the viri-
ons. At 5 mM, EBX had the same effect as EB (Fig. 11C). No
attempt was made to find peptide concentrations at which the
effects of EB and EBX on virion structure might be distin-
guishable.

DISCUSSION

We report that the FGF4 signal peptide, with an RRKK
tetramer attached to its amino terminus to improve solubility,
inhibits both the entry and cell-to-cell spreading of HSV-1 and
that the inhibition depends largely or entirely on direct irre-
versible interaction of EB with virions. The conclusion that the
EB peptide acts to inhibit viral entry is supported by several
findings. (i) Most important, EB specifically blocked infection
by preadsorbed virus prior to inactivation of extracellular virus
by treatment with low-pH citrate buffer but had no effect after
such inactivation. (ii) EB blocked infection by preadsorbed
virus at a stage that clearly preceded lacZ gene expression from
the early ICP6 promoter in hrR3-infected cells. (iii) When
added after infection, EB did not inhibit immediate-early pro-
moters or early-gene expression from the ICP6 promoter, nor
did it inhibit b-galactosidase activity in hrR3-infected cells. (iv)
EB did not block attachment of virus to cells, as indicated by
the fact that gC2 and gC1 viruses were inhibited equally well
and by the finding that binding of radiolabeled virus at 4°C was
not inhibited. (v) In studies varying the time of peptide expo-
sure, EB inhibited infection most efficiently when present dur-
ing the adsorption period, indicating that it acted early in the
life cycle.

The finding that EB was less effective in blocking infection

FIG. 9. Entry phase and dose response. (A) Cell cultures (2 3 105

cells/well) in 96-well strip plates were switched to HEPES-buffered
serum-supplemented DMEM, cooled on ice for 30 min, and infected at
4°C with 6 3 103 PFU of hrR3 per well. Cells were kept at 4°C for an
additional 1 h before they were warmed to 23°C for 30 min and 37°C
for the rest of the experiment. At 1-h intervals immediately following
infection, strips of wells were treated for 1-h periods with 50 mM EB
in serum-free DMEM and returned to regular medium. Before and
after each treatment, the cells were rinsed three times with serum-free
DMEM and serum-supplemented DMEM, respectively. The number
of lacZ1 cells was scored 11 h postinfection (F) and normalized to the
number counted in mock-treated controls (maximally 187 6 20 [n 5
3]). Separate strips of infected control cells were fixed and stained
immediately following each mock treatment to monitor b-galactosi-
dase expression over time (E). Data points represent means of tripli-
cate measurements with standard errors of the means. (B) Cell cul-
tures (2 3 105 cells/well) were switched to serum-free DMEM, cooled
on ice, and infected at 4°C with 2.4 3 103 PFU of hrR3 per well. After
infection, the cells were rinsed and treated with EB (F) or EBX (E) for
1 h at 4°C and for additional 30-min periods at 23 and 37°C. Triplicate
counts of lacZ1 cells were performed 6 h later (all points are means
and standard errors of means; control score, 141 6 5.9).
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by preadsorbed rather than free virus is also consistent with the
conclusion that EB blocks the entry step. When corrected for
different virus inputs, the IC50 of EB obtained for preadsorbed
hrR3 (15 mM; Fig. 8B, F) was approximately 10 times higher
than expected on the basis of the overall antiviral activity of EB
measured under comparable conditions, notably, in the ab-
sence of serum (IC50 5 1.2 mM; Fig. 7, F). The hrR3 virus had
been preadsorbed at an input of 2,400 PFU/well. However,
since maximally only about 10% of the virus was bound to cells
at 4°C (see below), the concentration of infectious virus was
closer to 240 PFU/well, comparable to the 210 PFU/well used
in the routine antiviral assay. Thus, higher concentrations of
EB appear to be required to block the entry of preadsorbed
virus than to inhibit infection by free virus. This seems reason-
able, if only because EB must act more rapidly and binding
sites may be less accessible in preadsorbed than in free virions.

The finding that EB reduced plaque size when added after
infection (Fig. 2) could be due either to EB blocking secondary
infections of neighboring cells or to EB blocking cell-to-cell
spreading. Since the infection was allowed to proceed for only
24 h, there was little time for plaques to develop from second-
ary infections, suggesting that EB primarily blocked cell-to-cell
spreading. The mechanism by which EB might block infection
at this late stage in the viral life cycle is not known, but it seems
reasonable to suggest that it involves shared functions of the
virus entry and spreading (see below).

Our studies testing the attachment of radiolabeled virus to
cells at 4°C showed that at EB concentrations from 10 to 50
mM, attachment was actually enhanced. Analysis by electron
microscopy confirmed that EB was capable of inducing aggre-
gation (Fig. 6), suggesting that enhancement of binding of the
labeled viruses was due to aggregation. Presumably, attach-
ment was artificially enhanced under the conditions of the
binding assay, because, for technical reasons, we had to infect
cell cultures with 2 3 106 PFU/well (MOI ' 10) rather than
the #6,000 PFU/well (MOI # 0.03) used in our antiviral as-
says. Infection with 2 3 106 PFU of 32P-labeled virus per well
was required because the detection of binding was limited by
the specific activity of the virus preparation (0.01 cpm/PFU), as
well as by the efficiency of virus adsorption (live and fixed cells
bound 9.7 and 8.9% of the input counts, respectively).

Some of the antiviral activity of EB may well be an artifact
of viral aggregation. However, even under conditions of high
virus input, aggregation would seem to play only a minor role
in virus inactivation, because neither enhanced virus binding
(Fig. 4) nor enhanced virus retention on filters (Fig. 10B) was
closely coupled to any loss of infectivity. These findings are
most readily explained by the assumption that EB-induced
changes in the adhesive properties of virions lead not only to
self-adhesion (aggregation) but also to enhanced cell adhesion.
Such artificial cell attachment could compensate for any loss of
infectivity due to virus aggregation. In any case, it seems clear
that EB-induced changes in the adhesive properties of virons
are merely a prelude to final virus inactivation. For unknown
reasons, EB seems to enhance virus adhesion only within an
intermediate concentration range (1 to 50 mM) but not at
higher concentrations (Fig. 4A).

The fact that EB can inactivate preadsorbed virus clearly
establishes that the antiviral activity of EB depends neither on
virus adsorption nor on virus aggregation. Instead, the viru-
cidal assays show that EB can directly interact with virions and
inactivate them irreversibly (Fig. 10B, F and D). Interactions of
EB with host cells seem to make little or no contribution to
viral inactivation (Fig. 3). Whether inactivation is due to irre-
versible binding of EB or to irreversible modifications of viri-
ons is not known. The electron micrographs of preadsorbed
PTA-stained virus leave no doubt, however, that even at a
concentration as high as 5 mM, EB does not cause any gross
structural abnormalities such as the collapse of the viral enve-
lope, stripping of the envelope, or disruption of the nucleo-
capsid (Fig. 11). Instead, the images suggest that EB may
actually stabilize viral envelopes and render them more resis-
tant to surface denaturation and dehydration during specimen
preparation. Conceivably, such changes in the viral envelope
may interfere with proper membrane fusion during infection.

The cytotoxicity of EB for host cells seems to be unrelated to

FIG. 10. Virucidal assay. (A) hrR3 virus (1.2 3 106 PFU/ml) was
treated with EB (F) or EBX (E) at the indicated concentrations for 1 h
at 37°C in serum-free DMEM, diluted 200-fold with serum-supple-
mented DMEM, and assayed for remaining infectious virus. (B) hrR3
virus was again treated with EB and assayed exactly as in panel A. In
addition, aliquots of diluted virus were dialyzed overnight at 4°C
against serum-supplemented DMEM (D) or filtered through 0.22-mm-
pore-size membranes (Œ) before they were assayed for remaining
infectious virus. Virions recovered after dialysis (31 6 1.8% [n 5 8]),
irrespective of the EB concentration, remained inactivated exactly as
in nondialyzed controls (D, normalized to untreated control [left
scale]). Retention of virions on membranes depended on EB concen-
trations (Œ, percentage of controls [right scale]). Triplicate counts of
lacZ1 cells were performed 8 h after infection. All points are means
with standard errors of the means. Scores of untreated controls were
1,245 611 (n 5 3) (A) and 1,876 667 (n 5 3) (B).
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inactivation of virions, since EB could cause aggregation (Fig.
10) or inactivation (Fig. 6) of virions not only at room temper-
ature and at 37°C but also at 4°C. In contrast, the loss of
cellular trypan blue exclusion due to EB (cf. Fig. 1C, F) was
highly temperature dependent between 18 and 28°C. Below
18°C, at concentrations up to 100 mM, EB had no effect on
trypan blue exclusion, and above 28°C, the level of cytotoxicity
was no longer enhanced as the temperature was raised to 37°C
(unpublished results). It would appear, therefore, that the viral
and cellular effects of EB involve quite different mechanisms.

Compared to cells (IC50 5 68 mM for the loss of trypan blue
exclusion in serum-free medium [Fig. 1C, F]), virions (hrR3 in
serum-free medium) could be inactivated at the same or at
100-fold-lower EB concentrations (IC50 5 69 mM [Fig. 10B, F
and D] versus IC50 5 0.66 mM [Fig. 7, E]) depending on the
virus concentration (1.2 3 106 and 475 PFU/ml, respectively).
Given such a wide range of EB effects, the therapeutic index is
clearly of limited value. Still, it seems useful to point out that
the therapeutic index for EB may be as large as 100.

Our results are consistent with three possible mechanisms of
action: (i) EB could interact with the lipid bilayer of the en-
velope; (ii) EB could interact with one or more envelope pro-
teins; or (iii) EB could interact with some combination of the
above. Studies with the free RRKK tetramer and the scram-
bled EBX peptide (Fig. 1A and B) indicate that the antiviral
activity of EB resides primarily, if not exclusively, with the
FGF4 signal sequence. The finding that the EBPP peptide is
twice as active as the EB peptide (Fig. 1D) implies that the
entire FGF4 signal sequence is not a canonical requirement
and that some secondary-structure features may play a role in
antiviral activity. In any case, the fact that some aspect of the
FGF4 signal sequence is important for antiviral activity and

that signal sequences are membrane interactive invites the
speculation that EB may act on the lipid bilayer of the viral
envelope. It should be noted, however, that addition of four
positively charged residues (RRKK) at the amino terminus
may have substantially altered any lipid-interactive properties
of the signal sequence. The membrane-transiting properties of
the FGF4 leader may also have been altered by the RRKK
addition.

Alternatively, EB may block entry by interacting with one or
more glycoproteins on the virus envelope. Since in addition to
inhibiting entry, EB may inhibit cell-to-cell spreading, it could
block a common step in both processes. Initial entry through
the plasma membrane and cell-to-cell spreading involve shared
functions of the viral glycoproteins gB, gD, and gH/gL during
membrane fusion (54). These three glycoproteins could there-
fore be implicated as targets of EB action. So far, this is
supported only by indirect evidence. We are currently attempt-
ing to isolate EB-resistant mutant viruses in order to map any
viral locus involved and are arranging to obtain purified viral
glycoproteins for formal binding studies.

A BLAST search for homologies to the EB sequence iden-
tified a number of matches (data not shown), as expected for
such a short peptide. Comparisons with the HSV-1 sequence
failed to reveal any matches, suggesting that EB does not
mimic any viral proteins in their interactions with a cellular
component (i.e., EB is not a sequence-specific mimic of a viral
protein). A number of partial matches with cellular proteins
were identified. These proteins constituted a diverse set, and
we were unable to discern a common functional theme (e.g.,
not all were membrane proteins). Notably, no homologies were
identified in the HveA to HveD HSV coreceptor proteins,

FIG. 11. Structural integrity of peptide-treated virions. Purified HSV-1 KOS (5 ml of 4 3 109 PFU/ml) was preadsorbed to grids under
conditions allowing 28% of the virus to bind. The adsorbed virus was then treated for 30 min at 37°C with 15 mM serum-free DMEM alone (A)
or with 5 mM EB (B) or 5 mM EBX (C) dissolved in the same medium. Electron micrographs of PTA-stained material are shown at the same
magnification.
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suggesting the EB may not affect the binding of gD to HveA to
HveD.

Several peptides that inhibit viral entry have been described.
Srinivas et al. (56) found that amphipathic helical segments
derived from the HIV-1 gp 120 inhibited fusion. This peptide
clearly had membrane-disrupting activity and probably func-
tioned by altering the lipid environment (56). Another amphi-
pathic peptide derived from apolipoprotein A-1 has been
shown to inhibit HSV entry (55) and may also be acting at the
level of the envelope or cell membrane to destroy lipid orga-
nization. Peptides derived from the heptad repeat sequences in
the human parainfluenza virus F protein inhibit viral entry and
cell-to-cell spreading. These peptides do not appear to be
amphipathic, however, and may act by interfering directly with
the function of the F protein (68). A pseudopeptide (HB-19)
that blocks human immunodeficiency virus type 1 (HIV-1)
attachment has also been described (42). Finally, a peptide
(T-20) derived from the transmembrane region of the HIV
gp41 protein, which also has amphipathic properties, is a po-
tent inhibitor of HIV entry (46, 66) and is currently in clinical
trials (27). A comparison of these peptides with EB revealed
no sequence homologies. In addition, EB is not predicted to
have amphipathic properties, suggesting that it is acting
through a different mechanism(s). The EB peptide also has no
homology to membrane-disrupting peptides such as the ma-
gainins, cecropins, and defensins (3).

In summary, we have identified a novel peptide with potent
inhibitory activity against HSV-1 and demonstrated that it acts
to inhibit entry of the virus and possibly cell-to-cell spreading.
Although the peptide, or some derivatives thereof, may be
useful therapeutically as one of the only two known peptidic
inhibitors of HSV-1 entry, it may be more valuable as a tool to
study the poorly understood process of viral entry. Future
studies on the mechanism of action of EB may potentially
allow us to dissect the events underlying this important step in
viral infection.
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