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coproteins (reviewed in reference 25). The replication cycle of
HSV begins with the initial attachment of virus to heparan
sulfate (HS) moieties on the cell surface (34), which is mediated by glycoprotein C (gC) and gB (reviewed in reference 27).
Next, gD binds to one of several cellular receptors. This leads,
via as-yet-unknown mechanisms, to fusion of the viral envelope
with the plasma membrane and entry of the viral capsid and
tegument proteins. Although many of the details of viral entry
remain poorly understood, it is widely accepted that fusion
requires four of the virion glycoproteins: gB, gD, and the
heterodimer gH-gL (reviewed in 28 and 29). Pharmacological
agents that target glycoproteins may be useful for a better
understanding of viral attachment and entry.
In this study, we investigated the effects of a GT-rich ODN
on HSV infection. ISIS 5652 (5652) is a 20-base phosphorothioate ODN with the sequence T2(G4T2)3, which has antiviral
activity against HSV during plaque reduction assays. Surprisingly, we have found that 5652 causes an irreversible, temperature-dependent loss of infectivity of viral particles that is
mediated by gB.

Oligonucleotides hold considerable promise for treating viral infections. Although much recent attention has focused on
small interfering RNAs, the majority of oligonucleotides that
have been studied as antiviral agents to date are modified
oligodeoxynucleotides (ODNs) designed to work via an antisense mechanism, such as the licensed anticytomegalovirus
drug, fomivirsen (2, 3). However, other ODNs with antiviral
activity are not complementary to viral nucleic acid (13, 31, 35).
These ODNs are GT rich and have the propensity to form
G-quartet structures stabilized by non-Watson-Crick guanineguanine base pairs (reviewed in references 26 and 33). Certain
of these GT-rich ODNs have anti-human immunodeficiency
virus (HIV) activity and, evidently, target the HIV envelope
protein gp120 (12, 35). Others have been reported to exhibit
activity against herpes simplex virus (HSV), but their mechanism(s) of action are not known (13).
HSV most commonly causes genital herpes, cold sores, and
corneal keratitis and can cause more severe disease, particularly in the immunocompromised (reviewed in reference 32).
The virion consists of an icosahedral nucleocapsid containing
the ⬃150-kbp double-stranded DNA genome, surrounded by a
less-ordered layer of proteins called the tegument and a lipid
bilayer envelope that contains a number of virus-encoded gly-

MATERIALS AND METHODS
Cells and viruses. Vero (African green monkey kidney) cells were obtained
from American Type Culture Collection and grown and maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% newborn calf serum
(2% during infection) and 1% penicillin-streptomycin (Invitrogen) at 37°C and
5% CO2. D6 cells, which are derived from Vero cells and complement mutants
defective in gB (11), were kindly provided by Prashant Desai (Johns Hopkins
Medical School). D6 cells were maintained as Vero cells were, with the addition
of 200 g of G418 (Gibco) per ml to the growth medium during every other
passage. HSV type 1 (HSV-1) wild-type strain KOS and the gB-null mutant
K⌬4B, also a kind gift from Prashant Desai (11), were propagated on Vero cells
or D6 cells, respectively, as previously described (9). During viral infection at 4°C
or 20°C, medium was supplemented with 25 mM HEPES buffer (Cellgro).
Oligonucleotides. The phosphorothioate ODNs 5652 and fomivirsen, also
known as ISIS 2922 (2922), were synthesized by Isis Pharmaceuticals and pro-
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We have investigated the antiviral mechanism of a phosphorothioate oligonucleotide, ISIS 5652, which has
activity against herpes simplex virus (HSV) in the low micromolar range in plaque reduction assays. We
isolated a mutant that is resistant to this compound. Marker rescue and sequencing experiments showed that
resistance was due to at least one of three mutations in the UL27 gene which result in amino acid changes in
glycoprotein B (gB). Because gB has a role in attachment and entry of HSV, we tested the effects of ISIS 5652
at these stages of infection. The oligonucleotide potently inhibited attachment of virus to cells at 4°C; however,
the resistant mutant did not exhibit resistance at this stage. Moreover, a different oligonucleotide with little
activity in plaque reduction assays was as potent as ISIS 5652 in inhibiting attachment. Similarly, ISIS 5652
was able to inhibit entry of preattached virions into cells at 37°C, but the mutant did not exhibit resistance in
this assay. The mutant did not attach to or enter cells more quickly than did wild-type virus. Strikingly,
incubation of wild-type virus with 1 to 2 M ISIS 5652 at 37°C led to a time-dependent, irreversible loss of
infectivity (virucidal activity). No virucidal activity was detected at 4°C or with an unrelated oligonucleotide at
37°C. The resistant mutant and a marker-rescued derivative containing its gB mutations exhibited substantial
resistance to this virucidal activity of ISIS 5652. We hypothesize that the GT-rich oligonucleotide induces a
conformational change in gB that results in inactivation of infectivity.
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CGAGACGT, which is ⬃80 bp from the UL27 translation start codon. The PCR
product was sequenced (Molecular Biology Core Facilities, Dana-Farber Cancer
Institute, Boston, MA) and compared to a PCR product that was amplified from
HSV-1 strain KOS DNA in the same manner. Sequencing confirmed that 5/B
contained the three gB mutations found in 5652r-1 and pG4.7 and no other gB
mutations, while K/B contained no changes in gB relative to KOS and scKOS20.
Attachment assays. The effects of compounds on attachment were assessed
using a modification of a previously described assay (19). Briefly, 200 PFU of
virus and various concentrations of ODNs or heparin (Sigma) were added to a
4°C prechilled Vero cell monolayer and incubated at 4°C for 3 h, unless otherwise indicated. Cells were then washed with phosphate-buffered saline (PBS)
three times to remove compounds and unattached virus, overlaid with medium
containing 1.2% methylcellulose, and incubated at 37°C for 2 days. Plates were
then fixed and stained, and the plaques were counted. To confirm that incubation
at 4°C allowed only viral attachment and not entry, cells to which virus had been
preattached at 4°C were treated with acidic glycine (0.1 M glycine, 0.14 M NaCl,
pH 3) to inactivate virus. This reproducibly resulted in 100% inhibition of plaque
formation (data not shown).
Entry assay. To assess the effect of compounds on entry, a modification of a
previously described assay (19) was used. Briefly, 200 PFU of virus was added to
a 4°C prechilled Vero cell monolayer and incubated at 4°C for 3 h to allow for
viral attachment. Cells were then washed with PBS three times to remove unattached virus. To assay the effect of 5652 on entry, various concentrations of 5652,
diluted in medium, were added to the cells, and the temperature was shifted to
37°C for 2 h prior to inactivation of extracellular virus. To measure the time
course of virus entry, cells were incubated in the absence of inhibitor at 37°C for
various times prior to inactivation of extracellular virus. To inactivate extracellular virus (and remove any 5652 in the entry assay), 1 ml of acidic glycine was
added to each cell monolayer and incubated at 20°C for 60 s. Cells were then
subsequently washed with PBS three times to return the pH to neutral, overlaid
with medium containing 1.2% methylcellulose, and incubated at 37°C for 2 days.
In parallel, the same amount of virus was allowed to attach to cells for 3 h at 4°C
as above, and the monolayer was overlaid with methylcellulose containing medium; the number of plaques produced was set at 100%. Plates were then fixed
and stained, and the plaques were counted.
Virucidal assay. Virus was diluted in PBS to a concentration of 5 ⫻ 106
PFU/ml. Various concentrations of ODN were then added, and the virus-ODN
sample was then incubated at either 4, 20, or 37°C for various lengths of time.
After incubation, the sample was diluted with medium to reduce the concentration of ODN to those not active in attachment or plaque reduction assays. Virus
was then titrated on Vero cells. To determine if the loss of infectivity was
reversible, samples were initially brought through the virucidal assay. After
diluting out the ODN, the sample was reincubated at 37°C. After the indicated
amount of time, these samples were titrated on Vero cells.

RESULTS
5652 inhibits HSV plaque formation. We began investigating the anti-HSV effects of 5652 by performing plaque reduction assays using the wild-type HSV-1 strain KOS. For 5652,
the reduction of plaques was dose dependent, and the dose
that reduced plaque formation by 50% (ED50) was 1 to 2 M
(Fig. 1). Very similar results were obtained in plaque reduction
assays using the wild-type HSV-2 strain HG52 (data not
shown). In contrast, a different ODN, 2922, was much less
active with an ED50 of ⬎15 M (supplemental Fig. 1 available
at http://coen.med.harvard.edu).
Isolation of a 5652-resistant mutant. Drug-resistant mutants
can be invaluable in understanding the mechanism of action of
antiviral drugs (8). We serially passaged KOS in increasing
concentrations of 5652, as described in Materials and Methods,
and obtained a 5652-resistant virus, 5652r-1. In plaque reduction assays, 5652r-1 reproducibly exhibited modest resistance
to 5652, with an ED50 approximately twofold higher than that
of KOS (Fig. 1). Applying a paired t test to the data in Fig. 1
and those from two other independent experiments, the ED50
for the mutant was significantly different from that of KOS
(P ⫽ 0.00073).
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vided through the courtesy of Frank Bennett and Kevin Anderson. The nucleotide sequence of 5652 is 5⬘-TTGGGGTTGGGGTTGGGGTT-3⬘. The nucleotide sequence of 2922 is 5⬘-GCGTTTGCTCTTCTTCTTGCG-3⬘ (3).
Plaque reduction assays. Plaque reduction assays, which entail virus titrations
in which various concentrations of drugs are added following virus adsorption,
were performed as described previously (9) with modifications. Briefly, 200 PFU
of virus diluted in medium was added to a Vero cell monolayer and incubated for
90 min at 37°C to allow virus adsorption. Cells were then overlaid with medium
containing 1.2% methyl cellulose and various concentrations of ODNs and incubated at 37°C for 2 days. The plates were then fixed and stained, and the
plaques were counted.
Selection of 5652-resistant virus. Selection of a 5652-resistant mutant was
accomplished by passaging wild-type KOS in increasing concentrations of 5652
using a protocol similar to that previously used to isolate drug-resistant human
cytomegalovirus mutants (4, 21, 30). Briefly, subconfluent Vero cells were pretreated with 1 M 5652 (approximate 50% effective dose [ED50] in plaque
reduction assays) and incubated overnight at 37°C, similar to the protocol used
in antiviral assays and mutant selections with 2922 (4, 21). Cells were then
washed once with DMEM and infected with wild-type KOS at a multiplicity of
infection between 0.01 and 0.1. Virus and cells were then incubated at 37°C for
1 h to allow for viral adsorption. The inoculum was removed, and cells were
washed with DMEM, overlaid with fresh medium containing the same concentration of 5652 used during pretreatment, and incubated at 37°C until complete
cytopathic effect was observed. Progeny virus was then harvested as previously
described (9). This process was repeated using 2, 4, 8, 16, and 32 M 5652.
Following the passage at a concentration of 32 M, virus was plaque purified
three times. The purified mutant virus was named 5652r-1.
Cosmids and plasmids. Cosmids scKOS 10, 20, 22, 26, and 32 derived from the
KOS genome were constructed, mapped, and kindly provided by Jeff Leary
(SmithKline Beecham, now GlaxoSmithKline). A library of cosmids of 5652r-1
DNA was constructed following a modification of a previously described protocol
(10) by cloning viral DNA into the BamHI site of a SuperCos1 cosmid vector
(Stratagene) modified to contain a PacI site. This modified vector (SuperCosP1)
was constructed by Anthony Griffiths by annealing complementary oligonucleotides (sequence of one strand, GGCCGAATTCGCGGCGCGGCGCGCCTTA
ATTAAGGATCCGGCGCGCCTTAATTAAGCGGCCGCGAATTC) and ligating the double-stranded DNA into NotI-digested SuperCos1. Briefly,
SuperCosP1 DNA was digested with XbaI, dephosphorylated with calf intestinal
alkaline phosphatase, and then digested with BamHI, which resulted in a mixture
of 2 fragments, each terminating with a cos site. Viral DNA, prepared as described previously (24) from 5652r-1-infected Vero cells, was partially digested
with MboI, dephosphorylated with calf intestinal alkaline phosphatase, and ligated into the prepared SuperCosP1 DNA, according to the manufacturer’s
instructions. A Gigapack III XL kit (Stratagene) was used to package ligated
DNA into phage, and the resulting phage preparation was used to infect Escherichia coli strain VCS257. Ampicillin-resistant clones were characterized by
digestion with PacI to release insert, digestion with HindIII for analysis of the
location of the cosmid, and Southern blot hybridization using probes from KOS.
In this fashion, overlapping cosmids A3, A4, A6, A8, and D6 were identified that
span the entire 5652r-1 genome.
To generate pG4.7, cosmid A4 was cleaved with KpnI, and a 4.7-kb KpnI
fragment including the entire UL27 (gB) gene was purified and cloned into the
vector pGEM7Z (Promega).
Viral genetics. Mixtures of KOS and 5652r-1 cosmids were cotransfected into
Vero cells using Superfect transfection reagent (QIAGEN) according to the
manufacturer’s instructions. Progeny virus was harvested and tested in plaque
reduction assays to determine if the virus was sensitive or resistant to 5652.
To determine if mutations in gB were sufficient to confer the resistant phenotype, two marker-rescued derivatives were constructed. K/B was obtained by
cotransfecting D6 cells with K⌬4B infectious DNA, prepared from D6 cells as
previously described (18), and the wild-type cosmid scKOS20, which contains gB,
using Effectene transfection reagent (QIAGEN). 5/B was constructed in a similar
fashion by cotransfection of K⌬4B DNA and the mutant plasmid pG4.7. In each
case, virus was harvested from the transfected cells and titrated on both D6 and
Vero cells to confirm that the replication deficiency of K⌬4B had been rescued.
Plaques that formed on Vero cells were picked and amplified. Each virus was
plaque purified a total of three times on Vero cells. Viral, cosmid, and plasmid
DNAs were sequenced following amplification of sequences including gB using
PCR (100 ng template DNA, 160 M concentrations of each deoxynucleoside
triphosphate [NEB], 2.4 M concentrations of each primer, 6.25% dimethyl
sulfoxide [Sigma], 1⫻ Pfu buffer [Stratagene], 2.5 U Pfu Turbo DNA polymerase
[Stratagene]) with the following primers: 5⬘-CCTTCGACGTGGAGGAAG,
which is ⬃180 bp from the poly(A) site of UL27, and 5⬘-CGTGGTCTACGAC
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Mutation(s) in UL27 confer resistance to 5652. To map the
resistance mutation(s) in 5652r-1, we constructed a cosmid
library spanning the 5652r-1 genome (Fig. 2). Cotransfection of
these cosmids into Vero cells resulted in virus that was resistant to 5652 (supplemental Fig. 2 available at http://coen.med
.harvard.edu). We were kindly provided with a corresponding
set of cosmids from KOS (Fig. 3). Unfortunately, this set, when
cotransfected, did not yield infectious virus. However, when
cotransfected with 5652r-1 cosmid D6, infectious virus that was
sensitive to 5652 was produced (supplemental Fig. 2 available
at http://coen.med.harvard.edu). We then performed cotransfections in which each KOS cosmid was replaced by the corresponding cosmid from 5652r-1. When 5652r-1 cosmid A4

replaced KOS cosmid scKOS-20, the virus that was produced
was resistant to 5652 in plaque reduction assays (supplemental
Fig. 2 available at http://coen.med.harvard.edu), suggesting
that the resistance mutation(s) were contained within the A4
sequences.
Because investigators at Isis Pharmaceuticals had obtained
data suggesting that 5652 acts early in the HSV infectious cycle
(K. Anderson, personal communication) and because GT-rich
ODNs evidently target envelope glycoproteins of HIV (12, 35),
we sequenced glycoprotein-encoding genes in cosmid A4. The
gH (UL22) gene contained no mutations. However, the gB
(UL27) gene contained three mutations which would result in
amino acid changes in the extracellular domain of gB: V571I,
S668N, and E687G.
To determine whether the gB mutations conferred resistance
of 5652r-1, we took advantage of a gB deletion mutant virus,
K⌬4B, kindly provided by Prashant Desai (11). This mutant
does not form plaques on Vero cells but can replicate in complementing D6 cells. Cotransfection of infectious DNA from
K⌬4B with a plasmid containing the gB gene from 5652r-1
resulted in progeny virus that could form plaques on Vero
cells. One such marker-rescued derivative was isolated, further
plaque purified, and sequenced to confirm that it contained the
5652r-1 gB mutations. This virus, 5/B, exhibited resistance to
5652, similar to that of 5652r-1 (Fig. 1). In contrast, a markerrescued derivative, K/B, constructed by cotransfecting wildtype gB sequences with infectious DNA from K⌬4B exhibited
sensitivity to 5652, similar to that of KOS (Fig. 1). Thus, one or
more gB mutations in mutant 5652r-1 confer resistance to 5652.
5652 resistance is not manifest at the stage of attachment of
virus. Because gB has a role in both the attachment and entry
stages of viral infection (reviewed in references 27 and 28), we
investigated whether 5652 was involved in inhibiting one or
both of these two processes. To investigate attachment, we
tested the inhibition of plaque formation when 5652 was

FIG. 2. Locations of wild-type KOS and 5652r-1 cosmids relative to the HSV-1 genome. The HSV-1 genome is depicted in the top line in the
prototype arrangement with repeated sequences shown as open boxes and unique sequences as thick, bold lines. EcoRI restriction fragments are
indicated above the line. Below this are shown the locations of matched pairs of cosmids, with KOS-derived cosmids (indicated with the scKOS
prefix) shown as open bars and the 5652r-1 cosmids (A8, A4, A3, A6, and D6) shown as shaded bars. The location of the UL27 gene is shown as
a stippled box below the A4 and scKOS-20 cosmids. Below that, the 4.7-kb KpnI fragment cloned into pG4.7 is shown as a hatched box. The
nucleotide location of this fragment relative to the strain 17 sequence (20) is indicated.

Downloaded from http://jvi.asm.org/ on October 4, 2019 by guest

FIG. 1. Susceptibilities of viruses to 5652. Plaque reduction assays
were performed with wild-type KOS (filled diamonds), 5652r-1 (open
diamonds), K/B, the marker-rescued derivative containing wild-type
gB (open circles), and 5/B, the marker-rescued derivative containing
the three gB mutations of 5652r-1 (closed circles). Results presented
are the means of a single experiment done in duplicate and are representative of three independent experiments. Error bars represent
standard errors of the means, unless these standard errors were too
small to be visible on the plots.
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present only during viral attachment at 4°C. 5652 was able to
inhibit viral attachment approximately 10 times more potently
than it inhibited plaque formation during plaque reduction
assays (Fig. 3A) (ED50 of 0.15 M for KOS during the attachment assay). However, 5652r-1 did not exhibit resistance at this
stage (Fig. 3A). Moreover, 2922, which exhibited little activity
or antiviral activity in plaque reduction assays, was as potent as
5652 in the attachment assay (Fig. 3A).
To investigate the attachment phase further, we assayed the
susceptibility of viral attachment to heparin. During initial
attachment, gB binds to HS moieties located on cell surface
proteoglycans. Heparin, a polyanionic molecule chemically
similar to HS, has been shown to inhibit attachment of HSV
(22, 34). As expected, then, heparin inhibited the attachment
of KOS; however, we did not observe a difference in sensitivity
to heparin between KOS and 5652r-1 (Fig. 3B). Thus, the gB
mutations in 5652r-1 do not appear to affect the sensitivity of
HSV to ODNs or to heparin during the stage of attachment of
virus to cells.
We considered the possibility that the mutant might be re-

sistant by being able to attach to cells more rapidly than does
KOS. To test this possibility, we assayed the time course of
attachment for both viruses. Wild-type and mutant virus attached to cells with very similar kinetics (Fig. 3C). Thus, the gB
mutations do not appear to affect attachment of the virus, at
least during the initial infection.
5652 resistance is not manifest at the stage of entry. To test
the effect of 5652 during viral entry, we preattached virus to
cells at 4°C in the absence of drug, added various concentrations of 5652, and then incubated the mixtures at 37°C for 2 h
to permit entry. After inactivating virus that had not entered
with acidic glycine, plaques were allowed to form for 2 days
and then counted. 5652 was able to inhibit the entry of KOS at
37°C potently (ED50, ⬃0.5 M), but again, 5652r-1 did not
exhibit resistance at this stage (Fig. 4A).
To test whether the mutant might be resistant by being
able to enter cells more rapidly than does KOS, we preattached wild-type or mutant virus to cells and then incubated
the mixtures for various times prior to inactivating extracellular virus with acidic glycine. The two viruses entered cells
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FIG. 3. Effects on attachment. (A) 5652r-1 (dotted line and open diamonds) or KOS (solid line and closed diamonds sometimes hidden behind
other points) was attached to cells at 4°C in the presence of various concentrations of 5652. Also, KOS was attached to cells in the presence of
various concentrations of 2922 (open squares). Unattached virus was removed, media containing methylcellulose was added, the cells were
incubated at 37°C, and plaques were allowed to form. The results presented are the means of a single experiment done in duplicate and are
representative of three independent experiments. (B) 5652r-1 (open diamonds) or KOS (closed diamonds) was tested for inhibition of attachment
by various concentrations of heparin as described for panel A. (C) 5652r-1 (open diamonds) or KOS (closed diamonds) was allowed to attach to
cells at 4°C in the absence of drug for various times prior to removal of unattached virus as described for panel A. The percentage of virus attached
was determined by comparison to the number of plaques obtained in a parallel assay in which the same amount of virus was added to cells under
the conditions of a plaque reduction assay. The results for the attachment assay with heparin (B) and the time course assay (C) are presented as
the means of a single experiment done in duplicate and are representative of two independent experiments. For all assays, error bars represent
standard errors of the means unless these standard errors were too small to be visible on the plots.
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with very similar kinetics (Fig. 4B). Thus, the gB mutations
do not appear to affect entry of the virus during initial
infection.
5652 has virucidal activity. To further investigate the mechanism of action of 5652, we explored the possibility that 5652
was inactivating infectious HSV particles. KOS was incubated with various concentrations of ODNs at 4, 20, or 37°C
for various amounts of time. After incubation, the samples
were diluted to reduce ODN concentrations well below
those that affect virus attachment, and the virus was titrated
on Vero cells. Remarkably, we saw a ⱖ1,000-fold drop in

titer when KOS and 5652 were incubated with 1 or 2 M at
37°C (Fig. 5A), while there was no detectable loss of infectivity at 4°C (Fig. 5B) or 20°C (data not shown). Incubation
of the control ODN, 2922, and KOS at 37°C led to little or
no loss in infectivity (Fig. 5C).
To determine if the inactivation of KOS with 5652 was
reversible, samples were treated with 5652 for 4 h at 37°C,
diluted to reduce the concentrations of 5652 below those that
inactivate virus and inhibit virus attachment, and then reincubated at 37°C for various amounts of time. None of the samples regained infectivity (Fig. 5D). Thus, 5652 exhibits time-
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FIG. 4. Effects on entry. Wild-type KOS (closed diamonds) or 5652r-1 (open diamonds) was allowed to attach to cells at 4°C, unattached virus was
removed, and the cells were incubated at 37°C in various concentrations of 5652 for 2 h (A) or in the absence of drug for various lengths of time (B).
At the end of each time period, virus that had not entered was inactivated, medium containing methylcellulose was added, and plaques were allowed to
form. For both assays, the results are presented as the means of a single experiment done in duplicate and are representative of two independent
experiments. Error bars represent standard errors of the means unless these standard errors were too small to be visible on the plots.
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dependent, temperature-dependent, irreversible inactivation
of infectious HSV; i.e., virucidal activity.
Resistance to virucidal activity due to mutation(s) in gB. We
then tested whether the 5652r-1 mutant was resistant to the
virucidal activity of 5652. Even when incubated at 37°C for
nearly 5 h in 2 M 5652, no loss of infectivity was observed
(Fig. 6A). To test whether this resistance to the virucidal activity was due to the gB mutation(s), we tested the markerrescued derivatives 5/B and K/B. Like 5652r-1, 5/B, which contains the three gB mutations, was not detectably inactivated by
5652 (Fig. 6B). However, K/B, the derivative containing wildtype gB, was drastically inactivated by the ODN (Fig. 6C).
Thus, the gB mutations confer resistance to the virucidal activity of 5652.
DISCUSSION
We investigated the mechanism of action of a phosphorothioate ODN, 5652. This investigation was greatly abetted by
the isolation of a mutant resistant to this ODN. Although
5652r-1 exhibited only ⬃2-fold resistance in plaque reduction
assays, it was highly resistant to the virucidal action of the
ODN, exhibiting no inactivation under conditions where the

titer of KOS was reduced ⱖ1,000-fold. Because resistance to
the activities of 5652 in plaque reduction and virucidal assays
was due to at least one of three gB mutations in the mutant, we
conclude that wild-type gB is necessary for the full extent of
these activities. Below, we discuss the effects of 5652 and the gB
mutations on virus attachment and entry, how 5652 could mediate virucidal activity, and how the mutations might confer
resistance to this activity.
Effects of 5652 on attachment and entry. Although 5652 is
more potent in inhibiting viral attachment at 4°C than in
plaque reduction assays, it is not at all clear that the former
activity contributes to the latter. The plaque reduction assays
entail adsorption of the virus to the monolayer in the absence
of drug for more than 1 h at 37°C, by which time most virus
could attach and enter. A control ODN, 2922, inhibited attachment just as potently as did 5652 but had little or no activity in
plaque reduction assays. Similarly, heparin, which is another
polyanionic molecule that inhibits virus attachment, also exhibited little or no activity in our plaque reduction assays (data
not shown), consistent with its being substantially less potent
and efficacious in inhibiting viral spread than attachment (1,
22). Thus, it appears that large, polyanionic compounds such as
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FIG. 5. Virucidal activity of 5652. KOS was incubated at 37°C for various lengths of time with either no ODN (open circles), 0.5 M (⫻), 1
M (closed squares), or 2 M (open diamonds) 5652 (A and D) or 2922 (C). For panels A and C, virus (initial titer of 4.2 ⫻ 106 PFU/ml) was
diluted to reduce the concentration of 5652 below those that inactivate virus and inhibit virus attachment and titrated on Vero cells. For panel D,
following dilution, the virus was then reincubated for various amounts of time (on the x axis) before titration. (B) KOS was incubated at 4°C in
various concentrations of 5652 for either 140 min (open squares) or 240 min (closed squares), diluted, and titrated on Vero cells.
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oligonucleotides and heparin do not interrupt attachment of
virus during cell-to-cell spread. The mutant virus, 5652r-1, did
not exhibit resistance at the stage of attachment, nor did it
exhibit an increased rate of attachment that could explain its
resistance. The resistance mutations do not cause substitutions
in a basic stretch of gB that has been proposed to mediate
heparin sensitivity and attachment to HS moieties (17). We
cannot exclude the possibility that inhibition of attachment
contributes to the activity of 5652 in plaque reduction assays,
but we do not think this is likely.
5652 inhibits viral entry somewhat more potently than it
does plaque reduction, but the mutant did not exhibit resistance at this stage, nor did it exhibit an increased rate of entry.
The V571I mutation of 5652r-1 is near but distinct from gB
mutations shown to affect rate of entry (5, 15). Nevertheless, it
may be that the antientry activity of 5652 accounts for much of
its activity in plaque reduction assays. This may also explain
why the mutant exhibits only very modest resistance in those
assays. One might wonder why the mutant did not exhibit
resistance in the entry assay, as this assay entails incubation of
virus at 37°C with drug. However, virucidal activity requires
higher concentrations than those that inhibit entry. Moreover,
most viruses have entered cells by the time virucidal activity is
evident.
gB-mediated virucidal activity. Several possible mechanisms
by which 5652 inactivates viral infectivity, such that mutations

in gB prevent this virucidal activity, can be envisioned. One
possibility is a direct interaction between 5652 and gB causing
a conformational change in gB that results in loss of infectivity.
The conformational change could result in such tight binding
of 5652 to gB as to be irreversible, or the conformational
change could irreversibly result in gB losing function. This
latter possibility is especially intriguing, given that glycoproteins of other viruses that mediate viral entry undergo such
conformational changes when they “spring open” and then
close back to mediate membrane fusion. Once the changes
have occurred, the virion is no longer infectious (reviewed in
references 14 and 36). In this case, the resistance mutations
could either lower the affinity of gB for 5652 or prevent the
conformational change. However, this latter option would imply differences between how conformational changes occur
upon 5652 binding and how such changes occur during the
initial entry of virus into cells, as wild-type virus and 5652r-1
enter cells with similar kinetics. Another possible scenario is
that 5652 is interacting with a virion component other than gB,
possibly another glycoprotein, which in turn interacts with gB.
In this case, the gB mutations might alter the interaction with
the other virion component or a conformational change.
All three of the gB mutations in 5652r-1 cause substitutions
in the extracellular domain of gB. In particular, they affect a
region (residues 463 to 791) that was retained in a series of gB
nonsense and deletion mutants that inhibited the ability of a
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FIG. 6. UL27 mutations confer resistance to virucidal activity of 5652. 5652r-1 (A), 5/B, which contains the 5652r-1UL27 gene (B), or K/B, which
contains the KOS UL27 gene (C), was incubated as described for Fig. 5 with either no ODN (open circles), 0.5 M (⫻), 1 M (closed squares),
or 2 M (open diamonds) 5652. Following dilution, the viruses (initial titers, ⬃4 ⫻ 106 PFU/ml) were titrated on Vero cells.
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wild-type gB plasmid to complement a gB null mutant virus (6).
This result has been interpreted as implying that this region is
required for oligomerization of gB. Two of the mutations (S668N
and E687G) are also within a smaller region (residues 596 to 711)
identified in coimmunoprecipitation experiments as mediating
oligomerization (16). Thus, in the scenarios above, it is possible
that 5652 acts to disrupt gB oligomers directly or indirectly. It is
also possible that the resistance mutations could stabilize oligomers against disruption. The various scenarios suggest testable
predictions.
There has been some interest in developing virucidal agents
against HSV, particularly in combination with virucidal agents
against HIV, for preventing genital transmission of these two
viruses, especially given the evidence that HSV infections can
increase the likelihood of HIV infection (reviewed in reference
7). In this context, it is interesting that ODNs similar to 5652
have anti-HIV activity (23, 31, 35). Although 5652 would be
limited by its size, expense, and relatively slow time course of
activity, additional studies of this compound may facilitate
development of virucidal therapies against HSV as well as
further insights into viral glycoproteins and entry.
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Virucidal Activity of a GT-Rich Oligonucleotide against Herpes Simplex Virus
Mediated by Glycoprotein B
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