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Leptomycin B (LMB) is a highly specific inhibitor of CRM1, a cellular karyopherin-� that transports nuclear export signal-con-
taining proteins from the nucleus to the cytoplasm. Previous work has shown that LMB blocks herpes simplex virus 1 (HSV-1)
replication in Vero cells and that certain mutations in viral immediate early protein ICP27 can confer LMB resistance. However,
little is known of the molecular mechanisms involved. Here we report that HSV-2, a close relative of HSV-1, is naturally resistant
to LMB. To see whether the ICP27 gene determines this phenotypic difference, we generated an HSV-1 mutant that expresses the
HSV-2 ICP27 instead of the HSV-1 protein. This recombinant was fully sensitive to LMB, indicating that one or more other viral
genes must be important in determining HSV-2’s LMB-resistant phenotype. In additional work, we report several findings that
shed light on how HSV-1 ICP27 mutations can confer LMB resistance. First, we show that LMB treatment of HSV-1-infected
cells leads to suppression of late viral protein synthesis and a block to progeny virion release. Second, we identify a novel type of
ICP27 mutation that can confer LMB resistance, that being the addition of a 100-residue amino-terminal affinity purification
tag. Third, by studying infections where both LMB-sensitive and LMB-resistant forms of ICP27 are present, we show that HSV-
1’s sensitivity to LMB is dominant to its resistance. Together, our results suggest a model in which the N-terminal portion of
ICP27 mediates a nonessential activity that interferes with HSV-1 replication when CRM1 is inactive. We suggest that LMB resis-
tance mutations weaken or abrogate this activity.

Herpes simplex virus 1 (HSV-1) is a widely distributed human
alphaherpesvirus that is capable of causing serious and in

some cases life-threatening infections. The HSV-1 infectious cycle
involves both nuclear and cytoplasmic processes, and thus, pro-
ductive viral replication requires that viral and cellular protein
and RNA components travel efficiently between the nucleus and
cytoplasm. Such movement is largely mediated by dedicated cel-
lular transporters, one important class of which consists of the
karyopherin-� family of proteins (1). Among this family, CRM1 is
perhaps the most well studied member. It is an essential protein
that exports ribosomal subunits and various protein cargos from
the nucleus to the cytoplasm (2–4). Transport by CRM1 is depen-
dent on the presence of a specific nuclear export signal (NES) on
the cargo protein. This signal consists of an �15-residue consen-
sus sequence that is rich in leucine and other hydrophobic resi-
dues. The NES binds to a hydrophobic cleft on the surface of
nucleus-localized CRM1 (5, 6). Following binding, CRM1 escorts
the cargo through the nuclear pore to the cytoplasm, whereupon it
is released. One of the first leucine-rich NESs described was that of
the human immunodeficiency virus type 1 (HIV-1) Rev protein
(7). Rev uses CRM1 to facilitate the nuclear export of unspliced
and partially spliced HIV-1 transcripts. Since then, numerous
other cellular and viral proteins have been shown to possess sim-
ilar, most often leucine-rich NESs that allow them access to the
CRM1 export pathway.

The study of CRM1 has been greatly facilitated by the use of a
highly specific inhibitor, leptomycin B (LMB) (8). LMB is a
polyketide metabolite produced by a Streptomyces sp. and was
originally identified as an antifungal agent. It binds to the hydro-
phobic cleft of CRM1 and becomes covalently attached to cysteine
residue 528 (9), thus preventing the binding of bona fide NESs (5,
6). Several years ago, Murata et al. showed that the growth of
HSV-1 strain KOS is inhibited by LMB (10), indicating that
HSV-1 productive replication requires CRM1. Although the spe-

cific effects of LMB on HSV-1 replication have not been studied
extensively, work from Soliman and Silverstein showed that LMB
inhibits the steady-state accumulation of several viral late (L) pro-
teins and their mRNAs (11). LMB also enhances the cytoplasmic
localization of the viral immediate early (IE) proteins ICP0 and
ICP4 (12). Thus, CRM1 appears to play a role in HSV-1 gene
expression and/or viral protein transport.

In their original study, Murata et al. isolated an LMB-resistant
mutant of HSV-1 (10). This virus was obtained after repeated
passages of HSV-1 strain KOS in Vero cells in the presence of
LMB. Marker rescue and sequencing experiments identified the
resistance mutation as a methionine-to-threonine change at
codon 50 (M50T) of the viral IE ICP27 protein. We subsequently
verified this finding in strain KOS1.1 (a subclone of KOS) and
additionally showed that another ICP27 mutant, dAc, is also LMB
resistant (12). dAc has an in-frame deletion of ICP27 codons 21 to
63. These studies implicate a specific N-terminal region of ICP27,
centered on residues 21 to 63, in the sensitivity of HSV-1 to LMB.

ICP27 is an essential, multifunctional IE protein that stimu-
lates the expression of a subset of viral delayed-early (DE) and L
genes. The L genes, which predominantly encode structural pro-
teins, are subdivided into two types on the basis of the degree to
which their expression is dependent on viral DNA replication:
leaky L genes are expressed at low levels in the absence of viral
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DNA synthesis, whereas true L genes stringently require viral
DNA synthesis. ICP27 likely uses multiple mechanisms to stimu-
late DE/L gene expression, but at least part of its stimulatory ef-
fects involves its ability to mediate the transport of unspliced viral
mRNAs from the nucleus to the cytoplasm. Consistent with this
role in mRNA export, ICP27 is an RNA-binding protein (13, 14)
that continually shuttles between the nucleus and cytoplasm (15–
18). Interestingly, ICP27 possesses a leucine-rich NES-like se-
quence near its N terminus (residues 6 to 19) that is required
for both its shuttling capability and viral mRNA export func-
tion (17, 19). However, despite the similarity of this sequence
to CRM1-dependent NESs, multiple studies show that the nu-
clear export of ICP27 is insensitive to LMB (12, 20, 21). This
finding is consistent with a variety of data that indicate that
ICP27’s mRNA export function depends on its physical inter-
action with NXF1 (21–24), a non-karyopherin-� transporter
that is responsible for bulk mRNA export in mammalian cells
(25). ICP27’s NES-like sequence is required for NXF1 interac-
tion (22).

Given that there is little evidence that ICP27 interacts with
CRM1, it is unclear how mutations in ICP27 confer LMB re-
sistance to HSV-1. Here, we have further investigated this
question and present several findings that lead us to a model to
explain the linkage between ICP27 and CRM1. In the course of
our studies, we also made the surprising discovery that the
closely related human virus HSV-2 is naturally resistant to
LMB, indicating that its replication is CRM1 independent. It is
conceivable that this type-specific difference is relevant to one
or more of the clinical and biological differences that distin-
guish HSV-1 and HSV-2.

MATERIALS AND METHODS
Cells, viruses, and infections. Most infections were carried out in Vero
cells, obtained from the American Type Culture Collection (ATCC), or in
V27 cells, a derivative of Vero cells that expresses ICP27 upon HSV-1
infection (26). Life-extended human foreskin fibroblasts (HFFs) (27), ob-
tained from Wade Bresnahan, were also used. The cells were propagated
in Dulbecco modified Eagle medium containing 50 units/ml penicillin, 50
�g/ml streptomycin, and 5% (Vero and V27 cells) or 10% (HFFs) heat-
inactivated fetal calf serum. The medium for V27 cells also contained 300
�g of G418 per ml. Strain KOS1.1 (28) was the primary wild-type (WT)
HSV-1 strain used in this study. Additional WT HSV-1 strains F, 17syn�,
and Patton were obtained from Jim Lokensgard, Alistair McGregor, and
Ian Mohr, respectively. HSV-2 strain G was obtained from the ATCC, and
HSV-2 strains HG52 and MS were obtained from Jin-Young Han. The
LMB-resistant mutant M50T has been described previously (12). The
derivation of HSV-1 mutants NTAP-27 and K2F1 is described below.
LMB was obtained from LC Labs (Woburn, MA) and when used was
added at 1 h postinfection (hpi), following viral adsorption. We noted that
the relative potency of LMB varied slightly between different stock prep-
arations. However, within a given experiment, all samples received LMB
from the same stock. In some experiments, 400 �g/ml phosphonoacetic
acid (PAA; Sigma-Aldrich) was used to inhibit viral DNA replication; it
was added at 1 hpi. For all virus yield assays except that shown in Fig. 4A,
cells were infected at a multiplicity of infection (MOI) of 0.01 and incu-
bated for 2 days. LMB was used at a concentration of 30 ng/ml and was
supplemented by another 30 ng/ml at 24 hpi. Viral infections were termi-
nated by addition of an equal volume of sterile nonfat milk, followed by
freezing the cultures at �70°C. In the viral yield experiment whose results
are shown in Fig. 4A, cells were infected at an MOI of 10 and LMB was
used at a concentration of 30 ng/ml. At 18 hpi, infected cells and super-
natant were collected separately and frozen in a 1:1 mixture of medium
and sterile nonfat milk. In all viral yield experiments, progeny virus was

released by three cycles of freeze-thawing and viral yields were determined
by plaque assay of the lysates on Vero cells.

Derivation of NTAP-27 and K2F1. NTAP-27 is a strain of HSV-1 that
expresses an ICP27 molecule having an N-terminal tandem affinity puri-
fication (TAP) tag. It was engineered in the following way. First, we gen-
erated a TAP-encoding DNA fragment that could be cloned into the
ICP27 gene. To do this, PCR was carried out on plasmid pNTAP-A (Strat-
agene, Inc.) using AgeI restriction site-containing primers GGAGCCAC
CGGTATGAAGCGACGATGGAAA and CCCGCTACCGGTGCCCAG
CTTGCAGCCGCC (underlined sequences denote AgeI sites). The
resulting product was digested with AgeI and ligated to pBS27 (29) that
had been linearized with AgeI and treated with calf intestinal alkaline
phosphatase (AgeI cuts in the 5= untranslated region [UTR] of the ICP27
gene, 65 nucleotides upstream of the start codon). A plasmid, pNTAP27,
that had the TAP insert in the sense orientation with respect to the ICP27
gene was isolated. Translation of this gene is predicted to give rise to an
altered ICP27 that has a 100-residue N-terminal extension. The extension
consists of a 78-residue TAP tag, comprised of calmodulin- and strepta-
vidin-binding domains, followed by a 22-residue linker peptide derived
from the 5= UTR (TGAPPPEAISDTPAPTAADSPV). A plasmid-based
complementation assay (30) showed that pNTAP27 efficiently comple-
ments the growth of an ICP27 deletion mutant in Vero cells (data not
shown), indicating that the modified gene could be introduced into the
HSV-1 genome by marker rescue of an ICP27-deficient strain. To fa-
cilitate marker rescue, the modified gene was engineered into a new
plasmid so as to extend the flanking HSV-1 sequences. To do this, the
TAP-ICP27 gene was isolated from pNTAP27 as a 2.7-kb BamHI-SstI
fragment and cloned in pPs27pd1 (26) in place of the WT BamHI-SstI
fragment. This plasmid was designated pPsNTAP27. Lastly, marker
rescue (26) was used to engineer NTAP-27. To do this, pPsNTAP27
was digested with PstI and then cotransfected with d27lacZ DNA into
V27 cells. The culture was incubated for several days until an extensive
cytopathic effect developed, at which time a small stock was prepared.
A plaque emanating from this stock was isolated on Vero cells, further
purified, and designated NTAP-27. Sequencing confirmed that
NTAP-27 had the expected sequence at the 5= end of the ICP27 gene
(the TAP tag through codon 69 of ICP27). The same marker transfer
procedure was carried out a second time to derive an independent
isolate of NTAP-27, which was designated NTAP-27b.

To engineer an HSV-1 strain that encodes HSV-2 ICP27 in place of the
HSV-1 gene, we first cloned the ICP27 gene from HSV-2 strain HG52. To
do this, the gene was PCR amplified from HSV-2 strain HG52 DNA using
primers TCGTGCACAGAGCCGATCCGG and TGGTTGACCAGGTCC
GCGAAG. The resulting 2,467-bp product included the regions 439 bp
upstream and 492 bp downstream of the ICP27-coding region, encom-
passing the native promoter and polyadenylation site. This PCR fragment
was cloned in pCR2.1-TOPO (Invitrogen), resulting in plasmid pT2-27.
Sequencing of the entire ICP27-coding region revealed a single change
relative to the published HG52 sequence (31). This was an AAC at codon
161 (encoding asparagine) instead of the expected AAA (encoding lysine).
However, this was not a PCR-generated artifact, as sequencing of a PCR
fragment derived from HG52 DNA revealed that this same alteration was
present in our HG52 stock. To introduce the HSV-2 ICP27 gene into the
HSV-1 genome, we first attached flanking HSV-1 DNA sequences to the
HSV-2 ICP27 gene. To do this, primers GATCACCGGTCTCTTCCGAC
ACGCGCCCCCTCGGAG and GATCGATCAATATTTGCCGTGCACA
TATAAGGGGGCGATA were used to PCR amplify the HSV-2 ICP27
ORF from a pT2-27 template. These primers have 5= AgeI and SspI re-
striction sites (underlined), respectively, to facilitate ligation to HSV-1
sequences. The resulting product was digested with AgeI and SspI and
then cloned into a pPs27pd1 (32) vector fragment that had most of the
ICP27 open reading frame (ORF) removed by complete AgeI digestion
and partial SspI digestion. This resulted in isolation of plasmid pPs27-T2,
which had a hybrid ICP27 ORF composed of HSV-2 sequences from
codons 1 to 504 and HSV-1 sequences from codons 505 to 512. However,
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since the last 8 amino acids of HSV-1 and HSV-2 ICP27 are identical, the
encoded protein corresponds exactly to HSV-2 ICP27. The sequence of
the HSV-2 insert in pPs27-T2 was confirmed by DNA sequencing. To
insert the modified ICP27 gene into an HSV-1 recombinant, pPs27-T2
was digested with NcoI and cotransfected with infectious d27lacZ DNA
into V27 cells. Plaques were purified on Vero cells and grown into stocks.
Two genetically independent isolates, K2F1 and K2F1b, were isolated
from different transfections. Their genomic structures in the ICP27 gene
region were confirmed by Southern blotting (see Fig. 5B) using pBS27 as
a probe.

Protein analysis. Immunoblotting and analysis of viral protein syn-
thesis by metabolic pulse-labeling with [35S]methionine were performed
as described previously (30, 33). Several antibodies were used for immu-
noblotting. To detect ICP27, mouse monoclonal antibodies H1113 (Vi-
rusys) and H1119 (Rumbaugh-Goodwin Institute) were used. Mouse
monoclonal antibodies were also used to detect Aly/REF (11G5; EMD-
Millipore), beta-actin (AC-15; Abcam), ICP8 (H1115; Rumbaugh-Good-
win Institute), ICP5 (3B6; Abcam), glycoprotein B (gB; HA-056; Virusys),
and glycoprotein C (gC; H1104; Rumbaugh-Goodwin Institute). Rabbit
polyclonal antisera were used to detect viral proteins VP22 (34), VP16
(35), and US11 (36). These reagents were kind gifts from G. Elliott, Steve
Weinheimer, and J. J. Diaz, respectively.

RESULTS
HSV-1 and HSV-2 differ markedly in their sensitivity to LMB. In
their original study of HSV-1’s sensitivity to LMB, Murata et al.
utilized strain KOS (10). In our follow-up work (12), we used
KOS1.1, a derivative of KOS (28). To investigate whether LMB
sensitivity is a general property of HSV-1, we examined strains F,
17syn�, and Patton. In a viral plaque assay (Fig. 1A), strains F and
17syn� were comparable to KOS1.1 in their degree of LMB sen-
sitivity, while strain Patton was somewhat less sensitive. However,
we noted that Patton plaques were dimorphic in the presence of
LMB, with some plaques being small and others being quite large
(not shown). This suggests that our Patton stock may harbor
LMB-resistant variants, although we did not investigate this fur-
ther. We also examined M50T, an LMB-resistant derivative of
KOS1.1 that has a methionine-to-threonine change at residue 50
of ICP27 (12). As expected, the M50T mutant was resistant to
LMB in the plaque assay. As another test of LMB sensitivity, we
used a viral yield analysis (12) in which Vero cells were infected at
an MOI of 0.01 PFU/cell and incubated for 2 days in the absence or
presence of 30 ng/ml LMB (Fig. 1B). KOS1.1, F, and 17syn� all
showed marked sensitivity to LMB in this assay, while Patton was
also sensitive but less so. From these data, we conclude that sensi-
tivity to LMB is a general property of HSV-1.

We next asked whether HSV-2, a closely related alphaherpes-
virus, is similarly LMB sensitive. Surprisingly, HSV-2 strains
HG52 and G were completely resistant to LMB in the plaque assay
(Fig. 1C). A third HSV-2 strain, MS, was similarly resistant (not
shown). Interestingly, we noted that HSV-2 plaques were repro-
ducibly slightly larger in the presence of LMB (Fig. 1D and data
not shown). The HSV-2 strains were also tested in the low-MOI
growth assay (Fig. 1E). Strain G was completely resistant, whereas
strains HG52 and MS were inhibited by less than 10-fold. This was
in striking contrast to the findings for HSV-1 KOS1.1, which was
inhibited by more than 1,000-fold. We conclude that HSV-2 is
naturally resistant to LMB. Thus, unlike HSV-1, HSV-2 does not
stringently require CRM1 to replicate in Vero cells.

To see if HSV-1’s sensitivity to LMB was observed in another
cell type, we used the low-MOI growth assay to examine the LMB
sensitivity of KOS1.1 and the M50T mutant in life-extended HFFs

(27) (Fig. 1F). As a control, Vero cell infections were carried out in
parallel. In the Vero cells, the results were as before, with KOS1.1
exhibiting high LMB sensitivity (a �10,000-fold reduction in
yield) and the M50T mutant showing partial resistance (an �70-
fold reduction). In life-extended HFFs, however, the results were
substantially different. KOS1.1 showed only a modest �10-fold
inhibition by LMB, indicating that this strain is less sensitive to
LMB in these cells. Additionally, the sensitivity of the M50T mu-
tant was comparable to that of KOS1.1, suggesting that the N-ter-
minal region of ICP27 does not modulate LMB sensitivity in life-
extended HFFs. This experiment demonstrates that the sensitivity
of HSV-1 to LMB depends on the type of cell infected.

HSV-2’s resistance to LMB involves a viral gene other than
the ICP27 gene. Since HSV-1 LMB resistance mutations map to
the ICP27 gene, we hypothesized that HSV-2 is resistant because
its ICP27 gene encodes an LMB-resistant form of the protein.
Supporting this conjecture, the sequence divergence between
HSV-2 and HSV-1 ICP27 is highest (35%) in the N-terminal half
of the protein, where HSV-1 LMB resistance mutations map (it
should be noted, however, that HSV-2 ICP27 is similar to the type
1 protein in having a methionine at the position equivalent to
residue 50, which is residue 51 in the HSV-2 protein). To test our
hypothesis, we engineered K2F1, an HSV-1 recombinant that en-
codes HSV-2 ICP27 in place of the HSV-1 protein (Fig. 2A). To
ensure that its phenotype can be ascribed to its HSV-2 ICP27 gene
and not to any secondary mutations, we also engineered a second
isolate, designated K2F1b. Southern blotting confirmed that both
isolates have the expected genomic structure at their ICP27 gene
loci (Fig. 2B). Additionally, viral growth analysis showed that both
isolates replicate similarly to KOS1.1 in Vero cells, demonstrating
that HSV-2 ICP27 can functionally substitute for HSV-1 ICP27 in
the context of a Vero cell infection (D. Park and S. Rice, unpub-
lished data).

Based on our hypothesis, we predicted that K2F1 and K2F1b
would be LMB resistant. However, when tested in the viral plaque
assay, both were indistinguishable from KOS1.1 in their high de-
gree of LMB sensitivity (Fig. 2C). They were also similarly LMB
sensitive in the low-MOI growth assay (Fig. 2D). Thus, we con-
clude that the HSV-2 ICP27 gene does not encode an LMB-resis-
tant form of ICP27, at least not when expressed from the context
of the HSV-1 genome. This result also shows that the type-specific
difference in LMB sensitivity between HSV-1 and HSV-2 must
depend on at least one other viral gene besides the ICP27 gene.

LMB suppresses late HSV-1 protein synthesis and inhibits
virus release. The block that LMB imposes on HSV-1 replication
is not well characterized. However, Soliman and Silverstein
showed that LMB inhibits the accumulation of certain HSV-1 L
mRNAs and their encoded proteins (11). To confirm and extend
these findings, we used a metabolic labeling protocol to examine
how LMB affects HSV-1 protein synthesis at various times postin-
fection. Thus, Vero cells were mock infected or infected with
KOS1.1 or the M50T mutant in the absence or presence of 30
ng/ml LMB, and the cells were pulse-labeled with [35S]methionine
at 4, 7, and 10 hpi. Protein synthesis was analyzed by SDS-PAGE
and autoradiography (Fig. 3A). At 4 hpi, LMB had little apparent
effect on viral protein synthesis, but at 7 hpi and especially 10 hpi,
the synthesis of several infected cell-specific polypeptides (indi-
cated by asterisks in Fig. 3A) was significantly reduced in the LMB-
treated cells. These defects were partially suppressed in the M50T
mutant infection. These results show that LMB inhibits HSV-1
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late protein synthesis. Furthermore, this experiment demon-
strates that the M50T mutant ICP27 allows more efficient viral
protein synthesis when CRM1 is inhibited. In addition to inhibit-
ing the synthesis of certain infected cell-specific proteins, we also
noted that LMB increased the synthesis of others (indicated by
upward-pointing arrows in Fig. 3A). It is possible that these cor-
respond to viral IE or DE proteins, which are known to be upregu-
lated when L-gene induction is blocked (37).

Inhibition of viral DNA replication by chemical agents such as
PAA can also inhibit HSV-1 L-gene expression (38). To directly
compare the effect of LMB to that of a viral DNA synthesis inhib-

itor, we carried out another metabolic labeling experiment
wherein Vero cells were infected with KOS1.1 in the absence of
any drug or in the presence of either LMB or PAA. The cells were
pulse-labeled with [35S]methionine from 11.5 to 12 hpi, and the
labeled proteins were analyzed by SDS-PAGE and autoradiogra-
phy (Fig. 3B). As before, the addition of LMB to the KOS1.1-
infected cells resulted in a striking inhibition of HSV-1 protein
synthesis. The addition of PAA resulted in a very similar pattern,
although there were some qualitative differences (e.g., in the syn-
thesis of DE protein ICP8). These results indicate that the effects of
LMB and PAA on viral protein synthesis are very similar and sug-

FIG 1 HSV-1 and HSV-2 are differentially sensitive to LMB. (A and B) Sensitivity of HSV-1 strains to LMB. (A) Plaque assay. The titers of WT strains of HSV-1
and the M50T mutant were determined on Vero cells in the absence of LMB (leftmost bar in each set of bars) or in the presence of 10, 20 and 30 ng/ml LMB
(triangles). (B) Yield assay. Vero cells were infected at an MOI of 0.01 in the absence or presence of 30 ng/ml LMB. Progeny virus was harvested after 2 days, and
viral yields were determined by plaque assay on Vero cells. The bars represent the means of triplicate infections, and error bars denote SEMs. (C to E) Sensitivity
of HSV-2 strains to LMB. (C) Plaque assay. Details are as described in the legend to panel A, except that LMB was used at 2 and 4 ng/ml. (D) LMB increases the
size of HSV-2 plaques. Aliquots of diluted HSV-1 KOS1.1 or HSV-2 HG52 stocks were plated on Vero cells, and viral plaque assays were carried out in the absence
or presence of 3 ng/ml LMB. Monolayers were fixed and Giemsa stained 2 days later; digital images of representative areas of the stained monolayers are shown.
(E) Yield assay. Analysis of viral growth was carried out as described in the legend to panel B. (F) LMB sensitivity of HSV-1 in life-extended HFFs. Analysis of viral
growth in Vero and life-extended HFFs was carried out as described in the legend to panel B.
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gest that LMB may inhibit viral L-gene expression, at least in part
by reducing viral DNA replication.

To examine how LMB and PAA affect the accumulation of
specific viral proteins, we used the same protein samples, which
were harvested at 12 hpi, for immunoblotting analysis (Fig. 3C).
All infections, including the mock infection, showed similar levels
of the cellular polypeptides Aly/REF and beta-actin, indicating
comparable recovery and loading of the protein samples. Analysis
of IE protein ICP27 and DE protein ICP8 indicated that neither
LMB nor PAA had a major effect on the accumulation of these
polypeptides. In contrast, both inhibitors similarly reduced the
accumulation of several L proteins. Specifically, both agents
caused a modest reduction in the levels of leaky L proteins ICP5,
gB, VP22, and VP16. Severe reductions in the levels of true L
proteins gC and US11 were seen. These results, which are consis-
tent with the immunoblotting results of Soliman and Silverstein
(11), indicate that LMB inhibits the accumulation of viral L pro-
teins.

Because HSV-2 is resistant to LMB, we expected that its protein
synthesis would not be inhibited by LMB. To test this, [35S]me-
thionine pulse-labeling was used to compare protein synthesis in
HSV-1 KOS1.1- and HSV-2 HG52-infected cells at 12 hpi in either
the absence or presence of 30 ng/ml LMB (Fig. 3D). While HSV-1
protein synthesis was inhibited by LMB, as before, that of HSV-2
was minimally affected, if at all. These results highlight the marked
difference in the LMB sensitivity of HSV-1 and HSV-2.

We previously found that the inhibitory effect of LMB on
HSV-1 growth is more evident in infections with virus at low
MOIs than in infections with virus at high MOIs (12). The out-
come of infections with virus at low MOIs may be significantly
influenced by the efficiency of virus release, i.e., the process by
which progeny virions exit the infected cell into the extracellular
environment or into neighboring cells. We therefore performed
an experiment to investigate the effects of LMB on viral release.
Thus, Vero cells were infected at an MOI of 10 PFU/cell with
KOS1.1 or the M50T mutant either in the absence or in the pres-

FIG 2 An HSV-1 recombinant encoding HSV-2 ICP27 is LMB sensitive. (A) Construction of K2F1 and K2F1b. The top bar shows a schematic of the HSV-1
genome (RL, repeat long; UL, unique long; RS, repeat short; US, unique short). Dotted lines indicate a magnified view of the 5.9-kb PstI fragment having the ICP27
ORF (white bar), with the ICP27 gene promoter (arrow) and polyadenylation site (pA) shown. Below is shown the modified gene, which has a replacement of an
AgeI to SspI fragment with the corresponding DNA from HSV-2 strain HG52 (crosshatched bar). Relevant restriction sites are abbreviated as follows: Ag, AgeI;
P, PstI; S, SspI; and X, XhoI. The HSV-1 probe used for Southern blotting is indicated. (B) Southern blot analysis. Two isolates each of K2F1 and K2F1b were
plaque purified and analyzed by Southern blotting using the probe shown in panel A. Numbers to the left of the gel denote the positions, in kilobase pairs, of DNA
size standards. (C) K2F1 and K2F1b are sensitive to LMB. The titers of viral strains were determined in the absence of LMB (leftmost bar in each set of bars) or
in the presence of 3, 5, and 10 ng/ml LMB (triangles). The limit of detection was 1 � 103 PFU/ml; asterisks indicate that the titer was below this value. (D) Viral
growth analysis. Vero cells were infected at an MOI of 0.01 PFU per cell in the absence or presence of 30 ng/ml LMB, and cultures were incubated for 2 days, at
which time viral yields were determined by plaque assay on Vero cells.
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ence of 30 ng/ml LMB. The experiment was carried out at a high
rather than a low MOI, as we expected that viral release would be
difficult to quantitate in an infection with virus at a low MOI,
where released viruses could rapidly enter neighboring uninfected
cells. At 18 hpi, cell-associated and supernatant fractions were
harvested separately, and the titers were summed to determine the
total viral yields (Fig. 4A). As expected, the M50T mutant repli-
cated more efficiently than KOS1.1 in the presence of LMB, al-
though the difference was not as great as that in the infection with
virus at a low MOI (compare these results to those in Fig. 1B and
E). To determine the efficiency of viral release, the supernatant
titers were divided by the total titers (Fig. 4B). In the WT infection,
8.4% of the progeny virus was released at 18 hpi, but this fraction
fell to 0.25% in the presence of LMB, a 34-fold decrease. These

data indicate that, in addition to its suppressive effect on viral
replication, LMB further inhibits the egress of viral progeny from
the infected cell. The release defect was partially alleviated by the
M50T mutation, as M50T mutant release was decreased only 13-
fold by LMB (9.3%/0.74%). Statistical analysis indicated that the
difference in release efficiency between the M50T mutant and WT
in the presence of LMB is significant (P � 0.0125).

HSV-1 LMB resistance can be conferred by an N-terminal
TAP moiety on ICP27. To date, only two ICP27 mutations that
confer LMB-resistant replication to HSV-1 have been described:
point mutation M50T and the deletion of residues 21 to 63 in
mutant dAc. In the course of a different project to identify ICP27’s
protein-binding partners, we identified a third ICP27 alteration
that can confer LMB resistance. This finding arose when we engi-

FIG 3 LMB inhibits HSV-1 but not HSV-2 late protein expression. (A) Time course analysis of viral protein synthesis. Vero cells were mock infected or infected
with KOS1.1 or the M50T mutant at an MOI of 10 in the absence or presence of 30 ng/ml LMB. Infected cells were pulse-labeled for 30 min with [35S]methionine
at the time points shown. Viral protein synthesis was analyzed by SDS-PAGE and autoradiography. Asterisks and upward arrows on the right denote infected
cell-specific proteins whose synthesis was decreased or increased, respectively, by LMB. (B) Comparison of the effects of LMB and PAA on HSV-1 protein
synthesis. Infections were performed as described in the legend to panel A in the absence or presence of 30 ng/ml LMB or 400 �g/ml PAA. [35S]methionine
pulse-labeling was carried out from 11.5 to 12 hpi, at which time total proteins were harvested. The labeled proteins were analyzed by SDS-PAGE and
autoradiography. Subsequent immunoblotting analysis allowed the identification of viral and cellular proteins, as indicated. (C) Immunoblotting analysis.
Protein samples from the gel shown in panel B were analyzed by immunoblotting to determine the abundance of specific cellular and viral proteins at 12 hpi. The
ICP27 blot was performed with a mixture of H1113 and H1119 monoclonal antibodies. (D) HSV-2 late protein synthesis is minimally affected by LMB. Vero cells
were infected with HSV-1 strain KOS1.1 or HSV-2 strain HG52 at an MOI of 5, and the cultures were pulse-labeled from 12 to 12.5 hpi and analyzed as described
in the legend to panel A.
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neered NTAP-27, a derivative of KOS1.1 that encodes an ICP27
molecule having a 100-residue N-terminal TAP tag (Fig. 5A). This
moiety consists of tandem calmodulin- and streptavidin-binding
domains and is intended to facilitate the biochemical isolation of
ICP27 and interacting proteins by TAP chromatography (39).
Analysis of NTAP-27-infected Vero cells by immunoblotting with
ICP27-specific monoclonal antibody H1113 confirmed that
NTAP-27 produces an ICP27 polypeptide of the expected larger
size (Fig. 5B). Of note, this protein does not react with the mono-
clonal antibody H1119, which has been shown to bind to residues
1 to 11 of ICP27 (40). This suggests that H1119 recognizes this
epitope only when it is exposed on the N terminus of the protein.
Importantly, viral growth analysis showed that NTAP-27 repli-
cates as efficiently as WT HSV-1 in Vero cells (Fig. 5C). This dem-
onstrates that the TAP moiety does not interfere with ICP27’s
essential replication functions in Vero cells, making this strain
potentially useful for identifying interacting proteins. However, in
the course of analyzing NTAP-27, we were surprised to discover
that it is LMB resistant. This could be seen in a viral plaque assay
(Fig. 5D), where NTAP-27 resembled the M50T mutant in its
LMB resistance. NTAP-27 was also resistant to LMB in the low-
MOI growth assay (Fig. 5E). Although these results strongly sug-
gest that the addition of the TAP moiety onto the N terminus of
ICP27 is sufficient to confer LMB-resistant growth, it is conceiv-
able that NTAP-27 had acquired another mutation that conferred
LMB resistance. To rule this out, we engineered a second isolate of
NTAP-27, designated NTAP-27b, and confirmed that it was sim-
ilarly LMB resistant (data not shown). We therefore conclude that
addition of a 100-residue TAP tag onto the N terminus of ICP27 is
sufficient to confer LMB-resistant replication to HSV-1.

Sensitivity of HSV-1 to LMB is mediated by a dominant func-
tion of ICP27. LMB-resistant forms of HSV-1 ICP27 could confer
resistance through two distinct types of mechanisms. First, the
resistance mutation could abrogate or weaken an ICP27 activity
that interferes with viral replication when CRM1 is inhibited. Al-
ternatively, the resistance mutation could endow ICP27 with a
new activity or could increase the strength of an existing activity.

Such an activity could enhance replication under conditions
where CRM1 is inhibited. These two types of mechanisms can
potentially be distinguished by asking whether LMB sensitivity or
LMB resistance is dominant when both sensitive and resistant
forms of ICP27 are present in the same infected cell. Although this
situation could arise in a coinfection, we previously showed that
LMB resistance is most apparent in infections with virus at low
MOIs (	1 PFU/cell) (12), as discussed above. This makes the
coinfection approach difficult. We therefore took advantage of the
V27 cell line, which is a derivative of Vero cells that possesses a
stably transfected HSV-1 ICP27 gene (26). Although the ICP27
gene is not constitutively expressed, it is efficiently induced upon
HSV-1 infection. Thus, Vero or V27 cells were infected at a low
MOI with KOS1.1 or the M50T mutant, and progeny yields were
determined after 2 days (Fig. 6A). Interestingly, WT HSV-1 was
significantly more sensitive to LMB when the infections were car-
ried out in V27 cells, suggesting that increased expression of WT
ICP27 enhances HSV-1’s sensitivity to LMB. In contrast, in the
absence of LMB, KOS1.1 replicated comparably in the two cell
lines. Importantly, the M50T mutant became significantly more
sensitive to LMB when infections were carried out in V27 cells.
Similar results were seen with NTAP-27 (Fig. 6B).

The results described above suggest that the LMB-sensitive
form of ICP27 is dominant to the LMB-resistant form. However,
this interpretation is complicated by the possibility that the LMB-
resistant and LMB-sensitive forms of ICP27 are expressed at dif-
ferent levels in the infected V27 cells. Fortunately, since the WT
and NTAP-27 ICP27 molecules have distinct electrophoretic mo-
bilities, we were able to use immunoblotting to compare their
relative accumulation in a set of parallel infected cultures (Fig.
6C). The expression of both proteins was higher in infections in
which virus replicated to higher titers, as expected due to the more
efficient secondary spread of the infections with virus at low
MOIs. Importantly, in the NTAP-27-infected V27 cells (Fig. 6C,
lanes 7 and 8), there was comparable expression of KOS1.1- and
NTAP-27-encoded ICP27. This shows that sensitivity to LMB is
dominant in a situation where approximately equal levels of LMB-
sensitive and LMB-resistant forms of ICP27 are present. Thus, our
results strongly favor the first type of mechanism described above,
in which LMB resistance mutations abrogate or weaken an ICP27
activity that interferes with replication when CRM1 is inhibited.

Since HSV-2 is similar to the M50T mutant and NTAP-27 in
its LMB resistance, it was of interest to see whether its LMB
sensitivity would be altered in V27 cells. We thus used the
low-MOI yield assay to compare the LMB sensitivity of HSV-1
strain KOS1.1 and HSV-2 strain HG52 in Vero and V27 cells
(Fig. 6D). Although HSV-1 was more sensitive to LMB in V27
cells, as expected, HSV-2 was not significantly different in its
sensitivity. Thus, HSV-2 appears to be impervious to the LMB-
sensitizing effect of WT HSV-1 ICP27. This suggests that the
LMB resistance mechanism of HSV-2 is distinct from that uti-
lized by LMB-resistant HSV-1 mutants.

DISCUSSION
HSV-1 and HSV-2 are differentially sensitive to LMB. Using sev-
eral WT strains of HSV-1, we have confirmed that the replication
of this human pathogen is inhibited by LMB, a small organic mol-
ecule that covalently binds to and inactivates the cellular
karyopherin-� CRM1. However, we were surprised to discover
that a closely related virus, HSV-2, is inherently resistant to this

FIG 4 Effect of LMB on the efficiency of viral release. Vero cells were infected
in triplicate at an MOI of 10 in the absence or presence of 30 ng/ml LMB. At 18
hpi, cell-associated and medium fractions were harvested separately and titers
were determined on Vero cells to determine the amount of infectious progeny
in each. (A) Total titers. Total titers were determined by summing the titers
from the cell-associated and supernatant fractions. Means are shown, with
error bars denoting SEMs. (B) Efficiency of viral release. To determine the
efficiency of viral release, supernatant titers were divided by the total titers.
Mean values (in percent) are shown; error bars denote SEMs. Statistical anal-
ysis was performed using the Student t test. P values: *, P 	 0.05; **, P 	 0.01;
***, P � 0.001; ns, not significant (P � 0.05).
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inhibitor. Thus, HSV-2 differs from HSV-1 in that it does not
require CRM1 for its efficient replication in Vero cells. In fact, we
noted that HSV-2 plaques are somewhat larger when LMB is pres-
ent, suggesting that CRM1 slightly impairs the replication and/or
spread of HSV-2. The molecular basis of this enhancing effect is
under investigation.

The markedly different requirements of HSV-1 and HSV-2 for
CRM1 are unexpected, given that these two viruses are closely
related genetically, having colinear genomes with a nearly perfect
one-to-one gene correspondence (31). They also cause related dis-
eases in humans. These similarities suggest that HSV-1’s require-
ment for CRM1 does not involve a basic step in viral replication, as
such a step would be expected to be conserved in HSV-2. Rather,
the CRM1 dependence of HSV-1 may involve an ICP27-depen-

dent process that is peripheral to the fundamental replication pro-
cess, perhaps one involved in a virus-host cell interaction. In this
regard, it should be noted that HSV-1 and HSV-2 differ in several
clinical and biological properties. Perhaps most notably, they
preferentially colonize different anatomical sites in the human
host (oral/facial for HSV-1, genital for HSV-2) (41). Moreover,
there is evidence that they clinically reactivate from these sites with
distinct frequencies (42). Differences between HSV-1 and HSV-2
have also been reported in animal models of infection, where they
show distinct properties with respect to neurovirulence (43), host
immunological response (44), and latency (45, 46). It is conceiv-
able that the type-specific difference in CRM1 dependence that we
have identified is relevant to one or more of these clinical or bio-
logical differences.

FIG 5 NTAP-27 is LMB resistant. (A) Generation of NTAP-27. To engineer the NTAP-27 ICP27 gene, an �300-bp DNA sequence (black bar) encoding tandem
calmodulin- and streptavidin-binding domains was cloned at an AgeI site (Ag) in the 5= UTR of the ICP27 gene. Translation of the modified gene leads to
expression of an ICP27 molecule having a 100-residue N-terminal extension composed of a 70-residue TAP tag (crosshatched bar) followed by 30 residues
derived from the 5= UTR (narrow bar). The mutated gene was engineered into a recombinant virus, NTAP-27. (B) Immunoblot analysis. Vero cells were infected
as shown, and proteins harvested at 6 hpi were analyzed by immunoblotting using ICP27 monoclonal antibody H1113 or H1119. (C) Growth of NTAP-27 in
Vero cells. Vero cells were infected at an MOI of 0.01, and cultures were harvested at various time points. Viral yields were determined by plaque assay of the
infected cell lysates on Vero cells. Each point represents the mean of triplicate infections; error bars denote the SEMs. (D and E) Viral plaque assays. (D) Titers
of viral stocks were determined in the absence of LMB (leftmost bar in each set of bars) or in the presence of 3, 5, and 10 ng/ml LMB (triangles). The limit of
detection was 1 � 103 PFU/ml; asterisks indicate that the titer was below this value. (E) Viral growth analysis. Vero cells were infected at an MOI of 0.01 PFU per
cell in the absence or presence of 30 ng/ml LMB, and cultures were incubated for 2 days. Viral yields were determined by plaque assay of the infected cell lysates
on Vero cells.
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Genetic basis of LMB resistance in HSV. Given that LMB re-
sistance mutations map to ICP27 in HSV-1, we hypothesized that
HSV-2 is resistant by virtue of its ICP27 gene. However, when we
replaced the HSV-1 ICP27 gene with that of HSV-2, the resulting
recombinant remained fully sensitive to LMB. This demonstrates
that the LMB resistance of HSV-2 must involve a gene (or genes)
other than the ICP27 gene. However, at present it is not possible to
say whether HSV-2 is LMB resistant because it possesses a gene
that actively confers resistance or because it lacks a genetic deter-
minant (presumably present in HSV-1) that sensitizes infected
cells to LMB. One clue to the mechanism emerged when we found
that HSV-2’s resistance is unaffected by the presence of WT
ICP27, unlike LMB-resistant HSV-1 mutants, which become
more sensitive when WT ICP27 is present. This suggests that the
resistance mechanism of HSV-2 is qualitatively different from that
of HSV-1 LMB-resistant mutants.

To further understand HSV-2’s resistance to LMB, it will be
crucial to identify the non-ICP27 gene (or genes) in HSV-2 that
determines this phenotype. Assuming that there is a single gene, it
may be possibly to do so using a marker rescue approach. For
example, defined segments of the HSV-2 genome could be
cotransfected with infectious HSV-1 DNA into Vero cells, allow-
ing intertypic recombinants to be generated. The cotransfected
cultures could then be passaged in the presence of LMB to identify
the HSV-2 sequence that can confer LMB resistance to HSV-1.
Experiments along these lines have been initiated in our labora-
tory.

LMB inhibits late HSV-1 protein synthesis and virion re-
lease. The remainder of our study focused on understanding how
mutations in HSV-1 ICP27 can confer LMB resistance. Central to
this issue is understanding the molecular role that CRM1 plays in
the WT HSV-1 infection. One obvious possibility is that this
karyopherin-� mediates the nuclear export of one or more viral
proteins. Consistent with this, the HSV-1 proteins UL47 (47),

34.5 (48), and US3 (49) have been found to have leucine-rich
NESs that utilize CRM1 for nuclear export. However, the signifi-
cance of this is unclear, as it is unknown whether the function of
any of these proteins requires their transport out of the nucleus.
Recently, an HSV-1 capsid protein, VP19C, was also shown to
have a CRM1-dependent NES (50). Since HSV-1 nucleocapsids
are assembled in the nucleus but mature in the cytoplasm, VP19C
does need to travel from the nucleus to the cytoplasm. However,
nuclear export of nucleocapsids proceeds via direct breach of the
nuclear membrane via a process of envelopment and deenvelop-
ment (51). Thus, at present there is no definitive evidence that
HSV-1 requires CRM1 for export of viral proteins, raising the
possibility that CRM1 plays another role in infection.

To gain more insight into CRM1’s function during HSV-1 in-
fection, we examined the effects of LMB on viral protein synthesis.
We found that at a middle to late stage of infection (7 hpi and
thereafter), LMB suppresses the synthesis and accumulation of
viral L proteins, indicating that CRM1 is needed for efficient viral
gene expression. This is consistent with previous work showing
that LMB inhibits the steady-state accumulation of several viral

FIG 6 Sensitivity of HSV-1 to LMB is enhanced in V27 cells. (A) The M50T mutant becomes LMB sensitive in V27 cells. Vero or V27 cells were infected at an
MOI of 0.01 in the absence or presence of 30 ng/ml LMB, and the infected cells were incubated for 2 days. Viral yields were determined by plaque assay on Vero
cells. The data show means of triplicate infections; error bars denote SEMs. Viral replication in the presence of LMB was compared between Vero and V27 cells
using the Student t test. (B) NTAP-27 replication is LMB sensitive in V27 cells. Analysis was as described in the legend panel A, except that NTAP-27 was analyzed.
(C) Comparable expression of LMB-sensitive and -resistant forms of ICP27 in V27 infections. Cultures parallel to the one whose results are shown in panel B were
used for immunoblotting analysis. Total proteins were prepared at 1 day postinfection and analyzed using ICP27-specific antibody H1113. The top arrow shows
the position of NTAP-27-encoded ICP27, whereas the bottom arrow denotes the position of WT ICP27. (D) HG52 remains comparably resistant to LMB in V27
cells. Analysis was as described in the legend to A. P values are labeled as follows: **, P 	 0.01, ***, P � 0.001; ns, not significant (P � 0.05).
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late proteins and their mRNAs (11). Although the mechanism by
which CRM1 promotes HSV-1 gene expression is unknown, Soli-
man and Silverstein suggested that CRM1 enables nuclear export
of a subset of the intronless viral mRNAs (11). Alternatively, as
will be discussed further below, it is possible that HSV-1 gene
expression does not require CRM1 but rather that a nonessential
activity of ICP27 interferes with viral gene expression when CRM1
is inhibited. Finally, it is worth pointing out that the role of CRM1
in viral L-gene expression may be indirect, as late viral gene ex-
pression is contingent upon earlier events in viral replication, in
particular, viral DNA synthesis (41). In this regard, we found that
inhibition of viral DNA replication by PAA led to a viral gene
expression defect that closely resembles that induced by LMB.
Thus, future experiments should address whether CRM1 plays a
role in viral DNA synthesis.

One additional finding of note is that we found that the M50T
mutation in ICP27 alleviates the LMB-induced defects in viral
protein synthesis. While this is perhaps not surprising, given that
this mutant replicated more efficiently in the presence of LMB, it is
formally possible that the M50T mutation promotes replication
by enhancing a later step in viral replication, such as virus assem-
bly, thus compensating for the reduced levels of viral gene prod-
ucts. Instead, our results suggest that mutations in ICP27 allow
HSV-1 to overcome the viral gene expression defect that is im-
posed by LMB.

Because we had previously observed that the antiviral effect of
LMB is greatest in infections with virus at low MOIs (12), we also
investigated whether this drug inhibits the release of viral progeny
from the infected cell. This was indeed found to be the case. Sim-
ilar to the deficiency in viral protein synthesis, this defect was
partially rescued by the M50T mutation, although M50T mutant
viral release was still significantly inhibited by LMB treatment.
The role of CRM1 in the process of viral release is presently un-
clear. Release of HSV-1 progeny occurs when cytoplasmic vesicles
containing infectious enveloped virions travel via exocytosis to the
cell surface, where they fuse with the plasma membrane (52). Al-
though this process is not well understood, it likely involves the
participation of HSV-1 glycoproteins (53), which are mostly en-
coded by L genes. Given this, it is possible that LMB’s inhibitory
effect on viral release is simply an indirect consequence of its abil-
ity to inhibit L gene expression.

A novel type of HSV-1 ICP27 mutation confers LMB resis-
tance. Prior to this work, only two HSV-1 ICP27 LMB-resistant
mutants had been identified. Both have alterations in a specific
N-terminal region of ICP27 (residues 21 to 63), implicating this
portion of the protein in LMB sensitivity. In this study, we iden-
tified a new ICP27 alteration that can confer LMB resistance, that
being the addition of a 100-residue N-terminal TAP tag. Although
the NTAP-27 ICP27 molecule has residues 21 to 63 intact, the
N-terminal tag is near these residues, at least in the primary se-
quence. Our findings thus underscore the importance of ICP27’s
N-terminal region in the LMB-resistant phenotype. Several func-
tions have been ascribed to this part of the protein. First, the leu-
cine-rich NES-like sequence, which maps to residues 6 to 19, is
needed for efficient HSV-1 replication in Vero cells (19) and is
critical for ICP27’s interaction with NXF1 (17). All three LMB-
resistant mutants have this sequence intact. Second, Hernandez
and Sandri-Goldin have shown that the N and C termini of ICP27
interact in an intramolecular fashion (54) and that this interaction
is important for several of ICP27’s functions, including NXF1 in-

teraction (55). It would be interesting to see whether the TAP
moiety on the NTAP-27 ICP27 protein affects the association be-
tween N and C termini. It would also be worthwhile to see if other
N-terminal additions to ICP27 (e.g., a green fluorescent protein
moiety) lead to LMB resistance. Third, the N-terminal portion of
ICP27 has been implicated in the ability of HSV-1 to stimulate
several cellular signal transduction pathways (56–58). This activ-
ity and its possible relevance to LMB resistance are discussed fur-
ther below.

A model to explain how ICP27 mutations confer LMB resis-
tance in HSV-1. Based on our findings, we propose a model to
explain how ICP27 mutations confer LMB resistance (Fig. 7). The
model proposes that the N-terminal region of ICP27 carries out an
activity in Vero cells that actively interferes with viral replication
when CRM1 is inhibited. This could be because the putative ac-
tivity leads to a downstream event that requires CRM1, and in the
absence of CRM1 function, a block to late viral gene expression
ensues. This model is supported by two lines of evidence. The first
and strongest is that LMB-resistant mutants such as the M50T
mutant become LMB sensitive when infections are carried out in
WT ICP27-expressing V27 cells. The most straightforward inter-
pretation of this finding is that, in the absence of CRM1 function,
WT ICP27 actively interferes with replication. If so, LMB-resistant
mutations could abrogate or weaken this activity. An additional
point is that the M50T mutant and other LMB-resistant mutants
have no known phenotype in the absence of LMB. Therefore, it is
likely that the ICP27 activity that is affected by the LMB resistance
mutations is distinct from the essential replication functions that
ICP27 mediates in Vero cells (such as enhancing viral mRNA ex-
port). The second line of evidence supporting the model stems
from our discovery that addition of an N-terminal tag onto ICP27
can confer LMB resistance. This is consistent with the model be-
cause it is relatively easy to envision how a functionally unrelated
moiety such as the TAP tag could interfere with an ICP27 activity.
Conversely, it is difficult to envision how this moiety could in-
crease an ICP27 activity or create a new one, as would be predicted
by the alternate model.

FIG 7 Model to explain how mutations in HSV-1 ICP27 can confer LMB
resistance. The diagram shows representations of the WT and M50T mutant
forms of ICP27, which have Met and Thr, respectively, at residue 50. See the
text for further details.
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If LMB-resistant mutations weaken or abrogate an ICP27 ac-
tivity, what might that activity be? A possibility that is consistent
with many of the existing data is that the mutations weaken
ICP27’s ability to induce cellular signaling pathways, including
the mitogen-activated protein kinases p38 and Jun N-terminal
protein kinase (JNK) (56, 58), and the NF-�B system (57). There
are several reasons why this idea is appealing. First, as mentioned
earlier, sequences in the N-terminal half of ICP27 are critical for
induction of these pathways during HSV-1 infection (58, 59). In-
deed, Hargett et al. found that the M50T mutant and dAc are
unable to induce the p38, JNK, and NF-�B responses in CV-1
monkey kidney cells (59). Complicating the picture, however,
Corcoran et al. reported that an independently derived HSV-1
M50T mutant is competent to initiate p38 signaling in HeLa cells
(60). We are currently investigating whether HSV-1 LMB-resis-
tant mutants are altered in their ability to activate the p38, JNK,
and NF-�B pathways in Vero cells. Second, studies using chemical
inhibitors of p38 and JNK suggest that activation of these path-
ways by HSV-1 is not absolutely essential for viral replication but
rather modestly enhances progeny production (61, 62). This is
consistent with our proposal that the ICP27 function is distinct
from ICP27’s essential replication activities. Third, CRM1 has
been previously implicated in the regulation of both the p38 (63)
and NF-�B (64) signaling cascades, consistent with the possibility
that CRM1 plays a downstream role in ICP27’s N-terminal activ-
ity (Fig. 7).

Possible therapeutic relevance. Finally, although the develop-
ment of LMB as an antiviral was not a focus of our work, it is worth
mentioning that LMB derivatives and other CRM1 inhibitors are
currently being developed as therapeutic anticancer agents (65,
66), consistent with the observation that CRM1-dependent nu-
clear export is often increased in cancer cells (67). On the basis of
our findings, it is conceivable that some of these compounds could
have efficacy against HSV-1 infections, although our results sug-
gest that they may not be useful against HSV-2. However, it is
important to point out that the sensitivity of HSV-1 to LMB was
much lower in HFF cells than in Vero cells, and in these cells,
ICP27 does not appear to modulate LMB sensitivity (Fig. 1F).
Therefore, it will be important to assess the LMB sensitivity of
HSV-1 and HSV-2 in additional cellular contexts. Furthermore, as
our experiments have been done with laboratory-adapted strains,
it would be worthwhile to examine the effect of CRM1 inhibitors
on clinical isolates of HSV-1 and HSV-2.
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