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Development of the cellular antiviral response requires nuclear translocation of multiple transcription
factors and activation of a wide variety of cellular genes. To counteract the antiviral response, several viruses
have developed an efficient means of inhibiting nucleocytoplasmic traffic. In this study, we demonstrate that the
pathogenic strain of Venezuelan equine encephalitis virus (VEEV) has developed a unique mechanism of
nuclear import inhibition. Its capsid protein forms a tetrameric complex with the nuclear export receptor
CRM1 and the nuclear import receptor importin o/3. This unusual complex accumulates in the center channel
of the nuclear pores and blocks nuclear import mediated by different karyopherins. The inhibitory function of
VEEYV capsid protein is determined by a short 39-amino-acid-long peptide that contains both nuclear import
and supraphysiological nuclear export signals. Mutations in these signals or in the linker peptide attenuate or
completely abolish capsid-specific inhibition of nuclear traffic. The less pathogenic VEEV strains contain a
wide variety of mutations in this peptide that affect its inhibitory function in nuclear import. Thus, these
mutations appear to be the determinants of this attenuated phenotype. This novel mechanism of inhibiting
nuclear transport also shows that the nuclear pore complex is vulnerable to unusual cargo receptor complexes
and sheds light on the importance of finely adjusted karyopherin-nucleoporin interactions for efficient cargo

translocation.

The genus Alphavirus in the family Togaviridae contains a
number of important human and animal pathogens. Alphavi-
ruses are widely distributed on all continents and are transmit-
ted between vertebrates, which serve as amplifying hosts, by
different mosquito vectors. Several alphaviruses cause severe
diseases in humans, with symptoms ranging from arthralgia to
severe meningoencephalitis that can lead to a lethal outcome
(24, 30). Venezuelan equine encephalitis virus (VEEV) is of
particular importance because it causes major epidemics and
equine epizootics (49). The alphavirus genome is packaged
into an icosahedral nucleocapsid surrounded by a lipid enve-
lope with embedded glycoprotein spikes. The genome is rep-
resented by a single-stranded RNA of positive polarity, encod-
ing a nonstructural polyprotein translated directly from the
genomic RNA, and a structural polyprotein, translated from
the subgenomic RNA, which is synthesized during virus repli-
cation (44). Thus, the alphavirus genome encodes only a few
proteins, which not only function in replication of the viral
genome and formation of infectious viral particles, but also
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interfere with the host response aimed at inhibition of virus
replication and viremia development.

The currently accepted hypothesis suggests that alphaviruses
originated in either the New World or the Old World. Their
transmission to another hemisphere most likely occurred twice
between 2,000 and 3,000 years ago (38). Thus, for a long
period, the New World and the Old World alphaviruses were
evolving separately. They accumulated strong differences in
the nonstructural and structural genes and cause different dis-
eases in vertebrate hosts but sustained one of the important
elements in their pathogenesis on a molecular level, the ability
to interfere with cellular transcription and subsequent activa-
tion of the antiviral response. However, in vertebrate cells
infected by geographically isolated alphaviruses, the transcrip-
tional shutoff is mediated by different virus-specific proteins
(21). The Old World alphavirus nonstructural protein 2 (nsP2)
accumulates in cell nuclei and inhibits cellular RNA poly-
merases I and II (20), but in New World alphavirus-infected
cells, the inhibition of cellular transcription is induced by cap-
sid protein and not nsP2 (19). As do some other viral proteins,
VEEV capsid protein exhibits many functions. It selectively
packages the viral genome, but not cellular or viral subgenomic
RNA, into viral particles. Capsid protein also possesses pro-
tease activity required for processing of the structural polypro-
tein. In our previous studies, we demonstrated that capsid
proteins of the New World alphaviruses, VEEV and Eastern
equine encephalitis virus (EEEV), are highly cytotoxic, and
this effect is strongly correlated with the ability of the protein
to inhibit cellular transcription (19). Further studies demon-
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strated that the inhibitory effect of VEEV capsid protein was
independent of its protease activity and an RNA-binding do-
main and was determined by a short amino-terminal peptide.
Importantly, a large fraction of VEEV capsid protein was
detected in the cell nuclei and on the nuclear membrane,
where distribution of the protein was reminiscent of the nu-
clear pore complex (NPC) distribution. Colocalization of
VEEV capsid protein with the NPC suggested that it interferes
with NPC functions. Indeed, we demonstrated that VEEV
capsid protein functions as a very potent inhibitor of nucleo-
cytoplasmic trafficking and blocks nuclear import of the pro-
teins mediated by a variety of nuclear localization signals
(NLS), if not all of them (5). These inhibitory functions sug-
gested that capsid-induced inhibition of nucleocytoplasmic
trafficking might be the key determinant of profound down-
regulation of cellular transcription.

Here, we present the mechanism responsible for nuclear
import inhibition by VEEV capsid protein. Specifically, we
demonstrate that a 39-amino-acid (aa)-long capsid-specific
peptide interacts with two nuclear transport receptors, expor-
tin and importin o/B. The resulting tetrameric complex accu-
mulates in the central channel of the NPC and blocks nuclear
import. Importantly, the same peptide derived from the non-
pathogenic VEEYV strain Pixuna interferes with nuclear import
less efficiently and thus appears to be a contributor to an
attenuated phenotype of this natural VEEV isolate.

MATERIALS AND METHODS

Cell culture. BHK-21 cells were kindly provided by P. Olivo (Washington
University, St. Louis, MO). They were maintained at 37°C in alpha minimum
essential medium («MEM) supplemented with 10% fetal bovine serum (FBS)
and vitamins.

Plasmid constructs. Plasmids encoding VEEV replicons (VEErep) with a
nuclear import reporter (4XTomato) having different NLS or a VEEV capsid-
green fluorescent protein (GFP) fusion, cloned under the control of the sub-
genomic promoters, were described elsewhere (5). The pVEErep/H68-GFP and
pVEErep/H60-GFP plasmids encoded VEEV replicons expressing the tested
peptides H68 and H60 fused with GFP (Fig. 1A and D). In pVEErep/H60-GFP-
3XNLS, the peptide-GFP-coding sequence was fused with 3 copies of standard
simian virus 40 (SV40) T-antigen (TAg) NLS. Plasmids encoding replicons hav-
ing additional mutations in the H68 peptide had the same design as pVEErep/
H68-GFP. The mutations were introduced by PCR and standard cloning tech-
niques. The H68-GFP, H60-GFP, H68AA1-GFP, and H68AA2-GFP cassettes
were also cloned into the pTriEx1 plasmid with an N-terminal 6XHis tag.

Packaging of the replicons. BHK-21 cells were coelectroporated with the in
vitro-synthesized VEEV replicon RNA and two helper RNAs, Hyg/C and
Hygp/Gl, as described previously (46). The packaged replicons were harvested
at 24 h posttransfection. Titers were determined by infecting BHK-21 cells with
different dilutions of the stocks and evaluating the number of GFP-positive cells
after 16 h of incubation at 30°C.

Protein production. H68-GFP, H60-GFP, H68AA1-GFP, and H68AA2-GFP
were expressed as N-terminal 6XHis-tagged proteins from the pTriEx1 plasmid
in Escherichia coli strain Turner(DE3)(pLysS) according to the manufacturer’s
instructions (Novagen). Cells were harvested by centrifugation and lysed in
buffer containing 100 mM Tris-HCI, pH 8.0, 150 mM NaCl, and 1 mg/ml of
lysozyme. After the addition of Triton X-100 to 0.3% and phenylmethylsulfonyl
fluoride (PMSF) to 1 mM, the cells were sonicated, and insoluble material was
removed by centrifugation. The proteins were purified using Ni Sepharose High
Performance according to the manufacturer’s instructions (GE Healthcare). The
purified proteins were dialyzed against a buffer containing 20 mM HEPES-KOH,
pH 8.0, 200 mM NaCl, 1 mM dithiothreitol (DTT), and 8.75% glycerol. Recom-
binant CRM1, RanGTP (13), importin B (36), and importin a1 (50) were puri-
fied as previously described.

Analysis of reporter transport. BHK-21 cells were seeded into 8-well p-cham-
bers (Ibidi) and infected or coinfected with packaged replicons in 150 pl of
phosphate-buffered saline (PBS) supplemented with 1% FBS. The packaged
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FIG. 1. Identification of the VEEV capsid-specific peptide that in-
hibits nuclear import. (A) (Top) Amino acid sequences of H68 and
H60 peptides derived from VEEV capsid protein. Capsid-specific se-
quences are indicated by uppercase letters, and the glycine linker
between the peptides and GFP is indicated by lowercase letters. Me-
thionine was introduced to promote translation initiation. (Bottom)
Representative confocal images demonstrating the distribution of the
nuclear import reporter 4XTomato-3XNLS in the presence of H68-
GFP or H60-GFP. BHK-21 cells were infected with the packaged
replicons VEErep/H68-GFP or VEErep/H60-GFP and VEErep/
4XTomato-3XNLS and fixed at 4 h postinfection. Scale bars, 20 pm.
(B) Representative confocal images of cells expressing 4XTomato-
3XNLS or 4XTomato from corresponding VEEV replicons at 4 h
postinfection. Scale bars, 20 pm. (C) Box plot showing the nuclear/
cytoplasmic distribution of 4XTomato and 4XTomato-3XNLS (4X
Tom and 4XTom-3XNLS, respectively) alone or when 4XTomato-
3XNLS was expressed in the presence of H60-GFP or H68-GFP (H60
and H68, respectively). The nuclear/cytoplasmic ratio for distribution
of 4XTomato was used as a control demonstrating the distribution of
the large protein that is incapable of translocation to the nucleus. The
P values were calculated using the Mann-Whitney test (n = 30 for all
experiments). Red line, median. (D) Schematic representation of the
VEEV replicons used in this study. H indicates the position of a
wild-type or mutant peptide derived from VEEV capsid.
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replicons were used at concentrations of 5 X 10° infectious units/ml (VEErep—
4xTomato-3XNLS) and 1 X 107 infectious units/ml (all other packaged repli-
cons). After 1 h of incubation at 37°C in 5% CO,, the medium was replaced with
complete medium, and incubation continued for 4 h. The cells were then fixed
with 4% paraformaldehyde in PBS. The compartmentalization of the proteins
was analyzed using a Leica SP1 confocal microscope with a 60X 1.4-NA oil
immersion Plan-Apochromat objective. In every experiment, quantification of
nuclear/cytoplasmic ratios of 4 X Tomato-3XNLS or peptide-GFP fusion proteins
was done on 29 to 30 cells. The median pixel intensities were calculated from
equal areas of cytoplasm and nuclei and corrected for background. P values were
calculated using the Mann-Whitney test.

Immunofluorescence analysis of CRM1 and importin f distributions.
BHK-21 cells were seeded into 8-well p-chambers (Ibidi) and infected with
VEErep/H68-GFP replicon as described above. The cells were fixed at 2.5 h
postinfection with 4% paraformaldehyde in PBS. At that time, the H68-GFP
expression was low, and it was readily detected within the NPC in the nuclear
rim. The primary antibodies against CRM1 and importin B were purchased from
Calbiochem (ST1100) and Abcam (ab2811), respectively, and used at 1:1,000
dilution. The secondary Alexa Fluor 555 antibodies were purchased from In-
vitrogen. Images were acquired on a Zeiss LSM510 confocal microscope with a
63X 1.4-NA oil immersion Plan-Apochromat objective at identical settings for
mock- and H68-GFP-expressing cells. The median pixel intensities for nuclear-
envelope-specific and nuclear signals were measured for multiple cells. P values
were calculated using the Mann-Whitney test (n = 8 for importin 3; n = 6 for
CRM1).

Leptomycin treatment. BHK-21 cells were seeded into 8-well p-chambers
(Ibidi) and infected with VEErep/capsid-GFP replicon and replicons encoding
different 4XTomato reporters as described above. At 2 h postinfection, the
medium was replaced with medium supplemented with 45 nM leptomycin B.
After an additional 4 h of incubation, the cells were fixed in 4% paraformalde-
hyde in PBS, and images were acquired on Zeiss LSM510 confocal microscope
with a 63X 1.4-NA oil immersion Plan-Apochromat objective.

Cryoimmunogold electron microscopy (EM). HeLa cells transfected with
GFP-H68 or GFP-H68AA1 were fixed, sectioned, immunolabeled with anti-GFP
antibodies, and imaged as described previously (13). Images representing eight
independent cells with low GFP expression were analyzed for NPC-proximal
gold particles. Gold particles were considered to be NPC associated when they
were present within a radius of 100 nm, which was based on the overall dimen-
sions of the NPC, which measured 150 nm in length with a outer diameter of 125
nm (6). Within NPCs, gold was considered central when it was located between
the two nuclear membranes.

Surface plasmon resonance (SPR) spectroscopy. SPR spectroscopy was per-
formed at 25°C on a Biacore T100 (GE Healthcare). H68-GFP or its variants
were immobilized on a CM5 chip with amine coupling in 10 mM sodium acetate
at pH 4.5. Recombinant proteins were streamed over the chip in 20 mM HEPES-
KOH, pH 7.9, 200 mM NaCl, 0.1 mM DTT at 0.03 ml/min. Simultaneously, an
empty flow cell was used as a reference. Biacore T100 evaluation software was
used for analysis of the data.

RESULTS

Identification of the short peptide of VEEV capsid (H68)
that is able to inhibit nuclear import. Previously, we identified
the minimal peptide of VEEV capsid protein, termed H68 (aa
30 to 68), which inhibited transcription in cells of vertebrate
origin as efficiently as a full-length capsid protein (5). Further
decrease in the size of this peptide to aa 30 to 60 (H60)
completely abolished its inhibitory effect on cellular RNA syn-
thesis. To further evaluate the effects of these peptides on
nuclear import, both H68 and H60 peptide-coding sequences
were fused with GFP (Fig. 1A). These fusion proteins mimic
the size and structure of VEEV capsid protein, which has a
structurally ordered carboxy-terminal domain and a disordered
amino-terminal domain (aa 1 to 107) (9, 12). The 4XTomato-
3XNLS protein, a 109.5-kDa fluorescent protein whose trans-
port into the nucleus is mediated by a triple SV40 TAg NLS
located at the carboxy terminus, was used as a reporter of
nuclear import, as previously described (5). All proteins were
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expressed from modified VEEV replicons (5) (Fig. 1D).
BHK-21 cells were infected at a multiplicity of infection (MOT)
sufficient for delivery of both replicons into the same cell. The
cells were fixed at 4 h postinfection, and the distribution of the
fluorescent proteins was analyzed by confocal microscopy. As
demonstrated in Fig. 1A and C, H68-GFP efficiently blocked
the accumulation of 4XTomato-3XNLS in the nuclei, and dis-
tribution of the latter protein was very similar to that of 4X
Tomato with no NLS (Fig. 1B and C). H60-GFP did not inhibit
nuclear import (Fig. 1A and C), and this was correlated with its
inability to inhibit cellular transcription (19). Thus, H68 is the
minimum peptide sufficient for both induction of transcrip-
tional shutoff and nuclear import inhibition, and the carboxy
terminus of H68 is required for both functions.

The H68 peptide contains a functional NLS, which is essen-
tial for nuclear import inhibition. The carboxy terminus of the
H68 peptide contains a short sequence of positively charged
amino acids that might serve as an NLS. This sequence is a part
of the large positively charged domain (aa 64 to 117 of the capsid)
that is involved in encapsidation of viral genomic RNA (18, 48)
and contains a number of positively charged peptides, which,
based on the computer prediction, may serve as NLS. Pre-
viously, we isolated a frameshift mutant of VEEV capsid
protein, Cypgfrsh (Fig. 2A), that not only lost its ability to
inhibit cellular transcription and nuclear import (5, 19, 21), but
also accumulated exclusively in the cytoplasm. Lack of nuclear
accumulation of this mutant protein suggested that a nuclear
localization signal might be present in a modified sequence
between aa 57 and 85. Indeed, when the aa 57-to-85 peptide
was fused with the 4XTomato protein, which cannot translo-
cate to the nucleus by diffusion (Fig. 1B), the resulting 4XTo-
mato-N52-85 protein efficiently accumulated in the nuclei
(Fig. 2A and B), further suggesting the presence of an NLS
sequence in the peptide. The N52-85 sequence contains two
basic fragments, which are predicted to have NLS functions.
We divided this sequence into two shorter peptides (Fig. 2A)
and assessed their abilities to mediate nuclear import. The
4XTomato-N52-71 fusion protein, but not the 4XTomato-
N71-81 protein, accumulated efficiently in the nuclei (Fig. 2B),
suggesting that only amino acids 64-KKPKK-68 functioned as
the NLS. To confirm this result, we replaced lysines at posi-
tions 65 and 67 with alanines, and the mutated peptide in
4XTomato-N52-71AA did not mediate nuclear translocation
of the protein (Fig. 2A and B). The same mutation that re-
placed lysines at positions 65 and 67 with alanines also abol-
ished translocation of full-length VEEV capsid into the nu-
cleus (Fig. 2F). Thus, the KKPKK sequence in the N52-71
peptide is the only functional capsid-specific NLS. This se-
quence resembles the classical monopartite NLS, which medi-
ates nuclear import by binding with the importin o/B complex.

To evaluate whether this NLS is essential to the ability of the
H68 peptide to inhibit nuclear import, we mutated lysines 64 and
65 in the H68-GFP fusion (H68AA?2). Indeed, when 4XTomato-
3XNLS and H68AA2-GFP were coexpressed in the same cell, the
reporter was transported into the nucleus almost as efficiently as
in the cells expressing 4X Tomato-3XNLS alone (Fig. 2C and D).
As expected, the HOSAA2-GFP mutant exhibited lower accumu-
lation in nuclei than H68-GFP (Fig. 2E) but retained its localiza-
tion in the NPC (data not shown). This result was a strong indi-
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FIG. 2. Identification of the NLS in VEEV capsid protein. (A) Sequence alignment of a highly positively charged VEEV capsid fragment (WT)
with corresponding sequences of the previously identified frameshift noncytopathic mutant protein (Frsh) (19). The mutated fragment is
underlined. The sequence used for analysis of NLS localization is indicated in boldface. N52-85, N52-71, N72-85, and N52-71AA represent peptides
fused with a 4XTomato reporter for dissecting the position of the NLS. The mutated amino acids in N52-71AA are indicated in blue.
(B) Representative images of cells expressing different 4XTomato fusions. The images were acquired on a Nikon Ti-U inverted fluorescence
microscope using a 60X CFI Super Plan Fluor objective. The nuclei were stained with DAPI (4',6’-diamidino-2-phenylindole). (C) Representative
confocal images demonstrating the distribution of 4XTomato-3XNLS in the presence of a H68 AA2-GFP fusion containing mutations in the NLS.
(D) Box plot demonstrating nuclear/cytoplasmic distribution of 4 X Tomato-3XNLS alone or in the presence of H68-GFP or H68AA2-GFP. Note
that in the presence of mutant H6SAA2-GFP protein, accumulation of the reporter protein in the nucleus remained at almost the same level.
(E) Box plot of the nuclear/cytoplasmic distribution of H68-GFP and H68AA2-GFP. Mutation of the NLS inhibits accumulation of the
H68AA2-GFP in nuclei. The P values were calculated using the Mann-Whitney test (n = 30 for all experiments). (F) Mutations in the VEEV
capsid NLS inhibit its translocation into the nuclei. BHK-21 cells were infected with a replicon expressing VEEV capsid-GFP containing mutations
in the NLS. The mutations are indicated in blue. The images were acquired on a Nikon Ti-U inverted fluorescence microscope with a 60X CFI

Super Plan Fluor objective. The nuclei were stained with DAPI. Mut, mutant. Scale bars, 20 pm.

cation that the presence of a functional NLS is required for H68
function in nuclear import inhibition.

The H68 peptide of the VEEV capsid protein contains a
functional NES that is essential for its activity in the inhibi-
tion of nuclear import. The H68 peptide is highly conserved
among the New World alphaviruses (Fig. 3A) but differs
greatly from that of the Old World viruses (data not shown).
The amino terminus of H68 contains a conserved helix I that
was predicted to form a coiled coil and has been implicated in
capsid dimerization and nucleocapsid assembly (28, 45). In our
previous study, the deletions in helix I (aa 35 to 47) led to
accumulation of the mutant capsid protein in nuclei, indicating
that the deleted fragment might be involved in nuclear export
(5). Sequence analysis of this helix (34) revealed that it is
homologous to the leucine-rich nuclear export signal (NES)

(Fig. 3A). The NES mediates protein export from nuclei by the
nuclear export receptor CRM1 (16), and its binding to CRM1
is inhibited by leptomycin B (33). Thus, to experimentally
prove that VEEV capsid protein contains NES, we treated
cells expressing capsid-GFP and the nuclear import reporter
4XTomato-3XNLS with leptomycin B (Fig. 3B). In mock-
treated cells, the capsid-GFP fusion was mostly localized to the
cytoplasm and strongly inhibited nuclear import of the 4X
Tomato-3XNLS reporter. Upon treatment of the cells with
leptomycin B, capsid-GFP was found exclusively in nuclei, and
most importantly, the nuclear import of the 4XTomato-
3XNLS reporter was completely restored. This result strongly
suggested that the H68 peptide is involved in CRM1-mediated
nuclear export and that its binding to CRM1 is essential for
H68-mediated inhibition of nuclear import. Moreover, lepto-
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quence alignment of H68 peptides derived from different New World
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of cyclic-AMP (c-AMP)-dependent kinase inhibitor (PKI) (51) and
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mycin B treatment of cells expressing capsid-GFP and report-
ers having different nuclear import signals (NLS), 4 X Tomato-
M19 or 4XTomato-H2B, also restored nuclear import (data
not shown).

Next, we tested whether replacement of critical hydrophobic
amino acids (@) in the putative H68 NES with alanines (26, 51)
also abolished the inhibitory function of this peptide in nuclear
trafficking. Replacement of Leu-48 (H68A1-GFP) had only a
marginal effect on the ability of H68 to downregulate nuclear
import (Fig. 3C and D). Replacement of Phe-50 made H68A2-
GFP a poor inhibitor of nuclear import, and introducing both
mutations completely abolished the inhibition of nuclear im-
port by the H68 peptide. Introduction of both mutations also
led to accumulation of H68AA1-GFP protein in the nuclei
(Fig. 3C and E). Thus, these results demonstrated that the
capsid protein itself and H68 contain a functional NES and
that its function is a prerequisite for the peptide’s ability to
block receptor-mediated nuclear import.

The H68 peptide forms a tetrameric complex with CRM1
and importin al/p. The data presented above implied that in
order to inhibit nuclear import the H68 peptide needs to bind
to the nuclear export receptor CRM1 and the nuclear import
receptor importin «/f at the same time. This was an intriguing
finding. Many proteins that shuttle into and out of the nucleus
contain both nuclear import and nuclear export signals. How-
ever, two opposing nuclear transport receptors do not normally
bind a cargo at the same time because of the action of
RanGTP, which assembles exportin-cargo complexes and dis-
assembles importin-cargo complexes (7, 23).

To directly analyze the binding of CRM1 and importin o/B
to H68 and the possible formation of a tertrameric complex,
we employed surface resonance spectroscopy (Biacore) using
purified recombinant proteins. H68-GFP or its mutants were
immobilized on the chip, and the surface resonance was mea-
sured upon addition of a stream of CRM1, importin a1, and/or

supraphysiological NES (S1) (13). The sequence alignment was per-
formed using ClustalW. Conservative hydrophobic amino acids in the
NES are shown in red. Amino acids that are identical between different
members of the New World alphaviruses are shaded in green. Aster-
isks indicate identical residues; colons indicate conserved substitutions;
periods indicate semiconserved substitutions. WEEV, western equine
encephalitis virus. (B) BHK-21 cells were coinfected with packaged
replicons expressing VEEV capsid-GFP and 4XTomato-3XNLS and
treated with leptomycin B at 2 h postinfection as described in Materials
and Methods. The images were acquired after 4 h of leptomycin B
treatment on a Zeiss LSM510 confocal microscope. Scale bars, 20 pm.
(C) (Top) Amino acid alignments of mutated H68-GFP fusions. Con-
served hydrophobic amino acids are indicated in red, and introduced
point mutations are shown in blue. (Bottom) Representative confocal
images of cells expressing 4XTomato-3XNLS and mutant proteins.
Scale bars, 20 wm. (D) Box plot demonstrating the nuclear/cytoplasmic
distribution of 4XTomato-3XNLS when expressed alone and the dis-
tribution of the same protein when coexpressed with mutant peptide-
GFP. A small but statistically significant increase in nuclear-reporter
accumulation was detected for single-amino-acid mutants. The double
mutant no longer affected nuclear accumulation of 4XTomato-
3XNLS. (E) Box plot demonstrating the nuclear/cytoplasmic distribu-
tions of H68-GFP and its mutants. The increase in nuclear accumula-
tion of the mutant-peptide-GFP fusions was correlated with their
reduced efficiencies in nuclear import inhibition. The P values were
calculated using the Mann-Whitney test (n = 30 for all experiments).
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FIG. 4. H68 forms a tetrameric complex with CRM1, importin a1, and importin B. (A) Surface plasmon resonance sensograms of 6XHis—
H68-GFP (left) and 6 XHis-H68AA1-GFP, an NES mutant (right), upon exposure to the indicated concentrations of CRM1. RU, relative units.
(B) Surface plasmon resonance response of 6XHis-H68-GFP upon exposure to importin al (imp a) or B (imp b) or CRMI alone or their
combinations as indicated. The red dashed line indicates the increase in response of the tetrameric complex compared to the trimeric complex.
The error bars indicate standard deviations. (C) Surface plasmon resonance response of 6xXHis-H68-GFP or its NLS (6xHis—-H68AA2-GFP) or
NES (6x-His—-H68AA1-GFP) mutant upon exposure to importin al or § or CRM1I alone or their combinations.

importin 3. Standard NESs measurably bind to CRM1 only in
the presence of RanGTP (13). However, in our study, we
found that, H68-GFP bound to CRM1 with a K, (dissociation
constant) of 2.4 uM in the absence of RanGTP (Fig. 4A). In
the presence of RanGTP, the affinity of H68-GFP for CRM1
further increased about 10-fold (K,, 230 nM). This result in-
dicated that H68 contains a “supraNES,” an unusually
strong NES that can stably interact with CRM1 without the
requirement for RanGTP (13). As expected, the NES mu-

tant H68AA1-GFP did not detectably bind to CRM1 (Fig.
4A and C), and the NLS mutant H68AA2-GFP interacted
with CRM1 with similar affinity (Fig. 4C).

Next, we assessed the binding of H68-GFP to importin a1 and
the importin al/3 complex. H68-GFP bound to importin «l
weakly (Fig. 4B), but the addition of importin B significantly
increased the association of importin «l, as was previously re-
ported for the standard NLS (22). The NLS mutant H6S8AA2-
GFP did not bind importin al or the importin «1/B complex,
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while as expected, the NES mutant H6SAA1-GFP bound both
(Fig. 4C). Thus, the H68-GFP peptide contains a classical NLS
that directly interacts with the importin o/ complex.

In order to determine whether H68-GFP can interact with
CRMI1 and importin «1/B simultaneously and form a tet-
rameric complex, both CRM1 and importin o1/B were added
to the chip-bound H68-GFP. As shown in Fig. 4B, the response
signal was clearly additive, and no cooperativity or competition
between CRM1 and importin al/B in binding to H68 was
detected. As expected, the H6SAA1 and H68AA2 mutants
bound only to importin al/8 or CRMI, respectively, and did
not form tetrameric complexes (Fig. 4C). We conclude that
HO68 contains a very strong or supraNES sequence that allows
simultaneous binding of CRM1 and importin o/B in the ab-
sence of RanGTP. Although our data support the hypothesis
of the formation of a tetrameric complex, future structural
experiments are needed to confirm it.

The H68 peptide accumulates in the central channel of the
NPC and sequesters CRM1 and importin 3 at the nuclear
envelope (NE). So far, the data suggested that inhibition of
nuclear import by VEEV capsid protein is mediated by its
simultaneous binding to CRM1 and importin /B, resulting in
a block of NPC traffic by the tetrameric complex. To test
whether the localization of H68 would be consistent with such
a scenario, we analyzed the presence of H68-GFP in the NPC
by electron microscopy. H68-GFP was expressed from a plas-
mid, where it was cloned under the control of an RNA poly-
merase II promoter. This approach ensured a low level of
H68-GFP expression due to the negative feedback on its own
transcription, and thus, a large fraction of the H68-GFP was
expected to accumulate in the NPC. Cells transfected with
plasmids expressing H68-GFP were fixed at 24 h posttransfec-
tion, and immunogold labeling was performed on ultrathin
cryosections. As demonstrated in Fig. 5A and B, H68-GFP was
mainly localized in the central channel of the NPC (65%),
delimited by the nuclear membranes, while the remaining
NPC-associated gold particles were found on the cytoplasmic
side (26%) rather than on the nuclear side (9%). The predom-
inant accumulation of H68-GFP protein in the central channel
was consistent with the detected obstruction of nuclear traffic
through the NPC. The bias toward the cytoplasmic face versus
the nuclear side of the NPC was correlated with the presence of
a supraNES that could mediate the accumulation of H68-
GFP at the cytoplasmic fibrils, as was observed for other
supraNES-containing proteins (13). Very little NPC-associated
gold was detected in cells expressing the GFP-H6SAA1 mutant
with a mutation in the CRM1 binding domain (data not shown).

VEEV CAPSID PROTEIN INHIBITS NPC FUNCTION 4165

To test whether expression of H68-GFP leads to accumula-
tion of CRM1 and importin o/p in the NPC, we quantitatively
analyzed the immunostaining of two transport receptors in
mock- or H68-GFP-transfected cells. In the normal cells, a
strong CRM1 signal was detected at the nuclear rim and in the
small granules throughout the cytoplasm, which likely repre-
sented the annulate lamellae (Fig. 5C). Weak, diffuse staining
was also observed in the nucleoplasm. In the cells expressing
the H68-GFP fusion, the intensity of CRM1 signal in the nu-
clear rim increased significantly (2.6-fold) and the nucleoplas-
mic signal decreased (Fig. 5C). The nuclear rim staining of
CRML1 had a punctate pattern (data not shown), reminiscent of
that of the NPC, and colocalized with H68-GFP. The small
granules containing both H68-GFP and CRM1 were also de-
tected in the cytoplasm and in the nucleus. The effect of the
H68-GFP fusion on importin  distribution was not so dra-
matic, but we observed about a 30% increase in NPC-specific
importin B signal (Fig. 5D). The colocalization of H68-GFP
and importin $ was also prominent in the small cytoplasmic
and nuclear granules. These data confirmed the hypothesis
that H68-GFP interacted with CRM1 and importin o/f in the
cells and sequestered both receptors to the NPC. However, we
have not detected accumulation of Ran in the NPC (data not
shown), and this additionally indicated that the H68-GFP-
CRMIl-importin o/ complex does not require Ran for its
formation. Taken together, these results demonstrated that
H68-GFP accumulates at the center of the NPC as a tetrameric
complex with CRM1 and importin o/pB.

Blocking of nuclear import by the VEEV capsid protein
requires specific spacing between the NLS and supraNES. The
result that the inhibitory function of H68 required binding of
two nuclear receptors mediating opposing nucleocytoplasmic
traffic pathways contradicted previously published data. The
common approach in analyzing the efficiency of the NESs is
their fusion with Rev(1.4)NLS signal (26). However, there are
no reports regarding whether such constructs affect nu-
cleocytoplasmic traffic. A distinct feature of the H68 peptide is
the presence of a supraNES that, unlike a classical NES, me-
diates CRM1 binding in the absence of RanGTP and thus can
bind CRM1, not only in the nucleus, but also in the cytoplasm.
On the other hand, the nonfunctional H60 peptide also con-
tains the supraNES but lacks the NLS. To test whether the
addition of a strong NLS would restore its ability to inhibit
nuclear import, we added a triple SV40 TAg NLS to the C
terminus of the H60-GFP fusion protein. The resulting protein
inhibited nuclear import very inefficiently (data not shown),
and this correlated with its previously described inability to

FIG. 5. H68-GFP, CRM1, and importin B are readily detectable in the NPC. (A) HeLa cells were transfected with the plasmid expressing
6XHis-H68-GFP. At 24 h posttransfection, they were fixed and processed for immuno-EM using anti-GFP antibodies. The inset demonstrates
6XHis-H68-GFP localization near the center of the NPC (boxed area). The cytoplasm is at the top of the image. (B) The distribution of gold
particles in the midplane of the NPC and at nuclear and cytoplasmic sites was calculated using multiple images. (C) BHK-21 cells expressing
H68-GFP from VEEV replicon- or mock-infected cells were stained with anti-CRM1 antibodies, followed by Alexa Fluor 555-labeled secondary
antibodies. The CRM1 and H68-GFP are clearly colocalized at the nuclear rim and in small aggregates in the cytoplasm and nuclei. The box plot
presents the medians of the fluorescence intensities of the CRM1-specific signals in the nuclear envelope and nucleus. (D) BHK-21 cells expressing
H68-GFP from VEEV replicon- or mock-infected cells were stained with anti-importin 8 antibodies and Alexa Fluor 555-labeled secondary
antibodies. The importin $ and H68-GFP are clearly colocalized at the nuclear rim and in small aggregates in the cytoplasm, but not in the nuclei.
The box plot presents the medians of the fluorescence intensities of importin B-specific signals in the nuclear envelope. The P values were
calculated using the Mann-Whitney test (n = 8 for importin B; n = 6 for CRM1). Scale bars, 20 wm. Rim, nuclear rim; Nuc, nucleoplasm.
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inhibit cellular transcription (19). These data suggested that
the relative position and/or sequence between the NES and
NLS are also important for the ability of the H68 peptide to
block NPC function.

To further define the role of the linker domain between the
NES and NLS, we first introduced two deletions into the se-
quence between the signals (Fig. 6A). Both deletion mutants
completely lost the ability to inhibit nuclear import of the
4XTomato-3XNLS reporter. Interestingly, the cellular distri-
butions of the deletion mutants were different. H68del54-56—
GFP became mostly nuclear and lost its association with the
nuclear rim. On the other hand, the H68del56-62—-GFP distri-
bution was similar to that of H68-GFP, with clear accumula-
tion at the nuclear rim. These results suggested that the se-
quence deleted in H68del54-56—GFP could be involved in the
supraphysiological binding with CRM1. To get additional con-
firmation for this hypothesis, we replaced two arginines, lo-
cated downstream of the NES, with alanines. This mutant,
H68AA3-GFP, had reduced ability to inhibit nuclear import
but did not efficiently accumulate in the nuclei (Fig. 6A, D, and
E). The loss of the inhibitory function by the second mutant,
H68del56-62-GFP, was more likely the result of less efficient
binding of importin o/f to the dimeric complex H68-GFP-
CRM1, which accumulated at the nuclear rim similarly to su-
praphysiological NES (13). Taken together, these results im-
plied that the CRM1 binding site could occupy a larger area of
the downstream leucine-rich domain, up to D55, and that this
sequence (K*QRRD) was involved in the strong binding of
the H68-GFP fusion to CRM1.

To further validate that the effect of H68 on nuclear cyto-
plasmic trafficking depended on the sequence of the peptide
connecting the NES and NLS, we replaced 4 or 7 amino acids
between the NES and NLS domains with glycines (Fig. 6B)
without affecting the linker size. H68G4-GFP still partially
inhibited nuclear import but efficiently accumulated in the
nucleus. These data were suggestive of the less efficient inter-
action of mutated peptides with CRM1 and thus confirmed
that the sequence downstream of the leucine-rich domain is
part of the supraNES. Replacement of 7 amino acids in the
linker completely restored nuclear import in the presence of
mutant H68G7-GFP fusion (Fig. 6B and D). In addition, as
could be predicted, this mutant protein also efficiently accu-
mulated in the nuclei (Fig. 6E).

Next, we inserted 5 or 10 additional alanines between the
NES and NLS sequences in H68. The insertion mutants
(H68AS5-GFP and H68A10-GFP) demonstrated strong reduc-
tion in the ability to inhibit nuclear import. The length of the
insertion was negatively correlated with the efficiency of nu-
clear transport inhibition (Fig. 6C and D). Interestingly, in the
presence of H68AS, we detected accumulation of the 4X
Tomato-NLS reporter in the nuclear membrane, suggesting
that it competed with the mutant H68AS-GFP for access to
NPC (Fig. 6C, insets). Since the positions of the insertions
were predicted to be outside the supraNES or NLS domain, we
speculate that the insertions changed the spatial arrangement
of CRM1 and importin «/B in the tetrameric complex and thus
its overall tertiary structure.

Thus, the mutagenesis analysis of the linker peptide between
the NES and NLS demonstrated that any modifications in the
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linker peptide attenuated the ability of the H68 peptide to
inhibit nuclear import.

The nonpathogenic phenotype of VEEVs is correlated with
their reduced ability to inhibit nuclear import. Viruses of the
VEEV complex are continuously circulating in nature and
cause periodic outbreaks in Latin America (2, 39, 41, 49).
There are 13 subtypes of VEEV (49). Epizootic strains have
been described only in subtypes IAB, IC, and IE and were
shown to have emerged via mutations in viral glycoprotein E2
(3, 11). Subtypes IF and II to VI are less pathogenic and do not
cause epidemics. Figure 7A presents the alignment of the H68
fragments from representative members of different subtypes.
Interestingly, the most divergent part of the H68 sequence is a
linker fragment between the NES and NLS domains. The
mutations in subtypes IAB, IC, and IE are all conservative,
suggesting that they might have no affect on the ability of H68
to inhibit nuclear import. On the other hand, the mutations in
subtypes ID and II to VI are usually nonconservative. The
available information about the diseases caused by these sero-
types is very limited due to bias in the studies toward serotypes
that cause epidemics. Pixuna virus (serotype V) was described
as nonpathogenic and was not lethal even for immunosup-
pressed hamsters (29, 43). Therefore, to test the biological
significance of our data, we examined whether the H68 peptide
of the nonpathogenic Pixuna virus (subtype V) (29, 43) was
capable of inhibiting nuclear import. The H68 sequence of the
Pixuna virus (H68Pix) was used to replace the corresponding
sequence in the above-described H68-GFP (Fig. 7B). The
Pixuna-specific peptide demonstrated a very weak ability to
inhibit nuclear import of the reporter (Fig. 7B and C), and
H68Pix-GFP accumulated to high concentrations in the nu-
cleus (Fig. 7B). This result was consistent with the presence of
multiple mutations in the supra-NES and linker domains. To
confirm that partial restoration of nuclear import can lead to
noncytopathic viral infection, we analyzed H6S8ES51-GFP, a
mutant with a point mutation in the supraNES. This mutation
was selected previously, and virus carrying the mutation was
noncytopathic and incapable of inhibiting cellular transcription
(19). Indeed, H6S8ES51-GFP downregulated nuclear import to
the same extent as did H68Pix-GFP. Thus, this result suggests
that the nonpathogenic phenotype of Pixuna virus is strongly
correlated with the inability of its capsid protein to efficiently
inhibit nuclear import.

DISCUSSION

Development of the antiviral response requires de novo syn-
thesis of a large number of cellular proteins, which either
downregulate virus replication in the infected cells or are re-
leased from the cells and activate the antiviral state in yet-
uninfected cells (31). New World alphaviruses have evolved a
unique mechanism for interfering with the development of an
antiviral response on a cellular level. Their capsid proteins
efficiently inhibit nucleocytoplasmic traffic in vertebrate cells,
and within 8 h postinfection, the cells exhibit profound inhibi-
tion of transcription, which is a very efficient means of inter-
fering with the activation of the antiviral genes (1, 5, 19, 21).
The same capsid protein does not affect nuclear import in mos-
quito cells, which demonstrate no noticeable changes in transcrip-
tion and support persistent virus replication. In this study, we
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FIG. 6. Mutations in the NES- and NLS-connecting linker affect the ability of H68 peptide to inhibit nuclear import. In all of the experiments
presented, BHK-21 cells were coinfected with packaged VEEV replicons encoding mutant-peptide-GFP fusions and 4 X Tomato-3XNLS. The cells were
fixed at 4 h postinfection, and the distribution of fluorescent proteins was analyzed using a Leica SP1 confocal microscope. (A) (Top) Amino acid
sequences of the wild-type H68 peptide and the deletion or substitution mutants. The positions of the deletions are indicated by dashed lines. (Bottom)
The deletions of 3 or 5 aa in the linker peptide completely abolished nuclear import inhibition by mutant-peptide-GFP fusions. H68del54-56 accumulated
more efficiently in the nuclei than H68-GFP (compare Fig. 1A and panel E). (B) (Top) Amino acid sequences of the wild-type H68 peptide and the
designed mutants. Four or 7 amino acids of the linker were replaced with glycines, which are highlighted in blue. (Bottom) Substitution of 4 aa (H68G4)
partially restored the nuclear import of 4 X Tomato-3XNLS. Substitution of 7 amino acids (H68G7) completely abolished the ability of the mutant peptide
(H68G7) to inhibit nuclear import. (C) (Top) Amino acid sequences of the wild-type H68 peptide and the insertion mutants. Five- and 10-aa-long linkers
were inserted between the supra-NES and NLS. (Bottom) In the presence of both mutated GFP fusions, nuclear import of the 4XTomato-3XNLS
reporter was partially restored. The mutant peptide with the longer linker had less inhibitory effect on nuclear import. The enlarged insets demonstrate
the accumulation of 4XTomato-3XNLS and H68AS5-GFP at the nuclear rim. (D) The box plot demonstrates the nuclear/cytoplasmic distribution of
4XTomato-3XNLS expressed alone or in the presence of a mutant peptide-GFP. (E) The box plot demonstrates the nuclear/cytoplasmic distribution of
H68-GFP and mutant proteins. The P values were calculated using the Mann-Whitney test (n = 30 for all experiments). Scale bars, 20 pm.
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FIG. 8. Model of H68-dependent inhibition of nuclear import. (Left) Binding of CRM1 and H68-GFP does not require RanGTP, and thus,
the tetrameric complex H68-GFP/CRM1/importin o/f can form in the cytoplasm. Alternatively, the dimeric complex H68-GFP/CRM1 may
preassemble on the cytoplasmic fibers by binding with Nup358, followed by binding with importin «/B. (Right) Next, the H68-GFP complex moves
through NPC and blocks the central channel by binding to yet-unidentified nucleoporins. As a result, NPCs become inaccessible to receptor-

mediated traffic but still support the diffusion of small molecules.

further defined the mechanism of capsid-specific inhibition of
nuclear import and provided a plausible explanation for the less
pathogenic phenotype of some natural VEEV isolates.

The current model of VEEV capsid protein functioning in
the regulation of nuclear import is presented in Fig. 8. Our
study demonstrated that its inhibitory function is mediated by
a short, N-terminal, 39-aa-long peptide, H68. This peptide
simultaneously binds two nuclear traffic receptors, CRM1 and
importin «/B, which mediate two opposing nucleocytoplasmic
traffic pathways. H68 binds strongly to CRM1 in the absence of
RanGTP and thus contains a supraNES (13), which is located
at the N terminus of the peptide. The core element of the
supraNES is a 9-aa-long leucine-rich alpha peptide. However,
an additional 5 aa, located downstream of the core, are also
critical for its functioning as a supraNES. The importin o/
complex binds to the carboxy terminus of the H68 peptide

through a monopartite NLS. Binding of CRM1 and importin
o/B to H68 appears to be additive, and there is no detectable
interaction between CRM1 and importin receptors in the final
tetrameric complex. Binding of both CRM1 and importin «/3
receptors is a prerequisite of nuclear import inhibition by the
VEEYV capsid protein, and mutations in either of the binding
sites completely abolish the inhibitory function of the protein.

Since formation of the H68-specific complex does not re-
quire RanGTP, the complex may be formed either in the
cytoplasm or on the cytoplasmic side of the NPC, where the
H68-GFP/CRM1 complex accumulates due to its strong bind-
ing to the cytoplasmic fibrils. This phenomenon has previously
been shown for another supraphysiological NES, S1 (14). The
possibility of dimeric-complex formation on the cytoplasmic
fibrils is supported by the detected accumulation of some GFP
fusions with mutated peptides at the nuclear rim (Fig. 1 and 2,

FIG. 7. H68 peptide derived from nonpathogenic VEEV Pixuna is incapable of efficient inhibition of nuclear import. (A) Sequence alignment
of H68 peptides derived from representative members of different VEEV subtypes. The green-shaded box indicates the most divergent sequence
between different subtypes. NLS and NES are indicated by red letters. The asterisks indicate identical residues; the colons indicate conserved
substitutions; the periods indicate semiconserved substitutions. (B) (Bottom) Representative confocal image of BHK-21 cells coexpressing
4XTomato-3XNLS and H68Pix-GFP or H68ES1-GFP. (Top) The mutated amino acid in the H68ES1 peptide is highlighted in blue. The amino
acids that differ between H68 and H68Pix are highlighted in turquoise. Scale bars, 20 um. (C) Box plot demonstrating the nuclear/cytoplasmic
distribution of 4 X Tomato-3XNLS when expressed alone or in the presence of a mutant H68 peptide-GFP. The distributions of 4 X Tomato-3XNLS
in the presence of H68Pix and H68ES51 were similar. (D) Box plot presenting the nuclear/cytoplasmic distributions of H68-GFP and H68Pix-GFP.
H68Pix-GFP mostly accumulated in the nucleus. The distribution of H68ES1 was not analyzed due to its high tendency to aggregate in the
cytoplasm. The P values were calculated using the Mann-Whitney test (n = 30 for H68 and H68Pix; n = 29 for H68ES1).
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H60-GFP and H68AA2-GFP mutants). The latter mutants
have intact supraNESs but lack the functional NLS domain.
This hypothesis is also supported by the detection of prefer-
ential accumulation of H68-GFP on the cytoplasmic side of the
NPC by EM (Fig. 4). Upon reaching the central channel of the
NPC, the tetrameric complex binds strongly to the nucleopor-
ins, which need to be further defined, and its migration either
completely stops or slows drastically. We favor the hypothesis
that the tetrameric complex continues to slowly migrate
through the NPC, because the large capsid-GFP fusion was
found in the nuclei and not only in the NPC (5). However, the
direct detection of migration of the H68-GFP through the
NPC is technically challenging due to its slow migration and its
presence in two complexes, H68-GFP/CRM1 and H68-GFP/
CRM1/importin a1/B. The very slow migration of H68-GFP-
containing complexes through the NPC would also explain the
incomplete inhibition of nuclear import by some mutants (such
as H68AS and H68G4) and, at the same time, accumulation of
the 4XTomato-3XNLS reporter in the nuclear rim in their
presence. These mutations appear to affect the efficiency of
tetrameric complex formation or its stability, and thus, the
NPC would become more accessible for another import cargo,
although it translocates through the NPC at lower rates.
Facilitated nucleocytoplasmic traffic is mediated by reason-
ably weak interactions between nuclear transport receptors,
karyopherins and nucleoporins, containing FG repeats (FG
nups) (40, 42). Strong evidence suggests that FG nups can form
a barrier due to the binary interactions between FG repeats
(17, 37). Each karyopherin contains several binding sites that
bind FG repeats, thereby melting the FG meshwork to ensure
rapid cargo translocation. The capsid-specific tetrameric com-
plex contains two karyopherins and about twice the FG-bind-
ing sites of standard import or export complexes. It is tempting
to conclude that this simple increase in the FG repeat-binding
domain numbers slows down translocation of the tetrameric
complex through the NPC. However, mutants with insertions
between the supraNES and NLS in the H68 peptide, which
should not affect the number of FG-binding sites in the com-
plex but might change the relative positions of the CRM1 and
importin o/f in the complex, were no longer capable of effi-
ciently inhibiting nuclear import. Similarly, the H60-GFP car-
rying three NLSs on the carboxy terminus of GFP did not
efficiently inhibit nuclear import. In addition, many larger car-
gos contain multiple karyopherins (10, 35, 36) without ob-
structing the NPC. Therefore, we hypothesize that the tet-
rameric complex tertiary structure is vital for sequestering the
H68-GFP fusion and VEEV capsid protein in the NPC and
that only specific orientation of the complex in the NPC allows
its tight simultaneous binding with nucleoporin FG repeats.
Interestingly, cargo-bound conformations of both CRM1 and
importin o/p have higher affinities for several FG nups than
the empty conformations (4, 8, 32). Therefore, it is likely that
CRMI1 and importin B in their cargo-bound states bind with
high affinity to different nucleoporins and that the cooperative
binding in the tetrameric complex inhibits efficient transloca-
tion through the NPC, thereby inhibiting other transport path-
ways. The identification of these nucleoporins will provide new
insights into NPC structure and function. Importantly, VEEV
capsid protein does not inhibit nuclear import in mosquito
cells, and this suggests that the structures of vertebrate and
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invertebrate NPCs are divergent or that mosquito CRM1 does
not bind as strongly to the H68 peptide.

Nucleocytoplasmic traffic is essential for the regulation of all
cellular processes and cell survival. It also appears to play a
critical role in the activation of cellular genes in response to
infection with different viral pathogens. Thus, it is not surpris-
ing that some of the RNA viruses, which do not require nuclei
for their replication, have developed efficient mechanisms for
interfering with the nucleocytoplasmic traffic (25). The polio-
virus and rhinovirus proteases degrade several nucleoporins
and thus inhibit some of the nuclear traffic pathways. The
matrix protein of vesicular stomatitis virus (VSV) is so far the
only other viral protein that efficiently blocks nucleocytoplas-
mic traffic by binding one of the NPC nucleoporins, nup98 (27,
47). This interaction is mediated by the mRNA export factor
Rael (15) and leads to the disruption of cellular mRNA nu-
clear export and, consequently, cellular transcription. Interest-
ingly, the transcription inhibition is secondary to the disruption
of NPC functioning. We have also previously demonstrated
that the capsid proteins of the New World alphaviruses
strongly inhibit transcription of cellular mRNAs and rRNAs at
10 to 24 h postinfection. In this study, we observed strong
inhibition of nuclear import in just 4 h postinfection with a
replicon expressing H68-GFP. Thus, inhibition of nuclear im-
port appears to precede the transcriptional shutoff during al-
phavirus infection. Although, the resulting inhibition of tran-
scription is a very efficient way of interfering with the antiviral
response, the inhibition of nuclear import has additional ben-
efits, such as preventing the import of transcriptional factors
involved in the host response and inhibiting the export of newly
synthesized mRNA. Hence, the inhibition of the antiviral re-
sponse can occur more efficiently.

In conclusion, we have demonstrated that pathogenic strains
of VEEV have developed a unique and efficient means of
inhibiting nuclear import by forming tetrameric complexes be-
tween viral capsid protein and three karyopherins: CRMI,
importin «, and importin B. Importantly, different serotypes of
VEEV exhibit sequence variations in the H68 peptide, and the
sequences of the H68 peptides of nonpathogenic strains are
strongly divergent from those of the pathogenic strains. Our
data demonstrated that the less pathogenic phenotype of
Pixuna virus is strongly correlated with the inability of its cap-
sid protein to completely inhibit nuclear import. Taken to-
gether, the experimental data presented imply that capsid protein
is the major determinant of VEEV pathogenesis. These data also
raise the possibility that the nonpathogenic strains of VEEV can
evolve into more pathogenic phenotypes, and epidemiological
studies should include structural and functional studies of capsid
protein. The data also explain the high residual pathogenicity of
the current experimental live vaccine against VEEV, TC-83,
which contains the functional H68 peptide. Finally, this novel
mechanism of nuclear transport inhibition shows that the NPC is
vulnerable to unusual cargo receptor complexes and may be used
by other cellular or viral proteins in a regulated manner.
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