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The nonstructural protein 2 (NS2) from parvovirus
minute virus of mice (MVMp) is a 25-kDa polypeptide
which localizes preferentially to the cytoplasm and
associates with cellular proteins in cytoplasm. These
lines of evidence suggest that NS2 is positively ex-
ported from the nucleus to cytoplasm and functions in
cytoplasm. We report here that nuclear export of NS2
is inhibited by leptomycin B (LMB), a drug that spe-
cifically blocks nuclear export signal (NES)-chromo-
somal region maintenance 1 (CRM1) interactions.
CRML1 binds specifically to the 81- to 106-amino-acid
(aa) region of NS2, and the region of NS2 actually
functions as a NES. Interestingly, this region appears
to be distinct from a typical NES sequence, which con-
sists of leucine-rich sequences. These results indicate
that NS2 protein is continuously exported from the
nucleus by a CRM1-dependent mechanism and suggest
that CRML1 also exports to distinct type of NESs. © 1999

Academic Press

Autonomous parvoviruses have linear, single-stranded
DNA genomes of approximately 5 kb with palindromic
hairpin ends. They have been found associated with
tumor material and display oncosuppressive activity
(1). The closely related parvoviruses express two non-
structural proteins (NSs), NS1 and NS2, during their
life cycles. These proteins have a common N terminus
but show a difference in size and subcellular distribu-
tion. NS1, and 83 kDa protein, is accumulated in the
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cell nucleus and is involved in viral DNA replication
and modulation of viral and cellular promoters. NS2 is
present in different isoforms that have a molecular
mass in the range of 25 kDa generated by alternative
splicing events (2, 3).

Mutants of MVMp with splice acceptor or termina-
tion mutations in NS2 replicate very poorly in murine
cells (4). In murine cells, deletion or truncation of NS2
affects efficient capsid protein assembly and causes a
decrease in translation of viral mRNA, and the mutant
viruses replicate to very low levels in mice (5-8). In
MVMp, a phosphorylated form of NS2 is found prefer-
entially in the cytoplasm (9), and it also associates with
the 14-3-3 proteins which are connected to signal
transduction (10). Thus, NS2 is mainly found and in-
teracts with cellular proteins in cytoplasm. However,
the functions of NS2 in cytoplasm are still poorly
understood.

Recently, CRM1 was found to be a receptor for var-
ious NES sequences, including viral proteins, such as
HIV-1-Rev and HTLV-1-Rex. The CRM1 belongs to the
importin g family, the members of which act as carriers
to transport proteins between the cytoplasm and the
nucleus (11-17). HIV-1-Rev and HTLV-1-Rex bind
their respective RNA response elements, the Rev re-
sponse element (RRE), and the Rex response element,
and subsequently export singly spliced and genomic
viral RNA to cytoplasm. Export of these proteins de-
pends on CRM1, and LMB has been shown to block the
export by CRM1. While MVMp NS2 protein is mainly
found in cytoplasm whether it is exported by active
mechanisms is not yet known. In this study, we show
evidence that the nuclear export of NS2 is mediated by
a CRM1 dependent-manner.

MATERIALS AND METHODS

Plasmid constructions. The CRM1 expression vector (pcDNA3/
HA-tagging CRM1) was made by incorporating the HA epitope at
N-terminus of CRM1, which was cloned into the BamHI site of
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Nuclear export of NS2 by a CRM1-dependent manner. HelLa cells were transiently transfected with plasmids encoding a

HA-tagging form of the wild type-NS2. At 48 h after transfection, cells were treated with or without LMB (5 ng/ml) for 3 h, then fixed and

stained with anti-HA antibody and Hoechst 33342. Bar, 25 um.

pcDNAZ3 (Invitrogen). The CRM1 gene containing the entire coding
region was amplified from a human kidney cDNA library by the PCR
technique with a set of primers 5-ACAGGATCCCTATGCCAGC-
AATTATGACAA-3' (CRM1F), 5'-ACAGGATCCACAAAAATGGGC-
ATGAAG-3' (CRM1R), each end contains BamHI restriction sites.
The PCR product was digested with BamHI, and inserted into the
BamHI site of the pcDNA3/HA. The integrity of the plasmid se-
guence was ascertained by sequencing according to the manufactur-
er's instructions (Applied Biosystem Co. Ltd.).

To construct NS2 expression vectors, the NS2 gene containing the
entire coding region was amplified from viral infected cells by the
RT-PCR technique. MVMp virus, obtained from the ATCC, was
passaged in A9 cells and stocks were prepared for subsequent exper-
iments. A9 cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM; GIBCO-BRL) supplemented with 10% fetal calf
serum (FCS). The confluent cultured cells were trypsinized, washed
with PBS, and suspended in DMEM (without FCS) containing viral
inoculum at a theoretical m.o.i. of 2 to 3. After incubation at 37°C for
1 h, cells were washed to remove the inoculum, resuspended in
DMEM with 5% FCS, and plated at 4 X 10° cells per 10-cm-diameter
dish. The infected cells were harvested at days 2 postinfection, and

the total RNA was prepared for RT-PCR templates. First-strand
cDNA was synthesized by standard techniques using 5 ug of total
RNA and oligo-dT primer. The wild type-NS2 gene containing the
coding region was amplified by the PCR technique with a set of
primers, 5'-ACAGGATCCCCATGGCTGGAAATGCTTACTC-3' (NS2F)
and 5'-ACAGGATCCAAGTGATTTCAGGCCTGTAAA-3' (NS2R), each
end contains BamHI restriction sites. The PCR product was digested
with BamHI, and inserted into the BamHI site of the pcDNA3/HA,
pcDNA3.1/His A (Invitrogen) and pGEX-5X-1 (Pharmacia). To ex-
press various forms of GST-NS2 fusion proteins were prepared by
the PCR technique with a set of primers, each end contains BamHI
and Sall restriction sites and inserted into the BamHI and Sall sites
of the pGEX-5X-1. To observe subcellular localization of the 81-106
aa region of NS2 when the cells were treated with LMB or not, we
constructed the expression vector as green fluorescent protein (GFP)-
fusion proteins. The GFP-fusion vector of the NS2 (81-106 aa) was
constructed from pGEX-5X-1-NS2 (81-106 aa) by digesting with
BamHI and Sall fragment which inserted into the Bglll and Sall
sites of the pEGFP-C2 (Clontech). As a positive control to the func-
tional NES, the GFP-fusion vector of HIV-1-Rev-NES was con-
structed by fused to the carboxyl terminus of GFP for synthetic
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oligonucleotides specifying the amino acid position 75-84 (LPPLER-
LTLD) in HIV-1-Rev. The integrity of the plasmids sequence were
ascertained by sequencing according to the manufacturer’s instruc-
tions described above.

Immunofluorescence and microscopic analysis. To detect the sub-
cellular localization of NS2, HelLa cells were grown to subconfluency
on Lab-Tec Chamber (NUNC) in DMEM with 10% FCS. Cells were
transfected with 100 ng of pcDNA3/HA/NS2 expression vector using
the polycation Superfect (Qiagen) according to the manufacturer’s
protocol. After 48 h, cells were incubated for 3 h with the same
medium containing 5 ng/ml of LMB (LMB was kindly provided by
Dr. Minoru Yoshida of the University of Tokyo). LMB-treated
or -untreated cells were fixed at room temperature with 3% para-
formaldehyde for 30 min and then permeabilized with cold 2% Triton
X-100 in PBS for 5 min. After blocking with 3% BSA and 0.1% Triton
X-100 in PBS, the cells were incubated with anti-HA antibody
(12CA5 mAb, Boehringer Mannheim) for 1 h at 37°C and were
stained with Hoechst 33342 (Boehringer Mannheim) and Cy2-
conjugated anti-mouse 1gG antibody (Amarsham) for 1 h at room
temperature. Immunofluorescence was observed under a fluores-
cence microscope (Leica, FLUOVERT-FU).

Immunoprecipitation and Western blot analysis. For coimmuno-
precipitations, 1 X 10° of 293T cells per 6 cm-diameter dish were
cotransfected with 1 ug of the pcDNA3/HA/CRM1 and pcDNA3.1/His
A/NS2 expression vectors as described above. After 36 h, cells were
lysed in 1 ml of RIPA buffer (20 mM HEPES (pH 8.0), 150 mM Nacl,
1% Triton X-100, 1 mM DTT, 1 mM EDTA, 0.1 mM Na;VO,, 5 mM
NaF, 1 ug/ml aprotinin, 1 png/ml leupeptin, 1 mM PMSF) for 30 min
on ice, and cell debrises were removed by centrifugation at 14,000 X
g for 15 min. The lysates were first cleared with protein G beads
(Pharmacia) for 30 min, followed by incubation with anti-His; anti-
body (Boehringer Mannheim), anti-HA antibody (3F10 rAb, Boeh-
ringer Mannheim) or pre-immune mouse IgG for 30 min on ice.
Finally, the antibody complexes were captured with protein G beads
for 2 h. The immunoprecipitates were washed four times with RIPA
buffer. They were fractionated by 10% SDS-PAGE and transferred to
Immobilon P transfer membrane (PVDF) (Millipore). Western blot
was probed with anti-HA antibody in TBS-T buffer (20 mM Tris-HCI,
pH 7.5, 0.5 M NacCl, 0.05% Tween 20) containing 0.5% skim milk
(Difco) for 1 h at room temperature after blocking with TBS-T con-
taining 5% skim milk for 1 h. Rat antibodies were detected with
horseradish peroxidase (HRP)-linked goat antibodies to rat 1gG
(Jackson ImmunoResearch Lab, Inc.) by enhanced chemilumines-
cence (Amersham).

Glutathione S-transferase (GST) pull-down assay. GST-NS2 fu-
sion proteins and GST were expressed in E. coli strain BL21 and
purified with gluthatione-Sepharose beads according to the manu-
facturer's protocol (Pharmacia). Amounts of GST-fusion proteins
were estimated by Coomassie Brilliant Blue staining. For pull-down
assay, the CRM1 protein was labeled in the TNT-coupled reticulo-
cyte lysate system (Promega) with T7 RNA polymerase and *S-
methionine/cysteine. Translation product was pre-cleaned with GST
bound to glutathione-Sepharose beads, then was incubated with
GST-fusion proteins-bound glutathione-Sepharose beads at 4°C for
2 h in 500 pl of buffer A (20 mM Tris-HCI (pH 8.0), 120 mM NacCl,
0.05% Tween 20, 1 mM DTT, 1 mM EDTA, 10% glycerol, 0.1 mM
Na;VO,, 5 mM NaF, 1 pg/ml aprotinin, 1 ug/ml leupeptin, 1 mM
PMSF). The complexes were washed four times with buffer A, and
pull-down complexes were analyzed by 10% SDS/PAGE and an im-
age analyzer (BAS 2000; Fujix). The binding efficiency between NS2
and CRML in the presence or absence of RanGTP was performed by
using pull-down assay, based on methodology described by Tang et
al. (18). The recombinant G19V Ran (a mutant form of Ran that lacks
GTPase activity and hence remains constitutively GTP-bound) was
expressed and purified as described previously (19). GST-wild type-
NS2 fusion protein was incubated with 5 ul of *S-labeled CRM1 in
100 ul of buffer B (20 mM Tris-HCI (pH 8.0), 120 mM NaCl, 5 mM

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

P
[
Q
g &
2 £
o
£ ©
o - < °2
‘g o T T
kDa - = = S
116 E——am— < CRM1

FIG. 2. CRML1 can interact with NS2 in vivo. 293T cells were
cotransfected with pcDNA3/HA/CRM1 and pcDNA3/His A/NS2.
Whole cell extracts were prepared and immunoprecipitated (IP) with
pre-immune, anti-His; or anti-HA antibody. The immunoprecipi-
tates were then analyzed by immunoblotting with anti-HA antibody.

MgCl,, 10 mM GTP, 0.05% Tween 20, 1 mM DTT, 5% glycerol, 1
pg/ml aprotinin, 1 pg/ml leupeptin, 1 mM PMSF) in the presence or
absence of 0.3 ug/ul of G19V Ran at room temperature for 1 h. The
beads-bound proteins were analyzed by 10% SDS/PAGE and an
image analyzer.

RESULTS

Leptomycin B distrupts the cytoplasmic localization
of NS2. We considered the possibility that the cyto-
plasmic localization of NS2 in interphase is ensured by
the CRM1-mediated nuclear export system. To test
this possibility, we used LMB, a specific inhibitor of the
CRMZ1-dependent nuclear export, that is shown to in-
hibit interactions of the CRM1 with NES. Expression
vector of NS2 protein was constructed by incorporating
the HA epitope at N-terminus of NS2, and HeLa cells
were transfected by using the polycation Superfect ac-
cording to the manufacturer’'s protocol. As shown in
Fig. 1, a HA-tagging form of NS2 was accumulated in
the nucleus when cells were treated with LMB. In
contrast, there was no change in distribution of NS2
without LMB. These data suggest that nuclear export
of NS2 is mediated by CRM1-dependent manner.

NS2 interacts with CRML1 in vivo. We next investi-
gated whether NS2 could interact with CRML1 in vivo
by using coimmunoprecipitation experiments. Expres-
sion vectors were constructed by incorporating the HA
epitope at N-terminus of CRM1 and the His, epitope at
N-terminus of NS2, and 293T cells were cotransfected
as described above. A mouse monoclonal antibody spe-
cific for the Hisq epitope was utilized for a coimmuno-
precipitation. Western blot analysis of this immuno-
precipitate with anti-HA antibody confirmed their
identity as CRM1 (Fig. 2). This shows that NS2 is
indeed able to interact with CRML1 in vivo.

CRML1 binds specifically to the 81- to 106-aa region of
NS2. It has been reported that NES-containing pro-
teins interact with CRM1, and interaction between
CRM1 and NESs is essential for nuclear export of
NES-containing proteins (11, 12, 15). To determine a
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Interaction between CRM1 and NS2 in vitro. (A) Schematic presentation of NS2 subfragments used for pull-down assay. Stippled

box of N-terminus (1-85 aa) was indicated that the region is common to NS1 and NS2. (B) GST pull-down assay of wild type-NS2 and deletion
mutants as GST fusion proteins using a *S-labeled CRML1. Positions of molecular mass markers are indicated.

binding region of NS2 with CRM1, we expressed as
GST fusion proteins of NS2, and tested for the ability
to bind to CRM1 translated in vitro by using a GST
pull-down assay. Full-length and several deletion mu-
tants of NS2 were used for a binding assay (Fig. 3A). As
shown in Fig. 3B, in vitro translated product of CRM1
was capable of binding the containing 81-106 aa region
of NS2. These results indicate that CRM1 binds spe-
cifically to the 81-106 aa region of NS2. However, the
possibility that the specific interaction between CRM1
and NS2 could be mediated by a factor provided from
reticulocyte lysate, cannot be formally excluded.

The formation of NS2-CRM1 complexes is blocked by
LMB, and CRML1 binds efficiently to the NS2 in the
presence of RanGTP. Recent biochemical studies on
the physiological function of LMB indicated that LMB
abolished association of CRM1 with NES by binding

directly to CRM1, thereby inhibited nuclear export of
NES-containing proteins (11-13, 15). Next, we inves-
tigated whether the interaction between NS2 and
CRML1 is blocked by LMB. As shown Fig. 4A, addition
of LMB to 100 ng concentration completely blocked the
formation of NS2-CRM1 complexes.

It is well known that CRML1 binds efficiently to NES-
containing proteins in the presence of RanGTP. Specif-
ically, while Fornerod et al. (11) have reported that the
CRM1-NES interaction is dependent on the presence of
RanGTP, and indeed involves the formation of an ob-
ligate NES/ICRM1/RanGTP ternary complex, Fukuda
et al. (12) and Ossareh-Nazari et al. (15) have reported
a readily detectable CRM1-NES interaction in the ab-
sence of any added RanGTP. Therefore, we compared
the binding efficiency between NS2 and CRM1 in the
presence or absence of RanGTP. As shown in Fig. 4B, the
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FIG. 4. Effect of RanGTP and LMB to the binding efficiency between NS2 and CRML1. (A) *S-labeled CRML1 translated in vitro was
incubated alone or with 10 ng, 100 ng of LMB in buffer A containing GST-wild type-NS2 bound glutathione-Sepharose beads. (B) GST-wild
type-NS2 was incubated with *S-labeled CRM1 translated in vitro in buffer B in the absence or presence of RanGTP. Pull-down complexes

were analyzed as described under Materials and Methods.
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FIG.5. The 81-106 aa region of NS2 can functions as a NES. (A) Expression vector of GFP and GFP-fusion proteins were transfected into
293T cells. At 16 h after transfection, GFP fluorescence was recovered under the fluorescence microscope. Then, same cells were treated with
LMB (10 ng/ml) for 1 h and GFP fluorescence was recovered. The LMB treatment on nuclear export in this study was controlled by analysis
of the GFP and GFP-Rev-NES. (B) Alignment of the translated MVMp NS2 (81-106 aa) sequence with those of major rodent parvoviruses
or the consensus motif of the hydrophobic residue-rich NESs. Parvoviruses; parvovirus H-1 (H-1), mouse parvovirus (MPV), and Kilham rat
virus (KRV). Shading indicated that the sequence is identical between MVMp and the other virus. Comparison of a typical NES sequences
of HIV-1 Rev, HTLV-1 Rex, PKI and MAPKK. Leucines and chemically related amino acids involved in NES function are underlined.
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efficient binding of NS2 to CRM1 increased in the
addition of RanGTP than in its absence. These data
indicate that NS2 also has the same binding activities
as those of previously known NESs; the efficient bind-
ing of NS2 to CRM1 was not only inhibited by LMB but
also increased by the addition of RanGTP.

The 81- to 106-aa region of NS2 actually functions as
a distinct type of NES. To test whether the 81-106 aa
region of NS2 functions as an NES, we constructed the
GFP-fusion proteins which were transfected into 293T
cells, observing subcellular localization of GFP-fusion
proteins when cells were treated with LMB. As shown
in Fig. 5A, the cytoplasmic localization of GFP-NS2
(81-106 aa) was distributed evenly throughout the cell
by LMB treatment. We compared the 81-106 aa se-
quence with other rodent parvoviruses of NS2 or the
consensus motif of leucine-rich NESs (Fig. 5B). Indeed,
a minimal binding region of MVMp NS2 with CRM1
lies within the amino acid sequence that is at least
conserved in rodent parvoviruses. Interestingly, the
81-106 aa region of NS2 appears to be a distinct type of
NES sequence, differ significantly from typical NESs
in the organization of the hydrophobic residues, espe-
cially amino acid sequences rich in leucine. These re-
sults strongly demonstrate that the 81- to 106-aa re-
gion of NS2 actually functions as an LMB-sensitive
NES, and distinct type of NESs may bind to CRM1,
which may also be sensitive to LMB.

DISCUSSION

NS2 protein of autonomous parvoviruses localizes
mainly in the cytoplasm, in spite of the low molecular
weight (approximately 25 kDa), is not distributed
evenly throughout the cell. This may provide the pos-
sibility that the NS2 is positively exported from the
nucleus to cytoplasm. We hypothesized that NS2 was
exported by a CRM1-mediated mechanism and would
be inhibited by LMB. As shown in Figs. 1 and 3, the
nuclear export of NS2 was inhibited by LMB, and
CRM1 binds specifically to the 81-106 aa region of NS2.
Moreover, the binding efficiency between NS2 and
CRML1 increased by the presence of RanGTP, and was
inhibited by the addition of LMB (Fig. 4).

Recently, it was found that nuclear export of distinct
type NES-containing Rev-like proteins of the equine
infectious anemia virus (EIAV) and the feline immu-
nodeficiency virus (FIV) were inhibited by LMB (20). In
this study, we show evidence that NS2 also binds to
CRM1 through the region of a distinct type of NES
sequence, and nuclear export of the region is inhibited
by LMB. These results indicate that the region of NS2
can functions potentially as an LMB-sensitive NES,
and demonstrate that nuclear export of proteins by
CRM1-dependent manner may be not restricted to typ-
ical NES-containing proteins.
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NS2 protein of MVM is required for capsid assembly
in murine cells (6). Moreover, the expression of all viral
proteins is reduced when the murine cells are infected
with the NS2-null of parvovirus H-1, and the experi-
ments with reporter-gene constructs suggested that a
sequence present in the 3’-untranslated region of all
viral mMRNAs might render them susceptible to trans-
lational modulation by NS2 (21). Similar widespread
defects in viral protein accumulation were not appar-
ent in the MVMp NS2 mutants studied previously (7,
8). Although NS2 is such a multifunctional protein, the
question now arises: What is the role of NS2 exported
in a CRM1-dependent manner? It was shown that sev-
eral viral and cellular proteins, such as HIV-1-Rev,
HTLV-1-Rex, Protein Kinase Inhibitor Protein (PKI),
and mitogen-activated protein kinase kinase (MAPKK)
were exported to the cytoplasm by CRM1 (22-24).
Therefore, one might expect that NS2 mediates the
export of unspliced viral mRNA and plays a significant
role in virus production. Further research clarifying
the molecular links between NS2 export and viral
products should provide interesting insights into par-
vovirus pathogenicity.
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