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Lentiviruses, human immunodeficiency viruses (HIVs), and simian immunodeficiency viruses (SIVs) are
distinguished from oncoretroviruses by their ability to infect nondividing cells such as macrophages. Retro-
viruses must gain access to the host cell nucleus for replication and propagation. HIV and SIV preintegration
complexes (PIC) enter nuclei after traversing the central aqueous channel of the limiting nuclear pore complex
without membrane breakdown. Among the nucleophilic proteins, namely, matrix, integrase, Vpx, and Vpr,
present in HIV type 2/SIV PIC, Vpx is implicated in nuclear targeting and is also available for incorporation
into budding virions at the plasma membrane. The mechanisms of these two opposite functions are not known.
We demonstrate that Vpx is a nucleocytoplasmic shuttling protein and contains two novel noncanonical
nuclear import signals and a leptomycin B-sensitive nuclear export signal. In addition, Vpx interacts with the
cellular tyrosine kinase Fyn through its C-terminal proline-rich motif. Furthermore, our data indicate that Fyn
kinase phosphorylates Vpx and regulates its export from nucleus. Replacement of conserved tryptophan
residues within domain 41 to 63 and tyrosine residues at positions 66, 69, and 71 in Vpx impairs its nuclear
export, virion incorporation, and SIV replication in macrophages. Nuclear export is essential to ensure the
availability of Vpx in the cytoplasm for incorporation into virions, leading to efficient viral replication within
nondividing cells.

Human and simian immunodeficiency viruses (HIV and
SIV) are able to infect terminally differentiated macrophages
and memory T cells (6, 12, 14, 17, 29, 51, 52). This biological
feature is necessary for viral dissemination and persistence and
distinguishes lentiviruses from oncoretroviruses (30). Efficient
uncoating of the viral core plays a critical role in lentivirus
replication (54). Viral reverse transcription complex tran-
scribes RNA into DNA, which forms the viral preintegration
complex (PIC) in the cytoplasm and is then imported into the
nucleus through the nuclear envelope via an active mechanism
within 4 to 6 h of infection. The nuclear envelope is studded
with nuclear pore complexes that form conduits for bidirec-
tional transport of many macromolecules (7, 9, 15). During
active transport, the central aqueous channel can accommo-
date protein complexes as large as 25 nm in diameter (9, 37, 38,
40). However, the HIV/SIV PIC, with a stoke diameter of 56
nm, represents one of the largest known examples of cargo
successfully transported across the nuclear pore complex by a
mechanism yet unknown.

Lentiviruses contain genes for regulatory (rev and tat) and
accessory (vif, vpx, vpr, vpu, and nef) proteins in addition to the
structural proteins (gag, pol, and env) that are found in all
retroviruses (8, 51). The highly conserved (18, 25) viral protein
X (Vpx) is predominantly found in the nuclei of HIV type 2
(HIV-2)- and SIV-infected cells, indicating the strength of its
nuclear targeting signal (5, 26, 31, 39). This nucleophilic prop-
erty of Vpx, coupled with its presence in the viral PIC, facili-
tates more efficient HIV/SIV replication in macrophages (12,
19, 31, 39, 41, 42). Vpx is packaged efficiently in progeny

virions (1, 12, 26, 31) and localizes within the viral core (27).
Immediately following entry of a new virion into the target cell
Vpx becomes available during early replication events even
before de novo viral protein synthesis starts. Late expression
during virus production and early availability during initial
infection enables Vpx to participate in the early stages of the
viral life cycle.

Phosphorylation plays a critical role in controlling nuclear
transport of proteins in eukaryotic cells from yeasts and plants
to higher mammals (11, 14, 23, 33, 42, 49). Phosphorylation of
HIV-1 MA, Vpr, and Vpx is essential for their association with
viral PIC (2, 14, 24, 42). However, it is unclear how these
nucleophilic proteins are directed into budding virions. The
present study was designed to define the mechanism of Vpx
nuclear export and its contribution to HIV-2/SIV replication in
nondividing cells.

In this study, we have employed SIV molecular clones con-
taining mutations that selectively compromise the nuclear ex-
port phenotype of Vpx while maintaining its import into the
nucleus. We showed that export of SIV Vpx from the nucleus
is mediated by a novel tryptophan-rich leptomycin B (LMB)-
sensitive nuclear export signal (NES) located at the N terminus
of Vpx. Furthermore, we showed that nuclear export is critical
for the availability of Vpx in the cytoplasm for its efficient
incorporation into budding virus particles. In addition, our
data suggest that phosphorylation of Vpx by a cellular Src-like
tyrosine kinase, Fyn, modulates its export from nucleus. Fi-
nally, by investigating the role of nuclear export of Vpx during
viral infection, we demonstrated that it was directly implicated
in SIV replication in macrophages.

MATERIALS AND METHODS

Construction of SIVsm(Pbj1.9) Vpx mutant proviral clones. A QuikChange
site-directed mutagenesis kit (Stratagene, United States) was used to introduce
mutations into the vpx gene of infectious molecular clone SIVsm(PBj1.9). Mu-
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tagenized vpx genes were PCR amplified and inserted into the mammalian
expression vector pCDNA3 (Invitrogen Life Technology, United States). None
of the introduced nucleotide substitutions resulted in amino acid changes in the
overlapping Vif open reading frame. All introduced mutations were confirmed
by DNA sequence analysis.

Cell culture and infection. 293T, Cos-7, HeLa, CEMx174, and Jurkat cells
were maintained in either Dulbecco’s modified Eagle’s medium or RPMI 1640
medium supplemented with penicillin (100 U/ml), streptomycin (100 �g/ml), and
10% fetal bovine serum. Macaque peripheral blood mononuclear cells (PBMCs)
were obtained using heparin-treated whole blood and lymphocyte separation
medium (Organon Teknika, United States). Macrophages were purified from
unstimulated macaque PBMCs as described previously (31). Virus stocks were
generated in 293T cells and used for infection of macaque PBMCs and macro-
phages as described previously (31).

Metabolic labeling and immunoprecipitation. The infection-transfection pro-
tocol for the vaccinia virus expression system was as described previously (31).
Briefly, Cos-7 cells were infected with vTF7-3, a vaccinia virus expressing T7
RNA polymerase (13), and transfected using wild-type Vpx or relevant Vpx
mutant constructs using Lipofectin (Invitrogen life Technology, United States).
Transfected cells were labeled with phosphate-free Dulbecco’s modified Eagle’s
medium containing 1.0 mCi of 32Pi (Bhabha Atomic Research Centre, India).
The labeled cells were lysed with lysis buffer without sodium dodecyl sulfate
(SDS) (1% [vol/vol] Triton X-100, 0.5% [wt/vol] deoxycholate, 0.2 mM phenyl-
methylsulfonyl fluoride in phosphate-buffered saline, and 0.2 mM Na2VO4).
Labeled Vpx proteins were immunoprecipitated with anti-Vpx monoclonal an-
tibody and resolved on SDS–8 to 15% polyacrylamide gel electrophoresis
(SDS–8 to 15% PAGE) followed by autoradiography.

Western blot analysis. Cos-7 cells in 60-mm-diameter dishes were infected
with vTF7-3 and transfected with various Vpx expression plasmids as described
previously (31). Expression of all the Vpx mutant proteins was determined by
Western blot analysis using anti-Vpx monoclonal antibody. For determining the
characteristics of Vpx packaging into virus particles, virions from the culture
supernatants (cells transfected with Vpx wild-type or mutant proviral clones)
were concentrated by ultracentrifugation (125,000 � g) through a 20% sucrose
cushion for 2 h or virus-like particles (variants of Vpx cotransfected with Gag
expression plasmids) were concentrated through a Centricon 30 apparatus and
were resolved on SDS–12% PAGE followed by Western blot analysis using
anti-Vpx and anti-Gag monoclonal antibodies.

Fluorescence microscopy. Cos-7 cells in chamber culture slides (Becton Dick-
inson, United States) were infected with vTF7-3 and transfected using Vpx
expression plasmids using Lipofectin as described previously (31). Transfected
cells were fixed with 3% paraformaldehyde and probed with anti-Vpx monoclo-
nal antibody (1:250). Alexa Fluor 488-conjugated goat anti-mouse immunoglob-
ulin G (Molecular Probes, The Netherlands) was used as a secondary antibody to
visualize the subcellular localization of Vpx proteins. Vectors containing green
fluorescent protein (GFP) fusion proteins were visualized directly. The cells were
mounted in mounting medium (Vector Laboratories, United States) containing
4�,6�-diamidino-2-phenylindole (DAPI) to stain nuclei. Samples were viewed
with an upright Nikon E800 microscope (Nikon, Japan) and photographed with
a DXM1200 camera using Image Pro-Plus 4.5 software.

CAT assays. Chloramphenicol acetyltransferase (CAT) assays were performed
as essentially described by Hope et al. (20). Cos-7 cells were transfected with
indicated reporter plasmids along with cytomegalovirus–beta-galactosidase ex-
pression plasmid. All the cell lysates were normalized for beta-galactosidase
activity before CAT analysis, and each experiment was repeated three times.

Construction, expression, and purification of His tag-Vpx fusion proteins.
Vpx from SIVsm(PBj1.9) was cloned into pET16b vector at NdeI and BamHI
sites and purified from Escherichia coli strain BL-21(DE3) as described previ-
ously (42). Purified proteins were stored at �70°C.

GST pulldown assays. SH3 domains of Fyn, Src, Hck, full-length Crk, and
importin-� as glutathione transferase (GST) fusion proteins were expressed in E.
coli BL21(DE3) or M15-prap4 cells and purified as described previously (48).
GFP and GFP-Vpx (full length) were synthesized using [35S]methionine and a
T7-RNA polymerase-based rabbit reticulocyte lysate-coupled transcription/
translation system per the instructions of the manufacturer (Promega, United
States) and examined for integrity on SDS–15% PAGE. The binding reaction
mixture comprised equal amounts of in vitro-translated GFP or GFP-Vpx with
GST alone, GST-Fyn-SH3, GST-Src-SH3, GST-Hck-SH3, GST-Crk, and GST–
importin-� bound to 50 �l of glutathione-Sepharose or Fyn SH3/SH2 domain-
containing glutathione-agarose beads (Santa Cruz, United States) in a final
volume of 300 �l of binding buffer (25 mM HEPES [pH 7.9], 150 mM KCl, 0.1%
NP-40, 5% glycerol, 0.5 mM dithiothreitol, 0.4 mM phenylmethylsulfonyl fluo-
ride, 1 mM sodium fluoride, 1 mM sodium orthovanadate, and 1 �g/ml each of

aprotinin, leupeptin, and pepstatin). After overnight incubation at 4°C, the beads
were washed four times with 1.0 ml of binding buffer and boiled for 5 min in
sample buffer containing SDS. Eluted proteins were separated by SDS–15%
PAGE and autoradiographed.

In vitro kinase assay. Purified recombinant Vpx protein (3 �g) was incubated
with Fyn as well as mitogen-activated protein kinase (MAPK)–extracellular sig-
nal-regulated kinase 2 (ERK-2) immunoprecipitates from Jurkat cells activated
with phorbol myristate acetate (PMA) or recombinant Fyn or MAPK–ERK-2
(Upstate Biotechnology, United States) in 20 �l of kinase reaction buffer (20 mM
HEPES [pH 7.4], 10 mM MgCl2, 20 mM glycerol phosphate, and 0.1 mM sodium
vanadate) containing 10 �Ci of [�-32P]ATP (Bhabha Atomic Research Centre,
India). Samples were incubated for 30 min at 30°C, and reactions were termi-
nated by adding 7 �l of SDS sample buffer and boiling for 5 min. A portion (5
�l) of the sample was separated on SDS–15% PAGE followed by autoradiog-
raphy.

RESULTS

Vpx shuttles between nucleus and cytoplasm. GFP fusions
containing different Vpx deletion fragments expressed in either
HeLa or Cos-7 cells were found to localize differentially (GFP–
Vpx1-63 in the cytoplasm and GFP–Vpx20-40 in the nucleus)
(48). This indicated the presence of NES in SIVsm Vpx. GFP–
Vpx1-63 fusion proteins were probably shuttling into and out
of the nucleus and appeared cytoplasmic due to longer dwell
time. We therefore studied the effect of a well-known nuclear
export inhibitor, LMB, and/or translational inhibitor, cyclohex-
imide, on the nuclear accumulation of GFP-Vpx fusion pro-
teins. LMB is known to block nuclear export due to a covalent
modification at a cysteine residue in the central conserved
domain of an export receptor, chromosomal region mainte-
nance 1 (CRM-1) (29). GFP-Vpx was localized in cytoplasm in
the presence of cycloheximide alone and in nucleus with both
cycloheximide and LMB (Fig. 1A). This suggests the presence
of both nuclear localization signal and NES in Vpx. As a
positive control, we examined the effect of the same doses of
cycloheximide and LMB on shuttling of a GFP–HIV-1–Rev
fusion protein and observed a similar pattern of localization
(Fig. 1A). This assay was further validated with the observation
of unchanged nuclear localization for the nuclear export-de-
fective Rev, GFP-Revmt, in the presence of cycloheximide with
or without LMB (Fig. 1A). In summary, these data provide
evidence that Vpx is a nucleocytoplasmic shuttling protein and
that its export from nucleus is sensitive to LMB.

Conserved tryptophan and tyrosine residues of Vpx play a
critical role in its nuclear export. A series of plasmids that
encode variants of Vpx with substitutions in different regions
as shown in Table 1 were used to identify the functional nu-
clear export signal (NES) in Vpx. Multiple sequence analysis
showed that the residues targeted for mutagenesis are con-
served across distinct HIV-2 and SIV isolates derived from
different consensus groups. Wild-type and mutant Vpx expres-
sion plasmids were transfected into Cos-7 cells to evaluate the
abilities of various Vpx mutants to be exported to the cyto-
plasm in the presence of cycloheximide. Specific Vpx signal
was detected for all the mutants tested, but their ability to
perform nuclear export differed dramatically from that of the
wild-type protein (Table 1). Three different patterns of protein
localization were observed in the presence of cycloheximide:
localization to the cytoplasm (S2, S13, T17, W53, Y66, Y69,
G86, C87, and W99); localization to both the nucleus and
cytoplasm (W56 and K68); and localization to the nucleus
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predominantly (W49S, W49, 53, 56S, Y71A, and Y66, 69, and
71A) (Table 1; Fig. 2C). These results indicate that replace-
ment of tryptophan and tyrosine residues selectively impaired
export of Vpx from nucleus without altering its nuclear import.
It is unlikely that the effect on localization resulted from global
misfolding or altered protein stability of Vpx. For example,
Vpx mutants H82S and P103 and 106S that are defective for
nuclear import and export are efficiently incorporated into
virus particles, as seen with the wild type. These mutant pro-
teins retain the ability to interact with the structural protein

Gag. Cycloheximide-LMB treatment did not alter the localiza-
tion of H82S mutant protein (Table 1). Taken together, these
results strongly suggest that the conserved tryptophan and ty-
rosine residues play an important role in export of Vpx from
nucleus and that its cytoplasmic localization is critical for virion
incorporation.

Nuclear export of SIVsm(Pbj1.9) Vpx can complement ef-
fector domain function of HIV-1 Rev. A transient transfection
system with reporter plasmid pDM128 derived from the env
region of HIV-1 (20, 28) was used to characterize the nuclear

FIG. 1. Assessment of nuclear export properties of Vpx. (A) Cos-7 cells were transfected with GFP-Vpx, GFP-HIV-1 Revwt, and GFP-HIV-1
Revmt expression plasmids and treated with the translational inhibitor cycloheximide (5 �g/ml) alone or in combination with 20 ng/ml of LMB.
LMB inhibits exportin 1–CRM-1-mediated nuclear export of proteins. Immunofluorescence analysis results suggest that Vpx is a nuclear export
protein and that its export is sensitive to LMB, similar to those seen with HIV-1 Rev. Revmt is the nuclear export-defective mutant (the conserved
Leu residues within the nuclear export signal were exchanged with Ala), and the pattern of this mutant protein localization was not changed in
the presence or absence of the indicated drugs. (B) Structure of HIV-1 rev-vpx fusion gene. (C) SIV Vpx encodes a fully functional NES. Cos-7
cells were transfected with pDM128 alone or in combination with the indicated Rev or Rev-Vpx fusion constructs, and the CAT activity was
determined as described by Hope et al. (20).
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export of Vpx. The transcript produced by pDM128 harbors a
single intron containing a CAT coding sequence which is ex-
cised when the RNA is spliced. Cells transfected with pDM128
alone expressed the spliced transcripts in the cytoplasm and
yielded very low levels of CAT activity (Fig. 1C, lane 1). In
contrast, cotransfection with a functional HIV-1 Rev expres-
sion vector (pRevwt) permitted the unspliced transcripts to
enter the cytoplasm, thus increasing the CAT activity (Fig. 1C,
lane 3). Rev mutant (Revmt) was created by exchanging two of
the hydrophobic leucine with alanine residues in the effector
domain (Fig. 1B); these residues are known to abrogate the
export of Rev from nucleus (28, 35). The results in Fig. 1C
indicate the low levels of CAT activity in Revmt (lane 2)-
transfected cells compared with Revwt (lane 3)-transfected
cells, suggesting that mutation in the Rev effector domain
blocks the nuclear export of CAT mRNA (unspliced RNA) to
the cytoplasm. A fusion protein was generated by fusing full-
length Vpx to the carboxyl terminus of HIV-1 Revmt to assay
the activity of Vpx nuclear export signal in the above-men-
tioned system (Fig. 1B). Interestingly, Vpx could complement
the defects of HIV-1 Rev effector domain and increase the
CAT activity in the Revmt-Vpx-transfected cell (Fig. 1C, lane
4). These results provide evidence for the presence of a func-

tional NES in Vpx and further suggest that Vpx NES is able to
complement export activity of heterologous proteins.

Signal sequence within residues 41 to 63 of Vpx is essential
for nuclear export. Deletion analysis of Vpx showed that
amino acid residues 1 to 40 of Vpx were able to transport the
heterologous protein GFP to the nucleus, whereas residues 1
to 63 localized it to the cytoplasm (48). It appears that GFP–
Vpx1-63 shuttles into and out of the nucleus. To this end, GFP
fusion constructs containing Vpx1-40 and Vpx1-63 were trans-
fected into Cos-7 cells and treated with cycloheximide in the
presence or absence of LMB. The results in Fig. 2A indicate
more nuclear accumulation of the GFP–Vpx1-63 protein upon
cycloheximide and LMB treatment compared to the results
seen with untreated as well as cycloheximide-treated cells.
Identical doses of the indicated drugs did not alter the nuclear
localization of GFP–Vpx1-40 (Fig. 2A). These results suggest
the possibility that export signal resides between residues 41
and 63 of Vpx.

All the conserved amino acid residues (Table 1) in Vpx were
exchanged by quick-change mutagenesis to further character-
ize the signal for Vpx nuclear export. Nuclear export activity
for all Vpx mutant proteins was examined with Cos-7 cells in
the presence of cycloheximide with or without LMB by indirect
immunofluorescence using anti-Vpx monoclonal antibody. Cy-
cloheximide (with or without LMB) did not alter the nuclear
localization of Vpx protein containing a mutation at trypto-
phan 49 (W49S) alone or in combination with tryptophan res-
idues at positions 53 and 56 (W49, 53, 56S) (Fig. 2B and C;
Table 1). In addition, replacement of tryptophan residues ab-
rogated the nuclear export activity of Vpx1-63 as well (data not
shown). Conservation of tryptophan residues in all HIV-2 and
SIV isolates suggests the importance of these residues in Vpx
function. These data provide evidence for the presence of
nuclear export signal within residues 41 to 63 of Vpx. Surpris-
ingly, a similar pattern of localization for mutant Vpx protein
with tyrosine residues exchanged to alanine (Y66, 69, 71A)
(Table 1) was observed. Cycloheximide treatment did not alter
the nuclear localization of these mutant proteins. Phosphory-
lation of tyrosine residues may therefore play an important
role in Vpx nuclear export. Collectively, these data suggest that
tryptophan residues within domain 41 to 63 may play a critical
role in export of Vpx from nucleus.

Vpx interacts with Fyn SH3 domain through its C-terminal
proline-rich domain. Proline-rich motifs are known to interact
with SH3 domains of Src-like tyrosine kinases as well as of
proteins that are involved in signal transduction pathways (34,
44, 45). To understand the role of the C-terminal proline-rich
domain (RPGP7GLA) in Vpx function, we first tested whether
Vpx interacts with any host Src-like kinases. SH3 domains of
Fyn, Src, Hck, and full-length Crk were used as an affinity
matrix to identify the Vpx-interacting partner in an in vitro
GST pulldown assay. Equal amounts of GST, GST-Fyn-SH3,
GST-Src-SH3, GST-Hck-SH3, and GST-Crk (Fig. 3A) bound
with glutathione-Sepharose beads were incubated with in vitro-
translated GFP or GFP-Vpx (Fig. 3B), and the bound proteins
were analyzed by autoradiography. Vpx was found to specifi-
cally associate with Fyn SH3 domain (Fig. 3C, lane 2). Impor-
tin-� was used as a positive control in this assay (Fig. 3C, lane
6). The specificity of the interaction between the Vpx and Fyn
SH3 domains was further confirmed by competition experi-

TABLE 1. Effect of cycloheximide and LMB on SIV Vpx
subcellular localization

Vpx mutant

Subcellular localization of Vpxa

Control � Cyclo � Cyclo and
LMB

Wild type Nuc Cyt Nuc
�Vpxb

S2L Nuc/Cyt Cyt Cyt
S13N Nuc/Cyt Cyt Cyt
T17I Nuc/Cyt Cyt Cyt
W24S Nuc Cyt Nuc
T28I Nuc/Cyt Cyt Cyt
E30P Nuc Cyt Nuc
H39L Cyt Cyt Nuc/Cyt
W49S Nuc Nuc Nuc
W53S Nuc Cyt Nuc
W56S Nuc Nuc/Cyt Nuc
W49 53 56S Nuc Nuc Nuc
S52A Cyt Cyt Cyt
S63 65A Cyt Cyt Cyt
T67A Cyt Cyt Cyt
K68A Nuc Nuc/Cyt Nuc
R70A Cyt Cyt Cyt
Y66 69 71A Nuc Nuc Nuc
Y66 69 71S Nuc Nuc Nuc
Y66A Nuc Cyt Nuc
Y69A Nuc Cyt Nuc
Y71A Nuc Nuc Nuc
Y66 69A Nuc Cyt Nuc
Y66 71A Nuc Nuc Nuc
Y69 71A Nuc Nuc Nuc
L74 I75S Cyt Cyt Cyt
H82S Cyt Cyt Cyt
G86C87S Nuc/Cyt Cyt Nuc/Cyt
W99S Nuc/Cyt Cyt Nuc/Cyt
P103 106S Cyt Cyt Cyt

a Subcellular localization of Vpx was detected by immunofluorescence stain-
ing. Cyclo,-cycloheximide; Nuc, nuclear; Cyt, cytoplasmic.

b �Vpx, Vpx null mutant.
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ments with SH3 and SH2 domain peptides. Cos-7 cell lysates
expressing Vpx protein were incubated with glutathione-aga-
rose-bound Fyn SH3/SH2 domains in the presence or absence
of peptides corresponding to the SH3 or SH2 domain of Fyn
and probed with anti-Vpx monoclonal antibody. Vpx interac-
tion was observed only with the SH3 domain (Fig. 3D, lane 3)

and not with the SH2 domain (Fig. 3D, lane 4). Furthermore,
interaction between Vpx and SH3 domain was selectively
blocked by SH3 domain peptide (Fig. 3D, lane 5) but not by
SH2 peptide (Fig. 3D, lane 6). In addition, peptides derived
from SH3 and SH2 domains of another Src-like tyrosine ki-
nase, Lck, did not compete for Vpx binding with the Fyn SH3

FIG. 2. Vpx encodes a transferable NES. (A) Evidence for the presence of nuclear export activity within residues 41 to 63 of Vpx. Localization
of GFP-Vpx fusion proteins in Cos-7 cells was visualized in the presence of cycoheximide (Cyclo) (5 �g/ml) alone or in combination with LMB
(20 ng/ml). GFP–Vpx1-63 localizes in the nucleus in cells treated with both cycloheximide and LMB in contrast to its cytoplasmic localization in
untreated or cells treated with cycloheximide alone. Nuclear localization of GFP–Vpx1-40 was not altered in the presence of indicated drugs,
suggesting that the signal required for nuclear export resides within domain 41 to 63 of Vpx. (B) Schematic representation of Vpx variants
containing mutations at conserved tryptophan residues. (C) Subcellular localization of Vpx mutant proteins. Cos-7 cells were transfected with
various Vpx mutant expression plasmids and treated with cycloheximide alone or in combination with LMB. Localization of mutant proteins was
analyzed by indirect immunofluorescence using anti-Vpx monoclonal antibody. Immunofluorescence analyses suggest that conserved tryptophan
residues within domain 41 to 63 are essential for nuclear export of Vpx.
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domain (data not shown), suggesting the specific interaction
between the Vpx and the Fyn SH3 domains.

Involvement of C-terminal proline-rich motif (RPGP7GLA)
in the interaction of Vpx with the Fyn SH3 domain was next
examined. Cos-7 cell lysates containing wild-type or mutant
Vpx proteins were incubated with glutathione-agarose bead-
bound Fyn SH3/SH2 domain fusion proteins. The bound pro-
teins were resolved on SDS–12% PAGE and probed with anti-
Vpx monoclonal antibody. The results in Fig. 3E indicate that
exchange of proline residues at position 103 and 106 with
serine in the C-terminal proline-rich domain completely
blocked Vpx binding with the Fyn SH3 domain (lane 6). In
contrast, exchange of the glutamic acid residue at position 30
with proline as well as tyrosine residues at positions 66, 69, and
71 with alanine resulted in a wild-type interaction (Fig. 3E,
lanes 3 and 5). However, replacement of conserved histidine 82
with serine severely affected Vpx interaction with the Fyn SH3
domain. Together, these data suggest that the C-terminal pro-
line-rich motif plays a critical role in Vpx interaction with SH3
domain of Fyn.

We performed coimmunoprecipitation assays in which the
interaction between Vpx and Fyn was carried out in vivo. Cell
lysates from GFP and GFP fusions containing wild-type as well
as P103 and 106S mutant Vpx expression vectors were trans-
fected in Cos-7 cells and immunoprecipitated with anti-Fyn
polyclonal antibody followed by Western blot analysis using
anti-GFP monoclonal antibody. Vpx specifically interacts and
coprecipitates with endogenous Fyn kinase (Fig. 3F, upper
panel, lane 3), and the exchange of proline 103 and 106 with
serine in Vpx prevented this interaction with Fyn (Fig. 3F,
upper panel, lane 4). Vpx interacts with both endogenous and
ectopically expressed Fyn (Fig. 3F, upper panel, lanes 3 and 5).

FIG. 3. Evidence for Vpx interaction with the cellular Src-like ty-
rosine kinase Fyn. (A) SH3 domains of various kinases were expressed
and purified as GST fusions. Glutathione-Sepharose beads containing
equal amounts of GST and GST-SH3 fusion proteins as well as GST–
importin-beta (GST-Imp-�) were used in the in vitro pulldown assays
as indicated by the results of Coomassie blue staining. (B) [35S]methi-
onine-labeled GFP and GFP-Vpx proteins (10%) were used in the
GST pulldown assays. (C) Vpx interacts with Fyn SH3 domain. The
results of GST pulldown assays using Fyn, Src, Hck, and full-length Crk
as GST fusion proteins suggest that Vpx specifically interacts with the
SH3 domain of Fyn. GST–importin-� was used as a positive control in
this reaction. (D). Fyn peptides corresponding to the SH3 but not the
SH2 domain block its interaction with Vpx. Cos-7 cell lysates contain-
ing Vpx were incubated with SH3 or SH2 domain peptides and mixed
with glutathione-agarose beads containing Fyn SH3/SH2 domain.
Bound proteins were resolved on SDS–15% PAGE followed by West-
ern blot analysis using anti-Vpx monoclonal antibody. (E) Mutations
within the COOH-terminus proline-rich motif abrogate Vpx interac-
tion with the Fyn SH3 domain. Cos-7 cell lysates containing various
mutant Vpx proteins were incubated with glutathione-agarose beads
containing th e Fyn SH3/SH2 domain. Bound proteins were resolved
on SDS–15% PAGE followed by Western blot analysis with anti-Vpx
monoclonal antibody. (F) Vpx interaction with Fyn in vivo. GFP and
GFP-Vpx (wild-type and P103 and 106S) expression plasmids were
transfected in Cos-7 cells. After 16 h transfection, cell lysates were
subjected to immunoprecipitation (IP) with anti-Fyn polyclonal anti-
body followed by Western blot analysis (WB) using anti-GFP mono-
clonal antibody. Expression of GFP-Vpx fusion proteins (5% input)
and Fyn (10% input) was determined by Western blot analysis using
anti-GFP monoclonal and anti-Fyn polyclonal antibodies, respectively.
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Interestingly, more binding of Vpx was noticed in cells cotrans-
fected with Vpx and Fyn (upper panel, lane 5); this correlates
with Fyn expression in the cotransfected cells (Fig. 3F, middle
panel, lane 5). As expected, the correct molecular masses of
Fyn proteins (Fig. 3F, middle panel) and GFP-Vpx fusion
proteins (Fig. 3F, lower panel) were observed. GFP was used
as a negative control in this assay (Fig. 3F, lane 2). These
results reconfirmed the specific binding of Vpx to the cellular
tyrosine kinase Fyn.

Vpx is a substrate for cellular tyrosine kinase Fyn. Direct
evidence of Vpx phosphorylation was obtained by an in vitro
kinase assay using various cellular kinases (Nik, MAPK–
ERK-1, Lck, and Fyn) immunoprecipitated from PMA-acti-
vated Jurkat cell lysate by specific antibodies (Fig. 4A). Immu-
noaffinity-purified Fyn was able to selectively phosphorylate
recombinant Vpx (Fig. 4B, lane 4). Recombinant Fyn was also
able to phosphorylate Vpx in vitro (Fig. 4C, lane 3). This
provides evidence that Vpx is a substrate for Fyn. Vpx phos-
phorylation by Fyn kinase was sensitive to its inhibitor, PP2
(16) (Fig. 4C, lane 4), but not to a MAPK pathway inhibitor,
PD98059 (Fig. 4C, lane 5). These data provide evidence that
PP2 specifically inhibits Fyn activity. Results in Fig. 4D show
that Vpx is also phosphorylated by MAPK–ERK-2 (lane 2) and
that this is selectively inhibited by hypericin (lane 3) but not by
PP2 (lane 4). SIVsm Vpx protein was expressed in E. coli
BL-21(DE3) and purified using Ni-nitrilotriacetic acid chro-
matography (Fig. 4E) and was used for in vitro kinase assay.
Vpx phosphorylation by MAPK plays an important role in Vpx
nuclear import (42). It is possible that Vpx phosphorylation by
Fyn may modulate export of Vpx from nucleus.

Fyn kinase modulates nuclear export of Vpx. All the poten-
tial phosphorylation residues such as serines, threonines, and
tyrosines in Vpx were exchanged by site-directed mutagenesis
(Fig. 5A) to determine the role of phosphorylation in export of
Vpx from nucleus. The phosphorylation status and expression
status of all Vpx mutant proteins were ascertained by express-
ing them using a vaccinia virus expression system and labeling
with 32Pi in Cos-7 cells. The lysates from the labeled cells were
immunoprecipitated with anti-Vpx monoclonal antibodies and
separated by SDS–15% PAGE. Equal levels of phosphoryla-
tion were found for all the Vpx mutants in the absence of
kinase inhibitors (Fig. 5B, upper panel, lanes 1 to 5). Analysis
of Vpx mutants in the presence of various kinase inhibitors
indicated that phosphorylation of STm (both serine and threo-
nine residues were mutated) was completely inhibited by the
tyrosine kinase inhibitor PP2 (Fig. 5B, upper panel, lane 6) and
tyrosine mutant (Y66, Y69, Y71) by the MAPK pathway in-
hibitor hypericin (Fig. 5B, upper panel, lane 7) despite equal
amounts of mutant proteins, as observed in the transfected
cells (Fig. 5B, lower panel). These results suggest that Vpx is
phosphorylated by two different cellular kinases, MAPK–
ERK-2 and Fyn. Using immunofluorescence analysis, Vpx-
specific signal was observed for all the mutants in Cos-7 cells.
Cytoplasmic localization for serine as well as threonine mu-
tants and wild-type nuclear localization for tyrosine mutants
confirms the role for serine and threonine residues in Vpx
import into the nucleus (Fig. 5C).

We next investigated whether export of Vpx from nucleus is
dependent on Fyn-mediated phosphorylation. To this end, nu-
clear export of Vpx was determined in the presence of PP2

FIG. 4. Vpx is a substrate for the cellular tyrosine kinase Fyn. (A) Expression levels of the various cellular kinases indicated were determined
with PMA-activated Jurkat cells by Western blot analysis using the respective antibodies. (B to D) Immunoaffinity-purified Fyn kinase (B),
recombinant Fyn kinase (C), and MAPK–ERK-2 (D) activity was examined by in vitro kinase assays using bacterially purified recombinant
SIVsm(Pbj1.9) Vpx. Phosphorylated Vpx was visualized by electrophoresis using SDS–15% PAGE followed by autoradiography. The Fyn kinase
inhibitor PP2, but not the MEK inhibitor PD98059, selectively blocks Fyn-mediated Vpx phosphorylation. The MAPK inhibitor hypericin
selectively prevents ERK-2-mediated phosphorylation of Vpx. (E) Vpx was expressed in E. coli BL21(DE3) and purified by Ni-nitrilotriacetic acid
affinity chromatography.
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(inhibitor of Fyn kinase activity) alone or in combination with
the translational inhibitor cycloheximide. Vpx localizes into the
nucleus in both PP2-treated and untreated cells (Fig. 5D).
Interestingly, PP2 inhibits the export of Vpx from nucleus (Fig.
5D). This inhibition was specific, since an inactive Fyn tyrosine
kinase inhibitor, PP3 (50) (Fig. 5D), or a MAPK pathway
inhibitor, PD98059 (Fig. 5E), did not alter the cytoplasmic
localization of Vpx in cells treated with cycloheximide. In ad-
dition, treatment with cycloheximide and LMB (alone or in
combination) did not change the nuclear localization of Vpx
Y66, Y69, 71A mutant protein (Table 1). These data suggest
that Fyn-mediated phosphorylation may be important for ex-
port of Vpx from nucleus.

Compromise of Vpx export from nucleus results in impaired
incorporation of Vpx into virions. Export of Vpx from nucleus
ensures its availability in the cytoplasm for incorporation into
new virions. This can be verified by the presence of Vpx mutant
proteins in the virus particles. vpx mutant SIVsm(PBj1.9) pro-
viral clones were transfected into 293T cells, and the virus
particles were collected by centrifuging the cell culture super-
natants over a 20% sucrose cushion. Equal amounts of viral
pellets (normalized by p27gag content) were examined by West-

ern blot analysis. Probing with anti-Vpx monoclonal antibody
revealed the absence of Vpx from Y66, Y69, 71A mutant virus
particles (data not shown), with results similar to those seen
with viruses lacking the entire vpx gene. Probing with an anti-
Gag monoclonal antibody showed that expression, processing,
and assembly of Gag was not affected by the various vpx mu-
tations (data not shown). In addition, replacement of trypto-
phan residues at position 49, alone or in combination with
those at positions 53 and 56, also abrogated Vpx packaging
into virus-like particles (Fig. 6A, upper panel, lane 3 and 6)
under conditions in which equal amounts of proteins were
found in the transfected cell lysates (Fig. 6A, lower panel).
Interestingly, exchange of histidine 82 and proline 103 and 106
residues with serine did not abrogate Vpx packaging (data not
shown) despite defective nuclear import (Table 2). Impor-
tantly, Y66, 69, 71A and W49, 53, 56S Vpx mutants were
compromised for nuclear export activity (Fig. 2C and Table 2)
as well as virion packaging (Fig. 6A) but retained wild-type
nuclear import (Table 2). These data suggest that cytoplasmic
localization of Vpx is essential for its incorporation into virus
particles. To further understand the importance of phosphor-
ylation, nuclear import, and export for Vpx virion incorpora-

FIG. 5. Phosphorylation plays an important role in Vpx nuclear transport. (A) Summary of intracellular localization and phosphorylation status
of different Vpx mutants. Wt, wild type; Sm, all serine residues were replaced; Tm, all threonine residues were replaced; STm, all serine and
threonine residues were replaced; Y66, 69, 71A, tyrosine residues at positions 66, 69, and 71 were replaced. (B) Various Vpx mutant constructs
were transfected in Cos-7 cells and labeled with 32Pi in the presence or absence of the indicated kinase inhibitors. Results suggest that the tyrosine
kinase inhibitor PP2 blocks the phosphorylation of serine/threonine mutant protein and that the MAPK inhibitor hypericin inhibits the phosphor-
ylation of tyrosine mutant protein. Introduced mutations and kinase inhibitors did not alter the expression of various Vpx mutant proteins (lower
panel). Expression of Vpx mutant proteins was determined by Western blot analysis using anti-Vpx monoclonal antibody. S/Tm�IT, serine/
threonine mutant with the tyrosine kinase inhibitor PP2; Y66,69,71A�IM, tyrosine mutant with the MAPK inhibitor hypericin. (C) Replacement
of serine and threonine residues abrogates Vpx nuclear import whereas tyrosine mutant protein (Y66,69,71A) retains wild-type localization as
evidenced by immunofluorescence analysis. (D) Tyrosine phosphorylation plays a critical role in Vpx nuclear export. Cos-7 cells were transfected
with Vpx expression plasmids and treated with cycloheximide alone or in combination with the indicated kinase inhibitors. Vpx localization was
determined by indirect immunofluorescence using anti-Vpx monoclonal antibody followed by an anti-mouse Alexa Fluor 488-conjugated secondary
antibody. Nuclei were stained with DAPI. (E) Results suggest that Vpx nuclear export was specifically inhibited by the Fyn kinase inhibitor PP2
and not by either the inactive tyrosine kinase inhibitor PP3 or the MAPK pathway inhibitor PD98059.
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tion, the characteristics of Vpx packaging were determined in
the presence of kinase inhibitors. Virion packaging of Vpx was
observed in the presence of both MAPK and the tyrosine
kinase inhibitors hypericin and PP2 (data not shown). These
data provide evidence that phosphorylation may be a transient
event to bring Vpx out of the nucleus. Once in the cytoplasm,
Vpx is readily packaged into virus particles. It is noted that
both phosphorylated and unphosphorylated forms of Vpx are
packaged into the virus particles (data not shown), indicating
that phosphorylation may not be essential for efficient incor-
poration of Vpx into virus particles. Together, these results

suggest that the tyrosine as well as tryptophan residues are
essential for efficient export of Vpx from nucleus and that this
is critical for its incorporation into virus particles.

Nuclear export activity of Vpx modulates virus replication
in macrophages. To understand the importance of the nuclear
export and virion incorporation properties of Vpx for optimal
virus replication in nondividing cells, SIVsm(PBj1.9) proviral
clones with the following characteristics were selected: (a)
clones with wild-type Vpx virion incorporation and defective
Vpx nuclear import and (b) clones with wild-type Vpx nuclear
import and defective nuclear export as well as virion incorpo-

FIG. 5—Continued.
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ration functions. All vpx mutant viruses replicated as efficiently
as the wild type and to high titers in macaque PBMCs (Table
2) but not in terminally differentiated monocyte-derived ma-
caque macrophage cultures (Fig. 6B). As expected, mutant
Vpx proteins that failed to localize in the nucleus were severely

impaired in their ability to support virus replication in macro-
phages. For example, impairment of virus replication in mac-
rophages was observed for Vpx H82S and P103, 106S mutants
that are packaged into virus particles at levels similar to wild-
type levels but failed to localize to the nucleus (Table 1 and
Table 2). Importantly, failure to replicate in macrophages was
also observed for Y66, 69, 71A mutants (Fig. 6B) despite
maintaining wild-type nuclear localization. These Vpx mutant
proteins failed to be exported into the cytoplasm and therefore
could not be packaged into virus particles (Table 2). PBj1.9
mutant viruses with defective nuclear export or virion incor-
poration of Vpx were found to replicate poorly in macro-
phages. These results suggest that nuclear export plays a crit-
ical role in translocation of Vpx into the cytoplasm for its
packaging into virus particles. These findings support the no-
tion that virion-associated Vpx with wild-type nuclear import
and export is critical for efficient virus replication in nondivid-
ing target cells.

DISCUSSION

In this report, we have shown that SIV Vpx protein contains
noncanonical nuclear localization signals and a novel trypto-
phan-rich NES capable of importing and exporting the heter-
ologous protein into and out of the nucleus. The NES identi-
fied in Vpx is distinct from the other known hydrophobic
leucine-rich export signals (32). The export activity of Vpx is
sensitive to LMB, implicating CRM-1-dependent export from
the nucleus. Vpx can functionally replace the effector domain

FIG. 6. Nuclear export is essential for virion incorporation of Vpx and SIV replication in nondividing macaque macrophages. (A) Tryptophan
residues within domain 41 to 63 play a critical role in Vpx virion incorporation. Vpx mutants were cotransfected with polyprotein Gag pr55
expression vector in Cos-7 cells. The presence of Vpx mutant proteins in the virus-like particles was determined from the culture media after
labeling the transfected cells with [35S]methionine. The labeled Vpx and Gag proteins from culture supernatant (virus-like particles) and cell lysates
were immunoprecipitated with anti-Vpx and anti-Gag monoclonal antibodies. The immunoprecipitates were resolved on SDS–15%PAGE followed
by autoradiography. (B) Replication kinetics of wild-type and vpx mutant PBj1.9 proviruses. Terminally differentiated macaque macrophages were
infected with the indicated SIVsm(PBj1.9) virus constructs equilibrated by p27gag content (10 ng of p27gag per 106 cells). Virus replication was
assessed by quantifying the amounts of p27gag antigen in culture supernatants at 3-day intervals postinfection. wt, wild type; �Vpx, a control
construct lacking a functional vpx open reading frame.

TABLE 2. Nuclear export is essential for Vpx incorporation into
virus particles for subsequent virus replication in macrophages

SIVsmPBj1.9
Vpx mutant

Nuclear
importa

Nuclear
exporta

Packaging
into virus
particlesb

Viral replicationd

PBMC Macrophages

Wild type � � ��� ��� ���
�Vpxc � ��� 	
E30P � � ��� ��� ���
W46 53 56S � � � ND ND
Y66 69 71A � � � ��� 	
Y66A � � ��� ND ND
Y71A � � � ND ND
L74 I75S � � � ��� 	
H82S � � �� ��� 	
G86C87S � � ��� ��� �
P103 106S � � ��� ��� �

a Nuclear import and export of Vpx was detected by immunofluorescence
staining. �, imported into or exported from the nucleus; �, no import or export.

b Packaging of Vpx into virus particles was determined by Western blot anal-
ysis. ���, Vpx detected; �, extremely low level of Vpx detected; �, no Vpx
detected.

c �Vpx, Vpx null mutant.
d Replication of vpx mutant viruses was assayed both in the dividing (macaque

PBMC) and nondividing (macaque macrophages) target cells by measuring the
release of core antigen p27gag in the culture supernatant. ���, high level of
replication; �, low level of replication; 	, extremely low level of replication; ND,
not determined.
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of HIV-1 Rev in CAT-based reporter assays involving the
export of RNA transcripts. In addition, Fyn-mediated phos-
phorylation regulates the export of Vpx from nucleus. Further-
more, the data demonstrate that nuclear export activity en-
sures the availability of Vpx in the cytoplasm for its
incorporation into virus particle to support efficient virus rep-
lication in macrophages.

Conservation of novel tryptophan-rich Vpx NES sequences
from various HIV-2 and SIV isolates suggests that nuclear
export might be critical for Vpx function. Sensitivity of Vpx
nuclear export to LMB has led us to consider the possibility of
its interaction with the CRM-1 pathway, which is a fundamen-
tal nuclear transport system used for the export of RNA-
binding proteins and specific subclasses of RNA (4, 22). In
addition, HIV-1 Rev, Gag, and Vpr proteins are exported into
the cytoplasm by CRM-1-dependent pathways (10, 47). Vpx
NES can replace the Rev effector domain in Rev-Vpx fusion
proteins, confirming that Vpx contains a functional NES. It
should be noted that in this assay system the Rev-RNA binding
domain provided the specificity for transport of RRE-contain-
ing transcript and that Vpx alone may not be able to promote
the nuclear export of unspliced CAT-mRNA. Discrepancy be-
tween our findings with respect to SIV Vpx and those of Bels-
han and Ratner (5) with respect to shuttling of HIV-2 Vpx
protein may be due to the different assay systems as well as the
viral strains used. Many other viruses utilize CRM-1-mediated
nuclear export to enhance virus replication, often by encoding
adaptor proteins that facilitate the cytoplasmic localization of
genomic and subgenomic RNAs. For example, influenza virus
encodes M1 and NES/NS2 proteins that facilitate export of
viral ribonucleoprotein complexes from the nucleus in an
LMB-sensitive manner (3).

Substitution of tyrosine residues at positions 66, 69, and 71
of Vpx blocked Fyn-mediated phosphorylation without alter-
ing Vpx binding with Fyn SH3 domain. Interestingly, replace-
ment of proline residues at positions 103 and 106 within the
highly conserved RPGP7GLA motif completely prevented Vpx
interaction with the Fyn SH3 domain. SH3 domains are well-
established protein modules that recognize proline-rich pep-
tide sequences (34, 44). Conservation of a similar domain in
nucleocytoplasmic shuttling proteins such as heterogeneous
nuclear ribonucleoprotein K and nuclear protein p62 (53) sug-
gests that the proline-rich domain plays a critical role in pro-
tein nuclear transport. Interaction between Vpx and the Fyn
SH3 domain may bring Vpx into close proximity to the Fyn
catalytic domain, which may be critical for Vpx phosphoryla-
tion, thereby regulating its nuclear export. This was further
supported by the inhibition of the biological activity of the
tyrosine mutant (Y66 69 71A), which indeed correlated with
loss of Vpx nuclear export activity (Table 2).

Vpx interacts with CA (21) and localizes to viral core (27).
The association of Vpx with virus particles may help in stabi-
lizing the viral core and promoting the uncoating process for
efficient replication. A recent report suggests that efficient un-
coating of the viral core plays an important role in regulating
the nuclear transport of the lentiviral genome in nondividing
cells (54). The low level of vpx mutant virus (viruses with
nuclear import- or export-defective Vpx proteins) replication
in macrophages supports the notion that interaction of Vpx
with CA may be required for efficient uncoating of the viral

core. This may play a critical role in supporting the transport of
viral genome into the nucleus and subsequent virus infection in
nondividing cells.

The use of CRM-1 pathway for the export of Vpx may be
critical for its availability in the cytoplasm for efficient incor-
poration into budding virus particles. Although we found that
amino acid residues 41 to 63 act as an LMB-sensitive NES and
regulate Vpx nuclear export, it should be mentioned that tryp-
tophan residues are present instead of the hydrophobic leucine
residues normally present in a typical NES, such as that of
HIV-1 Rev (32, 35). However, there are several CRM-1-de-
pendent NESs with other hydrophobic residues, such as me-
thionine, isoleucine, valine, phenylalanine, and tryptophan (36,
43, 46, 49). Not only do many LMB-dependent NESs deviate
from the consensus motif, but they also differ with respect to
their binding affinities for the CRM-1 export receptor; indeed,
NESs are thought to require a relatively weak interaction with
CRM-1 to ensure proper dissociation from the receptor and
translocation through the nuclear pore. Even though Vpx-NES
differs from the consensus sequence, it binds to CRM-1 in vivo
(unpublished observations). Replication failure of provirus
containing nuclear export-defective Vpx protein together with
its previously observed interaction with nucleic acids (18)
raises the possibility of Vpx involvement in viral RNA export
during the life cycle in nondividing target cells in synergy with
other viral proteins such as Gag and Rev, which are known to
be involved in RNA export (10). Further experimentation will
be needed to test this hypothesis. Understanding the precise
relationship between the nuclear transport of Vpx and the viral
life cycle will hopefully reveal novel targets for the develop-
ment of specific and new antiviral agents.
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