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Replication of human immunodeficiency virus type 1
(HIV-1) in non-dividing cells critically depends on
import of the viral pre-integration complex into the
nucleus. Genetic evidence suggests that viral protein
R (Vpr) and matrix antigen (MA) are directly involved
in the import process. An in vitro assay that reconsti-
tutes nuclear import of HIV-1 pre-integration com-
plexes in digitonin-permeabilized cells was used to
demonstrate that Vpr is the key regulator of the viral
nuclear import process. Mutant HIV-1 pre-integration
complexes that lack Vpr failed to be importedin vitro,
whereas mutants that lack a functional MA nuclear
localization sequence (NLS) were only partially
defective. Strikingly, the import defect of the Vpr–

mutant was rescued when recombinant Vpr was re-
added. In addition, import of Vpr – virus was rescued
by adding the cytosol of HeLa cells, where HIV-1
replication had been shown to be Vpr-independent. In
a solution binding assay, Vpr associated with karyo-
pherin α, a cellular receptor for NLSs. This association
increased the affinity of karyopherin α for basic-type
NLSs, including that of MA, thus explaining the positive
effect of Vpr on nuclear import of the HIV-1 pre-
integration complex and BSA–NLS conjugates. These
results identify the biochemical mechanism of Vpr
function in transport of the viral pre-integration com-
plex to, and across, the nuclear membrane.
Keywords: HIV-1/karyopherinα/matrix protein/nuclear
import/Vpr

Introduction

Among the different groups of retroviruses, lentiviruses
are unique in their ability to infect and replicate in
non-dividing cells (Varmus and Swanstrom, 1985). This
property of lentiviruses, and of human immunodeficiency
virus type 1 (HIV-1) in particular, depends on the active
transport of their genome into the nucleus of an infected
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cell, without the requirement for nuclear envelope break-
down during cell division (Bukrinskyet al., 1992; Lewis
et al., 1992; Schmidtmayerovaet al., 1997). Three HIV-1
proteins: matrix antigen (MA), integrase (IN) and viral
protein R (Vpr), have been implicated in nuclear import
of the HIV-1 pre-integration complex (PIC) (Bukrinsky
et al., 1993a; Heinzingeret al., 1994; von Schwedler
et al., 1994; Gallayet al., 1997). It has been hypothesized
that the HIV-1 PIC is targeted for nuclear import by
interacting with the cellular machinery that executes
nuclear import of the cell’s own karyophiles, although the
role of MA in this process was questioned in some
publications (Freedet al., 1995; Fouchieret al., 1997).

Nuclear import of proteins that contain a basic-type
nuclear localization sequence (NLS), similar to that of the
SV-40 large T antigen, is mediated by karyopherinα/β
heterodimers (also termed NLS receptor/p97, importin
α/β, PTAC or Kap60/95) (Gorlichet al., 1995). Karyo-
pherinα binds the NLS (Adam and Gerace, 1991; Imamoto
et al., 1995; Moroianuet al., 1995a,b; Rexach and Blobel,
1995; Weiset al., 1995), whereas karyopherinβ enhances
the affinity of karyopherinα for the NLS (Rexach and
Blobel, 1995; Moroianuet al., 1996) and mediates docking
of karyopherin–NLS protein complexes to nucleoporins
(a collective term for nuclear pore complex proteins)
containing xxFG peptide repeats (Iovineet al., 1995;
Kraemeret al., 1995; Moroianuet al., 1995b; Raduet al.,
1995; Rexach and Blobel, 1995; Huet al., 1996). The
GTPase Ran–TC4 (Melchioret al., 1993; Moore and
Blobel, 1993) is probably the major regulator of the
directionality of nuclear transport (Gorlichet al., 1996a).
The direct binding of Ran–GTP to karyopherinβ termin-
ates the translocation by disassembling the import complex
(Rexach and Blobel, 1995; Chiet al., 1996; Gorlich
et al., 1996b).

Evidence suggests that HIV-1 uses karyopherinα/β to
translocate its genome into the nucleus. Gallayet al.
(1996) showed that karyopherinα (Rch1) is bound to MA
in the HIV-1 PIC. In addition, a drug that inhibits nuclear
import of HIV-1 PICs prevents the interaction of the PIC
with karyopherinα (Popovet al., 1996). The functional
role of Vpr in nuclear translocation of the HIV-1 PIC
remains poorly defined. Vpr localizes to the nucleus in
HIV-1-infected cells or when expressed from a vector (Lu
et al., 1993; Di Marzioet al., 1995; Yaoet al., 1995).
Although the C-terminus of Vpr contains several arginine
residues that resemble a basic NLS (Luet al., 1993), this
sequence does not function as an NLS; instead it seems
that the nuclear targeting function of Vpr is located in the
N-terminal region that is required for protein–protein
interactions (Di Marzioet al., 1995; Yaoet al., 1995;
Mahalingamet al., 1997).

Studies of the mechanisms of HIV-1 nuclear import
in vivo are complicated by the fact that this process occurs
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in conjunction with a series of other events, including
uncoating of the virus and reverse transcription, which
may be regulated by the same viral proteins that control
nuclear import. To avoid interference from other events
while staying close to thein vivo situation, we developed
an in vitro system which allows investigation of HIV-1
nuclear import. This model uses digitonin-permeabilized
cells and HIV-1 PICs, thus by-passing replication steps
preceding PIC formation. Using this system we demon-
strate the role of Vpr as the key regulator of HIV-1 nuclear
import. We show that Vpr associates with karyopherinα,
and that this association results in an increased binding
affinity of the latter for basic-type NLSs, including that
of MA. The high affinity binding appears to be critical
for karyopherinα-mediated transport of large karyophiles
with relatively weak NLSs, such as the HIV-1 PIC. Our
results identify a novel mechanism by which Vpr regulates
HIV-1 nuclear import, and suggest that proteins with a
similar activity may exist in normal cells and function
during nuclear import.

Results

Vpr and MA control nuclear import of the HIV-1
PIC in digitonin-permeabilized HeLa cells
To investigate nuclear import of HIV-1 PICs, we modified
a recently developed assay for thein vitro nuclear import
of the Hepadnavirus genome (Kannet al., 1997). We used
cytoplasmic extracts of H9 cells that were infected with
wild-type HIV-1, isogenic variants that carry inactivating
mutations in the MA NLS, or Vpr, as a source of HIV-1
PICs. These cell extracts contain all karyopherins and
soluble factors required for nuclear import. We used H9
cells because they support replication of the mutant viruses
used in this study, thus ensuring that functional PICs were
present in the cytoplasmic extracts used. The efficiency
of the HIV-1 import reaction was monitored by the
appearance of 2-LTR HIV-1 DNA circles, which are
formed exclusively within the nuclear compartment
(Varmus and Swanstrom, 1985; Brownet al., 1987). All
the mutant PICs used are capable of forming 2-LTR
circles, as seen in infected T cell lines where these viruses
replicate effectively (data not shown; Bukrinskyet al.,
1993a; Heinzingeret al., 1994; von Schwedleret al.,
1994). The total amount of viral PICs was quantified after
immunoprecipitation with antiserum against MA by PCR,
using primers specific for the HIV-1pol gene. This PCR-
based quantitation system is linear in relation to HIV-1
DNA (Figure 1A, bottom). All cytoplasmic extracts used
contained similar amounts of HIV-1 PICs (Figure 1A,
top). A similar result was obtained when antisera against
integrase or reverse transcriptase were used to precipitate
the PIC (data not shown), indicating that the lack of
Vpr, or mutations in MA, did not grossly change the
composition of the PIC. No 2-LTR forms of the HIV-1
DNA were detected in these extracts (Figure 1A, second
panel). To assess damage to nuclei duringin vitro reactions,
permeabilized cells were incubated with FITC–WGA, or
with FITC–Concanavalin A to stain ruptured nuclear
envelopes (Dean and Kasamatsu, 1994). Most nuclei
(~95%) did not stain with FITC–ConA and all nuclei
stained brightly with FITC-WGA (data not shown).

Cytoplasmic extracts from T cells containing wild-type
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Fig. 1. The effect of Vpr on nuclear import of the HIV-1 PIC.
(A) Mutations in Vpr and MA reduce the nuclear import efficiency of
HIV-1 PICs. Cytoplasmic extracts of H9 cells containing equal
amounts of wild-type HIV-1NLHX (wt, lane 1) or variants with
inactivating mutations in Vpr (MA NLS1 Vpr– lane 2), MA NLS (MA
NLS–Vpr1, lane 3), or Vpr and MA (MA NLS–Vpr–, lane 4), were
divided into two sets of aliquots. The PICs were immunoprecipitated
from one set using sheep anti-MA polyclonal serum and protein
G–Sepharose; immunoprecipitated viral DNA was analyzed by PCR
using primers specific for the HIV-1pol gene (to detect total HIV
DNA) (top panel). Another aliquot from the first set was directly
assayed for 2-LTR circle forms of HIV-1 DNA (second panel). The
second set of aliquots was incubated for 1 h at37°C with digitonin-
permeabilized HeLa cells in the presence of anti-karyopherinβ
antibodies (anti-β), WGA or control antibodies (anti-β-amyloid
antibodies). DNA was then extracted from the permeabilized cells and
was analyzed by PCR with primers specific for HIV-1 2-LTR circles.
The linearity of quantitation of the PCR-based assay was confirmed by
amplification of HIV-1 DNA standards (bottom panels). Dilutions of
8E5 cells (Folkset al., 1986) that contain one copy of HIV-1 DNA
per cell were used to generatepol standards, whereas standards for
circle viral DNA forms were generated by PCR on log dilutions of
HIV-1-infected H9 cells. (B) Nuclear import of Vpr-defective HIV-1
can be rescued by adding recombinant Vpr. Cytoplasmic lysate of H9
cells infected with the MA NLS1 Vpr– virus was incubated with
digitonin-permeabilized HeLa cells in the absence of Vpr (lane 1), or
in the presence of recombinant Vpr at a concentration of 100 ng/ml
(lane 2), 500 ng/ml (lane 3) or 5000 ng/ml (lane 4). After 1 h at37°C,
DNA was analyzed by PCR using primers specific for HIV-1 2-LTR
circles or thepol gene.

or mutant HIV-1 PICs were incubated with digitonin-
permeabilized HeLa cells for 1 h at 37°C in the presence
of an energy regeneration system. 2-LTR circles were
formed efficiently in cells incubated with the wild-type
PICs (Figure 1A, control panel, lane 1). Formation of
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2-LTR circles was blocked by specific inhibitors of nuclear
import, including a monoclonal antibody to karyopherin
β (Figure 1A, anti-β panel, lane 1), wheat-germ agglutinin
(Figure 1A, WGA panel, lane 1), and ATP depletion (data
not shown). This indicates that formation of the 2-LTR
circle form of HIV-1 DNA in vitro depends on the transport
of HIV-1 DNA across the nuclear pore complex. Although
wild-type PICs were imported efficiently (Figure 1A,
control panel, lane 1), an inactivating mutation in the MA
NLS diminished the efficiency of import (Figure 1A,
compare lanes 1 and 3). A densitometry scan of the film
revealed a 65% reduction in efficiency. In contrast, mutant
PICs that lack Vpr were completely defective for import
even in the presence of a functional MA NLS (Figure 1A,
lane 2). As expected, a double mutant was also defective
for import (Figure 1A, lane 4).

Added-back Vpr can rescue nuclear import of the
vpr-defective virus
Since mutation in thevpr gene had such a dramatic effect
on nuclear import of the HIV-1 PIC, we investigated
whether addition of recombinant Vpr protein would rescue
import of a Vpr-defective virus. Cytoplasmic lysate from
T cells containing PICs of MA NLS1Vpr– virus (the same
as used in Figure 1A) was incubated with digitonin-
permeabilized HeLa cells in the presence of various
concentrations of Vpr. After a 1 h,37°C incubation, DNA
was analyzed by PCR with primers specific either for the
HIV-1 pol gene (reflecting the total amount of viral DNA
in the samples), or for 2-LTR circles of viral DNA
(reflecting efficiency of nuclear import). At low concentra-
tions (100 ng/ml and 500 ng/ml, Figure 1B, lanes 2 and
3) Vpr rescued nuclear import of this mutant, as revealed
by the appearance of 2-LTR circles. However, this effect
disappeared at a higher concentration of Vpr (5µg/ml,
Figure 1B, lane 4). The biphasic nature of the Vpr activity
argues against a non-specific effect due to contaminations
from the baculovirus expression system. Furthermore,
addition of a lysate of baculovirus-infected Sf9 cells to
our assay did not affect nuclear import (data not shown).

This result underlines an important difference between
the effects of Vpr and the MA NLS on HIV-1 nuclear
import. Vpr does not have to be a part of the PIC to exert
its enhancing effect, while this is a critical requirement
for MA. Indeed, addition of recombinant MA or NLS
peptides did not improve nuclear import of the MA NLS-
defective virus (data not shown). Therefore, while MA
via its NLS seems to be the driving force of the HIV-1
nuclear import, Vpr appears to be the key regulator of
this process.

Cytoplasmic lysate from HeLa cells can rescue
import of the vpr-defective virus
The essential role of Vpr in ourin vitro nuclear import
system seems to contradict the results of Gallayet al.
(1997) who reported Vpr-independent replication and
nuclear import of HIV-1 in HeLa cells. It is important to
note that in our system digitonin-permeabilized HeLa cells
provided only nuclei and cytoskeleton, while all soluble
components of transport came from T cells. We therefore
tested cytoplasmic extracts from various cells for the
ability to rescue nuclear import of thevpr-defective HIV-1.
Addition of cytoplasmic lysate from HeLa cells (Figure
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Fig. 2. Nuclear import of Vpr-defective HIV-1 can be rescued by
cytosol of HeLa cells. Cytoplasmic lysate of H9 cells infected with the
MA NLS1 Vpr– virus (same as in Figure 1B) was diluted 1:1 with the
cytosol (protein concentration 0.5 mg/ml) of resting primary T cells
(lane 1), PHA1IL-2 activated T cells (lane 2), macrophages (lane 3)
or HeLa cells (lane 4) and used in the import assay as in Figure 1. In
lane 5, recombinant Vpr (0.5µg/ml) was added to the import reaction.
DNA was analyzed as in Figure 1 using primers specific for 2-LTR
circles.

2, lane 4) restored nuclear import of Vpr– HIV-1, similar
to the effect of recombinant Vpr (Figure 2, lane 5). Import
of Vpr– virus was not rescued by cytoplasmic lysates from
resting (Figure 2, lane 1) or activated (Figure 2, lane 2)
T cells, nor from macrophages (Figure 2, lane 3) where
HIV-1 replication is Vpr-dependent (Heinzingeret al.,
1994; von Schwedleret al., 1994).

Vpr binds to karyopherin α
Evidence suggests that HIV-1 uses karyopherinα/β hetero-
dimers to translocate its genome into the nucleus (Gallay
et al., 1996; Popovet al., 1996). We therefore tested
whether Vpr exerts its effect via binding to karyopherin
α/β. Radiolabeled Vpr was expressed in a reticulocyte
lysate transcription–translation system, and aliquots were
subjected to immunoprecipitation using control IgGs or
affinity-purified antibodies against human karyopherinα2
(Rch1) and karyopherinα1 (hSrp1) (Nadleret al., 1997).
As shown in Figure 3A, Vpr was precipitated from the
lysate by the anti-karyopherinα antibodies, but not by
control IgGs. This result supports the notion that Vpr
binds to karyopherinα/β.

To examine the possible interaction of Vpr with karyo-
pherin α/β in greater detail, we used a solution binding
assay with purified Vpr, karyopherinα and karyopherin
β. Immobilized GST-karyopherinα2 (Rch1) or GST-
karyopherinβ (p97) were incubated with Vpr. As shown
in Figure 3B (left panels), Vpr bound to immobilized
karyopherinα (Figure 3B, lane 2), but not to karyopherin
β (Figure 3B, lane 3) or GST (Figure 3B, lane 1). Vpr
binds to a domain in karyopherinα that has been conserved
through evolution, as similar results were obtained using
recombinant yeast karyopherins (Figure 3B, right panel).
We calculated the binding affinity of Vpr and MA for
karyopherinα (Rch1). Binding of both HIV-1 proteins to
yeast karyopherinα was saturable, with half-maximal
binding achieved at ~0.19µM for Vpr (Figure 3C, right
panel), and ~0.1µM for MA (Figure 3C, left panel).

We tested whether the interaction of Vpr with karyo-
pherinα is mediated by a basic-type NLS. Vpr was pre-
incubated with karyopherinα to allow formation of the
complex, followed by incubation with the competing
peptide corresponding to the SV-40 large T antigen NLS.
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Binding of Vpr to karyopherinα was resistant to competi-
tion with the NLS peptide (Figure 3D); even a 1000-fold
excess of the NLS peptide did not displace Vpr from the
complex with karyopherinα (Figure 3D, lane 3). This
result suggests that Vpr binding to karyopherinα does
not involve basic-type NLS.
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Vpr increases the affinity of NLS-karyopherin α
interaction
NLS-independent binding of Vpr to karyopherinα sug-
gested that Vpr can bind to karyopherinα simultaneously
to MA, binding of which was shown to be dependent on
basic-type NLS (Gallayet al., 1996; Popovet al., 1996).
This was indeed the case (Figure 4, bottom panel); most
strikingly, the interaction of MA with karyopherinα
became resistant to competition by the NLS peptide when
Vpr was present (Figure 4, bottom panel). A decrease in
the amount of bound MA was observed only at a 2000-
fold excess of the peptide (Figure 4, lane 5). This decrease
in MA binding at high peptide concentration suggests that
a higher affinity interaction between MA and karyopherin
α in the presence of Vpr is still NLS-dependent. Consistent
with this conclusion, MA with a mutagenized NLS did
not bind to karyopherinα, irrespective of the presence or
absence of Vpr (data not shown). In addition, Vpr and
MA did not bind to each other, nor compete with each
other for the binding site on karyopherinα (data not
shown). These results suggest that Vpr positively regulates
the affinity of karyopherinα for the NLS of MA.

Vpr stimulates nuclear import of an artificial weak
karyophile
One of the anticipated consequences of Vpr function
would be to affect nuclear import of other karyophiles.
To test this prediction, we conjugated rhodamine-labeled
BSA with an SV-40 T antigen NLS-peptide, a prototype
for basic-type import signals. Conjugation was performed
at different peptide:BSA ratios, resulting in import sub-
strates with different karyophilic activities (Dworetzky
et al., 1988). Nuclear import of these karyophiles was
tested in digitonin-permeabilized cells in the presence and
absence of recombinant Vpr. At concentrations of 50 and
100 ng/ml Vpr significantly enhanced nuclear import of
a weak karyophile (Figure 5A and B) without affecting
import of a strong karyophile (Figure 5A). At higher
concentrations, Vpr significantly inhibited nuclear import

Fig. 3. Analysis of Vpr–karyopherin interactions. (A) Vpr associates
with mammalian karyopherinα in cell extracts. Vpr was transcribed
and translatedin vitro in the presence of35S-methionine and
3H-leucine (lane 1). A translation reaction was divided into three
aliquots which were subjected to immunoprecipitation with affinity
purified anti-karyopherinα1 (hSrp1) (lane 4), anti-karyopherinα2
(Rch1) (lane 3) or preimmune rabbit IgG (lane 2). Precipitates were
analyzed on SDS–PAGE, followed by fluorography of the gel. (B) Vpr
binds directly to karyopherinα, but not to karyopherinβ. Vpr (0.6 µg)
was mixed with 1µg of immobilized GST (lane 1), GST-karyopherin
α (human Rch1, lane 2; or yeast Kap60, lane 4) or GST-karyopherinβ
(human p97, lane 3; or yeast Kap95, lane 5). Reactions were incubated
for 20 min at room temperature. After washing the beads, proteins in
the bound and unbound fractions were resolved by SDS–PAGE and
stained with Coomassie Blue. (C) Kinetics of interaction between MA,
Vpr and karyopherinα. Immobilized GST-karyopherinα (Rch1) was
mixed with various amounts of Vpr (left panel) or MA (right panel) in
a 60µl reaction. After 20 min at room temperature the beads were
washed and proteins in the bound fraction were resolved by SDS–
PAGE and stained with Coomassie Blue. The amount of bound protein
was quantified by gel densitometry. (D) Binding of Vpr to karyopherin
α cannot be competed with an NLS peptide. Recombinant Vpr (0.2µg
or 14 pmol) was incubated with immobilized GST-karyopherinα
(Rch1) (0.6µg or 6.5 pmol) for 20 min at room temperature, followed
by a 20 min incubation with no peptide (lane 1), NLS peptide (4.8 and
14 nmol, lanes 2 and 3, respectively) or mutant NLS peptide (4.8 and
14 nmol, lanes 4 and 5, respectively). Proteins in the bound fraction
were resolved by SDS–PAGE and stained with silver.
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Fig. 4. Competition analysis of MA and Vpr interaction with
mammalian karyopherinα. Recombinant MA (12 pmol) was incubated
with immobilized GST–Rch1 in the absence (upper panel) or presence
(bottom panel) of Vpr (57 pmol) for 20 min at room temperature,
followed by a 20 min incubation with no addition (lane 1), 1.2 nmol
(lanes 2, 6), 4.8 nmol (lanes 3, 7), 12 nmol (lanes 4, 8) and 24 nmol
(lanes 5, 9), of NLS peptide (lanes 2–5) or mutant NLS peptide (lanes
6–9). Proteins in the bound fraction were resolved by SDS–PAGE and
stained with Coomassie Blue.

of all the karyophiles (Figure 5A and B). This observation
is consistent with the inhibitory effect of high concentra-
tions of Vpr on reconstituted import of HIV-1 PICs (Figure
1B, lane 4).

Discussion

Several lines of evidence presented in this paper indicate
that Vpr plays a critical role in the regulation of HIV-1
nuclear import. First, inactivating mutations in thevpr
gene resulted in a greatly diminished nuclear translocation
of the HIV-1 PIC in ourin vitro system. Secondly, added-
back recombinant Vpr rescued nuclear import of a Vpr-
defective HIV-1 and stimulated import of an artificial
weak karyophile. Thirdly, Vpr associated with karyopherin
α, and this binding increased the affinity of interaction
between karyopherinα and NLS-containing proteins. Our
data suggest that Vpr regulates the nuclear import of
HIV-1 PIC by binding to karyopherinα and increasing
its affinity for viral NLSs, including the NLS of MA.
This binding interaction may allow the PIC to compete
efficiently for karyopherinα/β heterodimers in the cytosol
and thus may facilitate docking and movement of the PIC
across the NPC. Without Vpr, the nuclear import of such
complexes is greatly impaired (Figure 1). In contrast,
mutation of the MA NLS had only a modest effect on
nuclear import of the HIV-1 PIC (Figure 1), probably
because there are other NLSs in the PIC (discussed below).

The PCR-based assay used for monitoring nuclear
import of the HIV-1 PIC in this study relies on detection
of 2-LTR circle forms of the HIV-1 DNA. Although these
forms of viral DNA do not appear to be precursors of the
integrated provirus (Brownet al., 1989; Bukrinskyet al.,
1993), they are convenient markers for nuclear import
since they are produced from the same cytoplasmic PIC
as the integration precursor (Bukrinskyet al., 1993),
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following completion of reverse transcription and trans-
location of these PICs into the nucleoplasm (Brown, 1990;
Bukrinsky et al., 1992). Beside high sensitivity and
specificity, the ability of this method to discriminate
between perinuclear (i.e. bound to the outside of the
nuclear envelope) and intranuclear localization of the PIC
makes it vastly superior to other techniques, which rely
on cell fractionation and detection of PIC-associated
HIV-1 proteins.

The requirement for Vpr in reconstituted nuclear import
(Figure 1) correlates well with the data obtained from
in vivo experiments which demonstrate a critical role of
Vpr in HIV-1 infection of macrophages (Westerveltet al.,
1992b; Balottaet al., 1993; Ballietet al., 1994; Connor
et al., 1995). It is also consistent with the observation that
Vpx, which is the SIV homologue of the HIV-1 Vpr, is
the critical determinant of nuclear import of SIVmac in
macrophages (Fletcheret al., 1996). Even though most
published reports agree on the role of Vpr in HIV-1
infection of non-dividing cells, the magnitude of this effect
clearly differs between experimental systems. The fact
that substantial replication (and nuclear import) of HIV-1
with a mutation in thevpr gene was observed in growth-
arrested HeLa cells (Emermanet al., 1994; Gallayet al.,
1997) suggests that Vpr is not required for import under
all circumstances. A discrepancy between the absolute
requirement for Vpr in ourin vitro nuclear import system
and an apparently non-essential role of this protein in
somein vivo settings may be explained by the presence
of putative cellular analogues of Vpr. Our result showing
that nuclear import of a Vpr– HIV-1 can be rescued by
the cytosol of HeLa cells (Figure 2) supports this hypo-
thesis. This Vpr-like protein(s) may be induced by various
treatments used in thein vivo experiments, such as those
employed to induce growth-arrest, thus accounting for the
partly Vpr-independent nuclear import observed in growth-
arrested MT4 cells (Heinzingeret al., 1994). Existence of
such proteins is also suggested by the amazing conserv-
ation of the Vpr binding site(s) onα karyopherins from
such distantly related species as yeast and humans. One
of the possible candidates for this role is the heat-shock
protein 70 (Hsp70, Hsc70), which can perform functions
similar to those of Vpr. Hsp70 has been shown to facilitate
the interaction between the NLS and karyopherinα
(Shulga et al., 1996; Nadleret al., 1997); the ectopic
expression of human Hsp70 in mouse cells complements
the defective import of a mutant SV-40 large T antigen
(Jeounget al., 1991), and the depletion of Hsp70 from
cytosolic extracts prevents import (Shi and Thomas, 1992;
Okunoet al., 1993). It seems likely that cellular Vpr-like
proteins may function to enhance nuclear import in some
cells in response to certain stimuli.

Although there are multiple copies of MA in each
HIV-1 PIC, these may not be sufficient to support efficient
import of the PIC due to its very large size (Bukrinsky
et al., 1993b; Miller et al., 1997), and because MA is a
poor karyophile on its own (Fouchieret al., 1997). Vpr
may thus function to enhance the interaction between
karyopherinα/β and various weak basic-type NLSs in the
PIC. Indeed, the enhancing effect of Vpr on NLS–
karyopherinα interactions is not restricted to the NLS of
MA, but affects any protein with a basic-type NLS (Figure
5). Mutations in the principal NLS of MA may be
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Fig. 5. Vpr affects nuclear import of an artificial karyophile. (A) Effect of Vpr on import of various karyophiles into the nucleus of permeabilized
cells. Digitonin-permeabilized BRL cells were incubated with rhodamine-labeled NLS–BSA, recombinant human karyopherinα (20 µg/ml),
karyopherinβ (25 µg/ ml), Ran (15µg/ml) and p10 (3µg/ml), and different amounts of Vpr under standard import conditions. After 15 min at room
temperature the cells were washed and fixed. Quantitation of intranuclear fluorescence was performed as described (Moore and Blobel, 1992). The
NLS number indicates the molar ratio of peptide added to sulfo–SMCC-activated BSA during preparation of NLS–BSA; the exact number of NLSs
conjugated to BSA could not be determined. (B) Fluorescence micrographs of representative nuclei after import reactions described in (A).
Fluorescence micrographs show results of experiments performed with the conjugate having the lowest molar ratio of NLS peptide to BSA. Import
reactions contained indicated amounts of Vpr.

compensated by other NLSs in the HIV-1 PIC. One such
additional NLS is located in the C-terminus of MA
(108QNKSKKKA115) and can bind to karyopherinα,
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although with a lower affinity than the principal MA NLS
(26GKKKYKLK 33) (Nadler et al., 1997). Another NLS-
containing protein in the HIV-1 PIC is integrase (IN),
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which also binds to karyopherinα in a basic NLS-
dependent manner (Gallayet al., 1997). The existence of
multiple NLSs regulated by Vpr may explain the contro-
versy regarding the role of the MA NLS in HIV-1 nuclear
import and replication in non-dividing cells (Bukrinsky
et al., 1993a; Freedet al., 1995; Fouchieret al., 1997).

MA and Vpr interact with karyopherinα in distinct
ways. Binding of MA to karyopherinα is mediated by
the NLS of MA (Figure 4), whereas binding of Vpr toα
does not involve a basic-type NLS (Figure 3D). The
binding site of Vpr on karyopherinα does not appear to
overlap with the NLS or karyopherinβ binding sites
(Figure 3D and data not shown); in fact karyopherinα,
Vpr and MA can assemble into a trimer (Figure 4). Our
results also underlie the difference between Vpr and NLS-
containing proteins in regulation of HIV-1 nuclear import.
While NLS-proteins (MA and IN) serve as vehicles that
drive the HIV-1 PIC into the nucleus, Vpr appears to
control their function by regulating their interaction with
karyopherinα. In the absence of NLS-proteins, Vpr is
not expected to facilitate nuclear import. Consistent with
this prediction, a novel NLS-targeting compound CNI-
H0294 potently inhibited nuclear import and replication
of Vpr-positive HIV-1 strains (Dubrovskyet al., 1995),
despite its inability to block Vpr–karyopherinα interaction
(Popovet al., 1996). The proposed model appears to be
inconsistent with the recent observation by Gallayet al.
(1996) that a truncated form of karyopherinα (Rch1)
inhibited import of the Vpr-defective, but not the wild-
type, HIV-1 PIC. A possible explanation is that Vpr has
an additional, karyopherinα-independent effect on nuclear
import. At the present time we cannot discount this
possibility, but our preliminary results (S.Popov and
M.Bukrinsky, unpublished) indicate that the Vpr-mediated
stimulation of HIV-1 nuclear import requires the presence
of functional NLS-proteins. We therefore conclude that
Vpr is the key regulator of HIV-1 nuclear import.

As Vpr is tethered to the HIV-1 PIC early during
infection, its activity probably does not affect interactions
between karyopherinα and other cellular NLS-proteins.
The concentration of Vprin vivo during virus entry is
estimated to be,5 nM, even if one makes grossly
overestimating assumptions that: (i) equimolar amounts
of p24 and Vpr proteins exist in an HIV-1 virion; (ii) 1%
of the virions are infective and can enter the cells; (iii)
cells are infected at a high multiplicity of 10µg/ml of
p24. However, at later stages of viral replication a high-
level of expression of Vpr may contribute to the cytopathic
effect of HIV-1 infection. Indeed, Vpr is a potent inhibitor
of nuclear import at high concentrations (.42.8 nM Vpr)
(Figures 1B and 5) and may block transport by ‘clogging’
the NPC with substrates bound too tightly to karyopherins,
or by affecting recycling of karyopherinα to the cytoplasm.

In summary, our experiments suggest that Vpr regulates
HIV-1 nuclear import by enhancing the interaction of
karyopherinα with the NLSs of the PIC, thus making the
HIV-1 PIC a strong karyophile.

Materials and methods

HIV-1 variants, infections and preparation of cytoplasmic
extracts
HIV-1 variants used in this work were based on the NLHX virus
strain (Westerveltet al., 1992b). The mutant virus MA NLS– contains
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substitutions of isoleucine residues for lysines in positions 26 and 27 of
MA, thus inactivating the NLS (Bukrinskyet al., 1993a; von Schwedler
et al., 1994). In NLHX∆Vpr virus the initiating ATG of thevpr gene
was changed to GTG, and in NLHXdVpr a frameshift mutation was
introduced at codon 63 of Vpr (Westerveltet al., 1992a); both mutations
abolished expression of Vpr. All viruses were obtained from supernatants
of Jurkat cells transfected with molecular clones. Infections of H9 cells
were performed at viral titers equalized according to p24 content. Cells
were incubated with virus (100 ng of p24 per 106 cells) for 2 h at 37°C,
then washed three times and incubated for an additional 4–5 h at 37°C
to allow reverse transcription to proceed. Cytoplasmic extracts were
prepared by lysis of cells in cold, hypotonic buffer [10 mM KCl, 10 mM
Tris–HCl (pH 7.6), 0.5 mM MgCl2, 1 mM DTT, 1 µg/ml of leupeptin,
1 µg/ml aprotinin and 1 mM phenylmethylsulfonyl fluoride (PMSF)] by
20–30 strokes of a Dounce homogenizer. Cell lysis was monitored by
phase-contrast microscopy. After removal of nuclei, cytoplasmic extracts
containing the HIV-1 PIC (Bukrinskyet al., 1993b) were cleared by
centrifugation at 15 000g for 10 min, and aliquots were frozen at –70°C.

Expression of recombinant Vpr and MA
A baculovirus expressing His-tagged Vpr was obtained from Dr N.Landau
(ADARC, Rockefeller University). One ml of an Sf9 cell lysate
(10 mg/ml of protein) was incubated with 60µl of NTA matrix (Quiagen)
in binding buffer (10 mM Tris, pH 8.0, 2% NP-40, 0.5% DOC, 150 mM
NaCl, 10 mM imidazole, 0.1 mM PMSF) for 30 min at 4°C. The beads
were washed with binding buffer and twice with PBS, and Vpr was
eluted with 100µl of elution buffer (0.4 M imidazole, 1 mM 2-
mercaptoethanol in PBS), followed by a second elution with 50µl
of elution buffer. Imidazole was removed by dialysis against PBS,
supplemented with 0.1 mM PMSF, 1µg/ml aprotinin, 1µg/ml pepstatin.
The concentration of Vpr obtained by this method was 10–50µg/ml.

The MA-encoding sequence was amplified by PCR from pNL4-3
(Adachiet al., 1986) using primers 59-ATCGAATTCATGGGTGCGAG-
AGGGTCGG-39 (sense) and 59-CTTGAATTCTTTTGGCTGACCTGG-
GTGTTG-39 (anti-sense) and ligated into vector pGEX-4T (Pharmacia)
at the EcoRI site. The resulting plasmid was introduced into the
Escherichia colistrain BLR (Novagen). The GST–MA fusion protein
was purified on glutathione–agarose beads according to manufacturer’s
(Pharmacia) instructions. To obtain non-fused MA, GST–MA immobil-
ized on agarose was cleaved with thrombin (4 NIH units for every 200
µg of chimera) for 10 min at room temperature. After thrombin
inactivation with a 1.5 M excess of hirudin (Sigma), beads were
precipitated and supernatant was dialyzed against PBS and concentrated
on Centricon 10 (Amicon) microconcentrator.

Nuclear import assays
Nuclear import of HIV-1 preintegration complexes. HeLa cells grown
to 70% confluency were washed with serum-free medium and permeabil-
ized for 5 min at 37°C in serum-free mixed medium (1.972% 199 Eagle
medium, 2% NaHCO3, 20 mM L-glutamine, 13 non-essential amino
acids, 10 mM sodium pyruvate) supplemented with 40µg/ml of digitonin.
After permeabilization, cells were washed twice with transport buffer
(2 mM MgOAc, 20 mM HEPES pH 7.3, 110 mM KOAc, 5 mM NaOAc,
1 mM EGTA and 2 mM DTT), harvested using a plastic scraper, and
resuspended in transport buffer at 53106 cells/ml. For each assay, 34µl
of cells were incubated with cytoplasmic lysates in a 100µl reaction
containing 50 mM of creatine phosphate, 5 U creatine phosphokinase,
1 mM ATP and 0.1 mM dNTPs for 1 h at37°C. At the end of incubation,
cells were extracted and subjected to PCR analysis using primers specific
for the pol gene or 2-LTR circle forms of the HIV-1 DNA (Bukrinsky
et al., 1992). To test for the intactness of nuclei in the transport reaction,
we used an assay based on differential staining of native and compromised
nuclei with FITC–WGA or FITC–ConA (Dean and Kasamatsu, 1994).

Nuclear import of rhodamine labeled BSA–NLS conjugates. NLS conjug-
ates were prepared as described (Moore and Blobel, 1992), except with
BSA instead of HSA. NLS-containing peptides were incubated with
sulfo-SMCC (Pierce) activated BSA at 0.5-, 1- and 2-fold molar ratios
relative to BSA. The import assay was performed in permeabilized
buffalo rat liver (BRL) cells as described (Moore and Blobel, 1992).
The import assay contained the following recombinant import factors:
karyopherinα (20 µg/ml), karyopherinβ (25 µg/ml), Ran (15µg/ml)
and p10 (3µg/ml) in a buffer composed of 20 mM HEPES–KOH
pH 7.3, 110 mM KOAc, 2 mM Mg(OAc)2, 1 mM EGTA, 1 mM GTP
and 2 mM DTT. Recombinant import factors were isolated according to
E.Schwoebel and M.S.Moore (manuscript in preparation).Escherichia
coli expression vectors were obtained as follows: His-tagged human
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karyopherinα (clone hSRP1α) from A.Lamond (EMBL, Heidelberg,
Germany) (Weiset al., 1995); human karyopherinβ from D.Görlich
(Universität Heidelberg); human Ran from M.Rush (NYU Medical
Center, New York) (Renet al., 1995); and human p10 (pp15 expression
clone) from U.Grundmann (Behringwerke, Marburg, Germany)
(Grundmannet al., 1988). For import assays, baculovirus-expressed His-
tagged Vpr (see above) was dialyzed against transport buffer.

Solution binding assays
Solution binding assay with all recombinant proteins. The solution
binding assay was performed as described previously (Rexach and
Blobel, 1995) using bacterially expressed MA (see above), recombinant
human GST-Rch1 (karyopherinα) (Nadler et al., 1997), human GST-
p97 (karyopherinβ) (Chi et al., 1995), Vpr (see above) and yeast
karyopherins and nucleoporins (Rexach and Blobel, 1995).

NLS peptide competition analysis. The peptide corresponding to the
NLS of the SV-40 large T antigen (TPPKKKRKVEDP) (Kalderonet al.,
1984) was used as a competitor for binding to karyopherinα. A peptide
with a mutant NLS (TPPKTKRKVEDP) served as control. The peptides
were added after a 20 min pre-incubation of a tested protein with
karyopherinα (to allow formation of the complex), and incubation was
then continued for an additional 20 min at room temperature.

In vitro translation of Vpr and immunoprecipitation
Radiolabeled Vpr was synthesizedin vitro using the TnT-coupled
reticulocyte lysate system (Promega). The template for transcription was
a PCR fragment amplified from vector pET-vpr-T (Zhaoet al., 1994)
using the upstream primer 59-ATGCGTCCGGCGTAGA-39 and the
downstream primer 59-GCTAGTTATTGCTCAGCGG-39. Approxim-
ately 0.6µg of the PCR product was translated in a 50µl reaction in
the presence of35S-methionine and3H-leucine. The translation reaction
was adjusted to a final concentration of 20 mM HEPES pH 6.8, 150 mM
KOAc, 2 mM MgOAc, 2 mM DTT, 0.1% Tween 20, 0.1% casamino
acids (binding buffer), and ribonuclease A was added (0.6 mg/ml) to
prevent further translation. Aliquots of the translation product (45µl)
were mixed with 1.25µg of control rabbit immunoglobulin, or 750 ng
of affinity-purified rabbit anti-karyopherinα1 (hSRP1) or 750 ng of
affinity-purified rabbit anti-karyopherinα2 (Rch1) (Nadleret al., 1997),
and were incubated for 1 h at 4°C in a total volume of 50µl. Protein G
Sepharose beads were then added (35µl of a 50% slurry per sample)
and the mix was incubated for an additional 30 min at 4°C. The
precipitates were washed three times with binding buffer, and proteins
were eluted with Laemmli sample buffer. Eluted proteins were resolved
by 10–20% SDS–PAGE and were detected by fluorography.
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