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Introduction
The ability of HIV- 1 to transport its pre-integra-
tion complex (PIC) into the nucleus of an in-
fected cell during interphase is a unique feature
that sets this virus, and the whole group of Len-
tiviruses to which it belongs, apart from other
retroviruses that have to rely on the dissolution
of the nuclear envelope during mitosis for deliv-
ery of their genome into the nucleus (1,2). Fol-
lowing initial reports demonstrating the central
role of this process in the ability of HIV-1 to
replicate in nondividing cells, such as macro-
phages (3-5), the mechanisms of HIV- 1 nuclear
import have become the subject of intensive re-
search. Early results (6) indicated that the pro-
cess of nuclear import of HIV- 1 genome is energy
dependent, thus implying an active transport
mechanism and suggesting that the virus is ex-
ploiting the cellular nuclear import machinery.

This machinery transports into the nucleus
those cellular proteins that carry characteristic
nuclear localization signals (NLSs). The most
common type of NLS is a short stretch of basic
amino acids that introduce an overall net posi-
tive charge crucial for nuclear targeting proper-
ties of these sequences (reviewed in ref. 7). Im-
port of basic-type NLS-containing proteins across
the nuclear pore complex is mediated by karyo-
pherin a/f3 heterodimers (also termed NLS re-
ceptor/importin) which bind NLS-containing
proteins in the cytosol and target them to the
nucleus (8-1i). Karyopherin a binds the NLS,
whereas karyopherin (3enhances the affinity of a
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for the NLS and mediates docking of the import
complex to nucleoporins (a collective term for
nuclear pore complex proteins) that contain
xxFG peptide repeats (reviewed in ref. 12). A
small GTP-binding protein, Ran/TC4 (13,14), is
probably the major regulator of the directionality
of nuclear transport (15). The direct binding of
RanGTP to karyopherin ,B terminates the trans-
location by disassembling the import complex
(16-18). In addition to karyopherins and Ran,
several other soluble proteins are involved in
nuclear import, although their mechanism of ac-
tion is less defined. The nuclear import factor p10
(also termed NTF2) (19,20) appears to coordi-
nate the activity of Ran by binding Ran-GDP into
a complex with nucleoporin-docked karyo-
pherins (21). Heat-shock protein 70 (Hsp7O,
Hsc7O), as well as some as yet uncharacterized
cytoplasmic factors, may act to facilitate the in-
teraction between the NLS and karyopherin a
(22,23). The ectopic expression of human Hsp7O
in mouse cells complemented the defective im-
port of a mutant SV40 large T antigen (24), and
the depletion of Hsp7O from cytosolic extracts
prevented import (25,26).

A search for NLS-containing HIV-1 proteins
that could target the viral PIC for interaction
with the cellular import machinery resulted in
quick success. A basic-type NLS was identified in
the N-terminal region of the HIV- 1 matrix pro-
tein (MA) (27) and was found to regulate viral
nuclear import and infection of nondividing cells
(4,27). However, the role of MA in HIV-1 nu-
clear import was disputed in later publications
(28,29). Another HIV- 1 protein with a basic-type
NLS is integrase (30), although its role in nuclear
import is also controversial (30,31). Genetic
analysis also implicated viral protein R (Vpr) in
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the process of nuclear import of the HIV- 1 PIC
(3-5). But this protein does not have a classical
NLS, and its role in nuclear import remained
unclear until recently (32).

In this article we critically review previously
published reports on the role of HIV- 1 proteins in
the process of nuclear import of the viral PIC in
light of the most recent information from our
and other laboratories. The emerging model de-
picts MA and Vpr as the main regulators of HIV- 1
nuclear import and facilitates development of
novel inhibitors of this process.

HIV-1 Proteins that Regulate
Nuclear Import of the Viral PIC
The MA protein was the first to be identified as a
participant from the viral side in the process of
HIV- 1 nuclear import (27). Its role turned out to
be also the most controversial. The work by
Bukrinsky et al. (27) and by Nadler et al. (22)
demonstrated that a basic region in the MA pro-
tein encompassing amino acids 25-33,
G25KKKYKLKH, functions as an NLS when con-
jugated to BSA. The role of this region in HIV-1
nuclear import was supported by genetic exper-
iments that found a correlation between the in-
ability of HIV- 1 variants carrying inactivating
mutations in this NLS to import their PIC into the
nucleus and poor replication of such viruses in
nondividing cells (4,5,27). However, these find-
ings were challenged by two other groups
(28,29) who reported only a minor defect in
replication of MA NLS mutant viruses and sug-
gested that it resulted from abnormal processing
of the Gag polyprotein, rather than from a nu-
clear import defect. One of the arguments used
in those studies to dispute the role of the MA
NLS in HIV-1 nuclear import was that NLS mu-
tations caused an almost similar attenuation of
viral replication in nondividing (e.g., macro-
phages) and dividing (e.g., activated T lympho-
cytes) cells (28,29). This argument relies on the
hypothesis that in dividing cells, such as acti-
vated T lymphocytes, entry of the virus into the
nucleus occurs during mitosis and thus does not
require active nuclear importation; this hypoth-
esis is based primarily on the ability of import-
deficient mutants to replicate in CD4+ T cell lines
(3,6,27). However, published evidence indicates
that active nuclear import mechanism can be
functional in HIV- 1 infection of immortalized T
cells, at least under certain conditions. For in-

stance, while HIV-1 does not replicate in quies-
cent (Go) T lymphocytes (33,34), it can produc-
tively infect T cells arrested in either G1-S (35) or
G2(5) phases of the cell cycle, suggesting that cell
activation, but not cell division, is necessary for
virus replication in T cells. Most importantly,
recent results (36) obtained using an inhibitor of
HIV- 1 nuclear translocation indicate that the
ability of the PIC to engage in active nuclear
import is critical for HIV- 1 replication in primary
activated T lymphocytes. It thus appears that
while active nuclear import may be less critical
for HIV- 1 infection of rapidly dividing cells, it still
provides a significant advantage for viral replica-
tion, especially in cells with a relatively long
interphase. Therefore, reported defects in repli-
cation of the MA NLS-defective HIV- 1 in acti-
vated T lymphocytes (28,29) might still be
caused by inefficient nuclear import.

Some of the controversy surrounding the
role of MA in HIV- 1 nuclear import may also be
explained by an inherent weakness of MA as a
karyophile. Compared with the NLS of SV40
large T antigen, the N-terminal MA NLS is a
weak one, requiring the presence of multiple
peptides per BSA molecule to achieve partial nu-
clear localization (22,27). This may be the reason
that one report (29) denied any karyophilic po-
tential of the MA protein. This, of course, is a
gross exaggeration, given a well-documented
ability of MA to bind to karyopherin a (32,37,38)
and to direct nuclear import of the fusion protein
(39), but it illustrates the weakness of MA as a
karyophile. How then can it target to the nucleus
a large macromolecular complex such as the
HIV-1 PIC? To some extent, the weakness of the
MA NLS is compensated by the presence of mul-
tiple (; 1000) copies of MA in the HIV-1 PIC
(40). Presence of multiple NLSs has been shown
to improve substantially nuclear import, espe-
cially of large molecules (41). In addition, other
proteins within the PIC [e.g., integrase (39)] may
contribute their NLSs to the process of HIV nu-
clear import. However, multiplicity of NLSs on
the HIV- 1 PIC is not sufficient to make it a strong
karyophile without involvement of another viral
protein, Vpr.

The role of Vpr in HIV- 1 nuclear import was
suggested by experiments that demonstrated
that in the presence of a functional vpr gene, the
effect of inactivating mutations in the MA NLS
on nuclear import was greatly diminished (3,5).
Vpr rescued replication of an MA NLS mutant in
macrophages by providing sufficient, although
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reduced by about 50-80% compared with the
wild-type virus, nuclear translocation of the viral
DNA (3,39,42). In addition, Vpr was shown to
target a fusion protein to the nuclear envelope
(43), which is consistent with its role in nuclear
import. However, the mechanism of Vpr's activ-
ity remained unclear until recently. The Vpr pro-
tein does not have a canonical basic-type NLS,
and the nuclear targeting determinant appears to
reside in the a-helical region of the protein
(44,45). This region is also involved in mediating
Vpr interactions with cellular protein(s) (46,47).
Mutations in the a-helix domain of Vpr that
abolished protein-protein interactions also af-
fected nuclear localization of Vpr (45,48). It ap-
pears, therefore, that karyophilic properties of
Vpr are mediated by a cellular Vpr-interacting
protein.

This protein was recently identified as karyo-
pherin a (32,43). An earlier study by Gallay et al.
(38), based on indirect evidence from experi-
ments using dominant-negative mutant of
karyopherin a, concluded that Vpr controls nu-
clear import through a karyopherin a-indepen-
dent mechanism. This conclusion was consistent
with resistance of Vpr-regulated HIV- 1 nuclear
import to competition by NLS peptides (38).
Some of these earlier results can be explained by
an unusual mode of interaction between Vpr and
karyopherin a. Whereas binding of MA and
other karyophiles to karyopherin a is mediated
by the basic-type NLS, binding of Vpr to a does
not involve an NLS (32). Therefore, the binding
site of Vpr on karyopherin a does not appear to
overlap with the NLS binding sites; in fact,
karyopherin a, Vpr, and MA can assemble into a
trimer (32). As a result of Vpr binding to karyo-
pherin a, the affinity of interaction between the
NLS and a was increased approximately 10-fold.
This mechanism may be instrumental in increas-
ing the karyophilic potential of the HIV-1 pre-
integration complex.

Significant progress in the studies of HIV-1
nuclear import was achieved with the introduc-
tion of an in vitro system that truly reproduced
this process (32). Using this system, Popov et al.
(32) demonstrated that inactivation of Vpr com-
pletely knocked out import even in the presence
of functional MA NLS. This result appears to be
inconsistent with in vivo studies that reported
Vpr-independent infection of nondividing cells,
such as neurons (42,49), or growth-arrested
HeLa and T cells (3,5,39). An explanation for this
paradox is provided by the finding that cytoplas-

mic lysates of HeLa cells can rescue import of a
Vpr-defective virus in vitro (32), suggesting ex-
istence of cellular proteins with a Vpr-like func-
tion. The nature of these proteins remains to be
identified, as does their mechanism of action,
which may or may not be similar to the Vpr's
activity.

Another interesting conclusion from the ex-
periments employing in vitro import assay was
that in the presence of Vpr, mutation in the MA
NLS had only a small effect on nuclear import of
the HIV- 1 PIC (32). In addition, Vpr enhanced
nuclear import of an artificial karyophile (BSA
conjugated with the NLS peptide), suggesting
that Vpr can stimulate karyophilic activity of any
basic-type NLS. This conclusion has important
implications for the model of HIV- 1 nuclear im-
port. First of all, it explains earlier results (28,29)
that showed only a small effect of MA NLS mu-
tation on HIV- 1 replication in nondividing mac-
rophages. Secondly, it suggests that some weak
NLSs within the HIV-1 PIC, the effect of which
could be missed in classical import assays, may
function in the presence of Vpr. One such NLS
was recently identified in the C-terminal part of
the MA protein (109KSKKK) (22). When the N-
terminal MA NLS was mutated, this NLS could
target the HIV- 1 PIC into the nucleus in vitro, but
only in the presence of Vpr (Popov et al., unpub-
lished results). Mutation of both MA NLSs re-
sulted in complete loss of nuclear import, regard-
less of the Vpr presence. Such virus was also
unable to replicate in macrophages (S. Popov
and M. Bukrinsky, unpublished results). Inter-
estingly, both MA NLSs are located in close prox-
imity on a crystal structure of the protein (50),
suggesting that they may function as a bi-partite
NLS.

These results underscore the central role of
the MA protein in HIV-1 nuclear import and
provide an alternative explanation for some of
previously reported results. Indeed, all studies
addressing the function of NA in HIV- 1 infection
and nuclear import ignored the second (C-termi-
nal) MA NLS, supposing that inactivation of the
N-terminal NLS abolishes the karyophilic poten-
tial of MA. For instance, this logic was used in a
recent report (39) implicating HIV-1 integrase
(IN) in nuclear import of the PIC. Although the
role of the IN NLS in HIV-1 nuclear import can
not be ruled out completely, it is inconsistent
with the lack of import of the HIV- 1 PIC carrying
mutations in both NLSs (S. Popov and M.
Bukrinsky, unpublished results).
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FIG. 1. A model of HIV-1 nuclear import. Nu-
clear import of the HIV-1 PIC is driven by the cellu-
lar proteins karyopherin a and karyopherin ,B. Two
MA NLSs (NLS1 and NLS2) provide the connection
between the PIC and karyopherin a. NLS1 (amino
acids 26-32) is a stronger NLS than NLS2 (amino
acids 109-113), but they may cooperate to form a
bipartite NLS, thus interacting with the same region
on karyopherin a. Alternatively, they may bind to
adjacent NLS-binding sites on karyopherin a. The
role of Vpr is to strengthen interaction between the
MA NLSs and karyopherin a. This is likely achieved
by a conformational change in the karyopherin-a
molecule upon binding of Vpr. This binding involves
a site different from the NLS-binding site on a. The
import complex is then targeted to the nuclear pore
via interaction between karyopherin P3 and xxFG-
repeat-containing nucleoporins. Other details are in
the text.

Conclusions
It appears, therefore, that nuclear import of the
HIV- 1 PIC is controlled by two viral proteins, Vpr
and MA (Fig. 1). While MA contributes its two
NLSs which connect the PIC to karyopherin a

and cellular import machinery, Vpr functions as
an enhancer of the MA-karyopherin a interac-
tion. In addition, Vpr was found to bind yeast

nucleoporins (43) and was suggested on these
grounds to function as a karyopherin 13 analog.
Although this hypothesis is consistent with the
role of Vpr in docking of the HIV-1 PIC to the
nuclear envelope (51), it is hard to imagine that
a small protein, such as Vpr (with a molecular
mass of only 14 kDa), can perform the function
of a 97-kDa karyopherin 13. This hypothesis is
also inconsistent with our results showing that
karyopherin a, karyopherin 13, Vpr, and MA as-
semble into a tetrameric complex (S. Popov and
M. Bukrinsky, unpublished results). We there-
fore favor the notion that the effects of Vpr are
mediated through the karyopherin a/f3 pathway.
Inactivation of either partner in the HIV- 1 nu-
clear import (i.e., MA, Vpr, or karyopherin a/P3)
results in the loss of import function and virus
inability to establish efficient infection in primary
cells. These proteins, therefore, present an attrac-
tive target for development of novel anti-HIV
therapeutics.
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