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Infection with human immunodeficiency virus (HIV) leads
inexorably to the destruction of the host immune system:
AIDS. Initially, there is loss of CD41 helper T-cell memory
function (21, 26, 37), and with time, there is progressive decline
in the number of circulating CD41 T cells (31). Upon infection
of a host, the virus replicates continuously in lymphoid tissues
(30), with greater than 109 CD41 cells destroyed and replenished each day (15, 38). This number is similar to estimates of
the total number of HIV-expressing CD41 cells in the body (8,
11), suggesting that AIDS results from the continuous lytic
replication of HIV.
A number of theories have been proposed to account for the
cytotoxicity associated with HIV-1 infection (31, 39). Among
the HIV-1 genes disruptive of cellular function is vpr, which
encodes a 15-kDa virion-associated protein (5, 42) that is
transported to the nucleus of newly infected cells as part of the
preintegration complex (14). vpr has been associated with the
inhibition of replication of cell lines and peripheral blood
mononuclear cells and with an accumulation of cells bearing
4N DNA (23, 34). Also, disrupted vpr coding sequences have
been observed in HIV type 1 (HIV-1) proviruses cloned from
chronically infected cell lines (33, 34), suggesting that vpr expression is selected against in tissue culture.
Here we confirm that vpr expression in the context of a
provirus prevents cell proliferation and that vpr expression
independent of other viral elements is sufficient to arrest cells
with 4N DNA. In addition, we demonstrate that cells expressing
vpr are arrested with all the biochemical hallmarks of G2 and that
Vpr is most likely interacting with upstream regulators of the
cyclin-associated kinase which regulates the G2-M transition.

polymerase. pHXB2-env (29), from N. Landau, expresses HIV-1 env from the
simian virus 40 promoter.
HIV-1NL4-3 vpr (1) was amplified by PCR (35) with oligonucleotides 59-CG
CGCTCGAGGATCCGAGAGATGGAACAAGCCCCAGAAGACC-39 and
59-GCGCGGATCCCTAGGATCTACTGGCTCCATTTCTTGC-39. Simian immunodeficiency virus strain MAC239 (SIVMAC239) vpx (18) was amplified with
oligonucleotides 59-CGCGGATCCAGATGTCAGATCCCAGGGAGAGAA
TC-39 and 59-GCGCGGATCCTTATGCTAGTCCTGGAGGGGGAG-39.
Products were digested with BamHI and cloned into pET-11d (Novagen) so that
they were 39 and in-frame with the gene 10 leader peptide. Products were digested with NcoI and EspI and transferred to a modified pBluescript II KS2
(Stratagene) which contains consensus eukaryotic ribosome initiation sequences
(20) 59 of an NcoI site. These plasmid DNAs were digested with SpeI and XhoI
and ligated to the NheI and XhoI sites of pCEP-4 (Invitrogen) to express either
vpr or vpx fused to the gene 10 leader peptide from the cytomegalovirus immediate-early promoter.
Cells, transfections, viral stocks, and protein expression. Plasmid DNAs were
transfected into mammalian cells by calcium phosphate precipitation (7). Viral
stocks infectious for a single round of infection were produced by transfection
of 293T cells with 10 mg of pHXB2-env and 10 mg of either pNLpuro or pNL
purovpr2. Virion-containing supernatant was harvested at 48 h, filtered, and
normalized for virion content by reverse transcriptase activity and Western
(immunoblot) analysis for p24 as previously described (9). Rabbit anti-Vpr
antibody was a gift from Lee Ratner. Infection, selection, fixation, and staining
of CD41 HeLa cells (from T. Livelli and R. Axel) were carried out as described
before (29) except that selection was done with 1 mg of puromycin per ml.
To assay protein expression, HeLa cells were transfected with 20 mg of the
pCEP-4-based expression plasmid DNAs. Cells were lysed with IP buffer (25 mM
Tris-HCl [pH 8.0], 50 mM NaCl, 5 mM EDTA, 10 mM EGTA [ethylene glycol
tetraacetic acid], 1% Triton X-100, 1% sodium deoxycholate, 50 mM NaF, 20
mM b-glycerolphosphate, 100 mM Na3VO4, 10 mg of soybean trypsin inhibitor
per ml, 1 mg of leupeptin per ml, 50 of phenylmethylsulfonyl fluoride per ml) at
48 h or at the indicated time following selection with hygromycin (750 mg/ml).
Lysates were subjected to Western blot analysis as previously described (9) with
a monoclonal T7-Tag antibody (Novagen).
Flow cytometry. HeLa cells were placed under selection (750 mg of hygromycin
per ml) 12 h posttransfection with the pCEP-4-based expression plasmids. At 72
h, plates were trypsinized to remove dying cells, and viable cells were replated
under selection. Cells to be arrested with aphidicolin or nocodazole were first
transfected with pCEP-4 DNA, then trypsinized at 48 h, and replated under
selection; at 72 h, either aphidicolin (5 mg/ml) or nocodazole (0.4 mg/ml) was
added to the medium. At 96 h, 1 3 106 to 2 3 106 cells from each transfection
were fixed with 80% ethanol and stained with a solution containing 0.05 mg of
propidium iodide per ml, 0.3% Nonidet P-40, and 1 mg of RNase A per ml in
phosphate buffered saline (PBS). Cells were analyzed by flow cytometry with a
FACStar Plus (Becton Dickinson). Doublets were excluded from the analysis
based on pulse width measurements. Equivalent numbers of cells sorted from the
2N and 4N peaks were subjected to Western blot analysis.
Cell cycle biochemistry. HeLa cells were transfected, selected, and treated
with aphidicolin and nocodazole as described for flow cytometric analysis. Cells
were lysed in IP buffer, and samples were normalized for total protein by the
Bradford dye-binding procedure (Bio-Rad). The lysate was probed directly in
Western blots with monoclonal anti-cyclin B1 antibody or rabbit anti-cdc25C
(both from Santa Cruz Biotech) as primary antibodies. The same cell lysate was

MATERIALS AND METHODS
Plasmid DNAs. pNLpuro (23), from D. Weiner, is the complete HIV-1 provirus pNL4-3 (1), in which env has been replaced with the selectable marker
SV40-puro. pNLpurovpr2 contains a frameshift mutation which shortens the
96-codon vpr open reading frame to 27 codons. It was engineered by standard
methods (35) by filling in an AflII site with the Klenow fragment of DNA

* Corresponding author. Mailing address: Departments of Microbiology and Medicine, Columbia University College of Physicians
and Surgeons, 701 W. 168th St., New York, NY 10032. Phone: (212)
305-8706. Fax: (212) 305-8706. Electronic mail address: Luban@
cuccfa.ccc.columbia.edu.
6859

Downloaded from http://jvi.asm.org/ on March 1, 2021 by guest

Human immunodeficiency virus type 1 (HIV-1) vpr inhibits the replication of tumor cell lines and peripheral
blood mononuclear cells. Here it is demonstrated that expression of vpr, either in the context of a provirus or
from an independent genetic element, induces a discrete cell cycle arrest, with cells containing 4N DNA. Low
cyclin B-associated kinase activity, as well as the status of p34cdc2 and cdc25C phosphorylation, indicates that
the cascade of reactions which drives the cell into mitosis has not been initiated. The phosphatase inhibitor
okadaic acid releases the block, suggesting that Vpr perturbs upstream regulators of the G2-M transition.
These studies demonstrate that HIV-1 vpr has profound effects on the cellular factors which control entry into
mitosis and indicate vpr’s potential contribution to the cellular pathology associated with HIV-1 infection.
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immunoprecipitated by standard methods (12) with 0.5 mg of the anti-cyclin B1
antibody and protein A-Sepharose beads (Sigma). Cyclin B-associated proteins
were probed in Western blots with either rabbit anti-cdc2 (Oncogene Science) or
monoclonal antiphosphotyrosine antibody (Santa Cruz Biotech), or they were
used in kinase assays with histone H1 as the substrate, as previously described
(16). Briefly, proteins associated with protein A-Sepharose were incubated at
308C for 20 min in 80 mM b-glycerolphosphate–10 mM MgCl2–1 mM dithiothreitol–20 mM EGTA–10 mM ATP–100 mg of histone H1 (Boehringer) per ml–5
mCi of [g-32P]ATP (6,000 Ci/mmol)–5 mM peptide inhibitor of cyclic AMPdependent protein kinase (Sigma). Histone H1 kinase activity was quantitated on
a PhosphorImager (Molecular Dynamics). In the indicated experiments, okadaic
acid (Sigma) was added to tissue culture medium to a final concentration of 0.5mM.

RESULTS
Expression of vpr within the context of a provirus blocks cell
proliferation. To establish that vpr inhibits the replication of
HIV-infected cells, CD41 HeLa cells were placed under selection following infection with virus containing a selectable
marker in place of env. The virus stock used for infection was
produced by expressing env in trans and therefore was competent for only a single round of infection (29). A virus stock
from pNLpuro (23), a provirus which contains a complete vpr
coding sequence, produced fewer than 10 colonies per ml (Fig.
1A). Closer examination of the cells infected by NLpuro demonstrated that puromycin-resistant cells were present but that
the majority were unable to proliferate and form colonies. To
determine if vpr accounted for the inability of these cells to
proliferate, a modified pNLpuro in which a frameshift mutation disrupted the vpr coding sequence, rendering vpr expression undetectable by Western blot, was engineered (Fig. 1B).
When viral particle number was normalized to that of the
parent virus, the virus stock from pNLpurovpr2 produced 104
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FIG. 1. Cell proliferation is blocked by infection with HIV-1 expressing vpr.
(A) CD41 HeLa cells were infected with virions competent for a single round of
infection produced by proviral DNAs conferring resistance to puromycin. The
vpr open reading frame is complete in pNLpuro and disrupted by a frameshift in
pNLpurovpr2. Cells were selected in puromycin for 4 days following infection,
and proliferating colonies were detected by staining with crystal violet. (B)
Virions purified from the supernatant of cells transfected with pNLpuro or
pNLpurovpr2 (lanes 1 and 2, respectively) were probed in Western blots with
primary antibodies against p24 and Vpr, as indicated.

colonies per ml (Fig. 1A). Thus, vpr expression from an integrated provirus precludes host cell proliferation.
Vpr is sufficient to block cell proliferation. To evaluate the
effect of its expression independent of other viral elements, vpr
and the genetically related vpx from SIVMAC239 (36) were
expressed as fusion proteins with a common epitope tag, enabling comparison of expression with a single antibody. At 48
h following transfection of expression plasmids into HeLa cells,
vpr and vpx were found to be expressed at comparable levels
(Fig. 2A). When the transfected cells were placed under selection, large numbers of proliferating colonies which expressed
vpx were obtained (Fig. 2B); in contrast, while many hygromycin-resistant cells were observed following transfection with
the vpr expression plasmid, few of these cells were able to
proliferate and form colonies (Fig. 2B). The nonproliferating
cells retained viability for more than 2 weeks; the cells reattached to plastic after release by trypsin and continued to
increase in size (Fig. 2C). By immunofluorescence, the nuclei
of vpr-expressing cells had a strong signal for Vpr, as reported
by others (24). This was true of all the nonproliferating cells,
while those rare cells which did replicate had no vpr expression
detectable (data not shown). Differences in cell proliferation
were not due to differences in the level of vpx expression, since
vpr and vpx were expressed at comparable levels in cells under
selection (Fig. 2A). Thus, expression of vpr is sufficient for
blocking cellular replication.
Cells arrested by Vpr contain 4N DNA. To pinpoint which
phase of the cell cycle was blocked by vpr expression, the DNA
content of transfected HeLa cells placed under selection for 3
days was quantitated by flow cytometry. Cells transfected either with vector or with the vpx expression plasmid showed a
DNA profile similar to that of unsynchronized, cycling cells
grown without hygromycin (Fig. 3A). Cells transfected with
vector and subsequently subjected to cell cycle blocks with
aphidicolin or nocodazole showed the patterns expected of
cells blocked in S phase and mitosis, respectively (Fig. 3A). A
majority of the cells transfected with the vpr expression plasmid had 4N DNA content (Fig. 3A). To determine if the 2N
cells remaining in the population failed to express vpr, the 2N
and 4N peaks were sorted and examined by Western blot for
vpr expression (Fig. 3B). Cells with 4N DNA expressed vpr to
high levels, while vpr expression was almost undetectable in
cells from the 2N fraction. This indicates that vpr expression
leads to an absolute block in either G2 or M. Staining of
vpr-expressing cells with rabbit anti-lamin A and DAPI (49,6diamidino-2-phenylindole) demonstrated that the nuclear lamina was intact and no mitotic figures were evident (data not
shown), consistent with a block in G2.
Cell cycle arrest due to Vpr has all the biochemical characteristics of G2. Progression from the G2 phase of the cell cycle
into mitosis is regulated by a complex consisting of the protein
kinase p34cdc2 and the positive regulatory subunit cyclin B (19,
27). p34cdc2 is synthesized constitutively, but cyclin B levels
oscillate, accumulating during the S and G2 phases. Once the
p34cdc2-cyclin B complex assembles, its kinase activity is inactivated by a network of kinases and phosphatases, including
Wee1, which phosphorylates Tyr-15. When DNA replication
and other preparations for mitosis are completed, the phosphatase cdc25C is activated by multiple phosphorylations and
in this state removes the inhibitory phosphate from p34cdc2.
Activation of p34cdc2 then begins a cascade of reactions which
render mitosis inevitable.
To obtain biochemical evidence that vpr expression arrests
the cell cycle in G2, the cell populations previously analyzed for
DNA content were also examined for cyclin B-associated protein kinase activity, with histone H1 as a substrate. Cells
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blocked in mitosis with nocodazole had very high kinase activity, 100 times greater than that of an unsynchronized cycling
population (data not shown) or cells blocked in S phase (Fig.
4A). Cells expressing vpr had low kinase activity, comparable
to that of cells blocked in S phase (Fig. 4A), consistent with a
cell cycle block prior to mitosis. The low kinase activity in
vpr-expressing cells was not due to failure to assemble the
p34cdc2-cyclin B complex, since cyclin B and cyclin B-associated
p34cdc2 protein levels were comparable to those of the nocodazole-blocked cells (Fig. 4A). Rather, the cyclin B-associated
p34cdc2 from the vpr-expressing cells was found to be inactive
because of tyrosine phosphorylation; this was demonstrated
both by the protein’s slower mobility compared with p34cdc2
from nocodazole-blocked cells and its reactivity with an antiphosphotyrosine antibody (Fig. 4A). In addition, the phos-

phatase which removes the inhibitory phosphate from p34cdc2,
cdc25C, which is itself activated by multiple phosphorylations,
was only detected in the inactive, unphosphorylated, fastermigrating form in the lysate of vpr-expressing cells (Fig. 4A).
Thus, cells expressing vpr possess 4N DNA content, inactive cyclin
B-associated p34cdc2 kinase activity, and the inactive form of
cdc25C, biochemical characteristics of cells blocked in G2.
Cell cycle arrest due to Vpr is relieved by okadaic acid. Cells
arrested in S phase by aphidicolin can be induced to activate
p34cdc2-cyclin B and enter mitosis by treatment with okadaic
acid, despite the block to DNA replication (41). It is believed
that okadaic acid, a specific inhibitor of protein phosphatases
1 and 2A, bypasses this cell cycle checkpoint by inhibiting a
phosphatase other than cdc25C which acts upstream of
p34cdc2-cyclin B (17). The end result is that the inhibitory
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FIG. 2. Expression of HIV-1 vpr independent of other viral elements blocks cell proliferation. HeLa cells were transfected with vpr or vpx expression vectors
encoding a common epitope tag. (A) Cell lysate was subjected to Western blot analysis 48 h posttransfection (lanes 1 to 3) or after 7 days under hygromycin selection
(lanes 4 and 5). Hygromycin-selected cells were either stained with crystal violet to detect proliferating colonies (B) or fixed in methanol and examined by phase-contrast
microscopy (C). The two phase-contrast micrographs were photographed at the same magnification.
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phosphate is removed from p34cdc2, leading to the activation of
its kinase activity and entry into mitosis. To test whether Vpr
blocks factors acting upstream of p34cdc2, vpr-expressing cells
and aphidicolin-blocked cells were treated with okadaic acid.
In both cases, within 1 h, the majority of cells rounded up,
indicating entry into mitosis. Examination of cyclin B-associated histone H1 kinase activity in both cell populations showed
levels approaching those of cells blocked with nocodazole (Fig.
4B). The fact that okadaic acid relieves the cell cycle block

FIG. 4. Expression of HIV-1 vpr leads to a reversible block in p34cdc2-cyclin
B activation. HeLa cells were transfected with a vpr expression plasmid or
arrested with aphidicolin or nocodazole following transfection with vector alone.
(A) Following selection for 72 h, cell lysate was immunoprecipitated with anticyclin B antibody and then assayed for cyclin B-associated histone H1 kinase
activity or by Western blot for cyclin B-associated p34cdc2 or cyclin B-associated
phosphotyrosine. Total lysate was probed directly in Western blots for cyclin B
or for cdc25C. The arrows show the position of migration of the indicated
proteins. The double arrows indicate the position of migration of the unphosphorylated and phosphorylated forms of p34cdc2 and cdc25C. (B) The same cell
populations were assayed for cyclin B-associated histone H1 kinase activity
before and 1 h after treatment with okadaic acid.

makes it unlikely that Vpr functions as a direct inhibitor of
p34cdc2, analogous to the cyclin-dependent kinase inhibitors
p21 and p16 (32). In addition, attempts to coimmunoprecipitate Vpr with p34cdc2 or cyclin B were unsuccessful. More
likely, vpr blocks p34cdc2-cyclin B activation via interaction with
an upstream regulator, perhaps a protein which monitors the
DNA replication machinery.
DISCUSSION
We have confirmed previous reports that HIV-1 vpr has
effects on cell proliferation and that vpr-expressing cells arrest
with 4N DNA. These observations were extended by demon-
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FIG. 3. HeLa cells expressing vpr arrest in the cell cycle with 4N DNA
content. (A) Flow cytometric analysis of HeLa cells stained with propidium
iodide (PI). HeLa cells were transfected with vpr or vpx expression plasmids, or
vector alone. As additional controls, cells transfected with vector alone were
treated with aphidicolin or nocodazole, which block the cell cycle in the S and M
phase, respectively. The abscissa is the relative scale of PI fluorescence, indicating DNA content, and the ordinate shows relative cell number. The percentage
of cells containing 2N and 4N DNA in each population was derived by using the
same windows indicated by the shaded regions in the DNA histogram of vprtransfected cells. (B) Western blot demonstrating vpr expression in equivalent
numbers of cells sorted from the 2N and 4N peaks of vpr-transfected cells as
indicated by the shaded regions on the DNA histogram.
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strating that cells expressing vpr arrest with the biochemical
characteristics of cells arrested in G2. Vpr-arrested cells have
very low cyclin B-associated kinase activity. The low kinase
activity is not due to a block in cyclin B synthesis, since levels
of this protein are comparable to those found in cells blocked
in mitosis by nocodazole. Rather, p34cdc2 is in the inactive,
tyrosine-phosphorylated form.
Several of our experiments suggest that Vpr does not directly inhibit the kinase activity of the p34cdc2-cyclin B complex. First, the upstream regulator of the p34cdc2-cyclin B complex, cdc25C, is itself in the inactive, unphosphorylated state.
Second, okadaic acid releases the Vpr block to p34cdc2-cyclin B
activation, indicating that the complex is not permanently inactivated by Vpr. Lastly, we have been unable to detect direct
biochemical interaction between Vpr and cyclin B or p34cdc2 by
coimmunoprecipitation.
G2 cell cycle arrest occurs rarely in normal cellular physiology. More commonly, the cell cycle arrests prior to a commitment by the cell to synthesize DNA. The G2-M checkpoint is
thought to monitor the status of DNA replication, and DNAdamaging agents, such as gamma irradiation, induce a G2 arrest
(2). Perhaps Vpr arrests the cell cycle in G2 by perturbing the
same factors which monitor the status of chromosomal DNA.
The experiments presented here were performed with a tissue culture cell line in order to facilitate detailed biochemical
analysis of the Vpr-induced cell cycle arrest. Others have reported similar effects of vpr on the growth of primary human
mononuclear cells (34), indicating that the Vpr-induced G2
arrest may be relevant in vivo. The fact that a similar cell cycle
arrest has been observed in Saccharomyces cerevisiae expressing vpr suggests that Vpr most likely disrupts a highly conserved mechanism in eukaryotic physiology (25).
All primate immunodeficiency viruses possess either vpr
or the highly homologous vpx, and some viruses, such as
SIVMAC239, possess both genes (36). Thus, vpr/vpx must play
an important role in viral replication. Perhaps the fact that
SIVMAC239 possesses both vpr and vpx explains why Vpx alone
did not arrest the cell cycle in our assay. This would be consistent with the recent report that SIVMAC239 proviruses lacking either vpr or vpx are capable of producing AIDS in rhesus
monkeys, while the vpr vpx double mutant is severely attenuated in pathogenicity (10).
HIV-1 gene expression (6, 23) and replication (3, 4, 13, 22,
28, 40) are stimulated by vpr. Perhaps by arresting the infected
cell in the G2 phase of the cell cycle, Vpr optimizes conditions
for viral expression. Alternatively, the G2 arrest might not be
directly relevant for viral replication but simply an epiphenomenon. In either case, the cell cycle arrest would still have
profound effects on the function of replicating cells of the
immune system. Clarification of the precise mechanism by
which Vpr disrupts the cell cycle machinery should provide
valuable information about the signals which regulate entry
into mitosis and will undoubtedly contribute to our understanding of HIV replication and pathogenicity.
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