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The Vpr accessory gene product of human immunodeficiency virus types 1 and 2 and simian immunodefi-
ciency virus is believed to play a role in permitting entry of the viral core into the nucleus of nondividing cells.
A second role for Vpr was recently suggested by Rogel et al. (M. E. Rogel, L. I. Wu, and M. Emerman, J. Virol.
69:882-888, 1995), who showed that Vpr prevents the establishment in vitro of chronically infected HIV
producer cell lines, apparently by causing infected cells to arrest in the G,/M phase of the cell cycle. In cycling
cells, progression from G, to M phase is driven by activation of the p34°*?/cyclin B complex, an event caused,
in part, by dephosphorylation of two regulatory amino acids of p34°*> (Thr-14 and Tyr-15). We show here that
Vpr arrests the cell cycle in G, by preventing the activation of the p34°®?/cyclin B complex. Vpr expression in
cells caused p34°“? to remain in the phosphorylated, inactive state. p34°/*/cyclin B complexes immunopre-
cipitated from cells expressing Vpr were almost completely inactive in a histone H1 kinase assay. Coexpression
of a constitutively active mutant p34°*> molecule with Vpr relieved the G, arrest. These findings strongly
suggest that Vpr arrests cells in G, by preventing the activation of the p34°**/cyclin B complex that is required

for entry into M phase. In vivo, Vpr might, by preventing p3

4°42 activation, delay or prevent apoptosis of

infected cells. This would increase the amount of virus each infected cell produced.

The vpr accessory gene of human immunodeficiency virus
type 1 (HIV-1), HIV-2, and simian immunodeficiency virus
encodes a virion-associated, nuclear protein whose role in
AIDS pathogenesis is not yet clear. In culture, Vpr does not
significantly affect the kinetics of viral replication in trans-
formed cell lines or in primary T lymphocytes (1, 2, 8, 11, 32)
but is required for efficient replication in primary monocytes/
macrophages (4, 10). In vivo, Vpr appears to increase viral
pathogenicity. In one study of macaques infected with wild-
type or vpr-mutant virus, Vpr appeared to increase both the
viral load and the rate at which the animals progressed to
AIDS (24). In addition, in some of the vpr-mutant virus-in-
fected animals, viral sequences in which vpr had reverted to
wild type were isolated, suggesting that the presence of an
open vpr reading frame provided a selective advantage to the
virus. In a second study, macaques appeared to progress rap-
idly to AIDS without reversion of a mutation in vpr, although
in the presence of an additional mutation in vpx, the virus
failed to induce disease (13).

At least two, apparently independent roles for Vpr in viral
replication have been proposed. In the first, Vpr was proposed
to facilitate transport of the virus core into the nucleus of
nondividing cells (17). This hypothesis was supported by the
finding that shortly after entry, in the absence of a functional
Gag MA nuclear localization sequence, vpr-mutant virus, but
not vpr-wild-type virus, failed to enter the nucleus of nondivid-
ing cells. The doubly mutated virus maintained its ability to
infect dividing cells, further supporting a role for Vpr in nu-
clear import. This model provides a clear rationale for the
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inclusion of Vpr in virions, since nuclear import occurs early in
infection, prior to the synthesis of new viral proteins.

A second role for Vpr in HIV-1 replication was recently
suggested by Rogel et al. (36), who showed that Vpr prevents
establishment of chronically infected HIV-1 producer cell
lines. This property appeared to be due to the ability of Vpr to
block cell division by blocking the mitotic cell cycle in G,/M.
This finding is consistent with an earlier report showing that
Vpr expression could prevent cell division and increase the
differentiation state of a rhabdomyosarcoma cell line (26).
While this model does not explain the role of Vpr in virions, we
previously reported results suggesting that Vpr plays a postint-
egration role in virus replication in monocytes. In that report,
we showed that virions containing Vpr molecules but a vpr-
mutant genome were inefficient in infecting primary monocytes
(10).

In eukaryotic cells, the transitions of the cell cycle are driven
by cyclin-dependent protein kinases (CDKs) (reviewed in ref-
erences 28 and 31). The activity of these kinases is regulated
both by their phosphorylation state and by their association
with cyclins, proteins that bind the CDKs and whose levels
fluctuate throughout the cell cycle. CDK activity is activated by
association with cyclins; it is inactivated by phosphorylation at
specific inhibitory amino acid residues. The transition from G,
to M phase is regulated by the complex of the CDK p34°4?
with cyclin B. Late in G,, when cyclin B levels are high, p3
is rapidly dephosphorylated at the inhibitory amino acid resi-
dues Thr-14 and Tyr-15. This triggers the initiation of M phase.

Here, we have investigated the biochemical mechanism by
which Vpr induces G, arrest. We first confirm that cells trans-
fected with Vpr expression vectors arrest in the G, phase of the
cell cycle. Furthermore, we show that cells infected with HIV-1
are arrested in G, as a result of Vpr expression. The arrest was
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accompanied by a nearly complete inhibition of p34°#“?/cyclin
B kinase activity. The decrease in p34°“? kinase activity in-
duced by Vpr was accompanied by an increase in the fraction
of the molecules phosphorylated on the two inhibitory phos-
phorylation sites. The effect was correlated with the ability to
induce G, arrest, since Vpr molecules containing mutations
that prevented G, arrest failed to inhibit p34°?“*/cyclin B ac-
tivity. Finally, we show that the ability of Vpr to inhibit p34°4<2/
cyclin B activity accounts for its effect on the cell cycle, since
expression of constitutively active p34°?> mutant molecules
overrides Vpr-induced G, arrest.

MATERIALS AND METHODS

Plasmids. Vectors for expressing Vpr and amino-terminal influenza hemag-
glutinin (HA)-tagged Vpr (pc-vpr and pc-5'-tag-vpr) contain the vpr open read-
ing frame of HIV-1 NL4-3 inserted into the plasmid pcDNA1/amp (Invitrogen).
pcDNA1/amp without an insert is referred to as pcDNA. pc-CD4 consists of
pcDNA1/amp into which has been ligated a human CD4 cDNA. Expression of
the inserted sequences in these plasmids is driven by the cytomegalovirus early
promoter of pcDNA1/amp. Construction and analysis of the protein products
expressed by these vectors have been previously described (25, 33). pc-3'-tag-vpr
and pc-tag-vprR80A are similar in structure to pc-vpr but encode Vpr molecules
with an HA tag at the carboxy terminus and a mutation of Arg-80 to Ala,
respectively. Both proteins are stably expressed but are inactive in inducing G,
arrest (12). pBABE-vpr was constructed by ligating the Vpr coding sequence of
pec-vpr to the SnaBI and Xhol sites of murine leukemia virus retroviral vector
pBABE-puro (29).

pHIV-HSA-E"R" and pHIV-HSA-E~ R consist of pNL4-3 with the gene for
murine heat-stable antigen (HSA), CD24, fused in frame to the nef initiator
methionine codon. In addition, a frameshift was introduced near the 5’ end of
env to block production of gp160, limiting the ability of the virus to a single round
of replication. These vectors are similar in structure to the HIV-1 luciferase
reporter constructs pNL-Luc-E"R™ and pNL-Luc-E"R ™, which we previously
described (10), except that the luciferase gene in nef has been replaced by
sequence encoding HSA. To construct pHIV-HSA-E"R* and pHIV-HSA-
E"R™, the murine HSA coding sequence (35) was amplified by PCR using
primers containing a 5" Notl and a 3’ Xhol site. The PCR product was then
cleaved with NotI and Xhol and ligated to similarly cleaved pNL-Luc-E~R* and
pNL-Luc-E"R™. This resulted in a replacement of the luciferase reporter gene
with HSA. pSR-Cdc2, pSR-Cdc2.15F, and pSR-Cdc2.15F14A express enzymat-
ically active HA-tagged wild-type, Tyr-15—Phe, and Tyr-15—Phe/Thr 14—Ala
p34°9<?_ respectively, and are identical to constructs described previously (16).

Transfections. 293 cells were cultured in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal calf serum at 37°C and 5% CO,. Cells (2 X 10°)
seeded the previous day in 10-cm-diameter culture dishes were transfected with
20 pg of plasmid DNA by calcium phosphate precipitation as described previ-
ously (6). For cell cycle analyses, 2 pg of pc-CD4 was added to 18 pg of
Vpr expression vector or to pcDNA. For preparation of murine leukemia virus
stocks, amphotropic packaging cells (34) were transfected with pBABE-puro or
pBABE-vpr. Culture medium was harvested and frozen in aliquots 48 h later. To
produce amphotropic HIV-1 reporter viruses, 293 cells were transfected with a
mixture of pHIV-HSA-E-R*, pHIV-HSA-E"R™, and pSV-A-MLV-env (23).
Where indicated, transfected cells were enriched by binding to anti-CD4 mag-
netic beads (Dynal) according to the manufacturer’s recommendation.

Immunoblot analysis. Protein (100 pg) from lysates of the transfected cells
was prepared 48 h posttransfection and separated on a sodium dodecyl sulfate.
(SDS)-17.5% polyacrylamide gel as described previously (33). The proteins were
transferred to an Immobilon filter (Millipore Corp.) and probed with monoclo-
nal antibody 12CAS, anti-p34°?? (Santa Cruz Biotechnology), anti-cyclin B (San-
ta Cruz Biotechnology), or rabbit anti-Vpr (10) (Babco) diluted 1:10,000 (0.1
wng/ml) followed by horseradish peroxidase-labeled goat anti-mouse serum di-
luted 1:7,500. Filters were developed by the chemiluminescence method (Am-
ersham).

p34¢9c? kinase assay. p34°/“? kinase activity was measured as previously de-
scribed (37). Briefly, transfected HeLa cells were lysed in buffer containing 50
mM Tris (pH 8.0), 0.5% Nonidet P-40, 2 mM EDTA, 137 mM NaCl, 10%
glycerol, 2 mM sodium vanadate, 100 uM leupeptin, and 1 mM phenylmethyl-
sulfonyl fluoride. Lysates (500 pg of protein) were incubated on ice with 1 ug of
anti-cyclin B monoclonal antibody in 1 ml of immunoprecipitation buffer (50 mM
Tris [pH 8.0], 0.5% Nonidet P-40, 2 mM EDTA, 137 mM NaCl, 10% glycerol),
collected on 20 pl of protein A-agarose beads, and washed three times with
immunoprecipitation buffer. The p34°““?/cyclin B complexes were then incubated
for 15 min at 37°C in buffer containing 2.5 wCi of [y->?P]ATP, 10 ug of histone
H1, 100 mM NaCl, 10% Triton X-100, 50 pM ATP, and 10 mM MgCl,. The
reaction mixtures were incubated 5 min at room temperature and were analyzed
by autoradiography after separation by SDS-polyacrylamide gel electrophoresis
(PAGE).

Cell cycle analysis. Cells were harvested 3 days posttransfection and stained
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for cell surface CD4 by incubation with 1 pg of Leu3a for 30 min on ice in
phosphate-buffered saline (PBS) containing 1% fetal calf serum. The cells were
washed in PBS and then incubated with 0.5 ug of fluorescein isothiocyanate
(FITC)-conjugated goat anti-mouse immunoglobulin for 30 min on ice. Cells
infected with HIV-1 reporter constructs HIV-HSA-E"R™ and pHIV-HSA-
E"R™ were stained 3 days postinfection with 0.5 pg of biotinylated anti-HSA
(Pharmingen) followed by 0.5 pg of FITC-conjugated streptavidin (Boehringer
Mannheim). The cells were then washed in 2 ml of PBS, fixed in 0.25% paraform-
aldehyde-PBS for 30 min on ice, permeabilized by incubation with PBS contain-
ing 0.2% Tween 20 at 37°C for 15 min, and incubated in PBS with 0.03 mg of
propidium iodide per ml and 50 pg of RNase A for 60 min at 37°C. The
fluorescence of 10,000 cells was analyzed on a FACScan (Becton Dickinson).
Data are presented after gating to eliminate CD4~ cells (typically 60% of the
cells). Go/M:G; ratios were calculated by CellFit software (Becton Dickinson).
Mitotic index was determined as previously described (19). Briefly, transfected
cells were harvested, swelled in hypotonic buffer containing 0.075 M KCl for 20
min, fixed in methanol acetic acid, air dried, and stained with Giemsa stain.
Mitotic figures were counted in a total of 1,000 cells.

RESULTS

Vpr expressed by transfection arrests cells in the G, phase
of the cell cycle. Initially, we attempted to establish cell lines
that stably expressed Vpr. To do this, we constructed pBABE-
vpr, a murine leukemia virus retroviral expression vector based
on pBABE-puro (29). We generated amphotropic helper-free
pBABE-vpr and pBABE-puro stocks and used these to infect
HOS and CEM cells. These cell lines were used because they
support high levels of HIV-1 replication and because they are
readily selected with puromycin. Following puromycin selec-
tion, we found that cells infected with pPBABE-puro grew rap-
idly and were easily visible 3 days after selection. In cultures
infected with pBABE-vpr, cells that survived drug selection
were easily visible (mock-infected cultures contained no viable
cells at this time), but these cells failed to divide and died after
10 to 14 days. During this time, the cells became enlarged and
flat (Fig. 1), a finding consistent with that of Levy et al. (26).
Infection of the human transformed T-cell line CEM with
pBABE-vpr also resulted in cells that failed to divide (not
shown). These findings suggested that Vpr might interfere with
cell cycle progression; however, because of their failure to
divide, we were unable to produce sufficient quantities of cells
for further analysis.

To determine whether Vpr prevented cell division by arrest-
ing the cells at a defined point in the cell cycle, we established
a transient assay in which human cells (293 or HeLa) were
cotransfected with a Vpr expression vector and a small amount
of a human CD4 expression vector, pc-CD4 (25), that served as
a marker plasmid. Three days posttransfection, we stained the
cells with anti-CD4, FITC-conjugated secondary antibody, and
propidium iodide. We then determined the cell cycle distribu-
tion of the transfected cells on a FACScan by measuring the
DNA content of the CD4-expressing cells. The results showed
that cells transfected with an expression vector encoding
HIV-1 Vpr (pc-vpr) or an amino-terminal HA-tagged Vpr
molecule (pc-5'-tag-vpr) exhibited an approximate inversion of
the G,/M:G, ratio compared with cells transfected with the
control vector (Fig. 2A). This finding suggested that the cells
had arrested in G,/M as a result of Vpr expression. In contrast,
transfecting with a vector encoding Vpr with a carboxy-termi-
nal HA tag (pc-3'-tag-vpr) had no effect on the G,/M:G; ratio,
suggesting that this molecule was inactive in inducing cell cycle
arrest (Fig. 2A). This finding was not due to instability of the
carboxy-terminal HA-tagged molecule, since it is expressed at
a high steady-state level and appears to be correctly folded
(12). Apparently, Vpr function requires an unmodified carboxy
terminus. Moreover, the ability to arrest cells in G, was not
restricted to 293 cells. Transfection of HeLa cells with pc-5'-
tag-vpr also resulted in G, arrest (Fig. 2B).
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FIG. 1. Morphology of HOS cells stably expressing Vpr. HOS cells were infected with pBABE-puro or pBABE-Vpr helper-free virus stock. The next day, the cells
were transferred to selective medium containing 3 mM puromycin. The cells were photographed 5 days later.

Because we were unable to distinguish between G, and
M-phase arrest by fluorescence-activated cell sorting (FACS)
analysis, we tested whether cells expressing Vpr remain in G,
or proceed to M phase by determining the mitotic index of cells
transfected with a Vpr expression vector (19). This analysis
showed that Vpr expression did not cause an increase in the
number of mitotic cells in the population (14.0 * 7 for
pcDNA-transfected cells and 15.5 = 0.7 for pc-vpr-transfected
cells). Thus, Vpr does not permit cells to proceed to M phase
but arrests them in G,.

HIV-1 infection arrests cells in G, as a result of Vpr expres-
sion. To test whether cells are arrested in G, as a result of Vpr
expression in HIV-infected cells, we constructed the single-
replication-cycle HIV-1 reporter plasmids pHIV-HSA-E"R™
(vpr open) and pHIV-HSA R~ (vpr closed). These proviruses
contain, in nef, the gene for HSA (CD24), a 30-amino-acid
murine cell surface protein (35). Because of a frameshift in
env, the viruses are capable of only a single round of infection.
Following integration and proviral expression, the cells synthe-
size HSA which can be detected at the cell surface by flow
cytometry. We used these constructs to determine whether Vpr
arrests the cell cycle in HIV-1-infected cells. To do this, we
infected CEM cells with HIV-HSA amphotropic pseudotypes
and determined their cell cycle distribution by flow cytometry
after staining with an anti-HSA monoclonal antibody and pro-
pidium iodide. The results showed that CEM cells infected
with pHIV-HSA-E"R™ showed a significantly increased G,/
M:G; ratio (Fig. 2C). This was not as pronounced as that found

in transfected cells, perhaps because of an overall decrease in
the rate at which infected cells progress through the cell cycle.
In addition, a small increase in the proportion of cells in G,/M
was observed upon infection with a vpr-mutant reporter virus
(Fig. 2C), suggesting that viral products other than Vpr may
contribute to G, arrest. However, Vpr clearly increased the
proportion of infected cells in G,/M.

Vpr expression results in an increase in p34°/? phosphor-
ylation. In mammalian cells, the transition from G, to M phase
is driven by the activation of the kinase activity of p34°““? late
in G, (31). At this phase in the cell cycle, p34°““? is activated by
two events: increased association with cyclin B and dephospho-
rylation of two negative regulatory amino acids, Thr-14 and
Tyr-15 (20-22). To test whether Vpr interferes with p34°4<?/
cyclin B activation, we examined the phosphorylation state and
kinase activity of the complex in cells transfected with Vpr
expression vectors and a small amount of pc-CD4. The CD4
vector allowed us to enrich the transfected cells on anti-CD4-
coated magnetic beads. The effectiveness of this method is
demonstrated by the increased amount of Vpr detected in the
enriched population (Fig. 3A, bottom panel).

On immunoblots, p34°/“? was visible as two closely spaced
bands, the lower of which has been shown to correspond to
unphosphorylated p34°““? and the upper of which has been
shown to correspond to Thr-14/Tyr-15-phosphorylated p34¢4¢2
(22) (Fig. 3A, top panel). Expression of Vpr in the transfected
cells resulted in a significant increase in the ratio of phosphor-
ylated to unphosphorylated p34°““? (Fig. 3A, lanes 2 and 3).
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FIG. 2. Transfecting human cells with Vpr expression vector or infecting them with HIV-1 results in G,/M arrest. (A) Cell cycle analysis of 293 cells expressing Vpr
or amino- or carboxy-terminal HA-tagged Vpr. The cells were stained with Leu3a followed by FITC-conjugated goat anti-mouse immunoglobulin and propidium iodide
as described previously (38). (B) Cell cycle analysis of HeLa cells expressing amino-terminal HA-tagged Vpr. (C) CEM cells infected with wild-type or mutant Vpr
HIV-1 reporter virus (500 ng of p245“¢) pHIV-HSA-E"R™" or pHIV-HSA-E"R™. Two days later, the cells were stained with biotinylated anti-HSA and FITC-
conjugated streptavidin. The DNA contents of the HSA™ and HSA ™ cells in both cultures are shown. The G,/M:G; ratio, as determined by CellFit (Becton Dickinson)
software, is shown at the upper right in each panel. Results shown are representative of at least three independent experiments. Cells not expressing CD4 above the
background level (as defined by the FITC fluorescence of parallel mock-transfected cells) were gated out.

This increase was more pronounced in the CD4-enriched cells
(Fig. 3A, lanes 4 and 5). Vpr expression also resulted in a small
(twofold) increase in the amount of cyclin B in the cells (Fig.
3A, middle panel). This might be expected, given that cyclin B
levels increase in G,. Because p34°“? is inactive in its phos-
phorylated state, these findings suggested that Vpr expression
might result in inhibition of p34°“?/cyclin B kinase activity.
Vpr expression results in inhibition of p34°““? kinase activ-
ity. To determine whether Vpr expression affects the activation
state of p34°““?, we compared the relative kinase activities of
p34°“?/cyclin B complexes from cells expressing Vpr with
those of control cells. To do this, we transfected HeLa cells
with Vpr or a control expression vector. p34“*Z/cyclin B com-
plexes were then immunoprecipitated from lysates of the trans-
fected cells and incubated with histone H1 and [y->*P]ATP.
Phosphorylated histone H1 was then detected by autoradiog-
raphy after separation by SDS-PAGE. The histone H1 phos-
phorylation detected in this assay was the result of p34°?? and
not other cellular kinases that might have been present in the
kinase reaction, since phosphorylated histone H1 was not de-
tected when anti-cyclin B antibody was not added to the im-
munoprecipitation (not shown). Analysis of lysates from trans-
fected HeLa cells showed that Vpr expression caused a
dramatic decrease in p34°““?/cyclin B kinase activity (Fig. 3B,
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FIG. 3. Vpr increases p34°““? phosphorylation and inhibits its kinase activity.
(A) Immunoblot of HeLa cells transfected with pc-CD4 alone (lane 1), pcDNA
(lanes 2 and 4), or pc-vpr (lanes 3 and 5). Filters were probed with anti-p34<4<2
antibody (top), anti-cyclin B antibody, (middle) or anti-Vpr serum (bottom). In
lanes 4 and 5, the transfected cells were enriched by binding to anti-CD4-coated
magnetic beads. p34°/“? appears as a doublet, corresponding to phosphorylated
(upper band) and unphosphorylated (lower band) forms (21). (B) Histone H1
kinase activity (top panel) of p34°““/cyclin B complex immunoprecipitated from
HeLa cells transfected with pc-CD4 (25) and the indicated plasmids (lanes 3 to
9). pc-3'-tag-vpr encodes Vpr with a carboxy-terminal HA-tag (lane 8), and
pe-tag-vprR80A (lane 9) encodes Vpr containing an Arg-80—Ala mutation. The
kinase activities of the p34°“Z/cyclin B complex from nocodazole-treated (M-
phase) and X-irradiated (G,-phase) cells are shown for comparison. An immu-
noblot probed with anti-p34°?“? (bottom panel) shows correlation of the upper
p34°9°? band with kinase inhibition. Reactions were analyzed by autoradiography
after separation by SDS-PAGE.
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top dpanel). Cells enriched for Vpr expression contained
p34°/“?/cyclin complexes which were almost completely inac-
tive in the kinase assay (Fig. 3B, lane 7). These finding are
consistent with the increased phosphorylation state of p34°#<2
described above (Fig. 3A). Decreased p34°4? activity could not
be attributed to a decrease in p34°““ or cyclin B levels, since
immunoblot analysis of these proteins in lysates of the trans-
fected cells showed that p34°?“? remained constant and cyclin
B levels increased slightly (Fig. 3). Instead, decreased kinase
activity correlated with increased p34°““Z phosphorylation (Fig.
3B, bottom panel). For comparison, we assayed the p34°“<2
kinase activities of cells blocked in M phase with nocodazole
and in G, with X irradiation. These cells showed the respective
increased and decreased p34°““? kinase activities characteristic
of cells in these phases of the cell cycle (Fig. 3B, lanes 1 and 2).
Vpr appeared to decrease p34°““?/cyclin B complex activity
more effectively than X irradiation. In cells expressing mutant
Vpr molecules that are stably expressed but inactive in cell
cycle arrest (12), p34°““? remained largely dephosphorylated
and retained its kinase activity (Fig. 3B, lanes 8 and 9). This
finding further strengthened the correlation between Vpr-in-
duced cell cycle arrest and p34°?“? inhibition. Taken together,
these findings strongly suggested that Vpr inhibits p34°@<?/
cyclin B kinase activity by influencing its phosphorylation at the
inhibitory sites (by either increasing the rate of phosphoryla-
tion or decreasing the rate of dephosphorylation). Because
p34°4? activation is required for progression from G, to M
phase, this would lead to the observed G, arrest.

G, arrest is caused by Vpr-induced inhibition of p34°%. To
test the hypothesis that p34°““?/cyclin B complex inactivation
accounts for Vpr-induced G, arrest, we attempted to override
the arrest by coexpressing Vpr and constitutively active mutant
p344e?2 molecules. These molecules lack one or both of the
inhibitory phosphorylation sites and display increased kinase
activity (16, 22). They would not be expected to be subject to
Vpr-induced inhibition since they cannot be inactivated by
phosphorylation. We therefore cotransfected cells with HA-
tagged Vpr expression vector and vectors expressing wild-type
p349? and p34°/“? lacking one (Tyr-15—Phe) or both (Tyr-
15—Phe/Thr-14—Ala) inhibitory phosphorylation sites. FACS
analysis of the transfected cells showed that coexpression of
doubly mutated p34°¢“? restored the G,/M:G; ratio to close to
that of control cells. In contrast, coexpression of wild-type
p34°“? had a small effect, and coexpression of singly mutated
p34°9°2 (Tyr-15—Phe) partially restored the G,/M:G, ratio
(Fig. 4). Immunoblot analysis confirmed that Vpr and p34<4?
proteins had been expressed in the transfected cells (Fig. 4B).
Thus, expression of constitutively active p34°?“? overrides Vpr-
induced cell cycle arrest. This finding strongly suggested that
Vpr induces G, arrest by inhibiting p34°““?/cyclin B kinase
activity. Whether this is through a direct interaction of Vpr
with p34°4“?/cyclin B or is an indirect effect resulting from an
interaction with an upstream regulator of p34°““?, such as
Weel kinase or Cdc25 phosphatase (9), is not known.

DISCUSSION

We confirm here that human cells transfected with HIV-1
Vpr expression vectors are arrested in G, of the cell cycle. In
addition, cells infected with HIV-1 are arrested in G, as a
result of Vpr expression. Mitotic index analysis showed that
Vpr expression arrests cells in G, and does not permit entry
into M phase. Our investigations into the mechanism by which
Vpr induces G, arrest showed that Vpr expression in trans-
fected cells results in a large increase in the fraction of p34°#<2
molecules that are phosphorylated at the inhibitory phosphor-
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FIG. 4. Expression of constitutively active p34°“? mutants (Tyr-15—Phe and
Tyr-15—Phe/Thr-14—Ala) overrides Vpr-induced cell cycle arrest. (A) Cells
were transfected with pcDNA (column 1), pc-5'-tag-vpr (column 2), pc-5'-tag-
vpr and pSR-Cdc2 (column 3), pc-5'-tag-vpr and pSR-Cdc2.15F (column 4),
pc-5'-tag-vpr and pSR-Cdc2.14A15F (column 5), pSR-Cdc2 (column 6), pSR-
Cdc2.15F (column 7), and pSR-Cdc2.14A15F (column 8). pc-CD4 (2 pg) was
added to each transfection, and pcDNA was added where necessary to maintain
a constant total amount (20 pg) of DNA. HA-tagged Vpr and p34°“? expression
vectors were mixed in equimolar ratios. Cell cycle distribution was determined by
FACS 3 days posttransfection. (B) Immunoblots with anti-HA antibody showing
expression of HA-tagged p34°“? and Vpr in the transfected cells described
above. Data shown are representative of four independent repetitions of the
experiment.

ylation sites. Vpr expression was also accompanied by a dra-
matic inhibition of p34°*“?/cyclin B kinase activity. Importantly,
we showed that this inhibition appears to account for the cell
cycle block, since expression of constitutively active p34°4¢2
mutants relieved the Vpr-induced G, arrest. Taken together,
our results suggest that Vpr blocks the dephosphorylation of
p34°“c? that normally occurs late in G, and in early M phase.
Since dephosphorylation is required to activate p34°““?/cyclin
B kinase activity, and its activation is required for progression
of the cell cycle from G, to M phase, the cells arrest in G,.

Our experiments do not address the question of whether the
effect of Vpr on p34°¢<? is direct or indirect. Vpr might bind to
p34°9<?, preventing its dephosphorylation. However, our at-
tempts to detect binding of p34°/“? to recombinant Vpr and to
show coimmunoprecipitation of Vpr with p34°?> have been
unsuccessful (unpublished observations). Alternatively, Vpr
might interact with one of the molecules that regulates p34°<2
phosphorylation. Two of the well-known regulators are Cdc25,
a phosphatase that activates p34°?“?, and Weel, a kinase that
inactivates it (9). To prevent p34°““? activation, Vpr could
block Cdc25 or induce Weel activity.
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The selective advantage provided to the virus by arresting
cells in G, is not known; however, there are several possibili-
ties. First, blocked cells may produce more virus. This might be
the case if transcription factors required for expression of the
provirus were more abundant in this phase of the cell cycle.
Second, by preventing cell division, Vpr might block the clonal
expansion of anti-HIV-specific T cells in an infected individual,
dampening the antiviral immune response. However, this is
likely to have limited effectiveness since infected cells probably
constitute a small part of the antiviral immune response. Fur-
thermore, in vivo, infected cells generally die shortly after
infection (18). Third, Vpr expression might be a mechanism for
preventing apoptosis or decreasing the rate at which infected
cells undergo apoptosis. HIV-1 infection has been shown to
induce apoptosis, resulting in a reduction in the total amount
of virus that an infected cell produces (3). Delaying the onset
of apoptosis would result in an increase in the amount of virus
produced by each infected cell. Interestingly, the T cells of
HIV-1-infected individuals are more susceptible to apoptosis
induction than are those of uninfected individuals (15). It may
be that the T cells of an infected individual are primed for
rapid apoptosis following infection. Such a virally encoded
activity is not unprecedented. Several viruses encode products
that modulate apoptosis (reviewed in reference 39). Notably,
adenovirus encodes E1B, a protein whose function is to pre-
vent apoptosis that is induced by a second viral protein, E1A
(42). In addition, it has recently been shown that HIV-1 gp120
and Tat sensitize T cells to Fas-induced apoptosis (41). It is
possible that Vpr evolved to reduce their effects on cell viability.

Induction of apoptosis appears to require progression
through the cell cycle (5, 43). For example, arresting a human
T-cell line in G,/S by treatment with aphidicolin prevented the
induction of apoptosis following T-cell receptor cross-linking.
At least one pathway by which apoptosis is induced involves
the premature activation of p34°““? (27, 40). Expression of
Weel, an enzyme that phosphorylates p34°““?, prevents the
induction of apoptosis through this pathway (7). By analogy,
Vpr might similarly block apoptosis by preventing p34°/“? ac-
tivation.

One of the mechanisms by which cytotoxic T lymphocytes
(CTL) kill infected target cells is by inducing their apoptosis.
CTL-induced apoptosis is, at least in part, mediated by gran-
zymes that activate p34°9?, resulting in a mitotic catastrophe
(40; reviewed in reference 14). It has been shown that CTL are
less effective in killing noncycling than cycling cells (30, 40).
Thus, by blocking the premature activation of p34°/“%, Vpr
might increase the resistance of infected cells to lysis by CTL.

Protecting infected cells from CTL lysis or from HIV-1-
induced apoptosis would not require that the cells be arrested
in G,; it would require only that p34°/“? activation be pre-
vented. Indeed, we found that a large proportion of HIV-1-
infected cells were not arrested in G,. Infected cells not yet
arrested in G, by Vpr, but in which p34°?? was held inactive,
could still be protected. This hypothesis would provide a ra-
tionale for the presence of Vpr in virions. The encapsidated
Vpr molecules might, upon introduction into target cells via
newly entered virions, provide a block to p34°/“? activation
early in infection, prior to the synthesis of new Vpr.
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ADDENDUM IN PROOF

Jowett et al. (19a) have shown that Vpr arrests HIV-1-
infected cells in G,/M.
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