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Human immunodeficiency virus type 1 (HIV-1) Vpr regulates nuclear transport of the viral preintegration
complex, G, cell cycle arrest, and transcriptional transactivation. We asked whether phosphorylation could
affect Vpr activity. Vpr was found to be phosphorylated on serine residues in transiently transfected and
infected cells. Residues 79, 94, and 96 were all found to be phosphorylated, as assessed by alanine mutations.
Mutation of Ser-79 to Ala abrogated effects of Vpr on cell cycle progression, whereas mutation of Ser-94 and
Ser-96 had no effect. Simultaneous mutation of all three Vpr serine residues attenuated HIV-1 replication in
macrophages, whereas single and double Ser mutations had no effect.

Human immunodeficiency virus 1 (HIV-1) primarily targets
CD4 T cells and macrophages (10, 30). Like genomes of other
lentiviruses, its genome exhibits greater complexity than those
of oncoretroviruses. In addition to the common retroviral
structural proteins (Gag, Pol, and Env), HIV-1 contains at
least six auxiliary proteins (Vif, Vpr, Tat, Rev, Vpu, and Nef)
that are important in viral replication and infection (9, 51).
HIV-1 Vpr is a 96-amino-acid protein present at a high copy
number in HIV-1 virions (8, 56). Virion-associated Vpr plays
an important role in the early stages of HIV-1 infection in
terminally differentiated macrophages. Several investigators
have shown that Vpr is a nuclear protein (22, 32, 37, 38, 57).
Both traditional and nontraditional nuclear localization signals
(NLSs) have been identified within Vpr (27, 45). Further stud-
ies indicated that the coordination of HIV-1 Vpr with other
nucleophilic virion proteins including the Gag matrix (MA)
and integrase (IN) proteins account for the infection of non-
replicating cells (5, 16, 17, 22). In addition, de novo and virion-
packaged Vpr can enhance virus production by upregulating
the HIV long terminal repeat or a wide range of other pro-
moters (1, 23, 44, 52). Another important feature of HIV Vpr
is its ability to arrest infected cells in the G, phase, resulting in
increased HIV-1 production (11, 21, 46, 50). Other proposed
activities of HIV-1 Vpr include formation of ion channels (43),
interference with DNA mutation (18, 28, 40), and induction of
micronuclei and aneuploidy (49).

Phosphorylation plays a critical role in the NLS-mediated
nuclear transport, cell cycle progression, and gene expression
(20, 26, 42, 48). The phosphorylation-regulated NLSs have
been shown to control nuclear transport in eukaryotic cells
from yeast and plants to higher mammals (26). For example,
the archetypal NLS-containing simian virus 40 large T antigen
is regulated, by the CcN motif, which comprises the T-antigen
NLS (N), a casein kinase IT (CKII) phosphorylation site (C) 13
amino acids N terminal to the NLS, modulating the rate of the
nuclear import, and a cyclin-dependent kinase site (c) adjacent
to the NLS regulating the maximal level of nuclear accumula-
tion. Phosphorylation regulates cell cycle progression and gene
expression by changing the nuclear localization of various pro-
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teins, as well as their association with transcriptional activation
factors. The importance of protein phosphorylation has been
shown for other HIV-1 proteins, such as MA, capsid, Rev, Nef,
and Vpu (6, 17, 33, 41). In addition, protein kinases have been
found in HIV virions, suggesting that protein phosphorylation
may be important for regulating virion maturation and sup-
porting early steps of infection (6, 25). This study provides the
first evidence that Vpr is phosphorylated and that this modi-
fication is important for its biological activity.

MATERIALS AND METHODS

DNA constructs. The vpr gene of HIV-1 NL4-3 and the SRIG mutant with a
deletion of codons 79 to 82 were cloned into pTM-3 or pcDNAI.1 to generate
pTM-VPR, pTM-VPR(SRIG), and pcDNA-Vpr as previously described (32, 53,
59). pTM-VPR79A, pTM-VPR94A, pTM-VPR96A, pTM-VPR79S, pTM-
VPRI4S, and pTM-VPRI6S mutants were generated by PCR mutagenesis using
primers Vpr79Adn (5'-TGTCGACATGCTAGAATAGGC-3'), Vpro4Aup (5'-
CAGGATCCTAGGATCTGNCGGCTCCATT-3"), Vpr96Aup (5'-CAGGATC
CTAGNCTCTTGAGGCTCCATT-3'), and Vpr94/96Aup (5'-CAGGATCCTA
GNCTCTGNCGGCTCCATT-3") (2). The PCR products were digested with
Sall/BamHI and then cloned into pTM-VPR Sall/BamHI sites. pTM-28S was
generated by PCR mutagenesis using primers Vpr79Adn (5'-TGTCGACATGC
TAGAATAGGC-3") and Vpr94/96Aup (5'-CAGGATCCTAGNCTCTGNCGG
CTCCATT-3") and then cloned in pTM-VPR Sall and BamHI sites. pTM-
VPR28A was constructed by sequential PCR using the primer pairs Vpr-NC-dn
(5'-AATACCATGGAACAAGCCCCAGAAGA-3')/Vpr28up (5'-TCTAACA
GCTTCAGCCTTAAGTTCCTC-3") and Vpr28dn (5'-GAGGAACTTAAGGC
TGAAGCTGTTAGA-3")/Vpr-down (5'-GATGCTTCCAGGGATCCGTCTA
GGATCTACTG-3') for the first round. Vpr28A (Vpr fragment 28A mutation)
was obtained by a second round PCR with Vpr-NC-dn/Vpr-down using the
mixture of the first round PCR products as the template (2). The PCR product
was digested with Ncol/EcoRI and cloned into pTM-VPR Ncol/EcoRI sites. To
obtain pTMVPRA4S(—), vpr Sall/BamHI fragment from pTM-VPR28S was
cloned into the pTM-VPR28A Sall/BamHI site.

To construct the p125-TTK proviral mutant clone, sequential PCR was used
(22, 54). The KKQ-to-TTK mutations at residues 26 to 28 were introduced into
HIV-1 p125 MA by first-round PCR with p125-628dn (5'-TCTAGCAGTGGC
GCCCGA-3")/MA-TTKup (5'-AAGGCCAGGGGGAACGACAAAATATAA
ACTAAAACAT-3") and MA-TTKdn, (5'-ATGTTTTAGTTTATATTTTGTC
GTTCCCCCTGGCCTT-3")/p24-Bamup (5'-CCGGATCCTACAAAACTCTT
GCTTTAT-3"). The second-round PCR using primer pair p125-628dn/p24-
BamHIup was carried out to obtain the mutated MA coding sequence. The PCR
product was digested with BssHII and Spil to clone into p125 proviral DNA
digested with the same restriction enzymes. To disrupt Vpr expression without
perturbing the Vif coding sequence, the Vpr start codon, ATG, was mutated to
GTG by sequential PCR mutagenesis using primer pairs HXB2-5251dn (5'-TC
AGGGAGTCTCCATA-3")/Vpr(—)up (5'-GCCTTGTTCCACATATCCT-3')
and Vpr(—)dn (5'- AGGATAGGTGGAACAAGCC-3")/HXB2-5999up (5'-CTT
CGTCGCTGTCTCC-3") followed by PCR with primer pairs HXBII-5251dn/
HXBII5999up. The PCR product was digested with PfIMI/Sall and cloned into
p125 or p125-TTK PfIMI/Sall sites to get p125-Vpr(—) or p125-TTK/Vpr(—).

Proviral constructs p125-TVpr3S(—), p125-TVpr79A, p125-TVpro4G (Vpr94Gdn,
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5'-ATGGAGCCGGTAGATCCTAG-3"; Vpr94Gup, 5'-CTAGGATCTACCGGC
TCCAT-3"), p125-TVpr96P (Vpr96Pdn, 5'-ATGGAGCCAGTAGACCCTAG-3;
Vpr94Pup, 5'-CTAGGGTCTACTGGCTCCAT-3'), p125-TVpr79S (Vpr94G/
96Pdn, 5'-ATGGAGCCGGTAGACCCTAG-3'; Vpr94G/96Pup 5'-CTAGGGT
CTACCGGCTCCAT-3"), p125-TVpr94S, p125-TVpr96S were constructed in
two steps. First, the mutations were introduced into vpr by PCR (79A and 79S
constructs) or sequential PCR mutagenesis using Vpr-NC-dn and HXBII-
5999up as first- and second-round PCR primers. The PCR products were di-
gested with Sall/EcoNI (positions 5785 to 5891), mixed with p125 EcoNI/BamHI
fragments (positions 5891 to 8474), and cloned into pUC12 Sall/BamHI sites.
Second, the Sall/BamHI fragments (positions 5785 to 8474) were cloned into
p125-TTK Sall/BamHI (positions 5891 to 8474) sites to obtain the proviral
DNAs with different vpr mutations. All proviral constructs were confirmed by
restriction mapping with Bsu361/Hincll, and the PCR fragments were sequenced.

To express Vpr in the ecdysone-inducible expression system, pTM-VPR was
digested with Ncol and treated with Klenow DNA polymerase followed by
BamHI digestion. The Vpr fragment was then cloned into pIND (Invitrogen)
HindIll/BamHLI sites after blunting the HindIII site with Klenow DNA polymer-
ase. To generate the episomal plasmid with the ecdysone response element,
pIND-VPR was digested with BgllI/Xhol and cloned into pZY-1 Bglll/Xhol sites
to get pZY-VPR. (The pZY-1 vector was derived from two plasmids, pIND
[Invitrogen] and pDR2 [Clontech]. pDR2 was digested with Nrul to purity the
DNA fragment with EBNA1/oriP. The pIND vector was digested with HinclII,
and the fragment with the ecdysone-inducible promoter and G418 resistant gene
was purified. After ligation, the structure of pZY-1 was confirmed by restriction
enzyme mapping.) The relevant mutation sequences in pUCI12 as described
earlier were digested with Sall/EcoNI and cloned into pZY-Vpr Sall/BamHI
sites after the BamHI site was partially filled in with Klenow DNA polymerase 1
Exo™ in the presence of dGTP, dATP, and TTP. The additional Vpr mutants at
residues 78, 79, and 80 were generated by PCR mutagenesis using p125-79S as
the template with primers Vpr79D (5'-GGGTGTCGACATGACAGAATAGG
CGT-3'), Vpr79F (5'-GGGTGTCGACATTTCAGAATAGGCGT-3"), Vpr79T
(5'-GGGTGTCGACATACCAGAATAGGCGT-3'), Vpr79Q (5'-GGGTGTC
GACATCAGAGAATAGGCGT-3"), Vpr80K (5'-GGGTGTCGACATAGCA
AAATAGGCGT-3'), Vpr80A (5'-GGGTGTCGACATAGCGGAATAGGCG
T-3"), and Vpr78Q (5'-GGGTGTCGACAAAGCAGAATAGGCGT-3'). The
Sall/EcoNI fragments were cloned into pZY-Vpr Sall/BamHI as described
earlier.

PCR. PCRs were carried out with 50 mM KCl, 10 mM Tris-HCI (pH 9.0), 0.1%
Triton X-100, 1.5 mM MgCl,, 10 pmol of each primer, template plasmid DNA,
0.25 mM deoxynucleoside triphosphate, and 2.5 U of Tag polymerase (GIBCO
BRL, Gaithersburg, Md.). The reaction was carried out in a total volume of 50
wl. The first cycle, at 94°C for 3 min, 72°C for 2 min, and 55°C for 1.5 min, was
followed by 30 cycles of 94°C for 45 s, 72°C for 2 min, and 55°C for 1 min. The
last (extension) cycle was at 72°C for 10 min.

Cell lines and DNA transfection. HEK293, 293T, BSC40, MAGI, and MAGIS
cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% heat-inactivated fetal calf serum (FCS), 100 U of penicillin-
streptomycin per ml, plus the selection agent as described elsewhere (59). 293VE
(ecdysone-inducible) cell lines were obtained by cotransfecting pVgRXR (In-
vitrogen), which encodes the ecdysone receptor, and pCMV-EBNAT1 (Clontech),
which encodes the Epstein-Barr virus nuclear antigen 1, with Lipofectamine into
HEK?293 cells (59). The transfected cells were split into 96-well plates (50 to 100
cells/well) and cultured for 2 days followed by Zeocin (200 pg/ml) selection for
12 days. The individual colonies were amplified and tested for the gene expres-
sion according to the protocol provided by manufacturer (Invitrogen). The cell
lines were maintained in DMEM supplemented with 10% FCS, 100 U of peni-
cillin-streptomycin per ml, and 100 pg of Zeocin (Invitrogen) per ml. To induce
gene expression, 1 wM muristerone A (Invitrogen) was used.

Immunoprecipitation. The infection-transfection protocol for the vaccinia vi-
rus expression system was as described elsewhere (59). Briefly, BSC40 cells were
grown to 90% confluence on 60-mm-diameter plates, infected for 1 h at 37°C
with VTF7-3, a vaccinia virus expressing T7 RNA polymerase (15), at a multi-
plicity of infection of 10, and then transfected with pTM-VPR or relevant Vpr
mutant constructs. Four hours after transfection, the cells were labeled for 16 h
with 1.5 ml of Met/Cys-free DMEM containing 150 p.Ci of Tran[**S]label (ICN)
or phosphate-free DMEM containing 0.5 mCi of 32P; (ICN), 10% dialyzed FCS,
and antibiotics. HEK293 cells were transfected with pcDNA-VPR and labeled
with Tran[**S]label or 3?P; as described earlier. The cells were harvested and
lysed into 1X sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) buffer (0.125 M Tris-HCI [pH 6.8], 20% glycerol, 10% [vol/vol] 2-mer-
captoethanol, 4% [wt/vol] SDS); with 0.2 mM Na,VO, added to **P;-labeled
samples). After boiling for 10 min and a brief microcentrifugation, the sample
was diluted 40-fold with radioimmunoprecipitation (RIPA) buffer without SDS
(1% [volivol] Triton X-100, 0.5% [wt/vol] deoxycholate, and 0.2 mM phenyl-
methylsulfonyl fluoride in PBS, with 0.2 mM Na,VO, added to ?P;-labeled
samples). Then 5 pl of anti-Vpr antiserum was added, and the mixture was
incubated for 4 h or overnight at 4°C (32). Twenty microliters of immobilized
protein A beads (rproteinA; Repligen Co., Boston, Mass.) was added, and the
mixture was incubated for 60 min at 4°C with gentle rotation. Immunoprecipi-
tates were collected at 500 X g for 30 s at room temperature and washed three
times with RIPA buffer and once with PBS. All buffers contained 0.2 mM
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Na,VO, for 3?P-labeled samples. The beads were resuspended in 30 ul of
SDS-PAGE sample buffer treated at 100°C for 10 min before loading onto a 15%
polyacrylamide gel. The gels were dried on filter paper and exposed to a XAR-5
film (Kodak) at —80°C or exposed on a Bio-Rad phosphorimager. Due to high
background from the 3?P-labeled cells, secondary immunoprecipitation was car-
ried out to detect the labeled protein from the cell lysates. After extensive
washing of the beads, the antibody-Vpr complex was eluted with 360 pl of glycine
buffer (50 mM glycine, 0.1% Triton X-100, 150 mM NaCl [pH 2.8]) and neu-
tralized with 40 pl of 1 M Tris-HCI (pH 9.0). Then 20 pl of protein A beads in
800 wl of RIPA buffer was added, and the mixture was incubated at 4°C for
another 30 to 60 min. The beads were washed twice with RIPA buffer and once
with PBS before sample loading.

To label the HIV-1-infected cells and virions, 5 X 10° Jurkat cells were
infected for 7 days with 500 ng of viruses derived from p120 and then labeled for
16 h with 1.5 ml of Met/Cys-free RPMI 1640 containing Tran[**S]label (50
wCi/ml) or phosphate-free RPMI 1640 containing *?P; (0.5 mCi/ml), 10% dia-
lyzed FCS, and antibiotics. The culture supernatants were removed and centri-
fuged at 2,500 rpm for 15 min in a Beckman GS-6 rotor to remove cellular debris.
Particles were concentrated by sedimentation through a 20% sucrose cushion
prepared in PBS at 25,000 rpm for 90 min at 4°C in an SW28.1 rotor. The pellets
were resuspended with RIPA buffer (0.1% SDS, 1% [vol/vol] Triton X-100, 0.5%
[wt/vol] deoxycholate, and 0.2 mM phenylmethylsulfonyl fluoride in PBS, with 0.2
mM Na,VO, added to 3?P-labeled samples) plus 5 pl of anti-Vpr polyclonal
antibodies.

To examine phosphorylation of S79 in the Vpr position 78, 79, and 80 mutants,
293VE cells were transfected with different Vpr mutant plasmids and then
selected with G418 sulfate (750 pg/ml; GIBCO BRL) for 5 days. Then 5 X 10°
G418-resistant cells were plated into six-well plates, induced for Vpr expression
for 24 h with 1 uM of muristerone A, and then transfected with p125-Vpr(—)
proviral DNA. The cells were continued in culture for 24 h in the presence of the
inducer and labeled with 3°P; or Tran[**S]label overnight. The supernatant
containing HIV-1 virions was harvested to test for Vpr expression and phosphor-
ylation as described earlier.

Phosphoamino acid analysis. To determine the phosphorylated residue(s),
the 3?P-labeled Vpr was immunoprecipitated from pcDNA-VPR-transfected
HEK293 cells, separated by SDS-PAGE, and transferred to an Immobilon-P
membrane (Millipore). The Vpr bands were excised and hydrolyzed in 6 N HCI
at 110°C for 2 h. The hydrolysate was dried and dissolved in 10 ul of H,O
containing 0.5 ng each of phosphoserine, phosphothreonine, and phosphoty-
rosine and then spotted onto a cellulose plate to perform phosphoamino acid
analysis (PAA) (2). The first-dimension electrophoresis was run in pH 1.9 buffer
(0.58 M formic acid, 1.36 M acetic acid). The second-dimension electrophoresis
was carried out in pH 3.5 buffer (0.87 M acetic acid, 0.5% pyridine, 0.5 mM
EDTA). The three phosphoamino acid locations were shown by staining the
plate with 0.25% ninhydrin, while the 3*P-phosphoamino acids were shown by
exposure of the plate to a phosphorimager screen (Bio-Rad).

Infection of human PBMCs and macrophages. All viral stocks were prepared
by transfecting 293T cells overnight using Lipofectamine (GIBCO BRL). The
next day, fresh medium was added and cultured for 3 days. The supernatants
were harvested and spun (1,000 X g) for 10 min to discard cell debris. Viral titers
were determined by a p24-specific enzyme-linked immunosorbent assay (ELISA)
kit (Coulter, Miami, Fla.) or MAGIS infection and then aliquoted into a small
volume and stored at —80°C for later analysis as described elsewhere (24).

Human peripheral blood mononuclear cells (PBMCs) from HIV-1-negative
blood donors were isolated by Ficoll-Hypaque (Sigma, St. Louis, Mo.) gradient
centrifugation and stimulated with phytohemagglutinin (PHA; 10 pg/ml; Difco,
Detroit, Mich.) for 3 days. Activated PBMCs were maintained in RPMI 1640
medium (GIBCO-BRL) supplemented with 10% FCS, 4 mM L-glutamine pen-
icillin (100 U/ml), streptomycin (100 wg/ml), and interleukin-2 (50 U/ml). Hu-
man monocyte-derived macrophages (MDMs) from healthy donors were cul-
tured in Iscove’s modified Dulbecco’s medium supplemented with 10% human
serum (Biocell, Rancho Dominguez, Calif.), 4 mM L-glutamine (BioWhittaker,
Walkersville, Md.), antibiotics, and recombinant murine colony-stimulating fac-
tor (500 U/ml) (24).

PHA-stimulated PBMCs were seeded in 24-well plates at 10° cells/well on the
day of infection. Viral supernatants normalized with MAGIS titration (about 5
ng of p24 equivalent was added to each well and adsorbed for 4 h. The next day,
viral inocula were removed and replaced with PBMC medium. Cultured super-
natants were collected every 2 to 3 days, and the level of HIV-1 p24 was
determined by the HIV-1 p24 ELISA kit. Monocytes were plated at a density of
2 X 10° to 3 X 10° cells/ml in RPMI 1640 medium containing 1% human AB
serum (heat inactivated) for 1 h, then washed three times, and maintained in
macrophage medium. The monocytes were allowed to differentiate in vitro for 7
to 14 days and fed with fresh medium every 3 days before infection. Infection of
MDMs was carried out in the same way as infection of PBMCs.

RESULTS

HIV-1 Vpr is phosphorylated in vivo. We hypothesized that
the different Vpr functions (nuclear transport of the preinte-
gration complex, G, cell cycle arrest, transactivation, etc.) may
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FIG. 1. Alignment of HIV-1, HIV-2, and SIV Vpr genes. The sequences are as downloaded from the online server site (hiv-web.lan1.gov), with modifications. All
potential phosphorylated amino acid residues are underlined and printed in bold. The putative CKII domain, TYGD, is double underlined. LR indicates a leucine-rich
region. HIV-1-A, -B, -C, -D, -F, -H, -O, and -U are the consensus sequences from each HIV-1 subtype. HIV-2-A and -B are the consensus sequences from HIV-2
subtypes. SIV-CPZ, SIV-SD, and SIV-STM represent the consensus sequence for SIV subtypes. NL4-3 is the Vpr sequence from HIV-1 NL4-3, and HIV-2(ROD)
shows the Vpr sequence from HIV-2 ROD. —, sequence is the same as shown for HIV-1 NL4-3 or HIV-2 (ROD); ., a gap for that position; ?, no residue homologous

to the consensus sequence.

be performed by differently modified versions of HIV-1 Vpr.
Computer analysis of HIV-1 NL4-3 Vpr using the ScanProsite
program (ExPASy molecular biology server) revealed a CKII
phosphorylation domain, TYGD, at positions 49 to 52 of Vpr
(the positions are according to HIV-1 NL4-3 Vpr) (Fig. 1).
This suggested that threonine 49 (T49) may be phosphorylated
in vivo. Further analysis indicated that the potential phosphor-
ylation sites (47Y, 49T, 50Y, 53T, and 79S) are highly con-
served among almost all of the HIV and simian immunodefi-
ciency virus (SIV) isolates. 94S and 96S are found in HIV-1
isolates but not in HIV-2 and SIV Vpr. Other sites (15Y, 19T,
28S, and 84T) are much less conserved between different iso-
lates (Fig. 1). It is interesting that the highly conserved residues
are mostly located in the C-terminal half of Vpr while the
relative poorly conserved sites are located in the N-terminal
half of the protein.

To test whether HIV-1 Vpr protein is phosphorylated, Vpr
was expressed from pTM-VPR in BSC40 cells using the vac-
cinia virus expression system or pcDNA-VPR in HEK293 cells,
and labeled with *?P; (0.5 mCi/ml) for 6 h. The cells were
harvested, lysed, and immunoprecipitated with anti-Vpr anti-
bodies. Vpr was separated by SDS-PAGE, and the phosphor-
ylated Vpr was detected by exposure of the dried gel to X-ray
film. A **P band was evident in the cells expressing Vpr but not

in the negative controls (Fig. 2A). To confirm that Vpr is also
phosphorylated in the HIV-1-infected cells, Jurkat cells were
infected with HIV-1 p120 for 7 days (54). Both the infected
and noninfected Jurkat cells were labeled with *?P,, and the
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FIG. 2. Phosphorylation of Vpr in BSC40, HEK293, and HIV-1-infected
Jurkat cells. (A). HIV-1 Vpr was expressed from pTM-VPR in BSC40 cells by
using the vaccinia virus expression system or pcDNA-VPR in HEK293 cells and
labeled with 0.5 mCi of [*?P]JH;PO, per ml for 6 h. The cells were harvested,
lysed, and immunoprecipitated with anti-Vpr antibodies. Vpr was separated by
SDS-PAGE, and the phosphorylated Vpr was detected by exposure of the dried
gel to X-ray film. (B) Both HIV-1 pl120-infected (7 days postinfection) and
noninfected Jurkat cells were labeled with 0.5 mCi of [*>P]H5PO, per ml for 6 h.
The cells were harvested, lysed, and immunoprecipitated with anti-Vpr antibod-
ies. The supernatants were passed through 20% sucrose cushions and then
immunoprecipitated with anti-Vpr antibodies. The labeled Vpr was detected by
exposure of the dried gel to X-ray film and indicated by an arrow.
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FIG. 3. PAA of Vpr. The 3*P-labeled Vpr was immunoprecipitated from
pcDNA-VPR-transfected HEK293 cells, separated by SDS-PAGE, and trans-
ferred to an Immobilon-P membrane. The Vpr band was excised and hydrolyzed.
The hydrolysate was dried, dissolved in 10 wl of H,O containing 0.5 pg each of
phosphoserine (p-Ser), phosphothreonine (p-Thr), and phosphotyrosine (p-Tyr),
and then spotted onto a cellulose plate to perform PAA. The three phos-
phoamino acid locations are shown by ovals; the 3*P-phosphoamino acids were
revealed by exposure of the plate to a phosphorimager screen.

cellular and virion-incorporated forms of Vpr were analyzed.
In both cases, a *?P-labeled Vpr band was detected in the
HIV-1-infected Jurkat cells, indicating that Vpr is phosphory-
lated either in transiently expressed cells or in HIV-1-infected
cells (Fig. 2B).

Serine residue(s) phosphorylation. To determine the phos-
phorylated residue(s), the *?P-labeled Vpr was immunopre-
cipitated from pcDNA-VPR-transfected HEK293 cells, sepa-
rated by SDS-PAGE, and transferred to an Immobilon-P
membrane to perform PAA. Only [>*P]phosphoserine was de-
tected; no **P signal was detected at the position of phospho-
tyrosine or phosphothreonine (Fig. 3). The same result was
obtained from the Vpr expressed with the vaccinia virus ex-
pression system (data not shown). In both cases, no signal was
detected in the three phosphoamino acid positions in the neg-
ative controls. Therefore, the serine residue(s) is phosphory-
lated in HIV-1 Vpr, while the putative CKII phosphorylation
site, T49, is not modified.

Mapping the phosphorylation site(s). To map the phosphor-
ylation site(s), all four serine residues at positions 28, 79, 94,
and 96 in HIV-1 Vpr were mutated to alanines to construct
VprdS(—) (Fig. 4A). VprdS(—) was expressed in BSC40 cells
with the vaccinia virus expression system and labeled with
Tran[**S]label or **P;. No Vpr phosphorylation was detected
from 3?P-labeled pTM-VPR4S(—)-transfected cells although
Vpr was expressed well in the Tran[**S]label cells (Fig. 4B,
lane 8). This result further confirmed that only serine residues
are phosphorylated. However, none of the single mutants
(Vpr28A, Vpr79A, Vpr94A, and Vpr96A) or the SRIG dele-
tion mutant could completely abolish the phosphorylation, in-
dicating that multiple sites are phosphorylated (Fig. 4B, lanes
3 to 6 and 10). To further define the phosphorylation sites, the
triple serine mutants with only one serine remaining, Vpr28S,
Vpr79S, Vpro4S, and Vpro6S, were expressed and labeled.
Besides Vpr28S, the other three mutants could be phosphor-
ylated, but the signal was lower than that of wild-type Vpr (Fig.
4B, lanes 9, 11, 12, and 13). The **S-labeling results indicated
that all of the mutant Vpr proteins could be expressed well.
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These results indicated that S79, S94, and S96 are phosphor-
ylation sites but S28 is not.

Phosphorylation and infection of nonreplicating cells. Since
phosphorylated Vpr was detected in the virion, it could play a
role in the infection of macrophages. To determine the role of
phosphorylation of Vpr on infection of nonreplicating cells,
positions S79, S94, and S96 were changed to A, G, and P,
respectively, to avoid any amino acid changes in the overlap-
ping tat gene (Fig. 5A). The mutants were cloned into a mac-
rophagetropic proviral plasmid, p125-TTK, a chimeric virus
with HIV-1 NL4-3 Vpr and ADA envelope V3 sequence with
KKQ-to-TTK mutations at the putative MA NLS domain (22).
Viruses stocks from HIV-1 p125 containing MA-NLS and Vpr
mutations (Fig. 5B) were prepared and titered with MAGIS
cells (24). Equal numbers of blue plaque units of viruses were
used to infect PBMC:s or terminally differentiated MDMs. The
infection was analyzed by the p24 antigen assay. All of the
mutant viruses could infect PBMCs at similar levels (Fig. 5C).
However, differences were observed in macrophage infection.
The Vpr-ablated virus, p125-TVpr(—), exhibited a much lower
level of infection than p125-TTK but was still detectable. The
Vpr phosphorylation site mutant viruses pl25-TVpr79S,
-TVpr94S, and -TVpro6S infected macrophages similarly to
wild-type viruses (Fig. 5C). However, the triple Vpr mutant
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FIG. 4. Mapping the Vpr phosphorylation sites. (A) Schematic representa-
tions of HIV-1 NL4-3 Vpr and various mutations. Serines at positions 28, 79, 94,
and 96 were mutated to alanines. Dashes indicate amino acid residues that are
the same as in Vpr(NL4-3); Vpr(SRIG) is a SRIG deletion mutant. (B) Wild-
type Vpr and relevant mutants were expressed in BSC40 cells using the vaccinia
virus expression system. The cells were labeled with 3°S or 3P overnight, and
labeled Vpr was detected with anti-Vpr antibodies.
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FIG. 5. Phosphorylation and Vpr biological functions. (A) Mutant Vpr sequences in the p125-TTK proviral construct. Numbers above the p125 sequence show
serine positions; each serine is underlined. +, Vpr is phosphorylated; —, Vpr is not phosphorylated; ND, not done. The data shown in the G, arrest column represent
the ratio of G,/(G,/M) with inducer to G,/(G,/M) without inducer. The data are the averages from two independent experiments. Vpr protein stability, shown in the
Ty, (half-life, in hours) column, is the average of two independent experiments. (B) Both *2P- and **S-labeled forms of Vpr were detected as described in Materials
and Methods and indicated by arrows on the left. (C) PBMC and macrophage infections by the mutant p125 viruses shown in panel A. The p24 volume is from the
average of two different clones of the same mutant. The ratio of p24 to Vpr from the immunoprecipitation was determined by phosphorimager using the Multi-Analyst
1.0.1 program (Bio-Rad) and normalized to the amount of Met/Cys in p24 (11 of total Met/Cys) and Vpr (2 of total Met/Cys) by dividing the p24 counts by 6.5. The
data represent the average of two independent experiments. (D) FACscan analysis profiles from one of the two independent experiments. The thick and thin lines
represent the presence and absence of the inducer, muristerone A, respectively. The average G, cell cycle arrest result is also shown in panel A. (E) Vpr and mutant
proteins were detected by immunoprecipitation of the 3*S-labeled cells in the absence (—) or presence (+) of muristerone A.

virus, p125-TVpr3S(—), infected macrophages at a lower level,
similar to that of p125-TVpr(—) virus (Fig. 5C).

To determine the amount of Vpr packaged into virions, the
proviral constructs were transfected into 293T cells and labeled
with Tran[**S]label for 24 h in the presence of inducer. The
supernatants were harvested and passed through a 20% su-
crose cushion to pellet the virions. Virion-associated p24 and
Vpr were immunoprecipitated and quantitated by a phospho-
rimager (Fig. 5C). p125-TTK and p125-TVpr96S packaged
Vpr as well as pl125, while p125-TVpr79S, -TVpr94S, and
-TVpr3S(—) only packaged about on third as much Vpr as
p125 or p125-TTK.

Position 79 phosphorylation is important for Vpr G, cell
cycle arrest. To test whether phosphorylation is important for
Vpr-mediated G, cell cycle arrest, Vpr79A, -94G, -96P, -79S,
-948, -96S, and -3S(—) (Fig. 5A) were separately cloned into
PZY-1 and then transfected into 293VE cells. After a 5-day
selection with G418, the cells were split and continued in
culture for 36 h in the presence or absence of the inducer, 1
puM muristerone A. Cell cycle arrest activity was analyzed by
propidium iodide staining and FACScan analysis (59) (Fig.
5D). In the absence of muristerone A, no effect on the cell
cycle was observed. However, when wild-type Vpr was ex-
pressed from one of two different wild-type constructs, pZY-
Vpr or pZY-125 (pZY-125 has additional 170 bp downstream
of Vpr from the HIV-1 provirus), the cells were arrested in the
G, phase (Fig. 5D). The three single mutants Vpr79A, -94G,
and -96P had different effects on the cell cycle. Vpr79A was
unable to arrest the cell cycle, but Vpr94G and Vpr96P could
arrest cells as well as the wild-type Vpr. These results sug-
gested that 79S is critical for the G, cell cycle arrest (Fig. 5D).
Vpr79S could arrest the cell cycle as well as wild-type Vpr, but
neither Vpr94S nor Vpr96S could arrest the cell cycle, further
suggesting that 79S, but not 94S and 968, is critical for cell

cycle arrest. As expected, Vpr3S(—), with mutations at all
three phosphorylation sites, had no significant effect on the cell
cycle.

To exclude the possibility that the differences in protein
expression levels could account for these findings, the trans-
fected cells were labeled with Tran[*>>S]label and Vpr proteins
were detected by immunoprecipitation. In the absence of in-
ducer, we detected no Vpr protein; in the presence of the
inducer, similar levels of Vpr proteins were detected (Fig. SE).
To further confirm that differences in protein stability do not
account for the effects on G, cell cycle arrest of pZY-79A,
-79S, and -3S(—), the resistant cells were labeled overnight
with Tran[**S]label and chased in the absence of radioisotope.
The cells were harvested at different time points, and immu-
noprecipitations were carried out. The proportion of Vpr pro-
tein or mutant Vpr protein at different points was determined
by a phosphorimager (Fig. 5SA). Wild-type Vpr, 79A, and 79S
were similarly stable, while Vpr3S(—) was slightly less stable.

To confirm that Vpr could be phosphorylated in the same
pattern in 293VE as in BSC40 cells, **P; labeling was also
performed. The single mutation Vpr79A could be phosphory-
lated, indicating that 94S and/or 96S are phosphorylated (Fig.
5B, lane 2). Furthermore Vpr79S could be phosphorylated,
confirming that 79S is a phosphorylation site. However, no
phosphorylation signal could be detected from the double mu-
tations Vpr94S and Vpr96S. Since, Vpr79A could be phos-
phorylated, it is possible that the 94G or 96P mutation dis-
rupted the phosphorylation motifs at the C terminus of Vpr.

Since our results indicated that 79S is critical for the Vpr G,
cell cycle arrest function, it is possible that either the serine
residue is required at this position or phosphorylation is im-
portant for the Vpr cell cycle arrest. To study the correlation
between position 79 phosphorylation and Vpr G, cell cycle
arrest function, additional Vpr mutants at positions 78, 79, and
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FIG. 5—Continued.

80 were generated and cloned into pZY-1 (Fig. 6A). Since
phosphorylation of serines at positions 94 and 96 has no effect
on Vpr G, cell cycle arrest, to simplify the analysis, positions
94S and 96S were mutated to G and P, respectively for all
mutants. The plasmids were transfected into 293VE cells, and
the resistant cells were tested for G, cell arrest as described
earlier. As shown earlier, Vpr and Vpr79S could arrest cells in
the G,/M phase (Fig. 6A). All mutants at positions 79 or 80
disrupted the ability of Vpr to arrest the cell cycle in the G,
phase. However, the Vpr78Q mutation still had full G, cell
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cycle arrest activity (Fig. 6A). To analyze whether or not serine
79 was phosphorylated in these Vpr mutants, the stable trans-
fected cells were transfected with p125-Vpr(—) constructs in
the presence of the inducer to test virion incorporation of
32P-labeled Vpr (Fig. 6B). Mutants pZY-Vpr79S and pZY-
Vpr78Q exhibited a phosphorylation signal that was strong but
weaker than that of wild-type Vpr (Fig. 6B, lanes 5 and 12).
Mutant 79T exhibited much less phosphorylation (lane 9),
while all other mutants were not phosphorylated. These results
further indicated that there is a good correlation between G,
cell cycle arrest and phosphorylation.

DISCUSSION

In this study, we have shown that Vpr is a phosphorylated
protein. The mutations pTM-VPR4S(—) and pZY-Vpr3S(—)
totally abolished Vpr phosphorylation, suggesting that only the
serine residues are phosphorylated. Since we did not detect any
threonine phosphorylation, the predicted CKII domains
(TYGD) in HIV-1 Vpr may not be phosphorylated. However,
we cannot rule out the possibility that CKII may phosphorylate
Vpr only under some circumstances. In this study, we did not
detect tyrosine phosphorylation, and no tyrosine phosphoryla-
tion domain has been predicted in HIV-1 Vpr.

The triple mutant pTM-Vpr79S and the double mutant
PZY-Vpr79S are phosphorylated, indicating that 79S is one of
several phosphorylation sites. The finding that both pTM-
VPR79A and pZY-VPR79A could be phosphorylated implied
that at least one site at positions 94S or 96S was phosphory-
lated, although neither pZY-VP194S or pZY-Vpr96S could be
phosphorylated. However, pTM-Vpr94S and pTM-Vpr96S
were phosphorylated, suggesting that both 94S and 96S in the
HIV-1 Vpr are phosphorylated. These differing observations
could be due to the fact that in the pTM-constructs, both sites
were substituted with alanines, while in the pZY- constructs,
the sites were changed to glycine and proline, respectively.
Since S94 and S96 are separated by only a single residue,
different amino acid residues at position 94 could affect 96S
phosphorylation or vice versa. It is unlikely that a new serine
phosphorylation site was created by mutation of its adjacent
site to alanine. Therefore, our results indicate that serines at
positions 79, 94, and 96 in the HIV-1 Vpr are phosphorylated.

Phosphorylation may change the protein charge and result
in a difference in migration on SDS-PAGE in some but not all
cases (13). We did not observe any migration differences in
8- and **P-labeled Vpr proteins (data not shown). It is un-
likely that Vpr is fully phosphorylated, because Vpr4S(—) and
Vpr3S(—) had the same electrophoretic mobllltles as the other
Vpr mutants as well as wild-type Vpr in the **S-labeled anal-
ysis.

Phosphorylation is one the most important posttranslational
modifications for proteins. It plays an important role in protein
stability, protein-protein association, protein localization, and
transcriptional regulation (26). Kewalramani et al. have shown
that HIV-2 Vpr protein has less effect on cell cycle arrest than
HIV-1 Vpr due to a lower level of stability (29). Sequence
analysis shows that the C-terminal 20 amino acid residues
represent the most diverse domains comparing HIV-1 and
HIV-2 Vpr, and both 94S and 96S absent from HIV-2 Vpr
(Fig. 1). Moreover, truncation of Vpr at position 76 or deletion
of the last three amino acids, residues 94 to 96, result in
unstable proteins, suggesting that the C terminus of Vpr is
important for protein stability (39). However, no difference in
protein stability was observed between Vpr79A and Vpr79S,
suggesting that the 94G/96P replacement may not cause Vpr
instability. Since both Vpr79A and Vpr79S are slightly less
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FIG. 6. Mutational analysis of the role of residues 78, 79, and 80 on position
79 phosphorylation and G, cell cycle arrest. (A) Schematic diagram of different
Vpr mutants at positions 78, 79, and 80. +, Vpr is phosphorylated; —, Vpr is not
phosphorylated. Average ratios of G, to G,/M are listed under the G, arrest
column. The data are from an average of two individual constructs of the same
mutants. (B) Both *?P- and 3*S-labeled forms of Vpr were detected as described
in Materials and Methods and are indicated with arrows.

stable than wild-type Vpr, the cumulative effect resulted in
Vpr3S(—) being somewhat more unstable than any of the
other mutants. However, it is still unclear whether Vpr phos-
phorylation alone regulates HIV-1 Vpr turnover.

Vpr is located in the nucleus and perinuclear membrane (22,
32,37, 38, 57). Both the N- and C-terminal domains of HIV-1
Vpr are important for nuclear localization (27). The basic
domain in the C terminus of Vpr has a putative traditional
NLS (31). Furthermore, the C terminus of Vpr has a similar
structure as a phosphorylation-regulated protein, the CcN mo-
tif (26). Upstream of the putative NLS is 79S, and downstream
is 94/96S. Phosphorylation of 79S, 94S, and 96S may regulate
this putative NLS function and further control HIV-1 Vpr
localization. This may account for the impaired replication of
p125-TVpr3S(—) in macrophages. However, protein instability
and reduction of Vpr3S(—) packaged into virions may also
contribute to the impaired replication of p125TVpr3S(—) in
macrophages.

Phosphorylation regulates the cell cycle progression. Vpr G,
cell cycle arrest function appears to be regulated through phos-
phorylation of S79. This is in agreement with previous studies
that showed that the C terminus of HIV-1 Vpr is important for
G, cell cycle arrest (11, 37, 59). Furthermore, the H(S/F)RIG
domains has been identified to be important for G, cell cycle
arrest (3, 34, 35). Deletion of the SRIG (79 to 82) sequence or
mutation of all arginines in the C-terminal portion of Vpr
impaired the Vpr G, arrest activity (59). S79I and R80A mu-
tations were also defective in G, cell cycle arrest activity (14).
In addition, the HSRIG sequence is highly conserved in all
HIV-1, HIV-2, and SIV isolates (Fig. 1).

The loss of Vpr G, cell cycle arrest in our mutants could be
due to mutation of the phosphorylation site, S79, or effects on
phosphorylation by mutations in the adjacent sequences. Both
Vpr80A and Vpr80K mutations impair G, cell cycle arrest and
phosphorylation, indicating that position 80 belongs to the 79S
phosphorylation motif. It is also suggested that the phosphor-
ylation motif is very restricted since similar amino acid residues
at position 80, lysine or alanine substitutions abolished phos-
phorylation and G, cell cycle arrest activities. The glutamine
(Q)-to-histamine (H) substitution at position 78 did not affect
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Vpr function, suggesting that position 78 is less restrictive on
the G, arrest domain than 79S and 80R. It is interesting that
the threonine substitution Vpr79T exhibits only a very low
level of phosphorylation, although both serine and threonine
may be phosphorylated by the same serine/threonine kinase.
Aspartate (D) is structurally similar to phosphoserine and has
been used to replace serines in the phosphorylated proteins to
mimic phosphoserine function (12). However, Vpr79D could
not arrest cells in the G, phase.

In both yeast and mammalian cells, the HFRIGHSRIG mo-
tif in Vpr is critical for G, cell cycle arrest (3, 34, 35). In the
yeast model, Vpr79A arrested the cell cycle in the G, phase
like the wild-type Vpr (7). However, our results indicated that
Vpr79A abolished the G, cell cycle arrest function in mamma-
lian cells. Several cellular factors have been identified to inter-
act with HIV-1 Vpr, such as Vpr-interacting protein, uracil
DNA glycosylase, human Vpr-interacting protein, and the hu-
man homologue of the yeast repair protein RAD23 (4, 19, 36,
47, 55, 58). These factors may be important for Vpr G, cell
cycle arrest or other Vpr functions. Studies of the interaction
of these proteins in mammalian cells with the phosphorylated
Vpr may provide insights into their role in cell cycle regulation.
It is also not known whether one of these factors has the kinase
activity for Vpr. The identification of the Vpr kinase will be
important for defining the mechanisms of Vpr arrest of cells in
the G, phase.
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