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Vpr and selected mutants were used in a Saccharomyces cerevisiae two-hybrid screen to identify cellular
interactors. We found Vpr interacted with 14-3-3 proteins, a family regulating a multitude of proteins in the
cell. Vpr mutant R80A, which is inactive in cell cycle arrest, did not interact with 14-3-3. 14-3-3 proteins
regulate the G2/M transition by inactivating Cdc25C phosphatase via binding to the phosphorylated serine
residue at position 216 of Cdc25C. 14-3-3 overexpression in human cells synergized with Vpr in the arrest of
cell cycle. Vpr did not arrest efficiently cells not expressing 14-3-3�. This indicated that a full complement of
14-3-3 proteins is necessary for optimal Vpr function on the cell cycle. Mutational analysis showed that the
C-terminal portion of Vpr, known to harbor its cell cycle-arresting activity, bound directly to the C-terminal
part of 14-3-3, outside of its phosphopeptide-binding pocket. Vpr expression shifted localization of the mutant
Cdc25C S216A to the cytoplasm, indicating that Vpr promotes the association of 14-3-3 and Cdc25C, inde-
pendently of the presence of serine 216. Immunoprecipitations of cell extracts indicated the presence of triple
complexes (Vpr/14-3-3/Cdc25C). These results indicate that Vpr promotes cell cycle arrest at the G2/M phase
by facilitating association of 14-3-3 and Cdc25C independently of the latter’s phosphorylation status.

The human immunodeficiency virus type 1 (HIV-1) acces-
sory protein Vpr, a 15-kDa virion-associated molecule, is re-
quired for efficient viral propagation in vivo (14, 15, 49). Since
Vpr is incorporated into the virion, it is thought to exert its
effects at an early stage of the viral life cycle, possibly by
helping to achieve optimal conditions for viral infection (6, 37).
Several Vpr activities have been identified in vitro, such as
facilitation of the nuclear translocation of the HIV-1 preinte-
gration complex, coactivation of steroid hormone receptors,
and modulation of apoptosis (20, 24, 39, 45, 48). Vpr also
arrests cells at the G2/M boundary of the cell cycle (6, 15, 19,
22, 40), a function that has been proposed to facilitate viral
propagation. Transition through the G2/M checkpoint in mam-
malian cells is strictly controlled by activation of a protein
complex formed by a catalytic subunit, the cyclin-dependent
kinase Cdc2, and its regulatory partner cyclinB1 through co-
ordinated phosphorylation and dephosphorylation events (21,
36). The protein kinases Wee1 and Myt1 inactivate this com-
plex by phosphorylating threonine residues at amino acids 14
and 15 of Cdc2, while the phosphatase Cdc25C activates it by
dephosphorylating the same threonine residues (21, 35, 36).
Vpr inactivates the Cdc2/cyclinB1 complex by keeping Cdc2 at
a hyperphosphorylated state, possibly by modulating the func-
tion of a host protein(s), which acts upstream of Cdc2/cyclinB1,
such as Wee1, Myt1, and Cdc25C (10, 19, 22, 31, 40, 42).

To identify Vpr partner proteins that support the cell cycle-
arresting activity of Vpr, we performed several Saccharomyces
cerevisiae two-hybrid screening assays using wild-type (WT)
and mutant Vprs as baits. We found that human 14-3-3 pro-
teins bind Vpr and contribute to its cell cycle-arresting activity.
14-3-3 proteins are key molecules in the regulation of cell cycle
progression (1, 13, 34). The family consists of nine isotypes
produced from at least seven distinct genes in vertebrates.
14-3-3 proteins bind phosphorylated serine/threonine residues
at specific positions of their partner proteins and regulate their
activities by changing their subcellular localization and/or sta-
bility. 14-3-3 proteins contain nine �-helical structures and
form homo- and heterodimers through their N-terminal por-
tion (41, 43, 51). The central third to fifth �-helixes create a
binding pocket for a phosphorylated serine/threonine residue,
and the C-terminal seventh to ninth helices determine the
specificity to target peptide motifs (41, 51). 14-3-3 contains a
nuclear export signal in the ninth helix (28, 41).

14-3-3 proteins regulate cell cycle progression by changing
the activities of Cdc25C, Wee1, cyclin B1, and Chk1. DNA
damage triggers Cdc25C phosphorylation at serine 216, pro-
viding the active binding site for 14-3-3 (8, 17, 33, 38, 44, 52).
Binding of 14-3-3 to the phosphorylated Cdc25C causes trans-
location of the complex into the cytoplasm, separating the
Cdc25C phosphatase from its nuclear substrates (28, 41, 52),
such as Cdc2. In the absence of Cdc25C phosphatase activity,
Cdc2 is kept in an inactive phosphorylated state and the cells
no longer overcome the G2/M cell cycle checkpoint (38).

Our results indicate that Vpr acts as a bridging factor be-
tween 14-3-3 and Cdc25C, irrespective of the latter’s phos-
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phorylated states. This binding leads to removal of Cdc25C
and contributes to the prolonged arrest at G2/M seen in the
presence of Vpr.

MATERIALS AND METHODS

Plasmids and HIV-1 molecular clones. Vpr-related plasmids pLexA-VPR,
pCMV-FLAG-VPR, pCDNA3-VPR, and pLexA-Tat were described previously
(24). pLexA-VPRL64A, VprL23A, VprL23,64,67A, and VprR80A were con-
structed by substituting the indicated amino acids of Vpr into the pLexA-VPR
using a PCR-assisted in vitro mutagenesis reaction. pLexA-Vpr (64-96) was
constructed by inserting the corresponding Vpr cDNA fragment into pLexA
(Clontech, Palo Alto, Calif.). The HIV-1 molecular clone NL4-3GFP, which
produces the green fluorescent protein (GFP)-expressing WT HIV-1 virus, was
described previously (47). NL4-3GFP�Vpr was constructed by replacing the Nef
coding sequence of the NL4-3GFP�Vpr obtained from the NIH AIDS Research
and Reference Reagent Program (Rockville, Md.) with the Nef-GFP fusion
sequence of NL4-3GFP. pCDNA3-14-3-3� and pGEX-14-3-3� were constructed
by introducing 14-3-3� cDNA into pCDNA3 (Invitrogen, Carlsbad, Calif.) and
pGEX-4T3 (Amersham Pharmacia Biotech, Piscataway, N.J.), respectively.
pB42AD-14-3-3� (1-244), (110-244), (141-244), (168-244), (190-210) and (210-
244) were constructed by inserting 14-3-3� cDNA fragments of the indicated
portions of 14-3-3� into pB42AD (Clontech). pGAD424-14-3-3� (1-270) and
(106-270) were constructed by subcloning 14-3-3� cDNA fragments of 1-270 or
106-270 of 14-3-3� into pGAD424 (Clontech), respectively. Myc epitope-tagged
Cdc25C-expressing plasmids, Myc-Cdc25C WT and S216A mutant, were kind
gifts from J. A. De Caprio (Dana-Farber Cancer Institute and Harvard Medical
School, Boston, Mass.). EGFP-Cdc25C fusion-expressing plasmids, pEGFP-C1-
Cdc25C WT and S216A, were constructed by inserting cDNA from Myc-Cdc25C
WT and S216A into pEGFP-C1, respectively (Clontech). pHook-1 was pur-
chased from Invitrogen. Baculovirus-produced purified Vpr was obtained from
insect cell lysates, infected with the virus containing His-Vpr sequence by using
a histidine affinity column (Amersham Pharmacia Biotech) (32).

Yeast two-hybrid screening assay. The yeast two-hybrid screening was per-
formed in a HeLa cell cDNA library with the LexA system (16). To study the
specificity of the identified interactions, we used a yeast mating assay (18). For a
yeast two-hybrid assay, yeast strain EGY48 (Clontech) was transformed with the
lacZ reporter plasmid p8OP-LacZ (Clontech), pLexA-VPR (WT or mutants), or
pLexA-Tat and the indicated pB42AD-14-3-3� plasmids (12). The cells were
grown in a selective medium to the early stationary phase and permeabilized with
CHCl3-sodium dodecyl sulfate (SDS) treatment, and �-galactosidase activity was
measured in the cell suspension by using Galactolight PLUS (Tropix, Bedford,
Mass.).

In vitro binding assay. 35S-labeled Vpr WT and mutants were generated by in
vitro translation using the wheat germ extract from pCDNA3-VPRs. They were
tested for interaction with glutathione-S-transferase (GST)–14-3-3�, immobi-
lized on glutathione-Sepharose beads in buffer containing 50 mM Tris-HCl (pH
8.0), 50 mM NaCl, 1 mM EDTA, 0.1% NP-40, 10% glycerol, and 0.1 mg of
bovine serum albumin/ml at 4°C for 1.5 h. After vigorous washing with the buffer,
proteins were eluted and separated on 16% SDS–polyacrylamide gel electro-
phoresis (SDS-PAGE) gels. Gels were fixed and exposed to films.

Cell cultures and transfections. HCT116 WT and 14-3-3� knockout (KO) cells
were kindly provided by B. Vogelstein (Johns Hopkins University, Baltimore,
Md.) (4). 293, HeLa, and HCT116 cells were maintained in Dulbecco’s modified
eagle’s medium or McCoy’s 5A medium containing 10% fetal bovine serum and
100 U of penicillin and 1 �g of streptomycin/ml. Cells were transfected using
Lipofectin and CaPO4 methods, as described previously (11, 23).

Cell cycle analysis. 293, HeLa, HCT116 WT, and 14-3-3� KO cells were
transfected with the indicated plasmids. pHook-1 was included in experiments
with HeLa cells to identify transfection-positive cells. At 48 h after transfection,
cells were stained for 1 h with 10 �g of Hoechst 33342 (Molecular Probes,
Eugene, Oreg.)/ml, and their DNA content was analyzed in an LSR flow cytom-
eter (BD Biosciences, San Jose, Calif.) using the CellQuest software (BD Bio-
sciences) for data acquisition. Cell cycle analysis was performed with the cell
cycle platform provided by FlowJo (Tree Star Inc., San Carlos, Calif.). Trans-
fected HeLa cells were enriched before DNA staining using the pHook-1 method
following the company’s recommendation.

VSV-G-pseudotyped HIV-1 molecular clones and infection of HCT116 cells.
Stocks of infectious pseudotyped HIV-1 molecular clones were generated by
cotransfection of either 10 �g of NL4-3GFP or NL4-3GFP�vpr and 0.5 �g of
vesicular stomatitis virus G protein (VSV-G) DNA in 293 cells. Forty-eight hours

after transfection, the supernatants were harvested, spun for 10 min at 1,200 rpm
(300 � g) aliquoted, and stored at 	80°C.

For infection, HCT116 WT and 14-3-3� KO cells were incubated for 2 h at
37°C with 2 ml of supernatant containing the VSV-G-pseudotyped HIV-1 mo-
lecular clones. Thirty-six hours after the infection, the cells were stained for 1 h
with Hoescht 33342 and their DNA content and cell cycle profile were analyzed
as described above.

Detection and localization of GFP-fused Cdc25C proteins. HCT116 WT and
14-3-3� KO cells were cultured on poly-lysine-coated cover slides and trans-
fected with the indicated plasmids. They were fixed with 4% paraformaldehyde
and subsequently mounted on glass slides with Vectashield/DAPI (4,6-dia-
midino-2-phenylindole; Vector Laboratories, Inc., Burlingame, Calif.). Emitted
signals were recorded with the Zeiss LSM510 confocal microscope (Carl Zeiss,
Thornwood, New York, N.Y.) at the Microscopy & Imaging Core (National
Institute of Child Health and Human Development, Bethesda, Md.) with the
assistance of Vincent Schram. Signal intensity of enhanced green fluorescent
protein (EGFP) in the nucleus and the cytoplasm was measured in over 20 cells
by using the LSM5 image analyzer (Carl Zeiss), and the mean 
 standard error
(SE) values of their ratios were calculated after subtracting background signal
intensity in the same image field.

Coimmunoprecipitation experiments. 293 cells were grown in 175-cm2 flasks
and transfected with 15 �g of the indicated plasmids. At 48 h after transfection,
cell were lysed with buffer containing 50 mM Tris-HCl (pH 8.0), 120 mM NaCl,
0.5% NP-40, and 1 tablet of Complete tablets (Roche Molecular Biochemicals,
Indianapolis, Ind.)/50 ml, and extracts were cleared by centrifugation at 12,000 �
g for 15 min at 4°C. Supernatants were harvested and incubated with the indi-
cated antibody for 3 h at 4°C. The protein-antibody complexes were subsequently
collected by adding protein A/G agarose (Santa Cruz Biotechnology, Inc.) and
washed three times with the buffer containing 20 mM Tris-HCl (pH 8.0), 100 mM
NaCl, 0.5% NP-40, and 1 tablet of Complete/50 ml. Samples were separated on
12 or 16% SDS–PAGE gels and blotted on nitrocellulose membranes, which
were subsequently treated with the indicated antibody. Blotted proteins were
visualized with the enhanced chemiluminescence reaction (Amersham Pharma-
cia Biotech).

RESULTS

Identification of 14-3-3 as a Vpr-interacting protein. To
identify cellular proteins interacting with Vpr, we performed a
yeast two-hybrid screen of a HeLa cell cDNA library using WT
Vpr as bait. In addition to several proteins already known to
interact with Vpr, such as HHR23A and Rch1 (importin �), we
identified several molecules, shown in Table 1, which might
interact with Vpr in vivo and contribute to its activities. To
examine whether any of them might affect cell cycle-arresting
activity of Vpr, we tested their interaction with WT and mutant
Vprs in a yeast mating assay. Many Vpr mutants are known,
affecting one or several Vpr activities (9, 16, 24, 29). Examples
of such Vpr mutants are VprL64A (replacing leucine at amino
acid 64 with alanine) and R80A (replacing arginine at amino
acid 80 with alanine): the former is active in cell cycle arrest
but deficient in the nuclear receptor coactivator activity,
whereas the latter has the reverse phenotype (16, 24, 46). We
also used a Vpr fragment comprising amino acids 64 to 96. This
fragment contains the C-terminal acidic domain that is neces-
sary but not sufficient for cell cycle arrest by Vpr. All candidate
gene products interacted with WT Vpr as well as the R80A
mutant, while neither of them was associated with VprL64A
(Table 1). Their interaction with Vpr (64-96) was variable.
Since the candidates interacted with a Vpr mutant inactive in
cell cycle arrest, the results indicated that the identified mol-
ecules are not likely to be involved in the cell cycle-arresting
activity of Vpr. Since we observed that the VprL64A mutant
showed a greatly reduced number of interactors upon screen-
ing of the library, we hypothesized that use of this mutant
might help in reducing nonspecific interactions and facilitate
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the identification of specific host partner proteins for Vpr’s cell
cycle-arresting activity. We thus performed a second round of
yeast two-hybrid screening using VprL64A as bait. In addition
to several other candidates, we found that 14-3-3 protein fam-
ily members � and �, interacted with VprL64A, with 14-3-3�
being the more frequently identified interactor (Table 2). 14-
3-3� also showed strong interaction with the WT Vpr as well as
with VprL64A in a yeast mating assay (data not shown).

Using 14-3-3 fragments, we next studied the region of 14-3-3
required for Vpr binding in a yeast two-hybrid assay (Fig. 1A).
The results indicated that Vpr bound most strongly to 14-3-3�
amino acids 141 to 244. The smallest 14-3-3� fragment that
supported binding to Vpr was amino acids 190 to 210, which
contain the eighth �-helix of this protein (41, 51). The inter-
action of Vpr with full-length 14-3-3� was weaker in this assay.
One reason for this result may be toxicity after expression of
the full-length molecule in yeast cells grown in galactose- and
raffinose-containing but histidine-, tryptophan-, and uracil-de-
pleted selective medium (data not shown). This result was
consistent with our yeast two-hybrid screens, in which all Vpr-
interacting 14-3-3� clones contained the last 100 amino acids,
which correspond to the sixth to the ninth �-helices of the
protein (data not shown). We also examined binding of Vpr to
14-3-3� in the same yeast two-hybrid assay. Vpr bound to both
full-length and the C-terminal half of 14-3-3� (Fig. 1B). We
next tested a panel of Vpr mutants in a yeast two-hybrid assay
to determine the portion of Vpr that supports binding to 14-
3-3� (Fig. 1C). Mutant R80A, which is known to abolish Vpr’s
cell-cycle arresting activity, inactivated the binding to 14-3-3�,

whereas deletion or point mutations in the N-terminal portion
of Vpr were still active for binding.

To demonstrate a direct interaction of 14-3-3 and Vpr, we
used a GST pull-down assay with bacterially produced GST–
14-3-3� and in vitro-translated and -labeled Vpr or Vpr mu-
tants. We found that Vpr was able to bind to 14-3-3 in vitro,
demonstrating a direct interaction (Fig. 1D). Interestingly, use
of the mutants VprR80A and Vpr (1-84) eliminated this inter-
action, whereas VprL64A and Vpr (1-64) were active, in agree-
ment with the results of the yeast two-hybrid assay.

14-3-3 enhanced Vpr’s effect on cell cycle arrest. To address
the functional relevance of 14-3-3 and Vpr association on the
cell cycle, we coexpressed these two proteins in HeLa and 293
cells and examined the cell cycle profile. We found that coex-
pression of 14-3-3� potentiated Vpr’s cell cycle arrest, whereas
transfection of 14-3-3� alone had almost no effect in either cell
line (Fig. 2A).

14-3-3 isoform elimination decreased the cell cycle arrest
induced by infection with HIV-1 molecular clones. As an al-
ternative method to examine the role of 14-3-3 proteins in the
cell cycle arrest induced by HIV-1, we used the 14-3-3�-defi-
cient HCT116 human cell line (14-3-3� KO cells) (4) as a
target for infection with HIV-1 molecular clones. These cells
are the only ones available with knockouts of any members of
the 14-3-3 family of proteins. Infectious stocks of NL4-3GFP
(47) and the Vpr-deficient molecular clone NL4-3GFP�vpr
were generated by cotransfection of either molecular clone
together with VSV-G DNA into 293 cells. VSV-G allows in-
fection of HCT116 cells, which lack HIV surface receptors.
Two days after transfection of 293 cells, the supernatants were
harvested and, after low-speed centrifugation, used to infect
the WT HCT116 cell line and a 14-3-3� KO derivative cell line.
Two days after infection the cells were stained with Hoechst
33342 and their cell cycle profiles were analyzed by flow cy-
tometry. NL4-3GFP induced G2/M cell cycle arrest in the WT
HCT116 cells, whereas the Vpr-deficient virus showed a dra-
matically lower effect, indicating that Vpr expressed from the
WT molecular clone was mainly responsible for the cell cycle
arrest (Fig. 2B). In contrast to these results, the frequency of

TABLE 1. Summary of the yeast two-hybrid screening using WT Vpr as baita

Potential interactor GenBank
accession no.

No. of
clones

Interaction with Vprs

WT L64A R80A 64-96

D123 D14878 5 � 	 � �
HHR23A D21235 4 � 	 � 	
Rch1 (importin �) U09559 3 � 	 � �
Tre oncogene X63546 3 � 	 � �
Cullin 1 AF062536 2 � 	 � �
ATP-binding protein AJ01084 1 � 	 � 	
Chromosome-associated polypeptide (HCAP) AF020043 1 � 	 � 	
C-terminal binding protein 2 AF016507 1 � 	 � 	
MAD-3 (I-�B) M69043 1 � 	 � �
PDCD (programmed cell death-2/Rp8 homolog) S78085 1 � 	 � 	
Putative SMC-like protein AJ005015 1 � 	 � 	
Retinoblastoma-binding protein (RbAp46) U35143 1 � 	 � 	
RNA polymerase II subunit hsRBP7 U20659 1 � 	 � 	
Signal transducer and activator of transcription 5B U47686 1 � 	 � �
TOM-1-like protein AJ010071 1 � 	 � 	

a Total clones sequenced  159.

TABLE 2. Summary of the 14-3-3 clones identified using VprL64A
as bait in yeast two-hybrid screensa

Potential
interactor

GenBank
accession no.

No. of
clones

Interaction with Vprs

WT L64A R80A

14-3-3� X78138 5 � � 	
14-3-3� X56468 2 � � 	

a Total clones sequenced  96.
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cells arrested in G2/M was significantly decreased in 14-3-3�
KO HCT116 cells infected with NL4-3GFP, indicating that the
presence of 14-3-3� was important for Vpr’s effects on cell
cycle. The frequency of infected cells in G2/M was similar in
both WT and 14-3-3� KO HCT116 cells infected with NL4-
3GFP�vpr. Supplementation of 14-3-3� protein by transfec-
tion back into 14-3-3� KO cells almost completely reversed the
observed Vpr-generated defect in the cell cycle (Fig. 2C).
Taken together, these results suggest that Vpr effects on the
cell cycle are severely diminished in cells not expressing a full
set of 14-3-3 proteins.

Vpr sequestered Cdc25C in the cytoplasm independently of
serine 216. To address the mechanism underlying the effect of
14-3-3 on Vpr’s cell cycle-arresting activity, we focused on the
Cdc25C molecule. Interaction of 14-3-3 with this phosphatase
is important and has been well examined among 14-3-3 partner
proteins that are functional in cell cycle progression (8, 17, 33,
38, 44, 52, 53).

We examined the distribution of EGFP-Cdc25C fusion pro-
teins in the presence or absence of Vpr in HCT116 WT and
14-3-3� KO cells (Fig. 3). Signal intensity of EGFP-Cdc25C in
the nucleus and the cytoplasm of over 20 cells cotransfected
with Vpr-expressing plasmid was measured, and the mean 

SE values of their ratios are shown in Fig. 3A after subtracting
background signal intensity. Almost all cells of both cell lines
had the WT EGFP-Cdc25C in the cytoplasm in the absence or

presence of Vpr. We thus used the mutant EGFP-Cdc25C
S216A, in which the serine residue at amino acid 216 was
replaced with alanine. In HCT116 WT cells, the intracellular
distribution of this mutant moderately shifted to the nucleus
when compared to the WT Cdc25C, as previously reported
(Fig. 3A, upper panel) (8, 28, 34, 53). Coexpression of Vpr
shifted EGFP-Cdc25CS216A toward the cytoplasm, although
Cdc25CS216A did not have a serine residue at amino acid 216,
which is required for the cytoplasmic localization of the WT
Cdc25C by 14-3-3 (8, 38). In 14-3-3� KO cells, Vpr’s ability to
localize EGFP-Cdc25CS216A in the cytoplasm was decreased,
and coexpression of 14-3-3� reversed this defect (Fig. 3A,
lower panel). Representative images showing the effect of Vpr
on the subcellular localization of EGFP-Cdc25C WT and
S216A are shown in Fig. 3B.

Vpr supports triple complex formation with 14-3-3 and
Cdc25C. The above results indicated that, in the presence of
Vpr, 14-3-3 appeared to cause translocation of Cdc25C into
the cytoplasm even in the absence of serine 216. Since phos-
phorylation of this serine residue is important for binding of
14-3-3 to Cdc25C (38, 44), these results suggested that Vpr
might somehow bridge 14-3-3 and Cdc25C independently of
the latter’s phosphorylation status. Therefore, we examined
the in vivo interaction of 14-3-3 and Cdc25C in the presence of
Vpr in a coimmunoprecipitation assay (Fig. 4A). For this, we
transfected 293 cells with combinations of FLAG-tagged Vpr,

FIG. 1. Direct Interaction of Vpr with members of the 14-3-3 family. (A) Vpr interacts with the C-terminal portion of 14-3-3� in a yeast
two-hybrid assay. Numbers (1 to 9) indicate the positions of the nine �-helical regions in 14-3-3. (B) Vpr interacts with 14-3-3� in addition to
14-3-3� in a yeast two-hybrid assay. (C) Identification of the Vpr region interacting with 14-3-3�. In panels A to C, plasmids expressing indicated
bait and prey molecules were cotransfected with p8OP-LacZ in the EGY48 yeast strain, and their interaction was detected by measuring the
produced �-galactosidase activity. (D) Direct interaction of Vpr with 14-3-3� in a GST pull-down assay. In vitro-translated and -labeled
Vpr-related molecules were incubated with bacterially produced GST-fused 14-3-3�. Samples were loaded and run on 16% SDS–PAGE gels and
detected by autoradiography. Vpr mutants R80A and Vpr1-84 did not show interaction with 14-3-3�.
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14-3-3, and Myc-tagged Cdc25C, as indicated in Fig. 4A. The
epitope-tagged molecules facilitated the quantitative immuno-
precipitation of the molecular complexes containing the tagged
molecules from 293 cell extracts. The precipitated complexes
were separated on SDS-PAGE gels, and the various proteins
were identified after immunoblotting with either anti-14-3-3 or
anti-FLAG antibody.

In the absence of Vpr, 14-3-3 was specifically coprecipitated
with Cdc25C (lane 3), but not with Cdc25C S216A (lane 5). In
contrast, in the presence of Vpr, 14-3-3 was coprecipitated also
with Cdc25C S216A (lane 6), which does not normally associ-
ate with 14-3-3. Since two of three proteins were mutually
coprecipitated by their specific antibodies, we concluded that
Vpr helped formation of 14-3-3/Vpr/Cdc25C complexes.

Since the interactions observed were obtained upon 14-3-3
overexpression, we examined similar coimmunoprecipitations
of Vpr with endogenous 14-3-3 and Cdc25C molecules in the
same 293 cells in the absence of transfected 14-3-3 (Fig. 4B).
As expected, WT Vpr was associated with 14-3-3 and Cdc25C

(lane 3), whereas the 14-3-3-binding-defective VprR80A failed
to interact with these molecules (lane 2), suggesting that Vpr
was coprecipitated with Cdc25C through its binding to 14-3-3.
Taken together, these results strongly indicate that Vpr pro-
motes the association of 14-3-3 and Cdc25C S216A, bypassing
the requirement for phosphorylation at serine 216 of Cdc25C.

DISCUSSION

Here we present several lines of evidence indicating that the
identified interaction of Vpr to 14-3-3 proteins has functional
significance for the cell cycle regulation of HIV-1 Vpr. To
identify proteins involved in Vpr’s cell cycle-arresting activity,
we performed a yeast two-hybrid screening using VprL64A
mutant as bait, which is defective in the transcriptional activity
but retains the Vpr ability to induce cell cycle arrest. We
reasoned that this approach would reduce the number of in-
teractors without eliminating the ones responsible for cell cycle
arrest. This approach successfully eliminated binding to many

FIG. 2. (A) Effect of Vpr and 14-3-3� on the cell cycle profile and G2/G1 ratio in HeLa and 293 cells. Cells were transfected with plasmids
encoding Vpr and/or 14-3-3�, and their cell cycle profile presented as the G2/G1 ratio (shown as bars and numbers) was examined by
fluorescence-activated cell sorter (FACS) analysis. (B) 14-3-3� is important for cell cycle arrest induced by Vpr in HCT116 cells. HCT116 WT or
14-3-3� KO cells were infected with the VSV-G-pseudotyped HIV-1 molecular clone NL4-3GFP or NL4-3GFP�vpr. The cell cycle profiles of
infected cells are indicated as the G2/G1 ratio after FACS analysis. (C) Supplementation of 14-3-3� in 14-3-3� KO cells restores cell cycle arrest
by Vpr. HCT116 WT or 14-3-3� KO cells were transfected with pCDNA3-Vpr in the presence or absence of plasmid expressing 14-3-3�. The cell
cycle profiles of transfected cells are indicated as the G2/G1 ratio determined by FACS analyses.
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cellular proteins interacting with Vpr and allowed the identi-
fication as Vpr partners of several 14-3-3 proteins known to
affect the cell cycle at several different steps. Recent genetic
analysis employing fission yeast, Schizosaccharomyces pombe,
also indicated involvement of rad24 on Vpr’s cell cycle activity,
where rad24 encodes a member of the 14-3-3 protein family
(31). Among the 14-3-3-encoding clones that we found in the
yeast two-hybrid assay, 14-3-3� was the most frequently rep-
resented. In functional assays, 14-3-3� cooperatively enhanced
Vpr’s cell cycle-arresting activity. Furthermore, in HCT116
cells, endogenous 14-3-3� appears to facilitate cell cycle arrest
induced by Vpr expressed after infection by an HIV-1 molec-
ular clone as well as following transfection of a Vpr-expressing
plasmid. These results indicate that a full complement of 14-
3-3 proteins is necessary for optimal function of Vpr and that
elimination of 14-3-3� severely affected Vpr function. We
found that Vpr induces translocation of Cdc25C into the cy-
toplasm independently of serine 216 in HCT116 cells. The
ability of Vpr to translocate Cdc25CS216A into the cytoplasm

was blunted in 14-3-3� KO cells, and supplementation of 14-
3-3� reversed this defect. Using Vpr and 14-3-3 mutants, we
further characterized the direct interaction of these molecules.
We found that the C-terminal acidic domain of Vpr binds to
the C-terminal portion of 14-3-3, outside of the binding pocket
for phosphopeptides. Thus, Vpr binds 14-3-3 proteins and
causes cell cycle arrest by inducing association between 14-3-3
and Cdc25C independently of the latter’s phosphorylation sta-
tus at serine 216. Vpr appears to function as an adaptor mol-
ecule, bridging these two cell cycle-regulating molecules.

Cellular events promoting cell cycle arrest at the G2/M
checkpoint lead to phosphorylation of Cdc25C on serine 216
(7, 38). 14-3-3 binds the phosphorylated serine and promotes
Cdc25 translocation into the cytoplasm, thus preventing the
dephosphorylation and inactivation of the nuclear Cdc2 (8, 44,
52). Our data support the conclusion that Vpr bypasses the
phosphorylation step of Cdc25C; upon Vpr binding, 14-3-3
interacts with Cdc25C and induces its translocation into the
cytoplasm. This interaction is independent of the serine 216

FIG. 3. Vpr facilitates redistribution of Cdc25CS216A into the cytoplasm of HCT116 WT and 14-3-3� KO cells. (A) HCT116 WT and 14-3-3�
KO cells were transfected with EGFP-Cdc25C or the S216A mutant-expressing plasmids in the presence or absence of pCDNA3-Vpr. Cdc25C and
Cdc25CS216A localization was examined in over 20 cells. Signal intensity of EGFP-Cdc25Cs in the cytoplasm and the nucleus was evaluated, and
the mean 
 SE values of their ratios are shown. (B) Representative images of subcellular localization of EGFP-Cdc25C in the absence or presence
of Vpr expression are shown. *, P � 0.01 (t test) for the indicated two conditions.
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phosphorylation status, since the mutant Cdc25C S216A also
forms complexes and is transported into the cytoplasm.

14-3-3 proteins play a significant role in cell cycle progres-
sion at several different stages. First, they regulate Cdc25C
activity (8, 17, 28, 33, 38, 41, 44, 52). Second, they bind Wee1
kinase and increase the stability and enhance the activity of this
protein (27, 50). Third, 14-3-3� also binds and activates Chk1
and Cdk2 kinases by appropriately localizing these molecules
inside the nucleus (5). Activation of Chk1 causes phosphory-
lation of Cdc25C, producing a binding site for 14-3-3, leading
to inactivation of its phosphatase activity (44, 52). Fourth,
14-3-3 binds both phosphorylated Cdc2 and cyclinB1 and in-
activates their complex by exporting it into the cytoplasm (4,
26). Therefore, it is possible that Vpr also modulates activities
of the above-described kinases and phosphatases by changing

their binding specificity to 14-3-3. Since Vpr binds 14-3-3 at the
C-terminal part, a region that plays an important role in its
binding specificity to phosphopeptides (41), binding of Vpr
may alter the binding affinity of 14-3-3 to its partner proteins.
Alternatively, Vpr might facilitate or inhibit the association of
14-3-3 to its partner molecules with additional interactions.
Furthermore, association of Vpr to 14-3-3 may also have con-
sequences for the regulation of apoptosis (3, 30). It is known
that 14-3-3 may affect apoptosis by interacting with BAD, a
member of the Bcl-2 family of proteins that regulate mitochon-
drial permeability (2, 3, 25). The presence of Vpr might influ-
ence the association between 14-3-3 and BAD resulting in
increased apoptotic signals triggered by Bcl-2.

In conclusion, we have found that Vpr binds 14-3-3 and
promotes the formation of a trimolecular complex with
Cdc25C even in the absence of a phosphorylated serine residue
at position 216. Vpr may act as a bridge between 14-3-3 and
Cdc25C or, alternatively, change the conformation of 14-3-3,
resulting in increased binding affinity to nonphosphorylated
molecules. This complex formation may promote the cytoplas-
mic accumulation of Cdc25C and thus subsequent cell cycle
arrest.
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