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The human immunodeficiency virus type 1 (HIV-1) vpr gene is an evolutionarily conserved gene among the
primate lentiviruses HIV-1, HIV-2, and simian immunodeficiency viruses. One of the unique functions attrib-
uted to the vpr gene product is the arrest of cells in the G2 phase of the cell cycle. Here we demonstrate that
Vpr interacts physically with HHR23A, one member of an evolutionarily conserved gene family involved in
nucleotide excision repair. Interaction of Vpr with HHR23A was initially identified through a yeast two-hybrid
screen and was confirmed by the demonstration of direct binding between bacterially expressed recombinant
and transiently expressed or chemically synthesized protein products. Visualization of HHR23A and Vpr by
indirect immunofluorescence and confocal microscopy indicates that the two proteins colocalize at or about the
nuclear membrane. We also map the Vpr-binding domain in HHR23A to a C-terminal 45-amino-acid region of
the protein previously shown to have homology to members of the ubiquitination pathway. Overexpression of
HHR23A and a truncated derivative which includes the Vpr-binding domain results in a partial alleviation of
the G2 arrest induced by Vpr, suggesting that the interaction between Vpr and HHR23A is critical for cell cycle
arrest induced by Vpr. These results provide further support for the hypothesis that Vpr interferes with the
normal function of a protein or proteins involved in the DNA repair process and, thus, in the transmission of
signals that allow cells to transit from the G2 to the M phase of the cell cycle.

Human immunodeficiency virus type 1 (HIV-1) is a caus-
ative agent of AIDS. In addition to the retroviral structural
genes gag, pol, and env, the HIV-1 genome encodes several
accessory genes that are important for replication and/or
pathogenesis. One of these genes, vpr, encodes an 11-kDa basic
protein that appears to serve a number of functions in the viral
life cycle. Vpr is incorporated into the virion (7, 49, 50). The
incorporation of Vpr into virions requires the p6 domain of the
p55gag precursor protein (24, 27, 31, 32, 38). Nuclear localiza-
tion signals present within both Gag and Vpr are required to
assist in the translocation of the pre-integration complex into
the nuclei of nondividing cells (5, 6, 20), although the contri-
bution of Vpr to this process has been disputed (13). Both the
presence of Vpr in the virion and its function in nuclear import
account for the requirement of Vpr for efficient replication of
HIV-1 in nondividing cell types such as macrophages (2, 9, 20).

One particularly noteworthy phenotype of the expression of
Vpr in cells is the arrest of cells in the G2 phase of the cell cycle
(19, 23, 42, 43). Vpr has been shown to be both necessary and
sufficient to cause accumulation of human lymphoid and non-
lymphoid cells in the G2 phase of the cell cycle. Vpr can induce
cell cycle arrest both following transfection of expression con-
structs encoding Vpr as well as in the context of HIV-1 infec-
tion with a wild-type vpr gene. Vpr-arrested cells have a 4N
content of DNA and no mitotic indices are present. In addi-
tion, the major regulator of the transition between G2 and M,
Cdc2 kinase, is hyperphosphorylated and exhibits a decreased

activity, although Vpr does not appear to directly inhibit Cdc2
kinase activity (3, 19, 23, 42). The ability of Vpr to influence
the cell cycle likely relates to an earlier observation that Vpr
caused differentiation of rhabdomyosarcoma cells (29). The
cell cycle arrest mediated by Vpr also induces growth arrest in
the yeasts Saccharomyces cerevisiae and Schizosaccharomyces
pombe (33, 52). In S. pombe the Vpr-induced growth arrest was
characterized as arrest at G2 and correlated with increased
phosphorylation of Cdc2 kinase (52). The similarity of these
results to those observed in human cells suggests that Vpr
disrupts a highly conserved cellular process.

Several other effects have been attributed to Vpr although
their significance in viral replication is not well understood.
Vpr has been shown to increase the activity of a variety of
promoters including the HIV-1 long terminal repeat (8). Vpr
isolated from the serum of infected individuals has been shown
to activate virus expression in latently infected cell lines and
resting peripheral blood lymphocytes of infected individuals
(29, 30).

Members of the HIV-2 and SIVMAC families encode vpr and
an additional gene, termed vpx. vpr and vpx share considerable
sequence similarity and are thought to have arisen as a result
of a gene duplication event (45). Although vpr and vpx share
significant homology, their nuclear localization and G2 arrest
properties are segregated in the HIV-2 and SIVMAC groups:
Vpr mediates G2 arrest and Vpx is necessary for nuclear lo-
calization of preintegration complexes in nondividing cells (12,
39). In the simian immunodeficiency virus (SIV) model, the
presence of Vpr increases the viral load and rate of progression
to AIDS and appears to confer a selective advantage to the
virus (26). Other studies have indicated that mutation of either
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vpr or vpx has little effect on pathogenicity but that loss of both
genes results in severe attenuation (14, 21).

Several cellular proteins have been reported to be associated
with Vpr including a 41-kDa cytosolic protein that complexes
with the glucocorticoid receptor protein (41), an unidentified
180-kDa protein (51), Sp1 (48), TFIIB (1) and uracil DNA
glycosylase (4). The roles of these proteins in the various func-
tions attributed to Vpr are not clear.

Vpr-mediated cell cycle arrest is similar in some respects to
the arrest of cells at the G2 phase of the cell cycle induced by
damage to DNA. Certain DNA-damaging agents such as ni-
trogen mustard (HN2) also arrest cells in G2 and have an
inactive Cdc2 kinase (36, 37). We have recently shown that
Vpr-induced G2 arrest can be alleviated by chemical agents
known as methylxanthines, which are known to alleviate the
arrest induced by DNA damage (40). Thus, we propose that
Vpr may interact with components of the cellular DNA repair
pathway that, when activated, signal cells to arrest at the G2
checkpoint of the cell cycle.

In order to further elucidate the pathways utilized by Vpr to
arrest cells in G2, we used the yeast two-hybrid system to
identify human proteins which are potentially capable of phys-
ically associating with Vpr. We isolated a partial cDNA encod-
ing one of the human homologs of the S. cerevisiae Rad23
protein, HHR23A, a protein thought to play a role in DNA
repair. We demonstrate that full-length HHR23A protein
when transiently expressed in HeLa cells interacts physically
with a bacterially expressed recombinant GST/Vpr fusion pro-
tein (GSTVpr). Indirect immunofluorescence and confocal mi-
croscopy indicate that the two proteins colocalize within the
same subcellular region, principally at or about the nuclear
membrane. We also map the Vpr-binding domain in HHR23A
to the carboxy-terminal region of the protein and demonstrate
that a chemically synthesized peptide representing the C-ter-
minal 45 amino acids (aa) of HHR23A binds to GSTVpr.
Significantly, we demonstrate that overexpression of HHR23A
in cells leads to partial alleviation of the G2 arrest induced by
Vpr.

MATERIALS AND METHODS

Yeast strains and media. The yeast strain used in the two-hybrid screen, HF7c
(10), was grown in rich medium, YPD (1% yeast extract, 2% peptone, 2%
dextrose, and 0.02-mg/ml adenine). Transformed strains were grown in complete
minimal drop-out medium with the appropriate supplements (1.6 g of complete
minimal drop-out powder [BIO 101, La Jolla, Ca]/liter, 0.17% yeast nitrogen
base lacking amino acids, 0.5% (NH4)2SO4, 2% dextrose, and 20 mg of adenine/
ml). Yeast strains were grown at 30°C.

Yeast two-hybrid screen. To identify proteins that interact with HIV-1 Vpr, the
complete coding sequence of the HIV-1NL4-3 vpr gene was amplified by PCR and
ligated into the NcoI and BamHI sites of the yeast Gal4DB plasmid pAS2 to
create the plasmid pAS2Vpr. The sequence of the forward or sense primer used
for PCR amplification was 59-AGATCCCATGGAGATGGAACAAGCCCCA
GAAGAC-39. The sequence of the reverse or antisense primer used for PCR
amplification was 59-AGATGGATCCCTAGGATCTACTGGCTCCATTTCTT
G-39. These primers contain NcoI and BamHI sites (underlined) at their 59 ends
for cloning purposes. The sequence of the Vpr insert was determined to ensure
that the Gal4DBVpr fusion was in the correct frame and to verify the Vpr coding
sequences. The primer used for sequencing was derived from the Gal4 DNA
binding domain (Gal4DB) (59-CAGCATAGAATAAGTGCGAC-39). The yeast
reporter strain HF7c was transformed with pAS2Vpr, and transformants were
plated on synthetic drop-out medium lacking tryptophan. A Trp1 colony, des-
ignated B4-2, was further characterized as described below and used in the
two-hybrid screen. pAS2Vpr DNA was recovered from B4-2, and both strands of
the Vpr insert were sequenced by using the Gal4DB primer and a primer derived
from the yeast alcohol dehydrogenase I (AdhI) terminator sequence (59-GCCG
GTAGAGGTGTGGTC-39). Protein lysates were prepared from overnight cul-
tures of B4-2 and analyzed by Western blotting. We detected a fusion protein of
the expected size: approximately 32 kDa. We confirmed that the Gal4DBVpr
fusion protein did not activate the lacZ reporter gene by testing B4-2 in the
b-galactosidase assay described below.

B4-2 was transformed with a yeast expression library that directs expression of
fusion proteins between the Gal4 transcriptional activation domain (Gal4AD)

and HeLa cDNA-encoded proteins (18). Transformants were plated on synthetic
drop-out medium lacking histidine, leucine, and tryptophan. Approximately 104

transformants were plated on each of 59 plates and incubated at 30°C for 5 to 10
days. His1 Leu1 Trp1 colonies were then patched onto synthetic drop-out
medium lacking histidine, leucine, and tryptophan and containing 2.5 mM 3-
amino-(1,2,4)triazole (3-AT). Colonies that were able to grow under these se-
lective conditions were then assayed for b-galactosidase activity. Briefly, His1

Leu1 Trp1 3-AT1 patches were lifted onto reinforced nitrocellulose mem-
branes, frozen briefly (20 s) in liquid nitrogen, thawed at room temperature
(2 min), and overlaid onto Whatman 3MM filters that were saturated with
b-galactosidase buffer (120 mM Na2HPO4 z 7H2O, 40 mM NaH2PO4 z H2O, 10
mM KCl, 1 mM MgSO4 z 7H2O, 0.27% [vol/vol] b-mercaptoethanol [pH 7.0]) in
petri dishes. Filters were incubated at 30°C for 24 h. Of the 600,000 transfor-
mants screened, 173 were His1 Leu1 Trp1 3-AT1 and expressed b-galacto-
sidase activity. As an additional control in the library screening, the library
DNA was omitted in one transformation reaction of B4-2. No His1 Leu1 Trp1

colonies were detected. Plasmid DNA was recovered from positive colonies and
introduced into Escherichia coli MH4, a leuB mutant, by electroporation. Trans-
formants carrying only the library plasmid were selected for by plating on min-
imal medium. Plasmid DNA was isolated from two Leu1 colonies from each
transformation by using the QIAprep Spin Miniprep kit (QIAGEN Inc., Chats-
worth Calif.). Partial sequences of some of the HeLa cDNAs were determined by
using a primer derived from the Gal4AD (59-CCACTACAATGGATGATGTA-
39).

To determine the total number of HHR23A clones isolated in the two-hybrid
screen, plasmid DNA isolated from all of the positives identified in the two-
hybrid screen was immobilized on nitrocellulose filters and probed with a gel
purified 32P-labeled EcoRI fragment isolated from the HHR23A(C10) clone.
Clones that hybridized with the HHR23A probe were sequenced with the
Gal4AD primer to determine the 59 end of the cDNA insert.

Yeast plasmids containing HHR23A cDNA sequences [HHR23A(B213) and
HHR23A(B25)] were tested for target specificity by cotransforming HF7c with
the HHR23A(B213) or HHR23A(B25) library plasmid and pAS2 or a Gal4
DBSNF1 fusion protein. The HHR23A library plasmid did not activate either
the his or lacZ reporter genes in the presence of the Gal4DB or the Gal4DBS
NF1 fusion. The screening was performed as described above.

Standard yeast methods were used throughout (1a) except where otherwise
indicated. DNA sequencing was performed with automated 373A and 377 DNA
sequencers and Taq DyeDeoxy Terminator cycle sequencing kits (Applied Bio-
systems).

Mammalian expression constructs. The dual expression plasmids BSVprThy
and BSVprXThy (23) contain either Vpr or the C-terminal truncation mutant
VprX and the Thy 1.2 coding sequences which are both expressed from tandem
copies of the cytomegalovirus immediate-early promoter unit. These vectors also
contain simian virus 40 transcription termination sequences and an untranslated
intron of the cytomegalovirus immediate-early promoter. The HHR23A(B213)
coding sequence (nucleotides [nt] 589 to 1155) was amplified by PCR from
the HeLa cDNA library plasmid recovered in the two-hybrid screening. The
sequence of the forward primer was 59-CCGCTCGAGATGGACTACAAAGA
CGATGACGATAAAAGAGCCAGCTACAACAAC-39. The sequence of the
reverse primer was 59-CCGACGCGTGGGCTTCGGTGGCCTGGCTTCC-
39. The PCR-amplified fragment was then inserted into the XhoI and MluI
sites of the expression plasmid pXC (39) to create pXCB213. The full-length
HHR23A coding sequence (nt 40 to 1155) was amplified by PCR from the HeLa
cDNA library used in the two-hybrid screening. The sequence of the forward
primer was 59-GAGCCGCTCGAGATGGACTACAAAGACGATGACGATA
AAGCCGTCACCATCACGCTC-39. The sequence of the reverse primer was as
described for the construction of pXCB213. The PCR-amplified fragment was
inserted into the XhoI and MluI sites of PXC to create pXCR23A. The forward
primers contain an XhoI site, a translation initiation site, and the M2 FLAG
epitope tag (underlined) at their 59 ends. The reverse primer contains an MluI
site at its 59 end. The DNA sequences of all of the HHR23A inserts in the
plasmids described above were confirmed by sequence analysis. The HHR23A
DNA containing a frameshift at aa 346 is designated pXCR23Atrunc.

BSXCHACdc2 was constructed by PCR amplification of the Cdc2 coding
sequences in pOB231-Cdc2 (28). The sequence of the forward primer used was
59-CGGGCTCGAGATG TACCCATACGATG T TCCAGAT TACGCCATGG
AAGAT TATACCAAA-39. The sequence of the reverse primer was 59-CGGG
GATATCCTACATCTTCTTAAT-39. The PCR-amplified fragment was then
inserted into the SalI and SmaI sites of pUC19 to create an intermediate vector.
The Cdc2 coding sequence was then inserted into the PstI and EcoRI sites of the
expression plasmid BSXCVpr to create BSXCHACdc2.

Cells. HeLa cells were grown in Dulbecco’s modified Eagle’s medium supple-
mented with calf serum (10%), penicillin (100 U/ml), and streptomycin (100
mg/ml). At 18 to 24 h prior to transfection, cells were plated in six-well plates at
a density of 2 3 105/well. HeLa cells were cotransfected with either BSVprThy
or BSVprXThy and a 20-fold molar excess of either pXC, pXCB213, pXCR23A,
or pXCR23Atrunc by using Lipofectin (Gibco BRL) as directed by the manu-
facturer. Forty-eight hours after transfection cells were analyzed by indirect
immunofluorescence, confocal microscopy, and flow cytometry as described be-
low.
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Indirect immunofluorescence and confocal microscopy. Forty-eight hours af-
ter transfection, cells were plated on chamber slides in growth medium. Twenty-
four hours later, growth medium was aspirated and cells were washed with
phosphate-buffered saline (PBS), fixed in 4% paraformaldehyde (in PBS) for 15
to 20 min at room temperature, permeabilized with 0.2% Triton X-100 (Sigma)
for 10 min at room temperature, and washed with FACS buffer (PBS, 2% fetal
calf serum, 0.2% sodium azide). After being washed, cells were incubated with a
mouse 12CA5 monoclonal antibody (diluted 1:300 in FACS buffer) for 60 min at
37°C. After several washes with FACS buffer, cells were incubated with a goat-
anti-mouse antibody conjugated with phycoerythrin (Molecular Probes, Eugene,
Oreg.) for 60 min at 37°C. The dually transfected cells were then stained with a
mouse M2 FLAG monoclonal antibody (diluted 1:300 in FACS buffer) (Eastman
Kodak Co., Rochester, N.Y.) as described above, followed by incubation with a
fluorescein isothiocyanate (FITC)-conjugated goat-anti-mouse immunoglobulin
G1 antibody (Caltag, San Francisco, Calif.). After being washed in FACS buffer
the slides were preserved in mounting medium (2.4 g of gelvatol 20-30 [Sigma]
added to 6 g of glycerol. After being mixed, 6 ml of water was added, and the
solution was left at room temperature for several hours. After the addition of 12
ml of 0.2 M Tris (pH 8.5), the solution was incubated at 50°C for 10 min, followed
by clarification by centrifuging at 5,000 3 g for 15 min. DABCO [Sigma] was
added to 2.5% to reduce fading. The solution was stored at 4°C.) Background
staining was controlled for by omission of the incubation step with one or both
of the primary antibodies to establish that the FITC-conjugated goat-anti-mouse
immunoglobulin G1 antibody did not cross-react with the mouse 12CA5 anti-
body. In all cases background was negligible.

Images were acquired on a Zeiss confocal microscope (Model LSM 410;
krypton-argon laser) with a 40X/1.3 oil immersion lens. Image analysis was done
using AVS software on a Silicon Graphics computer. The fluorescence intensity
of Vpr was coded linearly into the red half of the spectrum and that of the
HHR23A protein was coded linearly into the blue half. Since the images were
acquired sequentially at a fixed setting of the confocal microscope they may be
superimposed to reveal colocalization. The superimposed images are a graphical
representation of the cross-correlation function; where high values of Vpr in-
tensity (red) cross-correlate with high values of HHR23A (blue), the resulting
lavender signifies colocalization. Fluorochrome bleed-through was ruled out by
imaging each channel through the filter for the other channel: both results were
negative.

Flow cytometry. Forty-eight hours after transfection, cells were stained with a
monoclonal antibody to the murine Thy1.2 cell surface protein directly conju-
gated with FITC as previously described (23). After being stained, cells were
washed and resuspended in hypotonic buffer containing propidium iodide (PI)
(3.4 mM sodium citrate, 0.3% Triton X-100, 0.1-mg/ml PI, 0.02-mg/ml RNase A)
(25), incubated on ice for 10 min, and analyzed by flow cytometry using the Lysis
II software (Becton Dickson). A total of 5,000 events were acquired for each
sample. Gates were set to exclude clumps and cell debris and on the Thy1.22 and
Thy1.21 populations. The Thy1.22 and Thy1.21 populations were distinguished
by comparing the staining pattern of Thy1.2-transfected populations to that of a
mock-transfected population of cells. After acquisition of 5,000 events an addi-
tional 1,000 to 1,500 Thy1.21 events were acquired for each sample. The G1
versus G2/M ratios presented in Fig. 6 are those calculated from the Thy1.21

cells. The Thy1.2-FITC fluorescence intensity is plotted on the x axis and the
fluorescence intensity of the PI is plotted on the y axis.

Expression of GST fusion proteins in bacteria. The HIV-1NL4-3 coding se-
quence was amplified by PCR and ligated into the BamHI (blunt ended) and
HindIII sites of pGEX-KG (15) to produce pGEXVpr. E. coli BL21(DE3) was
transformed with the pGEXVpr or pGEX expression plasmid. Cultures (20 ml)
were grown overnight at 30°C and were then transferred to 1 liter of growth
medium and grown at 30°C to an optical density at 600 nm of 1.0 (2.5 to 3.0 h).
Isopropyl-D-thiogalactopyranoside was added to a final concentration of 1 mM.
After 5 h of induction at 30°C, cells were harvested and resuspended in PBS (100
ml). Cells were placed on ice, and after the addition of Nonidet P-40 (NP-40)
(0.1%), they were disrupted by sonication (500 W) five times (1 min/pulse).
Lysates were centrifuged for 60 min (100,000 3 g) at 4°C. The GSTVpr lysate
was dialyzed overnight at 4°C against PBS to increase the yield of purified
protein. Glutathione-Sepharose resin (3 ml) which had been pre-washed with
PBS was then added to the dialysate or lysate (in the case of glutathione S
transferase [GST]), and the suspension was rocked gently at room temperature
for 30 min. GST proteins bound to glutathione-Sepharose resin were then col-
lected by centrifugation and washed five times (5 min/wash) with PBS (10 ml).
After the final wash, the resin was resuspended in PBS (3 ml) and packed into a
column. After the column was washed with PBS (10 ml), GST proteins were
eluted with 5 ml of glutathione elution buffer (50 mM Tris HCl [pH 8.0], 10 mM
glutathione [reduced]). Fractions were collected and analyzed by polyacrylamide
gel electrophoresis (PAGE). Those fractions containing GSTVpr protein were
pooled and dialyzed against PBS. Protein concentration was determined by the
Bradford method. Purified proteins were stored at 270°C.

Ex vivo binding assay. Cell lysates used in the binding assay were prepared in
the following manner. Forty-eight hours after transfection cells were lifted from
plates and washed once in PBS. Cells were then collected by centrifugation,
resuspended in lysis buffer (50 mM NaCl, 25 mM Tris [pH 8.0], 0.5% NP-40,
aprotinin [0.007 trypsin inhibitor units], (1.0-mg/ml) leupeptin, and 0.05-mg/ml
phenylmethylsulfonyl fluoride), and incubated on ice for 10 to 20 min. After the

cell suspensions were passed through a 20-gauge needle five times, the lysates
were spun for 20 min at 4°C. Supernatants were transferred into fresh tubes and
stored at 220°C. For the binding reactions 30 ml of cell lysate was diluted in
binding buffer (50 mM NaCl, 25 mM Tris [pH 8.0]) to a final volume of 250 ml
(for a final concentration of 50 mM NaCl, 25 mM Tris [pH 8.0], 0.1% NP-40) and
then incubated with 20 ml of glutathione-Sepharose resin, which had been pre-
washed in binding buffer that contained 0.1% NP-40, for 30 min at 4°C. Samples
were spun briefly, and the supernatants were transferred to fresh Eppendorf
tubes. GSTVpr or GST (3 mg) was added to each reaction, and samples were
gently rocked at 4°C for 2 to 3 h. Glutathione-Sepharose resin (20 ml) was added
to each reaction, and samples were gently rocked for 30 min at 4°C. Samples
were washed once in binding buffer that contained 0.1% NP-40 (150 ml) and
briefly spun, and all of the wash buffer was carefully removed from the pellet.
After the addition of 20 ml of Laemmli buffer, samples were boiled for 5 min and
centrifuged in a microcentrifuge at the highest setting for 5 min, and the super-
natant (approximately 18 ml) was applied to a 20% polyacrylamide gel and
analyzed by Western blotting.

In vitro binding assay. Peptides corresponding to the C-terminal 45 aa of the
full-length HHR23A and HHR23B proteins were biochemically synthesized.
For detection purposes the peptides were synthesized with a biotin tag on the
amino terminus. The aa sequences of the peptides are as follows: HHR23A,
N-QEKEAIERLKALGFPESLVIQAYFACEKNENLAANFLLSQNFDDE-C;
HHR23B, N-QEKEAIERLKALGFPEGLVIQAYFACEKNENLAANFLLQQ
NFDED-C. Peptides were resuspended in purified water (1 mg/ml), and the pH
was adjusted to 7.0 with 100 mM NaOH. Aliquots were stored at 270°C and
thawed just prior to use. The binding reactions contained 10 mg of GSTVpr or
GST and 50 mg of HHR23A or HHR23B peptide in a 200-ml reaction volume of
buffer A (20 mM Tris [pH 7.5], 100 mM NaCl, 5 mM dithiothreitol [DTT]). After
a 1- to 2-h incubation at 4°C, 100 ml of glutathione-Sepharose was added to each
reaction. The glutathione-Sepharose was prepared by washing 0.5 ml of the
suspension obtained from the manufacturer three times in buffer B (20 mM Tris
[pH 7.5], 100 mM NaCl, 1 mM DTT) (1 ml/wash) and then resuspending it in a
final volume of 2.0 ml of buffer B. After a 15-min incubation at room tempera-
ture, the binding reactions were washed five times (1 ml/wash) in buffer C (20
mM Tris [pH 7.5], 300 mM NaCl, 0.1% NP-40, 1 mM DTT). All of the final wash
buffer was carefully removed, and 30 ml of Laemmli buffer was added to the
pellets. After being boiled for 5 min, samples were spun in a microcentrifuge for
5 min at the maximum setting, and 8 ml of each reaction was analyzed by PAGE
(23% gel) and Western blotting.

The competition experiment was performed as described above with the fol-
lowing exception. After a 2-h incubation of GSTVpr or GST and HHR23A
peptide at 4°C, increasing amounts of unbiotinylated HHR23A peptide were
added to reactions in a 120-ml volume of buffer A and incubation at 4°C was
extended for 1 to 2 h. Ten microliters of each reaction was analyzed by Western
blotting.

Western blot analysis. Proteins were separated by PAGE and electroblotted to
nitrocellulose membranes. Blots were incubated with mouse monoclonal anti-
bodies specific for either the hemagglutinin or M2 FLAG (Eastman Kodak Co.)
epitopes. This was followed by incubation with a horseradish-peroxidase-linked
sheep anti-mouse immunoglobulin (Amersham Life Science Inc.). Antibody
binding was detected with the ECL detection kit (Amersham Life Science Inc.).
In the case of the in vitro binding reactions, biotinylated peptides were detected
by incubation with streptavidin conjugated with horseradish peroxidase (Amer-
sham Life Science Inc.).

RESULTS

Identification of cellular proteins interacting with Vpr
through a yeast two-hybrid screen. We utilized a yeast two-
hybrid screen to identify cDNAs encoding human proteins
capable of interacting with HIV-1 Vpr (11). To create the tar-
get for the two-hybrid screen we ligated the complete coding
sequence of the HIV-1NL4-3 vpr gene to the yeast Gal4DB in
a plasmid that directs the expression of a fusion protein
(Gal4DBVpr) in yeast. The target plasmid was cotransformed
into the yeast reporter strain HF7c with a yeast expression
library that directs expression of fusion proteins between the
Gal4AD and HeLa cDNA-encoded proteins. We identified
multiple positive clones. Among positives obtained in the two-
hybrid screen we identified uracil DNA glycosylase (UNG)
previously reported by others as a Vpr-interacting protein (4).
Sequence analysis of one of the other positive clones revealed
that the cDNA encoded the carboxy-terminal fragment of a
protein identical to one of the human homologs of the S. cer-
evisiae Rad23 protein, HHR23A (34). An alignment of the two
human homologs of Rad23, HHR23A and HHR23B, and the
S. cerevisiae Rad23 protein is shown in Fig. 1. The N terminus
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of the longest cDNA clone we obtained in the two-hybrid
screening, designated HHR23A(B213), is indicated above the
HHR23A sequence. The yeast and human Rad23 proteins
function in the nucleotide excision repair (NER) DNA repair
pathway (35, 44). HHR23B functions in NER in the global
genome repair pathway as part of a complex with the xero-
derma pigmentosum complementation group C protein (XPC)
(34). HHR23A has also been found to complex with XPC
(17a). HHR23A and -B share extensive overall homology to
each other and contain two copies of a highly conserved 50-aa
acidic domain that is conserved among all the Rad23 homologs
(see Fig. 1). This acidic repeat domain shares homology to the
C-terminal extension of a bovine ubiquitin conjugating enzyme
(UBC), E2(25K) (47). HHR23A(B213) encodes the C-termi-
nal portion of HHR23A which includes the entire C-terminal
conserved repeat domain and a portion of the internal con-
served repeat domain.

It is noteworthy that the strain of yeast expressing the
Gal4DBVpr fusion was growth impaired compared to those
expressing the Gal4DB alone or a fusion between the Gal4DB
and the yeast kinase SNF1 (Gal4DBSNF1). This suggested
that expression of the Gal4DBVpr fusion induced growth ar-
rest to some extent in S. cerevisiae, as has been reported by
other investigators (33). The presence of the plasmid encoding
Gal4ADHHR23A(B213) resulted in the restoration of a nor-
mal growth rate. Restoration of the growth-impaired pheno-

type was not seen when either Gal4AD alone or a fusion
between the Gal4AD and an irrelevant protein (Gal4ADSNF4)
was coexpressed with Gal4DBVpr (data not shown). These
controls allowed us to establish that the Gal4DBVpr fu-
sion protein (i) interacted specifically with Gal4ADHHR23A
(B213) and (ii) interacted with the HHR23A portion of the
Gal4ADHHR23A(B213) fusion protein and not the Gal4AD
portion.

Interaction between GSTVpr and HHR23A expressed in
cells. In order to confirm a direct physical interaction between
HHR23A and Vpr, we tested the ability of the full-length
HHR23A protein transiently expressed in HeLa cells to bind
to a recombinant fusion protein between GST and Vpr
(GSTVpr). The complete coding sequence of the HIV-1NL4-3
vpr gene was ligated to GST sequences in a plasmid that al-
lowed expression of a chimeric fusion protein in bacteria.
GSTVpr was purified from bacteria by affinity chromatography
on glutathione-Sepharose. To produce full-length HHR23A
we constructed an expression vector containing the complete
coding sequence of HHR23A with an N-terminal FLAG
epitope tag to facilitate detection by Western blotting. (These
plasmids were also cotransfected with a plasmid encoding Vpr
or a mutant form of Vpr, VprX, for subsequent cell cycle
analysis [see below].) Forty-eight hours after transfection,
HeLa cells were lysed and lysates were analyzed by Western
blotting. Both the full-length HHR23A and HHR23A(B213)
proteins were expressed in HeLa cells (Fig. 2A). Lysates were
then used in an ex vivo binding assay. GSTVpr-associated
proteins were selectively recovered by affinity binding to glu-
tathione-Sepharose beads. The ability of HHR23A to bind to
GSTVpr was determined by Western blot analysis of GSTVpr-
associated proteins with a monoclonal antibody directed to-
ward the M2 FLAG epitope (Fig. 2B). We detected HHR23A
bound to GSTVpr but were unable to detect HHR23A when
GST was used in the binding reaction. This result provides
evidence for a direct interaction between Vpr and the full-
length HHR23A and confirms and extends the genetic data
obtained through the yeast two-hybrid screen.

Subcellular localization and colocalization of Vpr and
HHR23A in transfected cells. Since we detected binding of the
full-length HHR23A to GSTVpr, we determined whether
these proteins colocalized to the same subcellular compart-
ments and whether the subcellular localization of the individ-
ual proteins, when expressed alone, was altered by the pres-
ence of the other. Vpr has previously been reported to localize
in the nucleus (9a). Similarly, indirect immunofluorescence
studies of endogenous HHR23A in HeLa cells have demon-
strated nuclear localization during interphase (46).

To define the intracellular distribution of Vpr and HHR23A
we performed indirect immunofluorescence assays of HeLa
cells expressing either Vpr, HHR23A, or the truncated form,
HHR23A(B213), alone or Vpr and HHR23A or HHR23A
(B213) together and analyzed them by confocal microscopy.
We found that HHR23A is localized primarily in the perinu-
clear region (Fig. 3A). HHR23A(B213) was also localized pri-
marily in the perinuclear region (Fig. 3D). The discrepancy in
cellular localization of HHR23A with the previously observed
nuclear localization may be due to differences in the fixation
and staining protocols or to our use of confocal microscopy. As
previously reported, Vpr localized primarily in the nucleus
(Fig. 3B and E) (9a). We also observed a concentration of
Vpr in the perinuclear region. In cells expressing both Vpr
and HHR23A or HHR23A(B213), there was a colocalization
of Vpr and HHR23A within the nucleus and, in particular, in
the perinuclear region (Fig. 3C). Similar colocalization was
observed with Vpr and HHR23A(B213) (Fig. 3F). As a further

FIG. 1. Amino acid sequence alignment of the yeast S. cerevisiae Rad23
protein and the two human homologs HHR23A and HHR23B. The N ter-
minus of the longest HHR23A clone isolated in the two-hybrid screen, HHR23A
(B213), is indicated with an arrow above the HHR23A sequence. The highly
conserved internal repeat domain homologous to members of the ubiquitin
pathway is indicated by the boxed regions. The numbers on the left are those of
the amino acid residues of HHR23A. (This figure is adapted from Fig. 1 of
reference 47). The dots indicate gaps in the sequence, dashes indicate identical
amino acids, and asterisks indicate stop codons.
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control, we tested whether another nuclear protein, Cdc2,
would colocalize with HHR23A(B213). When the proteins
were coexpressed in cells, Cdc2 was located primarily through-
out the nucleus (Fig. 3H) and HHR23A(B213) was located in
the perinuclear region (Fig. 3G). The proteins did not colocal-
ize within the perinuclear region (Fig. 3I). These results dem-
onstrate that Vpr and HHR23A, when coexpressed in cells, are
both present within the same subcellular region. The colocal-
ization of HHR23A and Vpr in cells is consistent with the
demonstration of a physical interaction between HHR23A and
GSTVpr.

Mapping domains of HHR23A which interact with Vpr. We
screened the panel of positive clones identified in the two-
hybrid screen to identify all Gal4ADHHR23A cDNA fusion
proteins encoding fragments of the HHR23A coding se-
quences which interacted with Vpr. We identified a total of
eight Gal4ADHHR23A clones encoding fusion proteins of
various lengths which maintained interaction with Gal4DBVpr
in the yeast two-hybrid screen. Sequence analysis of these
clones identified a common 45-aa C-terminal region of
HHR23A which was present in all clones (Fig. 4). Interest-
ingly, this domain corresponds to the 50-aa domain identi-
fied by sequence analysis that shares homology to members
of the ubiquitination pathway including the C-terminal ex-
tension of a bovine ubiquitin conjugating enzyme, E2(25K),
which is thought to promote interaction with its substrate
and/or function in cellular localization.

The 45-aa C-terminal portion of HHR23A is sufficient for
binding to GSTVpr. To further characterize the HHR23A se-
quences required for interaction with Vpr we examined the
ability of the 45-aa HHR23A domain identified in the two-
hybrid system to bind to GSTVpr in vitro. We chemically
synthesized a peptide corresponding to the 45-aa C-terminal
portion of HHR23A and tested it for binding to the GSTVpr
fusion protein (Fig. 5A). To visualize the peptide following
affinity binding with glutathione-Sepharose and Western blot-
ting, the peptide was synthesized with a biotin tag on the amino

terminus. We found that the peptide derived from the 45-aa C
terminus of HHR23A specifically bound to GSTVpr but not to
GST and binding could be competed with increasing amounts
of unlabeled HHR23A peptide (Fig. 5B). These results con-
firm that the conserved carboxy-terminal region of HHR23A
comprises a binding domain for Vpr.

There are two homologs of the yeast Rad23 gene product in
human cells, HHR23A, identified here, and HHR23B. The
45-aa C-terminal portion of HHR23A constitutes most of the
50-aa repeat element that is highly conserved between the two
human homologs: the corresponding region of HHR23B dif-
fers by only 4 aa (see Fig. 1). Thus, we determined if a
synthetic peptide derived from the 45-aa C-terminal region
of HHR23B would also bind to GSTVpr in the in vitro assay.
We found that the HHR23B peptide did specifically bind to
GSTVpr but not to GST (Fig. 5A). Thus, although not de-
tected through the yeast two-hybrid screen, it is possible that
HHR23B may also interact with Vpr in cells.

Overexpression of HHR23A partially alleviates Vpr-medi-
ated cell cycle arrest. Expression of Vpr in cells results in an
arrest at the G2 phase of the cell cycle. One prediction for a
cellular protein that interacts with Vpr and that is involved in
the cell cycle arrest phenotype would be that overexpression
might result in alleviation of Vpr-induced G2 arrest. We tested
this hypothesis by cotransfecting HeLa cells with HHR23A
(B213) and Vpr expression plasmids. The HHR23A(B213)
expression plasmid pXCB213 encodes the above-mentioned
C-terminal portion of HHR23A which includes the entire C-
terminal conserved repeat domain and a portion of the internal
conserved repeat domain. The Vpr expression plasmid BSVpr-
Thy contains, in addition to the Vpr coding sequences, the
Thy1.2 cell surface reporter which allows us to distinguish by
flow cytometry successfully transfected cells expressing Thy1.2
and to simultaneously assess cell cycle status of transfected and
nontransfected cells (23). The HHR23A(B213)-encoding con-
struct was cotransfected in approximately a 20-fold molar ex-
cess over BSVprThy to ensure that the majority of cells which

FIG. 2. (A) Expression of full-length HHR23A and HHR23A(B213) in HeLa cells. HeLa cells were transfected by using Lipofectin with a Vpr expression vector,
BSVprThy, or a mutant Vpr expression vector, BSVprXThy, and a 20-fold molar excess of either pXC, the full-length HHR23A expression vector pXCR23A, or
pXCB213, which expresses the longest HHR23A cDNA isolated in the two-hybrid screen. Forty-eight hours after transfection lysates were prepared and analyzed by
Western blotting. Blots were sequentially incubated with mouse monoclonal antibodies specific for the M2 FLAG epitope and a horseradish peroxidase-linked sheep
anti-mouse immunoglobulin. Antibody binding was detected by using the ECL detection kit. All transfections were performed in duplicate. The full-length M2-tagged
HHR23A protein migrates between the 45- and 66-kDa molecular mass markers, and the M2-tagged HHR23A(B213) protein migrates just below the 30-kDa marker.
(B) GSTVpr binds to full-length HHR23A expressed in cells. GSTVpr or GST was mixed with lysates isolated from HeLa cells co-transfected with BSVprXThy and
pXCR23A (full-length HHR23A). After a 4-h incubation at 4°C with gentle rocking, GST-bound proteins were selectively recovered with the addition of glutathione-
Sepharose. Protein complexes bound to glutathione beads were subjected to PAGE, transferred to nitrocellulose, and visualized by chemiluminescence after sequential
binding of a primary monoclonal antibody specific for the M2 epitope and a secondary antibody conjugated to horseradish peroxidase. Lane 1, lysate (5 ml) from HeLa
cells cotransfected with BSVprXThy and pXCR23A and used in the binding assay; lane 2, lysate from BSVprXThy-pXCR23A cotransfected cells (30 ml) incubated with
GSTVpr; lane 3, lysate from BSVprXThy-pXCR23A cotransfected cells (30 ml) incubated with GST. The position of the full-length M2-tagged HHR23A is just below
the 66-kDa molecular mass marker. The Western blot shown was also probed with an antibody to GST (data not shown). Equal amounts of GSTVpr and GST were
recovered on the glutathione-Sepharose beads.
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express Vpr and Thy1.2 would also express HHR23A(B213).
Figure 6a shows the effect of Vpr on transfected cells. The
Thy1.2-negative cells (to the left of the x axis gate) show a
normal cycling cell cycle profile. The Thy1.2-positive cells
(to the right of the x axis gate) are transfected and show the
typical arrested phenotype of cells expressing Vpr (23). These
cells expressing Thy1.2 and Vpr showed a G1/G2 ratio of 0.15
(Fig. 6a, panel A). We found that coexpression of Vpr and
HHR23A(B213) resulted in a significant reduction in the de-
gree of cell cycle arrest. The G1/G2 ratio of the Thy1.21 pop-
ulation was approximately 1.2 (Fig. 6a, panel C). Cells that
were mock transfected or transfected with a plasmid encoding
a mutant form of Vpr, VprX, had a normal cell cycle profile

with G1/G2 ratios of approximately 2.8 and 2.1, respectively
(Fig. 6a, panels E and B). These results demonstrate that
overexpression of a fragment of HHR23A which contains the
region required for binding to GSTVpr in vitro results in a
partial alleviation of Vpr-induced cell cycle arrest. This result
provides support for the hypothesis that the interaction of Vpr
with HHR23A is critical for the Vpr-induced cell cycle arrest
phenotype.

We also tested whether coexpression of full-length HHR23A
and Vpr would alleviate the Vpr-induced cell cycle arrest (Fig.
6b) (for ease of visualization, only the Thy1.21 populations are
shown). Our results demonstrate that expression of full-length
HHR23A alleviated Vpr-induced cell cycle arrest (Fig. 6b,

FIG. 3. HHR23A colocalizes with Vpr in transfected HeLa cells. HeLa cells were transfected with the indicated expression plasmids as described in Materials and
Methods. Cells were stained with 12 CA5 monoclonal antibody (Vpr, Cdc2) or M2 FLAG monoclonal antibody [HHR23A, HHR23A(B213)] as described in Materials
and Methods. Images were acquired on a Zeiss confocal microscope, and the fluorescence intensity was coded into the red half (Vpr, Cdc2) or the blue half [HHR23A,
HHR23A(B213)] of the spectrum. Images acquired at the same plane were superimposed to show colocalization, which appears as lavender. (A) HHR23A, blue; (B)
Vpr, red; (C) HHR23A and Vpr, lavender; (D) HHR23A(B213), blue; (E) Vpr, red; (F) HHR23A(B213) and Vpr, lavender; (G) HHR23A(B213), blue; (H) Cdc2,
red; (I) HHR23A(B213) and Cdc2, lavender.
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panel E) although consistently to a lesser extent than that
observed with HHR23A(B213) (compare panels C and E).

We conducted further studies to demonstrate that the par-
tial alleviation of Vpr-induced G2 arrest is due to an intra-
cellular interaction of Vpr with the C-terminal portion of
HHR23A. An HHR23A mutant, HHR23A-trunc, that has a
frameshift in the middle of the C-terminal Vpr binding domain
at aa 346 was tested for its ability to alleviate Vpr-induced G2
arrest. This frameshift results in expression of a protein that
contains 10 additional aa following the frameshift site and
deletion of the C-terminal 17 aa of HHR23A. We found that
this mutation at the C terminus of HHR23A was sufficient to
abolish the alleviation of G2 arrest seen with the full-length
wild-type protein (Fig. 6b, panel G). In addition, deletion of 45
aa of the highly conserved C-terminal UBA domain from
HHR23A(B213) results in abrogation of alleviation of Vpr-
induced G2 arrest (data not shown). In order to rule out the
possibility that alleviation of G2 arrest was due to inhibition of
Vpr expression when HHR23A or HHR23A(B213) were over-
expressed in cells we assessed the relative levels of Vpr expres-

sion in the presence and absence of HHR23A expression.
Western blots of cell lysates from the samples shown in Fig. 6b
were probed simultaneously with antibodies to the hemagglu-
tinin (Vpr) and M2 (HHR23A) epitope tags. We saw similar
levels of Vpr expression in lysates regardless of the presence of
HHR23A, HHR23A-trunc, or HHR23A(B213) (data not
shown). These results provide further evidence for the inter-
action between the C-terminal portion of HHR23A and Vpr.

DISCUSSION

Our results demonstrate that Vpr binds directly to a human
cellular protein, HHR23A. Using the yeast two-hybrid system
to screen for cDNAs encoding cellular proteins that interact
with HIV-1 Vpr, we have isolated a cDNA which partially
encodes one of the human homologs of the yeast rad23 gene,
HHR23A. We have also demonstrated binding of full-length
HHR23A from cell lysates with a recombinant GST-Vpr fusion
protein. We confirmed the interaction between Vpr and
HHR23A in vitro using recombinant proteins and synthetic
peptides and mapped the Vpr interaction domain to a C-
terminal domain of HHR23A. We demonstrated colocaliza-
tion of HHR23A and Vpr in HeLa cells transiently expressing
immunotagged HHR23A and Vpr by indirect immunofluores-
cence and confocal microscopy. Most significantly, we have
shown that overexpression of HHR23A leads to a partial alle-
viation of Vpr-induced G2 arrest. This finding provides func-
tional evidence that Vpr and HHR23A interact in cells and
that this interaction has biological consequences with regard to
Vpr-mediated cell cycle arrest.

Cellular function of HHR23A. HHR23A is one of two hu-
man homologs of the S. cerevisiae rad23 gene (34). The rad23
gene is a nonessential gene that encodes a 42-kDa acidic pro-
tein that functions in NER in yeast (44). Ex vivo coimmuno-
precipitation studies have demonstrated that yeast Rad23 is
one component of a higher-order protein complex consisting
of the multisubunit transcription factor TFIIH and Rad14,
a zinc metalloprotein that binds specifically to UV-damaged

FIG. 4. Alignment of HHR23A and the eight different cDNA clones identi-
fied in the two-hybrid screen for proteins that interact with HIV-1 Vpr. The
cDNAs encode proteins with the following lengths: B25, 45 aa; B236, 46 aa; C3,
59 aa; C16, 62 aa; C108, 112 aa; C10, 150 aa; C180, 174 aa; B213, 179 aa. The
highly conserved internal repeat UBA domains are indicated as black boxes.

FIG. 5. GSTVpr binds to the 45-aa C-terminal portion of HHR23A and HHR23B which includes the highly conserved internal repeat domain. (A) Ten micrograms
of GSTVpr or GST was mixed with 50 mg of biotinylated HHR23A or HHR23B peptide and incubated at 4°C for 1 h. GST-containing complexes were selectively
recovered by using glutathione-Sepharose beads. Protein complexes bound to the glutathione beads were subjected to PAGE, transferred to nitrocellulose, and
visualized with streptavidin conjugated to horseradish peroxidase by using chemiluminescence. (B) The 45-aa C terminus of HHR23A bound specifically to GSTVpr
and could be competed with increasing amounts of unlabeled HHR23A peptide. Ten micrograms of GSTVpr or GST was mixed with 50 mg of biotinylated HHR23A
or HHR23B peptide and incubated at 4°C for 1 h. Increasing amounts of unbiotinylated HHR23A peptide were then added to the binding reactions. GST-containing
complexes were selectively recovered and visualized as described for panel A. The Western blots shown in panels A and B were also probed with an antibody to GST
(data not shown). Equivalent amounts of GSTVpr and GST were recovered on the glutathione-Sepharose beads.
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DNA (16, 17). Rad23 facilitates complex formation between
Rad14 and TFIIH via interaction with Rad14 and the Rad25
and TFB1 components of TFIIH.

The cellular function of HHR23A and HHR23B is less well
characterized than that of the yeast homolog. HHR23B was
originally identified in association with the XPC protein, the
putative homolog of the yeast Rad4 protein. XPC and
HHR23B form a protein complex that corrects the DNA re-
pair defects of human cells from patients with xeroderma pig-
mentosum complementation group C (XPC) (34). In vitro
reconstitution studies have demonstrated that HHR23B exhib-

its a stimulatory effect on the correcting activity of XPC
(44). These results indicate that HHR23B functions in the
NER pathway known as the global genome repair pathway,
the mode of repair that is defective in XPC cells. Recently,
it has been shown that like HHR23B, HHR23A also binds to
XPC both in vitro and in cells (17a, 30a). HHR23A also
exhibits a stimulatory effect on the DNA repair correcting
activity of XPC in vitro (17a). Unlike XPC, which exhibits a
high affinity for single-stranded DNA, neither HHR23A or
-B exhibits an affinity for single-stranded or double-stranded
DNA.

FIG. 6. Alleviation of Vpr-induced cell cycle arrest by overexpression of the
179-aa C-terminal portion of HHR23A, HHR23A(B213), or the full-length
HHR23A. HeLa cells were cotransfected with either BSVprThy or BSVprXThy
(0.3 g) and a 20-fold molar excess of either pXC (3.2 mg), pXCB213 (4.0 mg),
pXCR23A (4.0 mg), or pXCR23Atrunc (4.0 mg). In some cases shown, duplicate
cotransfections were analyzed. Forty-eight hours later, cells were stained with a
monoclonal antibody to the murine Thy 1.2 cell surface protein directly conju-
gated with FITC by using a modification of the method described by Jowett et al.
(23). After being stained, cells were washed and resuspended in FACS buffer
containing PI and analyzed by flow cytometry with the Lysis II software (Becton
Dickinson) as described previously (23). The Thy1.2 FITC fluorescence intensity
is displayed on a log scale on the x axis as FL1 height. The P1 fluorescence is
displayed on a linear scale on the y axis as FL2 area. The ratio of the Thy 1.21

cells in the G1 versus G2/M phase of the cell cycle is shown to the right of the dot
plots. In Fig. 6a, panel E, the G1 versus G2/M ratio represents that of the total
population. Note that the total cell populations are shown for Fig. 6a but for ease
of comparison only the Thy1.2-positive populations are shown for Fig. 6b. All
transfections and analysis for Fig. 6a and b, respectively, were performed in
parallel. (a) Panel A, BSVprThy and pXC; panel B, BSVprXThy and pXC; panel
C, BSVprThy and pXCB213 [Vpr protein and HHR23A(B213) protein]; panel
D, BSVrpXThy and pXCB213 [truncated Vpr protein and HHR23A(B213)
protein]; panel E, mock-transfected cells. (b) Panel A, BSVprThy and pXC;
panel B, BSVprXThy and pXC; panel C, BSVprThy and pXCB213; panel D,
BSVrpXThy and pXCB213; panel E, BSVprThy and pXCR23A (Vpr and full-
length HHR23A proteins); panel F, BSVrpXThy and pXCR23A (truncated Vpr
and full-length HHR23A proteins); panel G, BSVprThy and pXCR23Atrunc
(Vpr and truncated HHR23A proteins); panel H, BSVrpXThy and pXCR23A
trunc (truncated Vpr and truncated HHR23A proteins).
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Identification of the Vpr-interacting domain of HHR23A.
HHR23A and its counterpart HHR23B encode acidic proteins
of 40 and 43 kDa, respectively, that share extensive overall
homology with each other (57% identity and 76% similarity)
and with the rad23 gene of S. cerevisiae (30 to 34% identity and
41% similarity). All of the Rad23 homologs identified to date,
including human and mouse, share the following structure: a
basic N-terminal ubiquitin-like domain followed by a highly
conserved 50-aa acidic domain, termed the UBA domain, that
is repeated at the C terminus. The function of the N-terminal
ubiquitin-like domain is unknown. In S. cerevisiae, it is essential
for the biological function of Rad23 but does not appear to
mediate proteolytic degradation. The 50-aa repeated UBA
domain shares homology with members of the ubiquitination
pathway including a C-terminal extension of a bovine ubiquitin
conjugating enzyme, E2(25K). Both repeats are fully con-
served between the human and murine homologs, suggesting a
functional role for this region possibly in the ubiquitination
pathway (22, 47). The eight different HHR23A cDNAs iso-
lated in the two-hybrid screen enabled us to localize the region
of HHR23A required for interaction with Vpr to the C-termi-
nal 45 aa of HHR23A. Peptides comprising a region as small as
45 aa are sufficient to bind to GST-Vpr. The corresponding 45
aa of HHR23B also bind to GSTVpr.

Models for Vpr-induced G2 arrest. We previously proposed
a hypothesis that Vpr may work by interfering with normal
signal transduction processes involved in DNA repair (23, 40).
Vpr may interact with a component(s) of a signal transduction
pathway that (i) allows a cell to recognize the presence of DNA
damage and thus arrest at the G2 checkpoint, (ii) participates
in DNA repair, or (iii) signals a cell that DNA damage is
repaired and that mitosis can proceed. This proposal was based
upon similarities between the effects of Vpr and the effects of
certain DNA-damaging agents. Both Vpr and DNA-alkylating
agents can cause cells to arrest or accumulate at the G2 phase.
Cdc2 kinase, a key regulator of the transition of cells from G2
to M, is inactive in Vpr-arrested cells and in cells in which
DNA is damaged by agents such as HN2 (36, 37). Activation of
Cdc2 kinase through dephosphorylation is necessary for the
progression of cells into mitosis. In addition, a regulator of
Cdc2 kinase, Cdc25, is also inactive in cells arrested by Vpr and
DNA-damaging agents (42). We have recently shown that
agents such as the methylxanthines, which can reverse the cell
cycle arresting effects of DNA-alkylating agents and augment
their cytotoxic effects, will also reverse the Vpr-induced G2
arrest of cells. The results reported here provide additional
support for the hypothesis discussed above in that we have now
identified binding between Vpr and a specific cellular protein
which is involved in NER of damaged DNA. In addition, these
results now provide a potential biochemical mechanism for
Vpr-mediated arrest and will allow experimental approaches
to directly test our hypothesis.

Several potential mechanisms involving HHR23A can be
considered for cell cycle arrest by Vpr. First, HHR23A may be
involved in recognition of damaged DNA. In this case Vpr may
activate HHR23A or the complex of which it is a part in a
manner similar to that of altered bases, phosphodiester back-
bone, or adducts in damaged DNA. These signals, in turn,
would activate the G2 checkpoint and lead to the arrest of cells.
The second possibility is that HHR23A plays either a direct
role in DNA repair or acts indirectly as a component of a
multiprotein DNA repair complex. Vpr binding to HHR23A
would either inhibit the repair activity of HHR23A or prevent
association of HHR23A with a complex and thereby prevent
the formation of an appropriate active complex for NER.
Thus, repair would not occur and pathways which signal a cell

to progress normally into mitosis would be blocked, leading
to the arrest at the G2 checkpoint. A third possibility is that
HHR23A is part of a cell pathway that signals when damaged
DNA has been repaired and transit from G2 to M should
proceed. In this case binding of Vpr to HHR23A would inter-
fere with the transmission of a signal by HHR23A, resulting in
G2 arrest.

Based upon the homology between HHR23A and the C-
terminal extension of the bovine E2(25K) protein, one could
also speculate about a possible effect of Vpr interaction with
HHR23A. The E2(25K) protein is a class 2 ubiquitin conju-
gating enzyme (UBC). Class 2 UBCs contain a highly con-
served catalytic domain followed by unrelated C-terminal ex-
tensions that vary in length and which are thought to promote
interaction with their substrate and/or function in their cellular
localization. The other class of UBCs, class 1 enzymes, lack
C-terminal extensions and require auxiliary proteins (E3 pro-
teins) for substrate recognition. Thus, HHR23A may act as an
E3 protein and promote interaction with a substrate that is
targeted for destruction by the ubiquitin pathway. Degradation
of this substrate would be required for entry into mitosis. In
this scenario Vpr binding to HHR23A would interfere with
ubiquitination of a protein whose degradation is required for
transition into M, resulting in G2 arrest.

One prediction of our hypothesis that Vpr interaction with
HHR23A is critical for cell cycle arrest is that overexpression
of HHR23A would lead to alleviation of cell cycle arrest. Both
full-length HHR23A and a truncated version that maintains
the Vpr-binding region alleviated cell cycle arrest. The effect of
full-length HHR23A on alleviating Vpr-induced cell cycle
arrest is less than that seen with HHR23A(B213). The differ-
ence in the extent of alleviation of G2 arrest between HHR23A
(B213) and HHR23A may reflect differences in the binding
affinities of the two proteins to Vpr. Another explanation is
that there is a higher level of expression of the smaller protein,
HHR23A(B213) (see Fig. 2). Alternatively, the differences
may relate to other functional properties of HHR23A which
would be absent in the truncated mutant protein.

Since the role of the HHR23A homolog in cells is not well
defined it is also possible that the Vrp-HHR23A interaction
may not be involved in the cell cycle arrest phenotype induced
by Vpr but may be involved in mediating other Vpr functions
such as nuclear import.

Relevance of the Vpr-HHR23A interaction in HIV-1 patho-
genesis. The role for Vpr in HIV-1 pathogenesis is as yet
unclear. We and others (19, 23) have proposed that the ex-
pression of Vpr enables HIV-1 to (i) maximize the output of
virus, (ii) prevent or decrease the rate of apoptosis thereby
increasing the amount of virus produced, (iii) increase resis-
tance to cytotoxic T-cell attack by blocking activation of cdc2
kinase and preventing cells from cycling, and (iv) prevent
clonal expansion of CD41 effector cells which recognize
HIV-1. In this latter scenario Vpr would cripple the immune
response against HIV-1 and thus facilitate persistence of the
virus within the infected individual. In addition the effect of
Vpr on the general immune response may play a role in the
development of AIDS. The identification of HHR23A as a
Vpr-interacting protein and the demonstration that overex-
pression of HHR23A can alleviate cell cycle arrest may provide
a basis for the future development of a new class of anti HIV-1
therapeutic agents. A better understanding of the function of
HHR23A and its interaction with Vpr should provide impor-
tant information on how these proteins may regulate and per-
turb cell growth, respectively.
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