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The vpr gene product of human immunodeficiency virus type 1 (HIV-1) is a virion-associated protein that is
essential for efficient viral replication in monocytes/macrophages. Vpr is primarily localized in the nucleus
when expressed in the absence of other viral proteins. Vpr is packaged efficiently into viral particles through
interactions with the p6 domain of the Gag precursor polyprotein p555“é. We developed a panel of expression
vectors encoding Vpr molecules mutated in the amino-terminal helical domain, leucine-isoleucine (LR) do-
main, and carboxy-terminal domain to map the different functional domains and to define the interrelation-
ships between virion incorporation, nuclear localization, cell cycle arrest, and differentiation functions of Vpr.
We observed that substitution mutations in the N-terminal domain of Vpr impaired both nuclear localization
and virion packaging, suggesting that the helical structure may play a vital role in modulating both of these
biological properties. The LR domain was found to be involved in the nuclear localization of Vpr. In contrast,
cell cycle arrest appears to be largely controlled by the C-terminal domain of Vpr. The LR and C-terminal
domains do not appear to be essential for virion incorporation of Vpr. Interestingly, we found that two Vpr
mutants harboring single amino acid substitutions (A30L and G75A) retained the ability to translocate to the
nucleus but were impaired in the cell cycle arrest function. In contrast, mutation of Leu68 to Ser resulted in
a protein that localizes in the cytoplasm while retaining the ability to arrest host cell proliferation. We
speculate that the nuclear localization and cell cycle arrest functions of Vpr are not interrelated and that these

functions are mediated by separable putative functional domains of Vpr.

The human immunodeficiency virus type 1 (HIV-1) acces-
sory gene vpr, while dispensable for viral replication in T-cell
lines and activated primary peripheral blood mononuclear cells
(1, 2, 8, 13, 43), is required for efficient replication in primary
monocytes/macrophages. The role of Vpr in AIDS pathogen-
esis is not well understood. In one study, macaques infected
with simian immunodeficiency virus (SIV) isolate STVmac239
containing a mutation in the Vpr initiation codon methionine
progressed to AIDS more slowly than those infected with wild-
type virus (27). In another, a vpr mutant of SIVmac239 re-
tained full pathogenicity but, in conjunction with a mutation in
vpx, replicated at low levels and was nonpathogenic when in-
oculated into macaques (20). HIV-1 vpr encodes a 14-kDa,
96-amino-acid protein expressed primarily from a singly
spliced Rev-dependent mRNA (3, 9, 12, 19, 49).

A recent study has characterized the Vpr protein as an
oligomer (59). HIV-2 and SIV code for a second protein, Vpx,
which has considerable sequence homology with Vpr (40, 51).
Both proteins are packaged efficiently in HIV and SIV parti-
cles (9, 39, 55, 57). Virion localization studies place both Vpr
and Vpx outside the core structure (51, 56). Although Vpr and
Vpx are not part of the Gag structural polyprotein, their in-
corporation requires an anchor to associate with the assem-
bling capsid structures. The C-terminal portion of the Gag
precursor corresponding to the p6 protein appears to consti-
tute such an anchor through an unknown mechanism. In ad-
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dition, p6 is essential for the incorporation of both Vpr and
Vpx into virus particles (26, 28, 44, 53). A predicted putative
a-helical domain near the amino terminus plays an important
role in the packaging of Vpr into virions and in maintaining
protein stability (35, 36).

Several possible roles have been suggested for Vpr in HIV-1
replication. Vpr can modestly transactivate the HIV-1 long
terminal repeat (8) and thus may upregulate viral gene expres-
sion in newly infected cells before the appearance of Tat. It has
been found to enhance the nuclear migration of the preinte-
gration complex in newly infected nondividing cells (22). Sig-
nificantly, Vpr induces cellular differentiation which includes
the activation of specific host cell gene transcription and
growth arrest in several tumor cell lines, even in the absence of
any other viral proteins (29, 38). This finding suggests that Vpr,
itself, may be sufficient to alter cellular functions. Rogel et al.
(47) recently reported that Vpr blocks cell cycling in the G,/M
phase of the cell cycle. This finding has been associated with a
change in the phosphorylation state of CDC2 kinase (21, 24,
45). Furthermore, Vpr expression appears to inhibit the estab-
lishment of chronic infection (32, 41, 47). Macreadie et al. (34)
reported that Vpr causes growth arrest and structural defects
in yeast. Functional studies have shown that Vpr accelerates
HIV-1 replication in some T-lymphoid cell lines and in primary
macrophages where the effects of Vpr are more pronounced
(4, 5, 10).

It has also been reported that Vpr has transcellular activity
(31). Both Vpr purified from plasma of HIV-1-seropositive
individuals and purified recombinant Vpr were capable of in-
ducing latent cells into high-level viral producers when added
to culture media at low concentrations (30). Mechanistically, it
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is conceivable that this transcellular activity is mediated by the
same mechanisms that modify cellular growth and differenti-
ation. It has been reported that Vpr is primarily localized in the
nucleus when expressed in the absence of other HIV-1 proteins
(14, 33, 37, 54). Although no classical nuclear localization
signal (NLS) has been clearly identified for Vpr, it has been
suggested that Vpr may gain access to the nucleus by specific
interactions with nuclear proteins (46, 58). In this regard, pro-
teins that interact with Vpr in host cells have been reported but
not molecularly cloned. Interestingly, one of these Vpr targets,
designated Vpr-interacting protein, or RIP-1, appears to be
translocated to the nucleus following its interaction with Vpr
or triggering by glucocorticoid receptor (GR) ligands, support-
ing a possible role for the glucocorticoid receptor pathway in
Vpr function (46). The molecular relationship between these
different functions of Vpr has not yet been defined.

To define the interrelationship between the different func-
tions of Vpr, we created a panel of expression vectors encoding
mutant Vpr molecules. We tested a panel of Vpr mutants for
the ability to arrest the cell cycle, to localize to the nucleus, to
affect cellular differentiation, and to be packaged into virus-
like particles. Our studies indicate that mutations in the amino-
terminal acidic domain of Vpr with a predicted a-helical do-
main reduces virion packaging of Vpr and alters its nuclear
localization. We postulate that these impairments are likely
due to reduced protein stability and/or structural conformation
of the mutant Vpr proteins. Moreover, we also identified
amino acid residues located in the leucine-isoleucine (LR)
motif which appear to control the nuclear localization. Finally,
the C-terminal domain appears to control the cell cycle arrest
activity of Vpr. Importantly, these studies demonstrate that
nuclear localization and cell cycle arrest appear to be separable
functions of Vpr.

MATERIALS AND METHODS

Cells, virus, and expression plasmids. The recombinant vaccinia virus vIF7-3,
which synthesizes T7 RNA polymerase in infected cells, was used for expression
studies (18). The genes encoding HIV-1 Gag polyprotein and Vpr were cloned
downstream of the T7 promoter in pPCDNA3 (Invitrogen) to generate expression
plasmids pCDGag and pCDVpr, respectively (35). HeLa and human embryonal
rhabdomyosarcoma (RD) cells were used for transfection experiments and were
maintained as monolayer cultures in Dulbecco’s modified Eagle medium
(DMEM) with 10% fetal bovine serum (FBS).

PCR-mediated mutagenesis. Overlap extension PCR (23) was used to intro-
duce the site-specific mutations into the HIV-1 vpr gene. Briefly, two PCRs were
performed with HIV-1 proviral DNA as a template. The first-round amplification
products overlap at the mutation site. A second round of amplification was then
carried out with the outer primer pair and a mixture of the first two reaction
products as a template to generate a product containing the desired amino acid
substitution mutation. The PCR products were digested with HindIII and Xhol
(sites for which recognition sequences were incorporated into the outer primer
pairs), cloned into pPCDNA3, and sequenced to verify mutations and ensure the
integrity of the vpr gene.

Infection and transfection. HeLa cells (10°) grown in 35-mm-diameter dishes
were infected with vIF7-3 at a multiplicity of infection of 10 for 1 h in 5% CO,
at 37°C with rocking every 15 min. At the end of the incubation period, the virus
inoculum was removed and the cells were washed once with phosphate-buffered
saline (PBS) before transfection. Three to 6 pg of plasmid DNA and 10 pl of
Lipofectin (Bethesda Research Laboratories) were added to separate polysty-
rene tubes containing 0.1 ml of serum-free Opti-MEM and then combined. The
mixture was incubated at room temperature for 15 min, supplemented with 0.6
ml of fresh Opti-MEM, and layered onto infected cells for 3 h. At 3 h posttrans-
fection, 0.8 ml of DMEM containing 10% heat-inactivated FBS was added to the
cultures, and the incubation was continued for an additional 12 h.

Transfection of RD cells with wild-type and mutant expression plasmids and
examination of cell cycle distribution were performed as described previously
(38). Briefly, RD cells were cotransfected with wild-type and different mutant
Vpr expression plasmids and pBabepuro (a vector that expresses puromycin
resistance). Two days later, puromycin (2 pg/ml) was added to eliminate the
untransfected cells; 7 to 10 days posttransfection, the RD cell nuclei were stained
with propidium iodide for analysis of DNA content by flow cytometry.

Metabolic labeling and immunoprecipitation. Transfected HeLa cells were
washed twice with PBS, starved for 1 h in DMEM lacking serum, methionine,
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and cysteine, and then labeled with %S protein labeling mix (200 wCi/ml; 1,200
Ci/mmol; NEN/Dupont). Labeled cells were lysed in 0.5 ml of radioimmunopre-
cipitation assay (RIPA) buffer (50 mM Tris HCI [pH 7.6], 150 mM NaCl, 0.2%
Triton X-100, 0.2% deoxycholic acid, 0.1% sodium dodecyl sulfate [SDS], 1 mM
phenylmethylsulfonyl fluoride) on ice and then clarified by centrifugation at
15,000 rpm for 10 min in a Sorvall RC5B rotor. The clarified lysates were
incubated with anti-Vpr antibody or anti-HIV-1 antibody for 90 min on ice.
Protein A-Sepharose was added to antigen-antibody complexes and mixed by
shaking at 4°C for 90 min. The protein pellet was resuspended in 50 pl of 1X
sample buffer and heated at 100°C for 3 to 5 min after extensive washing in
buffers containing high salt and bovine serum albumin. A fraction of the protein
sample was analyzed by SDS-polyacrylamide gel electrophoresis (PAGE) (12%
gel). For fluorography, gels were soaked in 1 M sodium salicylate containing 10%
glycerol for 15 min, dried, and autoradiographed, using Kodak X-Omat AR film.

Analysis of Vpr incorporation into virus-like particles directed by HIV-1 gag.
Recombinant vaccinia virus-infected HeLa cells were transfected with a HIV-1
Gag expression vector (pCDGag) together with wild-type or mutant Vpr expres-
sion plasmids as described above. After overnight incubation, cells were labeled
with S protein labeling mix (200 wCi/ml). The culture medium was collected
and clarified by centrifugation at 15,000 rpm for 15 min in a Sorvall RC5B rotor
after 5 h of continuous labeling. The clarified medium was loaded into Centri-
con-30 concentrators (Amicon), which have a 30,000-molecular-weight size ex-
clusion barrier, and centrifuged at 3,000 rpm for 25 min in a Sorvall RC5B rotor.
The virus-like particles attached to the filter were resuspended with 0.5 ml of
RIPA buffer. Immunoprecipitation was performed with anti-Vpr serum alone,
anti-HIV-1 antibody alone, or both antibodies to determine the presence of Vpr
in the virus-like particles.

Immunofluorescence assay. HeLa cells were maintained in DMEM containing
10% FBS and seeded onto poly-L-lysine-coated glass coverslips at a density of 10°
cells per dish (35-mm diameter). Cells were infected with vITF7-3 and transfected
as described above after 24 h. Sixteen to 24 h after transfection, the cells were
washed with PBS and fixed with methanol at room temperature for 30 min. The
cells were then washed with PBS and incubated for 90 min with primary anti-
serum (1:50). After washing with PBS, the coverslips were incubated for 90 min
with fluorescein isothiocyanate-conjugated affinity-purified F(ab’), fragment of
goat anti-rabbit immunoglobulin G (ICN Biochemicals, Irvine, Calif.) and
washed six times with PBS. Coverslips were then counterstained for 5 min with
Evans blue (0.02% in PBS; Sigma, St. Louis, Mo.) and rewashed prior to mount-
ing on glass slides, using a fade-resistant mounting medium (Citifluor, London,
England). All incubations were carried out at 37°C in a humidification chamber.

RESULTS

Construction of Vpr mutants. To identify the domain(s) of
Vpr involved in virion incorporation, nuclear localization, dif-
ferentiation, and cell cycle arrest functions, we constructed a
series of mutated versions of Vpr molecules (Fig. 1B). In
designing these mutants, we targeted three putative structural
regions in the Vpr sequence: (i) the N-terminal acidic domain
containing a putative a helix (amino acids 17 to 34), (ii) the LR
domain, and (iii) the carboxy-terminal domain. Substitution
mutations designed to affect specific amino acid residues were
found to be highly conserved among vpr sequences from dif-
ferent HIV-1 isolates (Fig. 1A). The amino-terminal domain
contains five negatively charged residues (amino acid positions
17, 21, 24, 25, and 29) which are highly conserved. Structural
analysis of the amino acid sequences in this region strongly
predicts an amphipathic « helix. Similar structures have been
shown to be involved in protein-protein interactions and virion
incorporation of viral proteins in other viruses (48, 50). We
used site-specific mutations of these residues which would dis-
rupt the predicted structure. Two of these residues (glutamic
acids 21 and 24) were replaced with proline, which has low
potential for supporting an a-helical structure (Fig. 1B).

To explore the importance of the highly conserved alanine
(Ala30), we replaced this nonpolar alanine with a bulky polar
residue leucine and a hydroxyl amino acid serine to generate
mutants A30L and A30S, respectively. In addition, another
helical Vpr mutant was generated by replacing the four hydro-
phobic polar leucines (amino acid positions 20, 22, 23, and 26)
with small nonpolar alanines (aL-A). To investigate the role of
a second helix, we generated Vpr mutant AS9P by changing
alanine at amino acid position 59 to proline. Three Vpr mu-
tants carrying substitutions of leucine to serine at amino acid
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FIG. 1. Construction and expression of mutant Vpr molecules. (A) Amino acid sequence comparison of Vpr of HIV-1 and HIV-2/SIV and Vpx of HIV-2/SIV.
Numbers denote positions of amino acid residues. (B) Expression plasmids for the synthesis of mutant Vpr molecules were generated by overlap PCR at the indicated
codons. PCR-amplified mutant vpr gene fragments were digested with HindIII and Xhol and ligated to the pCDNA3 vector to produce Vpr mutant expression plasmids.
(C) Recombinant vaccinia virus vIF7-3-infected HeLa cells were transfected with wild-type and mutant vpr expression plasmids. Transfected cells were labeled with
358 protein labeling mix for 2 h, and the cell-associated Vpr proteins were immunoprecipitated with anti-Vpr antiserum as described in Materials and Methods.
Immunoprecipitates were analyzed by SDS-PAGE (12% gel). Designations of the Vpr plasmids are indicated at the top. Vpr™', wild-type Vpr. Sizes are indicated in
kilodaltons). (D) The secondary structure of Vpr was calculated by using nnpredict (25), a program that predicts the secondary structure type for each residue in an
amino acid sequence based on the prediction of a two-layer, feed-forward neural network. H, helical; E, extended; —, undefined. aL-A, L64S, and H71C display the
same secondary profile as wild-type Vpr, suggesting the importance of the Leu residues on the hydrophobic face and His in the C terminus. Introduction of a proline

residue in E21,24 and A59 disrupts the respective helical domains.

positions 64, 67, and 68 (L64S, L67S, and L68S) were con-
structed to introduce mutations in the LR domain (Fig. 1B).
Histidine 71, glycine 75, and cystine 76 in the C terminus of
Vpr are highly conserved among different HIV-1 isolates and
in both Vpr and Vpx of HIV-2/SIV. Cystine has been shown to
play a major role in protein stabilization and in protein-protein
interactions (6, 11, 16). We targeted His, Gly, and Cys residues
for mutagenesis to evaluate the role of this motif in the ex-
pression, virion packaging, subcellular localization, and cell
cycle arrest functions of HIV-1 Vpr (Fig. 1B). All the substi-
tution Vpr mutants were generated by the overlap PCR
method and subcloned into pCDNA3 mammalian expression

vector as described in Materials and Methods. The resulting
constructs were verified by DNA sequence analysis.

Effects of mutations on the expression and virion packaging
of Vpr. We used a vaccinia virus T7-RNA polymerase expres-
sion system (VIF7-3) to study the effect of mutations on ex-
pression of Vpr in cells and incorporation into virus-like par-
ticles directed by the HIV-1 gag gene. VIF7-3-infected HeLa
cells were transfected with wild-type or mutant Vpr expression
plasmids by the Lipofectin method. Cells were labeled for 2 h
with [**S]methionine, lysed, immunoprecipitated with anti-Vpr
antiserum, and analyzed by SDS-PAGE (12% gel). As ex-
pected, the cells transfected with Vpr expression plasmids pro-
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FIG. 2. Incorporation of Vpr into virus-like particles directed by HIV-1 Gag.
Cotransfection of pCDGag with wild-type or mutant Vpr expression plasmids
was carried out by using vI'F7-3-infected HeLa cells as described in Materials
and Methods. Transfected cells were labeled with 3°S protein labeling mix for
5 h, the culture medium was cleared by centrifugation and concentrated in
Centricon-30 concentrators, and virus-like particles were resuspended with
RIPA buffer. Inmunoprecipitation was carried out with anti-HIV and anti-Vpr
antiserum and analyzed by SDS-PAGE (12% gel). The electrophoretic positions
of Gag and Vpr are shown at the right, and molecular mass markers are shown
at the left.

duced a 14-kDa protein (Fig. 1C). Transfection with each of
the mutants resulted in detectable levels of Vpr in the cell
lysate. Interestingly, slower migration of Vpr was noticed in
cells transfected with the Vpr al.-A expression plasmid. Vpr
mutants E2124P and H71Y also exhibited migration slightly
slower than that of wild-type Vpr (Fig. 1C). This difference in
electrophoretic migration may have resulted from the altered
conformation of mutant Vpr proteins relative to the wild-type
polypeptide or changes in the hydrophobic face (aL-A) of the
first helical domain (Fig. 1D).

To define the amino acid residues of Vpr that are required
for virion incorporation, we tested several Vpr mutant mole-
cules for the ability to be packaged into virus particles. We
used a transient packaging system which is generated by the
HIV-1 gag gene as we described previously (35, 36). In this
assay, mutant Vpr expression plasmids are cotransfected with
HIV-1 Gag expression vectors into vIF7-3-infected HeLa
cells. After overnight transfection, the cells were labeled with
[**S]methionine, and the virus-like particles that had been se-
creted into the culture medium were collected and concen-
trated in a Centricon-30 concentrator. The amount of Vpr
present in the virion, and cell-associated Vpr, was then de-
tected by immunoprecipitation. Expression of Gag resulted in
a 55-kDa protein product in the cell culture supernatant, and
cotransfection of Gag and wild-type Vpr expression vectors
resulted in the efficient packaging of Vpr into the virus-like
particles as expected (Fig. 2). In contrast, no Vpr could be
detected in the virus-like particles from the cells cotransfected
with Gag and Vpr mutants E21,24P, oL.-A, and A59P, despite
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TABLE 1. Effects of mutagenesis on Vpr virion incorporation,
subcellular localization, and cell cycle arrest/differentiation functions

Incorporation

d Clone =4 0 virus-like  Subcellular = Cell eycle - by o otion
esignation - localization arrest

particles
Vpr (wild type) + Nuc + +
E21,24P - Cyto - -
al-A - Cyto + +
A30S + Cyto > nuc  — -
A30L + Nuc - -
A59P - Cyto - -
L64S + Cyto > nuc  +/—° +/=
L67S + Cyto - —
L68S + Cyto + +
H71C + Cyto > nuc  — -
H71Y +/— Cyto + nuc  — -
G75A + Nuc +/= +/—
C76S + Cyto + nuc  +/— +/—
Vpr (HXB2) + Cyto + nuc  — ND

“ All clones were positive for expression.
b Nuc, nuclear; cyto, cytoplasmic.

¢ +/—, intermediate.

4ND, not done.

detectable levels of expression in the cells (Fig. 1C and Table
1). Vpr molecules with mutations at alanine 30 (A30S and
A30L) and His71 showed reduced levels of Vpr incorporation
into virus-like particles (Table 1). These results indicate that
mutations at amino acid positions 64, 67, and 68 (L64S, L67S,
and L68S), Gly75, and Cys76 allow efficient packaging of Vpr
into virus-like particles. Taken together with results of other
studies, these results support the importance of a putative
helical domain with these additional mutants in the packaging
of Vpr into HIV-1 particles.

Substitution mutational analysis reveals that putative heli-
cal and LR domains are necessary for nuclear transport of
Vpr. Previously it has been shown that Vpr localizes in the
nuclei of infected and transfected cells in the absence of other
viral proteins despite the lack of a canonical NLS (14, 33, 37,
54). We analyzed our series of Vpr expression plasmids to
define the amino acid residues required for nuclear localiza-
tion as shown schematically in Fig. 1B. We transfected the
mutant plasmids into vIF7-3-infected HeLa cells to determine
the subcellular localization of the Vpr mutant molecules. After
overnight transfection, the cells were fixed with methanol, la-
beled with anti-Vpr antiserum, and analyzed by an indirect
immunofluorescence assay to evaluate the abilities of various
Vpr mutants to be targeted to the nucleus. As expected, the
wild-type Vpr localized primarily in the nuclei of the trans-
fected cells, and no signal was observed in the vector-trans-
fected cells or in wild-type Vpr-transfected cells stained with
preimmune serum (Fig. 3). In contrast, Vpr mutants E21,24P,
al-A, A59P, L67S, and L68S severely impaired the nuclear
localization of Vpr, as shown in Fig. 3. The majority of cells
expressing this mutant Vpr protein showed localization in the
cytoplasm. Interestingly, A30L and G75A mutant Vpr molecules
retained the ability to localize in the nucleus (Fig. 3). Mutants
A30S, L64S, H71C, H71Y, and C76S had notable amounts of
protein in both the nucleus and cytoplasm (Fig. 3). Mutants from
the putative helical and LR domains exhibited immunofluores-
cence patterns notably different from that of wild-type Vpr. These
results suggest that both N-terminal a-helix and LR domains are
essential for the transport of Vpr into the nucleus.

Amino acid residues of Vpr are required for cell cycle arrest
at the G,/M phase of the cell cycle. Previous studies have
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FIG. 3. Subcellular localization of wild-type Vpr (Vpr™') and effects of substitutions at the different structural domains of Vpr. HeLa cells were infected with
recombinant vaccinia virus vIF7-3 and transfected with Vpr expression plasmids. After overnight transfection, the cells were fixed and stained with anti-Vpr serum
followed by affinity-purified fluorescein isothiocyanate-conjugated goat anti-rabbit immunoglobulin G.
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FIG. 4. Expression of HIV-1 vpr independent of other viral genes inhibits cell proliferation. RD cells expressing Vpr arrest in the cell cycle with 4N DNA content.
(A) Flow cytometric analysis of RD cells stained with propidium iodide. RD cells were transfected with vector alone, wild-type Vpr (Vpr*'), or Vpr mutants. (B)
Morphology of RD cells expressing Vpr. RD cells were transfected with vector alone (a) and wild-type Vpr (b). After 2 days, the cells were maintained in DMEM
containing puromycin (2 wg/ml). The cells were photographed 5 to 6 days later. (C) Cell cycle arrest activity of Vpr mutants.

shown that Vpr induces cell differentiation (29) and growth
arrest and blocks the cell cycle at the G,/M phase (38, 47). We
analyzed a number of Vpr expression plasmids to identify the
amino acid residues essential for cell cycle arrest and to define
the interrelationship between the virion incorporation, subcel-
lular localization, and cell cycle arrest functions of Vpr. Hu-
man rhabdomyosarcoma cells were transiently transfected with

Vpr expression plasmids and selected with puromycin. In par-
allel, cells were transfected with vector alone as controls.
Transfected cells were fixed and stained with propidium iodide
as whole cells to determine DNA content by flow cytometry.
There was a dramatic increase in the proportion of cells in the
G,/M phase of cell division in cells transfected with a wild-type
Vpr expression plasmid (Fig. 4A), whereas vector-transfected
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FIG. 5. Domains of Vpr required for virion incorporation, subcellular localization, and cell cycle arrest/differentiation. The amino acid sequence of macrophage-
tropic clone 89.6 Vpr is shown, with the a-helical, LR, and C-terminal domains indicated. Critical amino acid residues and domains essential for different functions

of Vpr were determined by mutational analysis.

cells showed DNA content similar to that of unsynchronized
cycling cells which were grown without puromycin (Fig. 4A).
Cells expressing Vpr showed morphological changes such as
increased adherence and growth arrest consistent with a ter-
minal differentiated phenotype (Fig. 4B). These results con-
firm our previous report that Vpr expression in cells is capable
of altering cell cycle distribution and morphological status.

We measured the relative cell cycle blocking activity of each
mutant Vpr molecule in the transient transfection assay to
identify the amino acid(s) important for cell cycle arrest. We
noticed some experimental variability in the G,/M ratio of
transfected cells, with both wild-type and mutant Vpr, upon
repeated experimentation. Results of the analysis showed that
Vpr mutants al.-A and L68S maintained cell cycle blocking
activity (Fig. 4C). The cell cycle arrest activity of Vpr mutants
E21,24P, A30S, A30L, AS9P, L64S, L67S, H71C, H71Y,
G75A, and C76S was dramatically reduced (Fig. 4C). We be-
lieve that this finding is not likely to be due to instability of the
protein, since these mutant molecules are stably expressed
(Fig. 1C). Vpr mutants A30L and G75A were inactive in cell
cycle arrest while retaining the wild-type nuclear localization
(Fig. 3). Of all of the Vpr mutants, aL-A and L68S maintained
cell cycle blocking activity, even though these mutant mole-
cules localized in the cytoplasm. In contrast, Vpr mutants
E21,24P, L64S, and L67S were inactive in cell cycle arrest and
were localized in the cytoplasm (Fig. 3). These results clearly
indicate that the helical domain and amino acids in the car-
boxy-terminal domain control the cell cycle arrest function of
Vpr. In support of this inference, Vpr from HXB2 (18-amino-
acid deletion in the C terminus) does not induce either cell
cycle arrest or morphological differentiation and exhibits the
diffused nuclear localization phenotype. These results support
the importance of helical domains for the virion incorporation,
nuclear localization, and cell cycle arrest functions of Vpr.
Importantly, these Vpr mutants clearly segregate the nuclear
localization and cell cycle arrest functions as well as morpho-
logical differentiation (Table 1).

DISCUSSION

Vpr is unique among the HIV-1 accessory proteins because
of its association with virus particles. Recently, we have shown
that the protein encoded by the gag gene is sufficient for in-
corporation of Vpr into virus particles (see Fig. 6A) (35, 36).
The presence of Vpr in the virion is a strong indication that this
protein may have a functional role early in viral replication.
When expressed in the absence of other viral proteins, Vpr was
shown to be localized in the nucleus and to arrest cells at the
G,/M phase of cell division (21, 33, 37, 38, 47). To define the
interrelationship between the different functions (virion incor-
poration, nuclear localization, cell cycle arrest, and differenti-
ation) of Vpr, we generated a number of molecules with mu-

tations in different structural domains of Vpr. Our results
clearly show that virion incorporation and nuclear localization
of Vpr are controlled by putative helical domains and the LR
domain, while cell cycle arrest is largely controlled by the
C-terminal domain (amino acids 71 to 82) (Fig. 5). Most no-
table, however, was that incorporation experiments showed
that proline substitution mutants were not incorporated into
virus-like particles. The helix-destabilizing properties of pro-
lines are well documented (7, 50). Substitution of proline for
glutamic acids 21 and 24 (E21,24P) and alanine 59 (A59P) in
the helical domains abrogated Vpr incorporation into virus-
like particles, suggesting that putative helical domains are re-
quired for the virion incorporation of Vpr.

Mutations in alanine 30 (A30S and A30L) resulted in mark-
edly reduced levels of Vpr incorporation into virus-like parti-
cles. Furthermore, substitution of alanine for four leucines
(aL-A) in the helical domain resulted in a Vpr mutant which
was not incorporated into virus-like particles, suggesting the
importance of hydrophobic leucines in the helical domains for
virion packaging. All of the helical domain mutants except
A30L showed impaired virion incorporation and nuclear local-
ization. These impairments may be due to altered structural
conformation and/or stability of the mutant Vpr proteins. An
analysis of the protein helical motif, correlated with specific
biological functions, suggests that amino acid residues in the
helices are essential for normal processing and stability by
ensuring proper conformation (7, 36, 50). In accordance with
these observations, the putative helical domains present in Vpr
play an important role in virion packaging into virus particles.

Immunofluorescence analysis clearly indicates that the pu-
tative helical and LR domains of Vpr play an important role in
the transport of Vpr into the nucleus. The importance of he-
lical domains for nuclear targeting is supported by the impair-
ment of nuclear localization for substitution mutants E21,24P
and AS59P, which were shown to disrupt the conformation of
the helical structure. In contrast, mutation in the hydrophobic
face of the helix in Vpr (A30L) resulted in a mutant protein
that retained the ability to localize in the nucleus but dimin-
ished the virion incorporation function of Vpr. Replacement of
leucines with serines in the LR domain abrogated the nuclear
localization but retained the virion packaging ability of Vpr.
The mechanism by which Vpr is transported to the nucleus and
the means by which these residues mediate these functions are
unknown. The sequences identified for the nuclear localization
of Vpr do not contain a canonical nuclear targeting motif
which could be expected to be directly responsible for nuclear
targeting. Helical structures are known to support protein-
protein interactions (7), and thus it may be through association
with cellular protein(s) that Vpr translocates to the nucleus
(Fig. 6B). The recent observations from our laboratory and
others suggest that Vpr can associate with a cellular factor(s) is
consistent with this hypothesis (46, 58). These factors include a
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p55%“8. (B) Vpr’s nuclear localization and cell cycle arrest functions, which were mediated by its interactions with a cellular cofactor(s).

putative glucocorticoid receptor complex which may be trans-
located to the nucleus with Vpr (Fig. 6B) (46). Zhao et al. (58)
recently demonstrated that a mutation in the LR domain,
involved in the interaction with a cellular protein (RIP), abol-
ishes the protein-protein interactions. RIP has been shown to
be present in the cytoplasm and nucleus. It is possible that the
translocation of Vpr into the nucleus is related to its associa-
tion with the RIP protein or protein complex. In contrast to the
helical and LR domains, the conserved Gly75 and Cys76 in the
C terminus are dispensable for the nuclear translocation and
virion incorporation properties of Vpr. These results suggest
that Vpr nuclear translocation does not require a typical NLS.
All of the proteins are synthesized in the cytoplasm, and some
are transported to the nucleus through recognition of a specific
NLS rich in basic amino acid residues. However, others are
transported through piggyback binding to another protein
which has an NLS (15). It is also possible that nuclear transport
of Vpr is not NLS dependent.

Interestingly, of all of the Vpr mutant molecules, A30L and
G75A retained the wild-type nuclear localization pattern but
were impaired in the cell cycle arrest function. In contrast, Vpr
mutants E21,24P, al.-A, L64S, L67S, and L68S retained the
ability to arrest the cell at the G,/M phase but failed to localize
in the nucleus. In addition, Vpr mutant AS9P was impaired for
all functions of Vpr despite detectable expression (Fig. 1C).
Presumably, Vpr blocks cell division by modifying a p34°4<-
cyclin B protein complex which is involved in cell cycle regu-
lation. Vpr mutants that fail to arrest the cell cycle are not
likely to interact with a cellular factor involved in cell cycle
regulation or may interact without triggering signals necessary
for cell cycle arrest.

The importance of Vpr’s ability to arrest the cell cycle, and
its direct relevance to HIV-1 replication in monocytes/macro-
phages or AIDS pathogenesis, is under intensive investigation.
Vpr may nonspecifically interfere with the complicated events
of cell division. However, results from our laboratory and oth-
ers suggest that this is not the case, since two Vpr mutants
(A30L and G75A) localized in the nucleus but were not in-
volved in the cell cycle arrest function of Vpr. In contrast, Vpr
mutant L68S localized in the cytoplasm and maintained the
cell cycle arrest activity. Vpr is capable of importing a large
preintegration complex into the nuclei of nondividing cells
(22). Results obtained from the putative helical and LR do-
main mutants clearly indicate that nuclear localization is not

essential for the cell cycle arrest activity of Vpr. In this context,
Fletcher et al. (17) reported that nuclear import of a preinte-
gration complex and cell cycle arrest activities are mediated by
two separate genes (vpx and vpr) in HIV-2/SIV. The identifi-
cation of the amino acid residues of Vpr required for virion
incorporation, nuclear localization, cell cycle arrest, and host
cell differentiation may have practical importance. Recently,
lentiviruses have been suggested to have utility as gene therapy
vectors due to their inherent unique property of nuclear import
and genome integration in nondividing cells (42). The segre-
gation of the nuclear import function of Vpr from the cell cycle
arrest/differentiation function allows for construction of gene
delivery vectors which take advantage of the nuclear import
property of Vpr without other, less desirable Vpr activities.
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