JOURNAL OF VIROLOGY, Oct. 2000, p. 9727-9731
0022-538X/00/$04.00+0

Vol. 74, No. 20

Copyright © 2000, American Society for Microbiology. All Rights Reserved.

Human Immunodeficiency Virus Type 1 Vpr Protein Is
Incorporated into the Virion in Significantly Smaller Amounts
than Gag and Is Phosphorylated in Infected Cells

BARBARA MULLER,'* UWE TESSMER,' ULRICH SCHUBERT,'? Ao HANS-GEORG KRAUSSLICH'}

Heinrich-Pette-Institut, D-20251 Hamburg, Germany,"' and Laboratory of Viral Diseases, National Institute of Allergy
and Infectious Diseases, Bethesda, Maryland 0892-0460

Received 7 March 2000/Accepted 18 April 2000

Viral protein R (Vpr) of human immunodeficiency virus type 1 (HIV-1) is a small accessory protein involved
in the nuclear import of viral DNA and the growth arrest of host cells. Several studies have demonstrated that
a significant amount of Vpr is incorporated into the virus particle via interaction with the p6 domain of Gag,
and it is generally assumed that Vpr is packaged in equimolar ratio to Gag. We have quantitated the relative
amount of Vpr in purified virions following [**S]cysteine labeling of infected MT-4 cells, as well as by
quantitative immunoblotting and found that Vpr is present in a molar ratio of approximately 1:7 compared to
capsid. Analysis of isolated core particles showed that Vpr is associated with the mature viral core, despite
quantitative loss of p6 from core preparations. Metabolic labeling of infected cells with ortho[**P]phosphate
revealed that a small fraction of Vpr is phosphorylated in virions and infected cells.

Viral protein R (Vpr), a polypeptide of 96 amino acids, is
the major virion-associated accessory protein of human immu-
nodeficiency virus type 1 (HIV-1). Studies in tissue culture
revealed two main biological functions of Vpr. First, it prevents
host cell proliferation by arresting cells in the G, phase of the
cell cycle. This effect has been related to induction of cell death
as well as to increased viral gene expression, but its exact role
for viral replication is unclear (15, 17, 20, 30, 33, 34, 36, 45). An
independent function of Vpr is to promote the transport of the
viral genome into the nucleus, thereby contributing to the
ability of HIV-1 to infect nondividing cells (10, 18, 31, 32, 38).
Several previous studies have demonstrated that HIV-1 Vpr as
well as the related Vpx proteins of HIV-2 and simian immu-
nodeficiency virus (SIV) are selectively packaged into virus
particles (9, 46, 47), supporting a role in the early phase of
virus replication. Incorporation into the virion occurs via spe-
cific interaction with the p6 domain of the Gag polyprotein (1,
3, 23, 24, 27, 29, 35), and this interaction can be exploited to
target proteins in trans into the HIV particle via fusion to Vpr
(43). Although the immunoprecipitation experiments which
defined Vpr as a virion component did not allow exact quan-
titation, it is generally assumed that Vpr is present in equimo-
lar amounts to Gag in HIV-1 particles (8).

The study presented here was aimed at a more detailed
characterization of the virion-associated Vpr protein. First, we
applied two different techniques to determine the amount of
Vpr incorporated into virus particles. One approach involved
the production of metabolically labeled virus particles from
MT-4 cells. Cells were infected with HIV-1 strain NL4-3 by
coculture as described previously (42). At 24 h postinfection,
cells were incubated for 2 h in cysteine-free medium. Following
this starvation period, steady-state labeling was performed by
addition of [**S]cysteine (20 n.Ci/ml) to cysteine-free culture
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medium containing dialyzed fetal calf serum. Tissue culture
supernatant was harvested following an additional 18 to 36 h of
incubation. To directly visualize the major viral proteins with-
out prior immunoprecipitation, particles were pelleted from
the clarified supernatant through a 20% (wt/wt) sucrose cush-
ion and further purified by banding on an OptiPrep velocity
gradient, adapted from a recently published protocol (12).
Gradient fractions containing viral particles were identified as
a visible band and were collected and concentrated by centrif-
ugation. Virion-associated proteins were then analyzed by so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and autoradiography.

A characteristic pattern of radiolabeled protein bands was
observed, and immunoprecipitation with specific polyclonal
antisera was carried out to confirm the identity of particle-
associated proteins (Fig. 1 and data not shown). As apparent in
Fig. 1, 2A, and 4, the band corresponding to Vpr was clearly
detectable in the purified virus preparations. Since virus lysates
were highly pure as judged by silver staining of SDS-gels and
[*°S]cysteine-labeled proteins were easily identifiable without
prior immunoprecipitation (Fig. 2A), the radioactivity con-
tained in the Vpr, capsid (CA), and matrix (MA) bands could
be directly quantitated by phosphorimage analysis. Virus ma-
terial from three independent labeling experiments was used
for evaluation. After correcting for the number of cysteines
present in the proteins, amounts of MA, Vpr, and integrase
(IN) in virus preparations were calculated relative to the CA
protein (arbitrarily set as 100) (Fig. 2B). As expected, amounts
of CA and MA calculated were nearly identical, whereas the
amount of the pol-derived IN was 50-fold lower. In contrast, we
found a ratio of Vpr to CA of only about 1 to 7. If one assumes
an average number of 1,800 CA molecules per virion, as has
been determined for retroviral particles by scanning transmis-
sion electron microscopy (39), one particle contains approxi-
mately 275 molecules of Vpr. These calculations are based on
the assumption that translation efficiency and turnover of Vpr
and CA are comparable, resulting in comparable relative *°S
incorporation into both proteins. Since we cannot formally
exclude differences in this respect, the result obtained from the
labeling experiment was confirmed by an independent ap-



9728 NOTES
A B
‘;:‘9 5.
L. & 7 2
%% o % S
94 +
o7 | .
43 | .
TR
s |0
— Py
2|8 -
(R -
P

FIG. 1. Identification of [**S]cysteine-labeled virion proteins by immunopre-
cipitation. A total of 3 X 10° infected cells (A) or purified virus equivalent to 2.4
ml of tissue culture supernatant (B) were lysed in 750 pl of radioimmunopre-
cipitation assay buffer containing 2 mM Pefabloc, 10 puM E64, and 1 pM pep-
statin. Extracts were subjected to immunoprecipitation according to standard
procedures (16), using polyclonal rabbit antisera directed against the indicated
HIV proteins or an unrelated antibody (control) bound to protein A-agarose
(Roche). Immunoprecipitates were separated by SDS-PAGE (17.5% acrylamide;
acrylamide/bisacrylamide, 200:1) and visualized by phosphorimage analysis using
a Fuji BAS2000 instrument. As a reference, an aliquot of purified labeled virus
was also loaded directly onto the gel (lane *°S virus). Positions of marker
proteins and their molecular masses in kilodaltons are indicated at the left.

proach using quantitative immunoblotting. Unlabeled virus
was prepared from infected MT-4 cells and purified as de-
scribed above. Virion-associated Vpr and CA proteins were
detected by immunoblotting with specific polyclonal antisera
(Fig. 2C). For detection of Vpr, we used a polyclonal rabbit
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antiserum prepared against the full-length protein. Serial di-
lutions of recombinant HIV-1 CA and synthetic full-length
Vpr peptide were analyzed in parallel. Densitometric evalua-
tion and comparison of reactivities of the virion-derived pro-
teins with those of the standards of known concentration
yielded approximate amounts of 1.65 g of CA and 0.11 pg of
Vpr in 2 pl of virus sample, corresponding again to a molar
ratio of CA to Vpr of about 7 to 1. The observation that HIV-1
particles contain Vpr in significantly lower amount than Gag is
in contrast to the general assumption that Vpr and Gag are
packaged in equimolar amounts in the virion; however, to our
knowledge the data presented here are the first quantitative
analysis of Vpr incorporation into HIV-1 particles released
from infected cells not involving transcomplementation with
Vpr. Since Vpr is incorporated into the particles via direct
interaction with the p6 domain of Gag, packaging of a stoichi-
ometric amount should theoretically be possible. However, the
intracellular concentration of Vpr available during virus as-
sembly may be limited due to Vpr turnover or binding to
cellular factors. Although the interaction between Pr5592¢ and
Vpr is strong enough to be measured by in vitro assays and has
been reported to be stable against high NaCl concentrations
(3, 35), the affinity between the two proteins has not been
quantitated. In the case of HIV-2, it has been shown that the
relatively low amount of Vpr incorporated into virions is re-
lated to the short (<90-min) half-life of intracellular Vpr and
can be increased by overexpression of the protein in trans,
while the related Vpx protein is much more stable (half-life of
>36 h) and is incorporated in comparable amounts to Gag
(22). It appears less likely that a similar effect is responsible for
the less than stoichiometric incorporation of HIV-1 Vpr, since
its half-life in MT-4 cells has been reported to be considerably
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FIG. 2. Determination of the relative amounts of Vpr and CA in virus lysates. (A) Aliquot of a purified *>S-labeled virus sample used for quantitative analysis. The
sample was analyzed by SDS-PAGE followed by silver staining as described by Heukeshoven and Dernick (19) (lane 1) as well as phosphorimage detection (lane 2).
(B) Radioactivity in bands corresponding to Vpr, MA, CA, and IN contained in virus samples as determined by phosphorimage analysis. After normalizing for the
number of cysteines present, average numbers of molecules were calculated relative to the intensity of the CA band in the same lane, which was arbitrarily set at 100%.
Data shown represent the mean relative value calculated for each protein. (C) Relative amounts of virion-associated CA and Vpr as determined by immunoblotting.
Various amounts of purified virus were separated by SDS-PAGE in parallel to serial dilutions of recombinant CA protein or synthetic Vpr protein of known
concentration. Proteins were detected by immunoblotting using rabbit antisera directed against CA or Vpr followed by enhanced chemiluminescence staining. Band

intensity was measured by densitometry using a Desaga CD50 instrument.
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FIG. 3. Immunoblot analysis of purified HIV-1 virions and isolated core
particles. Mature core particles were prepared as described by Welker et al. (42).
Virus particles pelleted through a sucrose cushion (lane 1) and further purified
by banding in an OptiPrep gradient (lane 2) as well as a preparation of core
particles from OptiPrep gradient-purified virions (lane 3) were separated by
SDS-PAGE. Similar amounts with respect to CA were loaded in each lane.
Virion-associated proteins were identified by immunoblotting using a mixture of
antisera against the indicated proteins and enhanced chemiluminescence stain-
ing. CypA, cyclophilin A.

longer than 7 h (44). Nevertheless, the intracellular Vpr con-
centration seems to play an important role for incorporation
efficiency, since in cells transfected with HIV-1 DNA the
amount of virion-associated Vpr-derived protein is increased
upon overexpression of Vpr fusion proteins in trans (43), sug-
gesting that the potential interaction sites on the Gag protein
are not saturated by Vpr expressed from the proviral DNA.
Contrasting results have been reported concerning the sub-
viral localization of HIV-1 Vpr and the related Vpx protein of
HIV-2 and SIV. Whereas immunoelectron microscopy studies
suggested that HIV-1 Vpr is located mainly beneath the virion
membrane (40) and Vpx from SIV . was also detected out-
side the virus core (26), HIV-2 Vpx was found associated with
mature cores (21). To biochemically analyze subviral Vpr lo-
calization, we adapted a method developed in our lab for
preparation of intact HIV core particles by detergent stripping
(42), but used gradient purified virus as starting material. Com-
parative immunoblot analysis of virions and isolated core par-
ticles (Fig. 3) revealed that Vpr was significantly enriched in
the core preparations, whereas p6, as well as other HIV-1
structural proteins (MA) and the virion-associated cellular
protein cyclophilin A, were quantitatively removed by deter-
gent treatment (Fig. 3 and reference 42). Segregation of Vpr
and p6 was surprising, because the p6 domain of Gag carries
the binding site for Vpr and is presumed to recruit Vpr into the
virion. Conceivably, cleaved p6 has a reduced affinity toward
Vpr, resulting in dissociation of the complex upon maturation.
This possibility is supported by the finding that p6, in contrast
to Pr5592¢, does not display interaction with Vpr in a yeast
two-hybrid analysis (35). Vpr may be retained to the core by
being associated with the complex of nucleocapsid protein
(NC) and the viral genomic RNA. Consistent with this hypoth-
esis, an affinity of Vpr toward NC (11, 25, 35) as well as toward
nucleic acid (48) has been reported. In any case, HIV-1 Vpr is
clearly a core-associated protein, which is likely to be impor-
tant for its functions in early virus replication.
Posttranslational modifications might serve to regulate the
diverse functions of Vpr. Since modification of viral proteins by
kinases is known as an important way to regulate viral repli-
cation, we were interested in potential phosphorylation of Vpr.
Intracellular phosphorylation of several HIV-1 proteins (MA,
CA, Vpu, Vif, and Nef) has been reported and, in the case of
MA and Vpu, has been implicated in the regulation of differ-
ential activities of these proteins (8). To determine whether
phosphorylation of Vpr occurs in infected cells, MT-4 cells
were metabolically labeled with 0.5 mCi of ortho[**P]phos-
phate per ml at 18 to 24 h postinfection with HIV-1 strain
NL4-3. Twelve hours later, virus was harvested and purified by

NOTES 9729

banding in a velocity gradient as described above. Virus prep-
arations as well as infected cells were lysed in standard radio-
immunoprecipitation assay buffer (16) containing 1 mM so-
dium orthovanadate, 2 mM Pefabloc, 10 puM E64, and 1 pM
pepstatin, and lysates were subjected to immunoprecipitation
with antisera against various HIV proteins. From lysates of
infected cells, antiserum against Vpr precipitated a radiola-
beled protein with the expected apparent molecular weight
(Fig. 4A), demonstrating that there is indeed a phosphorylated
form of Vpr. In the same series of experiments we also de-
tected phosphorylated forms of MA and CA, whose occur-
rence is well documented in previous reports (6, 7, 14, 28, 37).
Unspecific cross-reactivity of the sera was excluded by parallel
experiments using lysates of equally labeled uninfected cells,
where none of the bands shown in Fig. 4 were detected (not
shown). A radiolabeled Vpr band was also observed when
purified virus lysate was used for immunoprecipitation (Fig.
4B), indicating that a phosphorylated form of Vpr (pVpr) is
associated with virus particles.

To determine the relative amount of pVpr in virus particles,
we performed denaturing two-dimensional gel electrophoresis
of unlabeled and *?P-labeled virus samples (Fig. 5). Several
forms of Vpr with different isoelectric mobilities were detected
in the unlabeled virus preparation by immunoblotting (Fig.
5A). Using several independent virus preparations, we consis-
tently observed two major isomeric forms of Vpr with apparent
isoelectric points (IEP) of approximately 7.3 and 6.8 and with
minor spots focusing at pH 6.3 and 8.0, respectively. Only a
single spot with the apparent molecular weight of Vpr, focus-
ing at pH 6.3, was detected in analyses of **P-labeled virus
from two independent preparations (Fig. 5B). We conclude
that pVpr corresponds to the minor form of Vpr indicated by
an arrow in Fig. SA. The difference between the nonphospho-
rylated Vpr forms leading to different apparent IEPs may be
due to proteolytic removal of charged amino acids or other
minor modifications like the change of an amide side group to
a carboxy group. Analyses of [>>S]cysteine-labeled virus (not
shown) also revealed the Vpr isoform focusing at pH 6.3, and
phosphorimage analyses allowed us to estimate that pVpr rep-

FIG. 4. Immunoprecipitation of 3?P-labeled HIV-1 proteins. Lysate from
3.5 X 10° infected cells metabolically labeled with ortho[**P]phosphate (A) or
purified virus equivalent to 18 ml (Vpr) or 2.25 ml (MA and CA) of tissue culture
supernatant (B) was subjected to immunoprecipitation as in Fig. 1, using the
indicated antisera. Immunoprecipitates were separated by SDS-PAGE and visu-
alized by phosphorimage analysis. As a reference, an aliquot of [*S]cysteine-
labeled virus lysate was separated on the same gel (lane *S virus). Positions of
marker proteins and their molecular masses in kilodaltons are indicated at the
left.
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FIG. 5. Analysis of virion-associated Vpr by two-dimensional gel electro-
phoresis. (A) Unlabeled virus released from infected MT-4 cells was gradient
purified as described for the labeled virus preparations. A sample corresponding
to 15 pg of CA was applied to an Immobiline DryStrip 3-10L (Amersham
Pharmacia) and subjected to isoelectric focusing (IEF) under denaturing condi-
tions (8 M urea) according to the manufacturer’s instructions, using an IGphor
unit. Separation in the second dimension was performed by SDS-PAGE; subse-
quently, Vpr was detected by immunoblotting using antiserum directed against
synthetic Vpr. (B) Gradient-purified 3*P-labeled virus equivalent to 20 ml of
tissue culture supernatant was separated by IEF (Immobiline DryStrip 6-11L)
followed by SDS-PAGE. Radiolabeled protein was detected by phosphorimage
analysis. Arrows indicate a single phosphorylated protein spot of the apparent
molecular weight of Vpr, corresponding to an IEP of 6.3 (B) and an immuno-
reactive spot corresponding to the same IEP (A).

resents approximately 5% of total virion-associated Vpr. This
result is supported by comparison with the relative labeling
intensity of phosphorylated CA. Parallel two-dimensional anal-
yses of labeled and unlabeled virion-associated CA (not
shown) revealed a single phosphorylated form, representing
approximately 5% of virion-associated CA. In the experiment
shown in Fig. 4B, the labeling intensities of the immunopre-
cipitated Vpr, MA, and CA bands were almost identical. Since
in this case eight times more virus lysate was used for immu-
noprecipitation with anti-Vpr serum than for precipitation
with anti-MA or anti-CA serum, correcting for the different
relative amounts of these proteins in the virion, we estimate
that virus-associated Vpr is phosphorylated to a similar extent
as CA. Virion-associated MA was also found to be phosphor-
ylated to a similar degree.

Vpr of NL4-3 contains 11 residues (four Ser, four Thr, and
three Tyr) which theoretically could be phosphorylated. We
have not yet mapped the modified residue(s), but one might
consider Ser79 as a candidate phosphorylation site, based on
sequence- and structure-dependent computer prediction ac-
cording to Blom et al. (4) together with the absolute conser-
vation of this residue in HIV-1 Vpr. It is tempting to speculate
that Vpr phosphorylation plays a role in regulating the multi-
ple functions of the protein in virus replication. Whereas in the
cases of HIV-2, SIV_, and SIV_,,. two independent proteins,
Vpr and Vpx, are required for the nuclear import of the viral
genome and the induction of host cell growth arrest, in the case
of HIV-1 a single protein is responsible for both functions. Vpr
also displays numerous other activities in tissue culture, like
transcriptional activation, cell killing, or induction of cell dif-
ferentiation. Consistent with that, the association of Vpr with
a number of viral and cellular factors has been reported (2, 5,
11, 13, 25, 32, 38, 41). Vpr phosphorylation and dephosphor-
ylation may be used to modulate these interactions throughout
the viral replication cycle. Further studies are aimed at iden-
tification of the modified amino acid residue(s) as a prerequi-
site for testing this hypothesis.
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