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ABSTRACT

HIV-1 modulates key host cellular pathways for successful replication and pathogenesis through viral proteins. By evaluating
the hijacking of the host ubiquitination pathway by HIV-1 at the whole-cell level, we now show major perturbations in the ubiq-
uitinated pool of the host proteins post-HIV-1 infection. Our overexpression- and infection-based studies of T cells with wild-
type and mutant HIV-1 proviral constructs showed that Vpr is necessary and sufficient for reducing whole-cell ubiquitination.
Mutagenic analysis revealed that the three leucine-rich helical regions of Vpr are critical for this novel function of Vpr, which
was independent of its other known cellular functions. We also validated that this effect of Vpr was conserved among different
subtypes (subtypes B and C) and circulating recombinants from Northern India. Finally, we establish that this phenomenon is
involved in HIV-1-mediated diversion of host ubiquitination machinery specifically toward the degradation of various restric-
tion factors during viral pathogenesis.

IMPORTANCE

HIV-1 is known to rely heavily on modulation of the host ubiquitin pathway, particularly for counteraction of antiretroviral re-
striction factors, i.e., APOBEC3G, UNG2, and BST-2, etc.; viral assembly; and release. Reports to date have focused on the molec-
ular hijacking of the ubiquitin machinery by HIV-1 at the level of E3 ligases. Interaction of a viral protein with an E3 ligase alters
its specificity to bring about selective protein ubiquitination. However, in the case of infection, multiple viral proteins can inter-
act with this multienzyme pathway at various levels, making it much more complicated. Here, we have addressed the manipula-
tion of ubiquitination at the whole-cell level post-HIV-1 infection. Our results show that HIV-1 Vpr is necessary and sufficient to
bring about the redirection of the host ubiquitin pathway toward HIV-1-specific outcomes. We also show that the three leucine-
rich helical regions of Vpr are critical for this effect and that this ability of Vpr is conserved across circulating recombinants. Our
work, the first of its kind, provides novel insight into the regulation of the ubiquitin system at the whole-cell level by HIV-1.

Human immunodeficiency virus type 1 (HIV-1), a primate len-
tivirus, infects primarily T cells, macrophages, and probably

dendritic cells. This narrow tropism is determined by the cell sur-
face receptors (CD4 and the coreceptor CXCR4/CCR5) required
for HIV-1 to attach and gain entry (1). HIV-1 infection is charac-
terized by a gradual deterioration in immune function because of
a severe depletion of CD4-TH lymphocytes that ultimately causes
AIDS in humans (2). A human cell harbors a number of host-
encoded antiretroviral restriction factors to ensure protection
from invading retroviruses. HIV-1, on the other hand, being a
highly evolved retrovirus, has mechanisms to evade these restric-
tive host responses. A detailed understanding of how the virus
establishes successful infection despite the presence of numerous
antiretroviral factors is essential for identifying and developing
effective therapeutics and vaccines.

The HIV-1 genome is unique compared to the genomes of
other retroviruses because of the presence of highly evolved acces-
sory genes (Vpr, Vif, Nef, and Vpu) (3). Most of these small open
reading frame (ORF)-encoded proteins are involved in manipu-
lating cellular physiology for immune evasion, replication, and
transmission (4). In addition, these accessory proteins confer to
HIV-1 an exceptional ability to overcome numerous cellular an-
tiretroviral restriction factors (ARVs) (4, 5) present throughout
the viral life cycle. Targeted degradation of specific restriction fac-
tors during infection is achieved by the diversion of the cellular
ubiquitin (Ub) proteasomal pathway (UPP) by viral accessory
proteins. The UPP involves a multienzyme cascade with three dis-
tinct enzymes, namely, E1 (ubiquitin-activating enzyme), E2
(ubiquitin-conjugating enzyme), and E3 (ubiquitin ligase). Sub-

strate specificity is mediated at the level of E3 ligases, which are
further classified into three groups: the RING, HECT, and F-box-
containing ligases (6). The sequential attachment of Ub to various
cellular proteins is also regulated by deubiquitinases (cysteine
proteases) that remove Ub from proteins (7). Attachment of ubiq-
uitin is a reversible event that is induced by various stimuli that
not only affects protein stability but also regulates functional in-
teractions, thus controlling various cellular processes, such as lo-
calization, proliferation, and immune responses (8). The ability of
ubiquitinated proteins to have myriad functions depends on the
number of ubiquitin molecules attached and the type of linkage.
Monoubiquitination regulates vesicular transport, DNA repair,
and virus budding (9). Polyubiquitination at K48 mediates pro-
tein degradation and cell cycle arrest, and the same at K63 regu-
lates the activation of protein kinases and DNA repair (9, 10). All
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these host cellular processes are of prime interest with respect to
viral pathogenesis; hence, viruses have developed mechanisms to
exploit the UPP to create a cellular state favorable to their replica-
tion and pathogenesis (8, 11).

Viruses may encode either ubiquitin, E3 ligases, or deubiquiti-
nases in their genome. In addition, viral proteins often act as adap-
tors, altering the specificity of E3 ligases to bring about specific
protein ubiquitination, thereby hijacking the cellular Ub ligase
complex (11). During HIV-1 infection, degradation of the anti-
retroviral factor APOBEC3G requires the association of the Vif
protein with the cullin-5 ElonginB-ElonginC complex (12–17).
Vpr-mediated G2 arrest involves the DDB1-CUL4A (VPRBP) E3
ubiquitin ligase (18–20), which is essential for viral replication.
Furthermore, degradation of interferon-induced BST-2/Tetherin
and CD4 by the Vpu protein depends on the ability of the Vpu
protein to bind the �-TrCP subunit of SCF (Skp1–Cullin–F-
box)–�-TrCP ubiquitin ligase complex (21–23). In addition,
HIV-1 Nef is multiply ubiquitinated, which is critical for CD4
downregulation (24), and Gag is ubiquitinated, which is essential
for virus budding (25). The diversion of E3 substrate specificity by
viral proteins in certain cases can be so drastic that the natural
function of the Ub ligase complex is inhibited or compromised.
Previous reports supported this notion and showed that the inter-
action of Vpu with the SCF–�-TrCP E3 complex results in the
accumulation of many of its natural substrates (�-catenin, ATF4,
I�B, and p53), contributing to viral pathogenesis (26–29). The
UPP is also critical for transactivation (30), the NF-�B pathway
(31), as well as the assembly and release of virions from infected
cells (32). Hence, exploitation of the UPP via extensive interplay
between multiple viral proteins and different cellular Ub ligase
complexes seems to play a major role in driving HIV-1 pathogen-
esis. The broad cellular consequences resulting from these changes
within infected cells, however, remain unidentified.

In this report, we show that whole-cell ubiquitination is re-
duced within HIV-1-infected cells. The ubiquitination of known
ARVs, however, was found to be protected from this inhibition.
Interestingly, Vpr contributes to this major perturbation in the
pool of ubiquitinated proteins during infection as well as in over-
expression assays. The structural integrity of the three helical do-
mains of Vpr was found to be critically important for this newly
identified function that is conserved across various subtypes and
primary isolates of the virus. In agreement with the previously
demonstrated ubiquitination of ARV factors by numerous viral
proteins, this inhibitory role of Vpr in host-specific cellular ubiq-
uitination possibly suggests a redirection of the host ubiquitin
pathway toward specific outcomes important for HIV-1 infection,
i.e., degradation of antiviral factors. This study is first of its kind,
where the effect of a viral infection on whole-cell ubiquitination
has been pursued from a host perspective.

MATERIALS AND METHODS
Plasmid constructs and proviral DNAs. Vpr, Tat, Rev, Nef, Vpu, and Vif
from subtype B (pNL4-3) and Vpr from subtype C (Indian isolate
93IN905) HIV-1 isolates (obtained from the National Institute of Allergy
and Infectious Diseases [NIAID], National Institutes of Health [NIH])
were amplified by PCR and cloned into the mammalian expression vector
pCMV-Myc (Clontech) to generate Myc-VprB, Myc-TatB, Myc-NefB,
Myc-VpuB, Myc-VifB, and Myc-VprC constructs. The Myc-VprB L22A,
L64A, L64P, L67A, R62P, R80A, �17-33, �38-48, and �53-77 mutants
were generated by site-directed mutagenesis using Kappa Hi-Fi DNA
polymerase (Kappa Biosystems). Hemagglutinin (HA)-APOBEC3G was

cloned by using cDNA from TZM-bl cells. LTR-luc (which has a firefly
luciferase gene under the control of the HIV-1 LTR promoter) was ob-
tained from NIAID, NIH. The pNL4-3 HIV-1 clone as well as pNL4-
3�vpr mutant (having a deletion in Vpr initiation codon) variants were
kind gifts from K. Strebel (NIH) (26). The pNL4-3�vpr�vif mutant was a
kind gift from Kathleen Boris-Lawrie (33). UNG2-HA was a kind gift
from Serge Benichou (34).

Cell culture, transfections, and immunoblot analysis. HEK 293T
(human embryonic kidney 293T) and TZM-bl (HIV indicator HeLa-de-
rived cells, acquired from the NIH AIDS Research and Reagent Program)
cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM;
HiMedia) supplemented with 10% fetal bovine serum (FBS; Invitrogen),
100 U/ml penicillin, and 100 �g/ml streptomycin (Invitrogen) at 37°C
with 5% CO2. Jurkat E6.1 T cells (leukemic T cell lymphoblasts) were
maintained in RPMI medium (HiMedia) supplemented with glutamine,
10% FBS, 100 U/ml penicillin, and 100 �g/ml streptomycin (Invitrogen)
at 37°C with 5% CO2. Plasmid transfections were performed by using
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s proto-
col. Viral stocks of pNL4-3, pNL4-3�vpr, pNL4-3�vif, and pNL4-
3�vpr�vif were prepared by cotransfecting different proviral DNAs and a
plasmid encoding vesicular stomatitis virus glycoprotein (VSV-G) into
HEK 293T cells, followed by collection of viral particles from the culture
supernatant at 48 and 72 h. The levels of different cellular proteins were
compared by immunoblot analysis. Cells were lysed in radioimmunopre-
cipitation assay (RIPA) lysis buffer (Cell Signaling Technology), and pro-
tein estimation was done by using a BCA Protein Estimation kit (Pierce
Biotechnology, Inc.). The primary antibodies used were anti-Myc, an-
ti-HA (Clontech), anti-Ub, anti-glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) (Cell Signaling Technology), anti-His (Sigma-Aldrich),
anti-p24 (catalog no. 6457; NIH) and anti-tubulin (Santa Cruz Biotech-
nology, Inc.). The secondary antibodies used were anti-rabbit/mouse-
horseradish peroxidase (HRP)-conjugated (Jackson Immuno Research)
and anti-mouse-fluorescein isothiocyanate (FITC)-conjugated (BD Bio-
sciences) antibodies. The proteins of interest were detected with EZ West-
ern horseradish peroxidase substrate (Biological Industries, Israel).
GAPDH was used as a loading control.

In vivo ubiquitination assay. For detection of whole-cell ubiquitina-
tion, HEK 293T cells were grown in 35-mm dishes and transfected with 1
�g of a 6�His-ubiquitin expression plasmid (35) along with equal
amounts of the indicated plasmids. After 36 h of transfection, 25 �M
MG132 (Sigma-Aldrich) was added, and cells were further incubated for
8 h. Thereafter, cells were collected in phosphate-buffered saline (PBS),
resuspended in 1 ml of lysis buffer (6 M guanidinium-HCl, 0.1 M
Na2HPO4/NaH2PO4, 0.01 M Tris [pH 8.0], 10 mM imidazole, and 10 mM
�-mercaptoethanol), sonicated, and centrifuged. Protein estimation was
done using a BCA protein estimation kit (Pierce Biotechnology, Inc.). To
lysates containing equal amounts of whole-cell protein, 50 �l of Ni-nitri-
lotriacetic acid (NTA) beads were added, and the mixture was incubated
at room temperature for 4 h with rotation. Subsequently, the beads were
washed for 5 min at room temperature with 750 �l of each of the following
buffers: lysis buffer, buffer A (1.5 M guanidinium-HCl, 0.025 M
Na2HPO4/NaH2PO4, 0.01 M Tris [pH 8.0], 10 mM �-mercaptoethanol),
and buffer B (0.025 M Tris [pH 6.8], 20 mM imidazole, 0.2% Triton
X-100). Ubiquitinated proteins were eluted by incubating the beads in 75
�l of buffer containing 200 mM imidazole, 5% SDS, 0.15 M Tris (pH 6.7),
30% glycerol, and 0.72 M �-mercaptoethanol for 20 min at room temper-
ature. The eluates were mixed in a 1:1 ratio with 2� Laemmli buffer and
resolved by SDS-PAGE followed by immunoblotting with the indicated
antibodies.

Infection by HIV-1 pNL4-3 or HIV-1 mutants. Jurkat E6.1 T, HEK
293T, and TZM-bl cells were infected with pNL4-3/pNL4-3�vpr/pNL4-
3�vif/pNL4-3�vif�vpr viral stocks. Infection was accomplished by incu-
bating cells for 4 h with equal amounts of infectious virus, as assessed by
�-galactosidase staining using HIV-1 indicator TZM-bl cells (36). The
infected cells were harvested 48 h after infection and divided into two
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halves. One half was subjected to immunoblotting with the indicated an-
tibodies. The other half was evaluated for the extent of HIV-1 infection by
intracellular p24 staining with primary p24 mouse antibody (catalog no.
6457; NIH) followed by secondary anti-mouse antibody (FITC conju-
gated). The intracellular p24 levels of infected cells were assessed by flow
cytometry.

Cell cycle staining. HEK 293T cells were collected at 48 h posttransfec-
tion. The cells were fixed in 70% alcohol and kept at 4°C overnight. The cells
were then washed twice with 1�PBS and stained with 10�g/ml of propidium
iodide. The cells were then analyzed on a BD FACSVerse instrument.

Luciferase assay. HEK 293T cells were transfected with wild-type (wt) or
mutant green fluorescent protein (GFP)/LTR-luc/Myc-Tat/Vpr. Cells were
lysed in 1� passive lysis buffer (Promega). Luciferase activity was measured
by using a luminometer after the addition of the substrate. GFP was used as a
transfection control, and relative luciferase units (RLU) were calculated.

Sequence and phylogenetic analyses. Vpr DNA sequences of different
subtypes of HIV-1 (HIV Sequence Database [http://clustalw.ddbj.nig.ac.jp/])
and of natural variants were aligned by using ClustalW-DDBJ (http://www
.hiv.lanl.gov/content/index). The Guide tree file was downloaded and was
analyzed by using MEGA4 software. The protein sequence alignment was
done by using ClustalW-EBI (http://www.ebi.ac.uk/Tools/msa/clustalw2/).
The alignment file was analyzed by using CLC sequence viewer.

Nucleotide sequence accession numbers. The GenBank accession
numbers for Indian vpr sequences reported in this study are KF724967 to
KF724972.

RESULTS
Whole-cell ubiquitination is reduced during HIV-1 infection.
In order to determine the effect of HIV-1 infection on whole-cell
ubiquitination of host cells, a molecular infectious clone, pNL4-3,

was used. For probing of the whole-cell ubiquitination profile,
HEK 293T cells were cotransfected with a His-Ub plasmid and/or
an empty vector/pNL4-3, followed by enrichment of ubiquiti-
nated proteins using Ni-NTA beads. Immunoblot analysis using
anti-His antibody showed that the expression of the full-length
HIV-1 clone reduces ubiquitination at the whole-cell level (Fig.
1A). To validate these results in an infection-based scenario in a
physiologically relevant T cell line, VSV-G-pseudotyped pNL4-3
virus particles were used to infect Jurkat E6.1 cells. The infected
cells were divided into two parts. One half was used to probe
endogenous whole-cell ubiquitination by using an anti-Ub anti-
body. It was observed that HIV-1 infection reduces whole-cell
ubiquitination compared to the control (Fig. 1B). Figure 1C
shows the quantitation of ubiquitination for the blot shown in Fig.
1B. The other half was used to determine the extent of infection by
intracellular p24 staining (Fig. 1D). Seventy-eight percent of Jur-
kat cells were infected.

Vpr is sufficient for reducing whole-cell ubiquitination in
host cells. To identify the viral gene responsible for this perturba-
tion, each of the auxiliary viral genes (Myc tagged) were indepen-
dently cotransfected with the His-Ub plasmid. Ubiquitinated pro-
teins were enriched by using Ni-NTA beads (as described in
Materials and Methods), and immunoblot analysis was done. Of
the six regulatory/accessory genes (tat, rev, nef, vpr, vif, and vpu),
vpr drastically decreased whole-cell ubiquitination compared to
the control and other genes (Fig. 2A). We further investigated if
this phenomenon was dose dependent. Three different doses (0.5,

FIG 1 pNL4-3 transfection or infection reduces whole-cell ubiquitination. (A) HEK 293T cells were cotransfected with plasmids encoding His-Ub and
pCMV-Myc or pNL4-3. After 36 h, cells were treated with MG132 for 8 h, followed by Ni-NTA pulldown. Immunoblot analysis was done, and whole-cell
ubiquitination was probed by using an anti-His antibody. p24 was indicative of infection. GAPDH was used as a loading control (input). IP, immunoprecipi-
tation. (B) Jurkat cells were infected with pNL4-3 viral supernatants for 4 h, and after 36 h, they were treated with MG132 for 8 h. The lysate was prepared in RIPA
buffer containing 1� protease inhibitor and 5 mM N-ethylmaleimide. Immunoblot analysis was done, and whole-cell ubiquitination was probed by using an
anti-Ub antibody. p24 was indicative of infection. GAPDH was used as a loading control. (C) Quantitation of ubiquitination for the immunoblot shown in panel
B. (D) Jurkat cells were evaluated for the extent of HIV-1 infection by intracellular p24 staining with primary p24 mouse antibody (NIH) followed by secondary
anti-mouse antibody (FITC conjugated). FITC staining in flow cytometer channel 1 (FL1) was analyzed; H indicates height.
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1.0, and 1.5 �g) of Myc-VprB were cotransfected with the His-Ub
plasmid, and ubiquitinated proteins were enriched. The results
showed that the reduction in whole-cell ubiquitination was dose
dependent (Fig. 2B). In order to assess if this function of Vpr is
upstream or downstream of its other known functions, a time
course analysis was done. Expression of Vpr was detected as soon
as 12 h following transfection, and there was a progressive de-
crease in the whole-cell ubiquitination profile as levels of Vpr in-
creased (Fig. 2C). To confirm this finding in a viral scenario,
pNL4-3 and pNL4-3�vpr were cotransfected with the His-Ub
plasmid. Immunoblot analysis, after pulldown using Ni-NTA
beads, showed that the reduction that was observed with pNL4-3
was reverted after vpr deletion from the backbone (Fig. 2D).

Figure 2E shows the quantitation of ubiquitination for the blot
shown in Fig. 2D. In order to reproduce the results in an infection-
based scenario, VSV-G-pseudotyped viral particles (pNL4-3 and
pNL4-3�vpr) were used to infect Jurkat E6.1 cells. One half of the
cells was used to determine the extent of infection by intracellular
p24 staining. Flow cytometric analysis revealed that the extent of
infection was equal for pNL4-3- and pNL4-3�vpr-infected sam-
ples (Fig. 2F). pNL4-3 infection reduced whole-cell ubiquitina-
tion, but pNL4-3�vpr infection showed ubiquitination compara-
ble to that of the control (Fig. 2G). A similar experiment was done
with the monocytic cell line Thp1. These cells were differentiated
into macrophages by using phorbol myristate acetate (PMA) and
were infected with the pNL4-3 and pNL4-3�vpr viruses. Whole-

FIG 2 Vpr is sufficient to reduce whole-cell ubiquitination. (A) HEK 293T cells were cotransfected with His-Ub and pCMV-Myc or each viral accessory/
regulatory gene (Myc-TatB/RevB/NefB/VprB/VifB/VpuB). After 36 h, cells were treated with MG132 for 8 h, followed by Ni-NTA pulldown. Immunoblot
analysis was done, and whole-cell ubiquitination was probed by using an anti-His antibody. MW, molecular weight marker (in thousands). (B) Increasing doses
of Myc-VprB were cotransfected with His-Ub, and immunoblotting was done as described above for panel A. The level of VprB is shown as the input. (C) A time
course assay was done. After 12 h of transfection, Vpr was detected in lysates, and whole-cell ubiquitination was probed at the same time intervals. (D) HEK 293T cells
were cotransfected with His-Ub and pNL4-3/pNL4-3�vpr, and whole-cell ubiquitination was probed as described above for panel A. (E) Quantitation of ubiquitination
for the immunoblot shown in panel D. (F and G) Jurkat cells were infected with pNL4-3/pNL4-3�vpr viral supernatants for 4 h, and after 36 h, they were treated with
MG132 for 8 h. Cells were divided; one set was used for intracellular p24 staining (as described in the legend of Fig. 1D), the other set was lysed, and whole-cell
ubiquitination was probed by using an anti-Ub antibody. GAPDH was used as a loading control. (H) Endogenous ubiquitination was probed by using an anti-Ub
antibody after overexpression of Myc-VprB in HEK 293T cells. Levels of free ubiquitin are also shown. GAPDH was used as a loading control.
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cell ubiquitination was again reduced in the presence of Vpr (see
Fig. S1 in the supplemental material). In the endogenous scenario
(where Ub is not overexpressed), expression of Vpr showed a similar
effect with respect to the reduction of whole-cell ubiquitination when
probed by using an anti-Ub antibody (Fig. 2H). Also, we observed no
change in the levels of free ubiquitin upon Vpr expression. To rule out
the possibility that the effect on whole-cell ubiquitination is due to the
overexpression of Vpr above physiological levels, we showed that ex-
pression levels of Vpr were in a similar range in infected and trans-
fected samples (see Fig. S2 in the supplemental material). We thus
conclude that Vpr is sufficient for bringing about a reduction in the
whole-cell ubiquitination of host cells.

Analysis of Vpr determinants critical for reducing whole-cell
ubiquitination. Structure analysis by nuclear magnetic resonance
(NMR) and circular dichroism (CD) spectroscopy showed that
Vpr contains three helical domains with a basic-amino-acid-en-
riched C terminus. These helical domains are rich in leucine resi-
dues with classical steroid signature motifs (LxxLL) in the helical
domains (37). The three helical regions (residues 17 to 33, 38 to
48, and 53 to 77) were independently deleted, and it was shown
that each mutant was able to revert the reduction in the ubiquiti-
nation profile compared to the wild-type protein (Fig. 3A), which
suggests that the determinants lie in all three helices. Next, we
investigated whether this reduction of whole-cell ubiquitination

FIG 3 The three helical regions of Vpr critical for reducing whole-cell ubiquitination. (A) The three helices were independently deleted (�17-33, �38-48, and
�53-77 Myc-tagged Vpr deletions). Expression was checked in HEK 293T cells, and each deletion construct was then cotransfected with His-Ub. After 36 h,
MG132 treatment was given for 8 h, and ubiquitinated proteins were enriched by using Ni-NTA beads (as described in Materials and Methods). Immunoblotting
was done by using an anti-His antibody to probe whole-cell ubiquitination. (B) wt Vpr and point mutants were checked for their abilities to transactivate the LTR
by using the LTR-luc construct (as described in Materials and Methods). The results are representative of three independent experiments. (C) wt Vpr and point
mutants were checked for their abilities to cause G2/M arrest. HEK 293T cells were collected at 48 h posttransfection and were stained with propidium iodide as
described in Materials and Methods. (D) wt Vpr and point mutants were then cotransfected with His-Ub in HEK 293T cells. After 36 h, MG132 treatment was
given for 8 h, and ubiquitinated proteins were enriched by using Ni-NTA beads (as described in Materials and Methods). Immunoblotting was done by using an
anti-His antibody to probe whole-cell ubiquitination. GAPDH was used as a loading control.
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correlates with other known functions of Vpr, i.e., induction of G2

cell cycle arrest (18, 38) and transcriptional coactivation of viral
and host genes (39). To accomplish this, functional point mutants
of Vpr, such as L22A, L64A, L64P, L67A, L68A, R62P, and R80A,
were cloned with a Myc backbone. The ability of these mutants to
transactivate the long terminal repeat (LTR) was determined.
Wild-type and mutant Vpr constructs were cotransfected with
GFP, LTR-luc, and Myc-Tat. Luciferase activity was normalized
by using GFP as a transfection control. Figure 3B shows relative
luciferase units (RLU) for wild-type and mutant Vpr constructs.
The L22A mutant was observed to drastically increase luciferase
activity, while the other mutants failed (RLU values were com-
pared to those of the control). These mutants were then checked
for G2/M arrest by propidium iodide staining (40). Expression of
wt Vpr and the L22A, L67A, and L68A Vpr mutants showed G2/M
arrest, while the L64A, L64P, R62P, and R80A mutants failed to
show any arrest (Fig. 3C). Furthermore, each of these mutants was
coexpressed with a His-Ub plasmid, and ubiquitinated proteins
were enriched by using Ni-NTA beads. We observed that all point
mutants except the R80A mutant reverted the reduction in global
ubiquitination compared to wild-type Vpr (Fig. 3D). The func-
tionality of these mutants is summarized in Table 1. The data on
transactivation and cell cycle arrest were consistent with data from
previous reports (37, 41–44). This led us to conclude that the
integrity of the three helices is critical for this effect and is inde-
pendent of other Vpr functions.

Comparison of Vpr proteins from HIV-1 subtypes B and C
and natural variants with respect to their effects on whole-cell
ubiquitination. Of the nine pure subtypes that HIV-1 group M
(main) viruses are divided into, subtype C is responsible for the
majority of global HIV-1 infections (45). We went on to compare
Vpr proteins from subtype B (laboratory-adapted strain pNL4-3)
(46) and subtype C for their abilities to inhibit whole-cell ubiq-
uitination. Myc-VprB/VprC was cotransfected with the His-Ub
plasmid, and enrichment of ubiquitinated proteins was done by
using Ni-NTA beads. Both VprB and VprC were found to be
equally potent in reducing whole-cell ubiquitination (Fig. 4A).
HIV-1 has a remarkable ability to exhibit genetic diversity, and in
an infected individual, there is continuous generation of genetic
variants (47). To explore if this novel function of Vpr is conserved
across its natural variants in Northern India, Vpr from genomic
DNA of 6 HIV-1-infected patients was amplified, cloned into the
pCMV-Myc vector, and sequenced. Amino acid sequence align-
ment was carried out, and sequences were compared to consensus

subtype B and C sequences (Fig. 4B). Phylogenetic analysis using
MEGA4 software revealed that the natural variants are closely re-
lated to either subtype B or C (data not shown). The expression
levels of the variants were normalized (Fig. 4C), and each variant
was cotransfected with His-Ub to check their ability to affect
whole-cell ubiquitination. Immunoblot analysis was done after
enrichment of ubiquitinated proteins. As shown in Fig. 4D, the
reduction in global ubiquitination by Vpr is largely conserved
across natural variants, except for one mutant (Vpr-1) that har-
bors the L64P mutation, which disrupted the three helical regions
and hence reverted the reduction of global ubiquitination, consis-
tent with data from mutagenesis studies.

Redirection of the UPP by Vpr and degradation of antiretro-
viral restriction factors. HIV-1 counteracts antiretroviral host
factors by degrading them via the UPP. In order to assess the
implication of the reduction in whole-cell ubiquitination by Vpr,
ubiquitination and degradation of ARVs were checked. Ubiquiti-
nation of UNG2 (nuclear uracil-DNA glycosylase), a known target
of Vpr degraded through the UPP (48), was checked. HEK 293T
cells were cotransfected with His-Ub and UNG2-HA, infected
with pNL4-3/pNL4-3�vpr VSV-G-pseudotyped virus after 12 h,
and treated with MG132 after 36 h for 8 h. Immunoblot analysis
using anti-HA antibody, after pulldown using Ni-NTA beads,
showed that ubiquitination of UNG2-HA was increased in the pres-
ence of Vpr in the proviral backbone, whereas its levels were reduced
compared to the levels for the control (Fig. 5A). Next, we checked
ubiquitination of CD4, which is known to be degraded by multiple
viral proteins (Vpu [49], Nef [50], and Env [51]) via the UPP in
infected cells. TZM-bl cells were transfected with His-Ub, infected
with pNL4-3/pNL4-3�vpr VSV-G-pseudotyped virus after 12 h, and
treated with MG132 after 36 h for 8 h. Despite the reduction in whole-
cell ubiquitination, immunoblot analysis using an anti-CD4 anti-
body confirmed comparable ubiquitination of CD4 in the presence
and absence of Vpr (Fig. 5B). Quantitation of the input of CD4 is
shown in Fig. S3 in the supplemental material. Also, ubiquitination of
APOBEC3G was assessed, for which HEK 293T cells were cotrans-
fected with His-Ub and HA-APOBEC3G plasmids. After 12 h, cells
were infected with pNL4-3/pNL4-3�vpr VSV-G-pseudotyped virus.
Immunoblot analysis using an anti-HA antibody, after pulldown us-
ing Ni-NTA beads, showed that ubiquitination and degradation of
APOBEC3G were increased in the presence of Vpr (pNL4-3) com-
pared to those in the presence of Vpr-null (pNL4-3�vpr) virus (Fig.
5C). This experiment was repeated in TZM-bl cells by using an
APOBEC3G antibody (catalog no. 9963; NIH), and similar results
were obtained (see Fig. S4 in the supplemental material). In order to
confirm the impact of Vpr on Vif function, we also tested �vif and
�vif �vpr pNL4-3 mutants for their effect on APOBEC3G degrada-
tion. HEK 293T cells were cotransfected with His-Ub and HA-
APOBEC3G plasmids. After 12 h, cells were infected with pNL4-3/
pNL4-3�vpr/pNL4-3�vif/pNL4-3�vif�vpr VSV-G-pseudotyped
virus. When Vif was deleted from the proviral backbone, ubiquiti-
nation of APOBEC3G was comparable to that in the uninfected
lane (Fig. 5D, lanes 2, 5, and 6). When Vif was present, ubiquiti-
nation of APOBEC3G increased, but it was more pronounced
when Vpr was also present along with Vif (Fig. 5D, lanes 3 and 4).
Finally, in order to verify the specificity of Vpr-mediated inhibi-
tion of ubiquitination for housekeeping host proteins, ubiquiti-
nation of tubulin was assessed upon infection. HEK 293T cells
were transfected with His-Ub, infected with pNL4-3/pNL4-3�vpr
VSV-G-pseudotyped virus after 12 h, and treated with MG132

TABLE 1 Functional comparison of Vpr mutantsa

Vpr
protein

Cell cycle
arrest

LTR
transactivation

Reduction of whole-cell
ubiquitination

VprB � � �
VprC � � �
L22A � �� �
L64A � � �
L64P � � �
L67A � � �
L68A � � �
R62P � ND �
R80A � � �
a wt Vpr and point mutants are compared for their abilities to cause G2/M arrest, LTR
transactivation, and reduction in whole-cell ubiquitination (37, 41–44). �, shows
activity; ��, shows high level of activity; �, shows no activity; ND, not determined.
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after 36 h for 8 h. Immunoblot analysis using anti-tubulin anti-
body, after pulldown using Ni-NTA beads, showed that ubiquiti-
nation of tubulin was decreased in the presence of Vpr (pNL4-3)
compared to the control and in the absence of Vpr (pNL4-3�vpr)
(Fig. 5D). Quantitation of the input blot is shown in Fig. S5 in the
supplemental material. This led us to conclude that although
whole-cell ubiquitination is significantly reduced, ubiquitination
of antiretroviral restriction factors still occurs and in some in-
stances is increased (APOBEC3G), indicating redirection of ubiq-
uitination for HIV-1-specific outcomes during infection.

DISCUSSION

Owing to their limited genome size, viruses rely heavily on host
cellular machinery for survival and propagation. Exploitation of

host cell pathways is mediated by viral proteins, which have an
enormous ability to interact with host proteins and alter cellular
physiology. Ubiquitination is a key process of the host cell that
regulates not only protein turnover but also protein localization,
protein function, and protein-protein interactions. Hence, ubiq-
uitination is a critical pathway that has been extensively modu-
lated by viruses (52). In addition to modifying ubiquitination of
substrates, many viruses also encode components of the multien-
zyme ubiquitin pathway (11).

The ubiquitination proteasomal pathway (UPP) can both pos-
itively and negatively potentiate viral processes based on the cel-
lular state (11). The exact role of the ubiquitination pathway dur-
ing HIV-1 pathogenesis remains controversial. On the one hand,

FIG 4 Comparison of HIV-1 subtypes B and C and natural variants. (A) HEK 293T cells were cotransfected with Myc-VprB/VprC and His-Ub. After 36 h,
MG132 treatment was given for 8 h, and ubiquitinated proteins were enriched by using Ni-NTA beads (as described in Materials and Methods). Immunoblotting
was done by using an anti-His antibody to probe whole-cell ubiquitination. Levels of Myc-VprB and subtype C are shown as the input. (B) Protein sequence
alignment of HIV-1 VprB, VprC, and 6 samples. (C) The expression levels of 6 variant samples (Vpr-1, -3, -25, -46, -78, and -100), Myc-VprB, and Myc-VprC
were checked in HEK 293T cells and normalized. (D) HEK 293T cells were cotransfected with Myc-VprB, 6 variant samples (Vpr-1, -3, -25, -46, -78, and -100),
and His-Ub. After 36 h, MG132 treatment was given for 8 h, and ubiquitinated proteins were enriched by using Ni-NTA beads (as described in Materials and
Methods). Immunoblotting was done by using an anti-His antibody to probe whole-cell ubiquitination. GAPDH was used as a loading control.
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FIG 5 Ubiquitination and degradation of different proteins. (A) HEK 293T cells were cotransfected with HA-UNG2 and His-Ub. After 12 h, the cells were
infected with equal multiplicities of infection of pNL4-3/pNL4-3�vpr VSV-G-pseudotyped virus. After 36 h, MG132 treatment was given for 8 h, and ubiquiti-
nated proteins were enriched by using Ni-NTA beads. Immunoblot analysis was done by using an anti-HA antibody. (B) TZM-bl cells were transfected with
His-Ub. After 12 h, the cells were infected with equal multiplicities of infection of pNL4-3/pNL4-3�vpr VSV-G-pseudotyped virus. After 36 h, MG132 treatment
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this host process positively regulates the degradation of antiretro-
viral restriction factors (ARVs), receptor-mediated endocytosis,
and viral maturation and budding (12, 23, 32). On the other hand,
the use of ubiquitination machinery for NF-�B signaling can limit
virus by modulating the immune response (28). Also, cell cycle
progression mediated by the degradation of cell cycle host pro-
teins is not favorable for the virus, as viral replication is maximal
in G2/M-arrested cells (53). Several pathogenesis studies have al-
ready determined that altered E3 substrate specificity is responsi-
ble for the modulation of the UPP during HIV-1 infection, but
those studies focused on the perturbation/hijacking of a single E3
ligase by viral proteins. However, we were interested in gaining an
understanding of how HIV-1 modulates ubiquitination at the
whole-cell level and its functional consequences. We observed
that HIV-1 infection (pNL4-3) reduces whole-cell ubiquitination.
Furthermore, out of 6 auxiliary genes, Vpr alone was found to be
responsible for reducing whole-cell ubiquitination. HIV-1 Vpr is a
96-amino-acid-long multifunctional protein with no known en-
zymatic activity (37). Vpr facilitates nuclear import of the viral
preintegration complex (54) and induces G2 arrest (38), which
increases viral replication (55). In addition, Vpr is known to sup-
press host immune responses by reduction of T cell proliferation
and inhibition of NF-�B activation, which results in decreased
levels of proinflammatory cytokines (56–58). The Vpr-mediated
perturbation in cellular ubiquitination (visible at 12 h post-Vpr
transfection) (Fig. 2C) precedes all known Vpr-mediated events,
such as LTR transactivation and cell cycle arrest, that are detect-
able only after 48 h of transfection (59). The transfection-based
results were validated in T cells by using VSV-G-pseudotyped
HIV-1 (pNL4-3 and its vpr deletion mutant pNL4-3�vpr). More-
over, this observation was also consistent for the endogenous sys-
tem (using ubiquitin antibody).

Having established this novel function of Vpr, the next goal
was to find the determinants of Vpr responsible for this effect.
NMR studies revealed that the Vpr structure is characterized by
three alpha helices surrounded by flexible N- and C-terminal do-
mains (60). Each of these alpha helices, when deleted, indepen-
dently resulted in a reversion of reduction in whole-cell ubiquiti-
nation. Functional point mutants were made based on data
reported in the literature (37, 41–44) and were verified (Fig. 3B
and C). The ability of Vpr to reduce whole-cell ubiquitination
was independent of both LTR transactivation and cell cycle
arrest (R80A mutant). This is summarized in Table 1 and is
consistent with the observation that reduction of whole-cell
ubiquitination is evident as soon as intracellular expression of
Vpr is detectable. We thus conclude that the determinants of
Vpr-mediated host ubiquitination reduction lie in the three
helical regions of the protein. Recent studies have also revealed
that the structural features of Vpr (the three alpha-helical do-
mains) are crucial for mediating diverse biological functions

(60). Consistent with this finding, point mutations made in any
of the three leucine-rich helical regions did not inhibit whole-
cell ubiquitination, while mutations made outside the helices
(R80A) retained this ability.

Due to its high genetic variability, HIV-1 is classified into three
major phylogenetic groups (groups M, N, and O) that arose inde-
pendently after cross-species transmission (61, 62). Of these,
group M, which is responsible for the majority of infections
worldwide, is further subdivided into 9 subtypes or clades (sub-
types A to K) (63). Previous reports (46, 64–66) suggested that
there are differences between subtypes B and C in the accessory
genes, leading to specific differences in their abilities to carry out a
particular function. Hence, we were interested to see if there is any
such difference with respect to inhibition of whole-cell ubiquiti-
nation by Vpr. When the two subtypes of HIV-1 (subtypes B and
C) were compared, it was observed that Vpr proteins of both sub-
types were equally potent in reducing whole-cell ubiquitination,
as the three helical domains were conserved. We further verified
conservation of this activity across natural isolates of Vpr derived
from HIV-1-infected patients in Northern India. Genetic analysis
of natural variants from HIV-1-infected individuals from North-
ern India revealed that Vpr from these samples was closely related
to Vpr of either B, C, or BC recombinants (data not shown). Five
out of six natural variants retained the function of reducing
whole-cell ubiquitination, indicating the significance of this func-
tion in HIV-1 pathogenesis. Sequence alignment showed that the
single natural variant (Vpr-1) that was able to revert the effect on
whole-cell ubiquitination harbors an L64P mutation, which dis-
torts the third helical region that is critical for mediating this ef-
fect, consistent with the mutagenesis data showing that the three
helical regions are critical for this function.

Although UPP modulation in the case of HIV-1 remains ques-
tionable, numerous independent reports suggested that its posi-
tive modulation brings about the degradation of ARVs during the
course of infection (12, 22–24, 67). Interestingly, although Vpr
seems to perturb the ubiquitin machinery and reduce the whole-
cell ubiquitination level, our results show that this phenomenon
exempts degradation of UNG2, CD4, and APOBEC3G, which
could be possible when there is redirection. The ubiquitination of
CD4 is comparable in the presence and absence of Vpr; however,
the ubiquitination of UNG2 and APOBEC3G increases, while that
of tubulin decreases. Ubiquitination of APOBEC3G, CD4, and
UNG2, despite a drastic reduction of the whole-cell ubiquitina-
tion profile in the presence of Vpr, rules out the possibility of
inhibition at the core ubiquitin machinery (E1/E2/E3/protea-
some). Moreover, Vpr is not known to possess any deubiquitinase
activity, and there is no change in the level of free ubiquitin when
Vpr is overexpressed in cells. It is well established that the func-
tional activity of Vpr is known to depend on its interaction with
host cell proteins, many of which are unidentified (60). We thus

was given for 8 h, and ubiquitinated proteins were enriched by using Ni-NTA beads. Immunoblot analysis was done by using anti-CD4 antibody. (C) HEK 293T
cells were cotransfected with HA-APOBEC3G and His-Ub. After 12 h, the cells were infected with equal multiplicities of infection of pNL4-3/pNL4-3�vpr
VSV-G-pseudotyped virus. After 36 h, MG132 treatment was given for 8 h, and ubiquitinated proteins were enriched by using Ni-NTA beads. Immunoblot
analysis was done by using an anti-HA antibody. (D) HEK 293T cells were cotransfected with HA-APOBEC3G and His-Ub. After 12 h, the cells were infected with
equal multiplicities of infection of pNL4-3/pNL4-3�vpr/pNL4-3�vif/pNL4-3�vif�vpr VSV-G-pseudotyped virus. After 36 h, MG132 treatment was given for 8
h, and ubiquitinated proteins were enriched by using Ni-NTA beads. Immunoblot analysis was done by using an anti-HA antibody. (E) HEK 293T cells were
transfected with His-Ub. After 12 h, the cells were infected with equal multiplicities of infection of pNL4-3/pNL4-3�vpr VSV-G-pseudotyped virus. After 36 h,
MG132 treatment was given for 8 h, and ubiquitinated proteins were enriched by using Ni-NTA beads. Immunoblot analysis was done by using an anti-tubulin
antibody. Levels of proteins are shown as the input (without MG132 treatment). GAPDH was used as a loading control.
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hypothesize that an unknown cellular partner interacts with the leu-
cine-rich region of Vpr, which, in natural cells, is supposed to per-
form a cofactor job for the UPP, which is sequestered in the presence
of Vpr. The identity of this protein remains unknown, but we pro-
pose that it might be involved in regulating the ubiquitination of a
large subset of cellular proteins, and hence, further efforts toward the
identification of such a molecule may give us some new insights into
how ubiquitination itself is regulated in normal cells.

Taken together, our study has generated new insights into the
regulation of the host ubiquitin system by HIV-1. Previous reports
have shown manipulation of this pathway by the HIV-1 Vif, Vpr,
and Vpu proteins (12, 22, 23, 27, 48), but we have extended this
understanding at the whole-cell level. We have shown that Vpr has
a unique ability to redirect cellular ubiquitination. Reduction of
whole-cell ubiquitination by HIV-1 Vpr may also contribute to
the modulation of NF-�B function and the double-strand break
signaling pathway, both of which are regulated primarily through
the UPP. Furthermore, a recent report demonstrated that host
protein translation is suppressed during HIV-1 infection (68).
Therefore, reduction of whole-cell ubiquitination by HIV-1 Vpr
may also contribute to the maintenance of cellular levels of house-
keeping proteins and other proteins essential for HIV-1 replica-
tion. Hence, through redirection of the UPP, the most versatile
pathway of cellular homeostasis, HIV-1 can alter the host cell en-
vironment in order to maximize viral replication and pathogene-
sis. Our discovery opens new dimensions to identify the mecha-
nistic basis for such an evolutionarily conserved selective
perturbation of ubiquitination during HIV-1 infection.
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