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Vpx and Vpr are related lentiviral accessory proteins that enhance virus replication in macrophages and
dendritic cells. Both proteins are packaged into virions and mediate their effects in the target cell through an
interaction with an E3 ubiquitin ligase that contains DCAF1 and DDB1. When introduced into primary
macrophages and dendritic cells in viruslike particles, Vpx can enhance the efficiency of a subsequent infection.
Here, we confirm the ability of Vpx to enhance simian immunodeficiency virus (SIV) and human immunode-
ficiency virus type 1 (HIV-1) infection of macrophages up to 100-fold by using single-cycle reporter viruses and
by pretreatment of the cells with Vpx-containing viruslike particles. Vpx was also active in differentiated THP-1
cells but not in other cell lines. Induction of an antiviral state in macrophages with type I interferon
significantly magnified the effect of Vpx on HIV-1 infection, suggesting that Vpx helps the virus to overcome an
inducible intracellular restriction. Quantitative PCR quantitation of SIV and HIV-1 reverse transcripts in
newly infected macrophages showed that the block was at an early step in reverse transcription. In spite of its
structural similarity, Vpr was inactive. This difference allowed us to map the functional domains of Vpx with
a panel of Vpr/Vpx chimeras. Analysis of the chimeras demonstrated that the amino-terminal domain of Vpx
is important for the enhancement of infection. Fine mapping of the region indicated that amino acids at
positions 9, 12, and 15 to 17 were required. Although the mutants failed to enhance infection, they retained
their ability to interact with DCAF1. These findings suggest that the Vpx amino terminus contains an activation

domain that serves as the binding site for a cellular restriction factor.

The Vpx and Vpr lentiviral accessory proteins enhance virus
replication in macrophages and dendritic cells (DC) but have
little effect on replication in activated CD4* T cells (2, 10, 16,
18, 44). The proteins are ca. 50% identical in amino acid
sequence, suggesting that they arose by gene duplication (39).
Most lentiviruses encode Vpr, whereas a Vpx gene is present in
human immunodeficiency virus type 2 (HIV-2), simian immu-
nodeficiency virus of sooty mangabey (SIVsm), and SIV of
rhesus macaque (SIVmac) but absent from HIV-1. Although
Vpr and Vpx are dispensable in vitro, studies in nonhuman
primate models have demonstrated their importance in vivo
(15, 19). Rhesus macaques infected with Avpx SIV have re-
duced virus loads and progress more slowly to AIDS, while
animals infected with a Avpx/Avpr SIVmac double mutant
showed little evidence of disease progression and maintained
low virus loads.

Vpr and Vpx are specifically packaged into the virion, a
feature that is unique among the accessory proteins. Both
proteins are packaged during virus assembly through an inter-
action with amino acid motifs in the p6 region of the Gag
polyprotein (1, 30). The presence of Vpr and Vpx in the virion
suggests that they play a role early in virus replication. Both
proteins localize to the nucleus of the infected cell and have
been proposed to facilitate the nuclear import of the preinte-

* Corresponding author. Mailing address: New York University
School of Medicine, Microbiology Department, 522 First Ave., New
York, NY 10016. Phone: (212) 263-9197. Fax: (212) 263-9180. E-mail:
nathaniel.landau@med.nyu.edu.

+ Supplemental material for this article may be found at http://jvi
.asm.org/.

¥ Published ahead of print on 18 November 2009.

1387

gration complex (5, 12, 13). However, a report that Avpr HIV-1
maintains its ability to infect nondividing cells argues against a
role in nuclear import (42). In addition, recent studies have
indicated a role for Vpx in reverse transcription, a process
that mainly occurs in the cytoplasm prior to nuclear import
(14, 18, 35).

Goujon et al. have found that Vpx increases the infectibility
of monocyte-derived macrophages (MDM) and DC when in-
troduced into the cell in frans in viruslike particles (VLP) (17).
Vpx-containing VLP were also found to promote the transduc-
tion of DC with episomal lentiviral vectors by increasing the
number of cells infected and the level of transgene expression
(9). The effect of Vpx could be partially mimicked by treating
the DC with the proteasome inhibitor MG132, suggesting that
Vpx allows the virus to escape a degradative pathway operative
in these cells (18).

Lentiviral accessory and regulatory proteins either co-opt
specific cellular proteins to facilitate virus replication or inter-
fere with the antiviral activity of intracellular restriction fac-
tors. In the infected cell, Vpr and Vpx both form complexes
with an E3 ubiquitin ligase that is composed of Cullin4a,
DDBI, Rbx1, and DCAF1 (6, 20, 24, 31, 38). In the complexes,
Vpr appears to directly bind DCAF1. Vpx also binds to
DCAF1 but with reduced affinity (24). Modeling of Vpx on the
NMR structure solved for Vpr suggests that Vpx consists of
three central a-helices that form a hydrophobic core flanked by
flexible amino-terminal and carboxy-terminal regions (22, 25).
Le Rouzic et al. have found that Vpx and Vpr bind DCAF1 via
conserved amino acids in a-helix 3 (24). The interaction of Vpr
and Vpx with the E3 ubiquitin ligase is required for biological
function. Vpr point mutants that are defective for DCAF1
binding do not arrest the cell cycle or induce apoptosis (24),
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and Vpx point mutants that are defective for DCAF1 binding
do not facilitate MDM and DC infection (8, 14, 35). By analogy
with HIV-1 Vif, the involvement of an E3 ubiquitin ligase
suggests a role in inducing the degradation of a host protein
(26, 34, 36, 43). Support for such a role was reported by
Sharova et al. (32), who fused macrophages to COS cells. The
resulting heterokaryons were resistant to Avpx SIV, supporting
a role for Vpx in counteracting a dominant inhibitor.

To investigate the role of Vpx and Vpr on MDM infection,
we used single-cycle SIV reporter viruses and Vpx-containing
SIV VLP that were generated by vectors that are identical
except for mutations in vpr or vpx. In single-cycle infections,
Vpx enhanced the infection of MDM by more than 100-fold.
Pretreatment of MDM with Vpx-containing VLP also dramat-
ically enhanced the SIV and HIV-1 infection of MDM, defin-
itively mapping the effect to Vpx and confirming earlier reports
(17). The VLP were active, albeit to a lesser extent, in
phorbol ester differentiated THP-1. The enhancement re-
quired the interaction of Vpx with DCAF1 and served to
relieve a block early in reverse transcription. Pretreatment
of the MDM with type I interferon (IFN) magnified the
effect of Vpx-containing VLP, suggesting a role in overcom-
ing an IFN-inducible intracellular restriction. Vpr had little
activity in either assay, a finding that we exploited to map
functional domains of the protein with a panel of Vpr/Vpx
chimeras. Analysis of the activity of the chimeras demon-
strated a critical role for the amino-terminal domain. Anal-
ysis of point mutants in this region mapped the activity to
single amino acids. Several mutants failed to enhance infec-
tion but retained the ability to bind DCAF1, suggesting that
the amino-terminal domain may be a binding site for a
cellular restriction factor.

MATERIALS AND METHODS

Cells and cell culture. 293T and HeLa cells were cultured in Dulbecco mod-
ified Eagle medium (DMEM)-10% fetal bovine serum. THP-1 and SUPT1 were
cultured in RPMI 1640-10% fetal bovine serum. Where indicated, THP-1 cells
were differentiated for 3 days in medium containing 50 nM phorbol myristic acid
(PMA). Monocytes were purified from healthy donor peripheral blood mono-
nuclear cells (PBMC) by positive selection on anti-CD14-coated magnetic beads
(Miltenyi Biotech, Inc.) and were typically >98% CD14". Monocytes were
differentiated to MDM by culturing for 4 to 6 days in medium containing 50 ng
of granulocyte-macrophage colony-stimulating factor (Invitrogen)/ml.

Plasmids. The SIV-derived proviral plasmids, termed pSIVmac, are based on
SIVmac239 with the exception of pSIV3+, provided by A. Cimarelli (Ecole
Normale Supérieure de Lyon), which is based on SIVmac251 (17). SIVmac Vpx
and Vpr expression vectors were codon optimized by overlap extension PCR and
cloned into the EcoRI and Xhol sites of pcDNA6/myc-His (Invitrogen), placing
the epitope tag at the carboxy terminus. Vpx point mutants and Vpr/Vpx chi-
meras were generated by PCR mutagenesis. pNL-luc-E™ and pSIVmac-luc-E™
plasmids have been previously described (10, 27). The Avpx and Avpr variants—
pSIV3+R™, pSIV3+X™, and pSIV3+X R —were generated by PCR
mutagenesis. To generate pSIV3+X™, a vpx/vpr-containing fragment of SIV
mac251 (accession no. M19499) from the BstBI site (nucleotide [nt] 5852) to the
Afel site (nt 6329) was amplified by using the primers SIV3-+stopvpx.BstBl.sense
(5'-GAGGCCTTCGAATAGCTAAACAGAACAG) and SIV3+Afel.antisense
(5'-GAAGAGCGCTCGTTGG) that introduced a stop codon at amino acid 24
of vpx (nt 5858). pSIV3+R™ was generated by overlapping PCR. The 5’ frag-
ment was amplified with the primers SIV3+BstBLsense (5'-GAGGCCTTCGA
ATGGCTAAACAGAACAG) and SIV3+stop.vpr.overlap.antisense (5'-CTGG
AGGTCTTTCTTACATTTATGCTAG), and the 3’ fragment was amplified
with the primers SIV3+stop.vpr.overlap.sense (5'-CTAGCATAAATGTAAGA
AAGACCTCCAG) and SIV3+Afelantisense (5'-GAAGAGCGCTCGTTGG).
The fragments were mixed and amplified with the outer primers. The resulting
amplicon was digested with BstBI and Afel and cloned back into pSIV3+,
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resulting in a stop codon in vpr at amino acid 2 (nt 6130). pSIV3+X R~ was
constructed by overlapping PCR with SIV3-+stopvpx.BstBl.sense as the outer
primer, introducing a stop codon in vpx (nt 5858). The PCR fragments were
cloned into the BstBI and Afel sites of pSIV3+. PCR-amplified sequences were
confirmed by nucleotide sequence analysis.

Virus preparation and infections. HIV-1 and SIVmac luciferase reporter
viruses were generated as described previously (10, 27). Briefly, 293T cells were
cotransfected by using Lipofectamine 2000 (Invitrogen) with reporter virus plas-
mid and vesicular stomatitis virus glycoprotein (VSV-G) expression plasmid,
pcVSV-G. To produce VLP, 293T cells were cotransfected with pSIV3+, R™,
X7, or R"X™ and pcVSV-G at a mass ratio of 2:1. To produce trans-comple-
mented reporter viruses, 293T cells were cotransfected with pSIVmac-luc-
E"X"R™, pcVSV-G, and either pcVpr, pcVpx, or pcDNA at a ratio of 2:1:1.
Supernatants were harvested 48 h posttransfection, passed through 0.4-wm-pore-
size filters, divided into aliquots, and frozen at —80°C. Luciferase reporter
viruses were normalized on 293T cells by luciferase assay. For this, 1 X 10* 293T
cells were infected with 50 wl of luciferase reporter virus resulting in 1 X 10° to
3 X 10° luciferase counts per second (cps) on average. VLP-containing super-
natants were normalized for p27 measured by enzyme-linked immunosorbent
assay (ELISA) (Zeptometrix Corp.).

MDM (1 X 10°) and THP-1 (5 X 10*) were seeded in a 96-well plate and spin
infected with a normalized volume of reporter virus for 2 h at 500 X g. Viral
supernatant used for infection was equivalent to 3 X 10° cps for MDM or 1 X 10°
for THP-1 cells. Where indicated, cells were preincubated with VLP for 2 h and
then infected with reporter virus at a 10:1 ratio of VLP to virus p27 or p24. To
induce with type I IFN, MDM were treated 14 h prior to infection with 1 to 100
U of universal type I IFN (PBL Biomedical Laboratories)/ml. The medium was
replaced 6 h postinfection, and the luciferase activity was measured 3 days
(THP-1, HeLa, and SUPT1) or 4 days (MDM) postinfection using commercial
reagents (Promega). The data are presented as the average cps of triplicate
infections, with error bars to indicate the standard deviation.

Quantitative real-time PCR (qPCR). MDM were infected at a multiplicity of
infection (MOI) of 1 with virus stocks that had been treated for 1 h with 50 U of
Benzonase (Invitrogen)/ml to remove the plasmid DNA. To control for residual
plasmid DNA, 25 uM zidovudine (AZT) was added to one control well 14 h prior
to infection. DNA was isolated 6, 24, and 48 h postinfection by using a DNAeasy
kit (Qiagen). Reverse transcripts in 250 ng of DNA were quantitated by qPCR
with an ABI Prism 7300 (Applied Biosystems) and SYBR green reagent (Ap-
plied Biosystems). The primer pairs used were mac239.early.sense (5'-TGGGT
GTTCCCTGCTAGACTC) and mac239.early.antisense (5'-CAAGCGTGGAG
TCACTCTGC) for early products, mac239.late.sense (5'-TTGGGAAACC
GAAGCAGG) and mac239.1ate.antisense (5'-TCTCTCACTCTCCTTCAAGT
CCC) for late products, and SIV.2-LTR.reverse.U3 (5'-CTTGCACTGTAATA
AATCCC) and SIV.2-LTR-forward.US (5'-CCTTTCTGCTTTGGGAAACCG)
for two-LTR circles. Standard curves were generated by amplification of serially
diluted proviral and two-LTR plasmids.

Immunoblot and coimmunoprecipitation. Virions were harvested from culture
supernatants 2 days posttransfection, filtered, and pelleted through 20% sucrose
at 100,000 X g for 20 min at 4°C before lysis. The cells were lysed in buffer
containing 1% NP-40. Cell and virus proteins were analyzed on immunoblots as
previously described. The filters were probed with anti-myc monoclonal antibody
(MAD) 9E10 (Covance), anti-p27 MAb 55-2F12 (AIDS Research and Reference
Reagent Program, NIH), anti-VprBP MAb (Shanghai Genomics), and anti-a-
tubulin (Sigma). Bound antibodies were detected with biotinylated goat anti-
rabbit or goat anti-mouse immunoglobulin, followed by streptavidin DyeLight
800 conjugate (Pierce) and imaged on an Odyssey infrared imaging system
(LiCOR) at 800 nm. To coimmunoprecipitate Vpx/DCAF1 complexes, 293T
cells were transfected with pcVpx-myc or empty vector. After 2 days, cell lysates
were prepared and precleared for 30 min at 4°C with 70 ul of protein G-
Sepharose (GE Healthcare). Vpx was then immunoprecipitated for 2 h with 3 .l
of anti-myc MADb, followed by 1 h with 80 pl of protein G-Sepharose. The beads
were washed four times with lysis buffer, resuspended in reducing sample buffer
(Invitrogen), and heated to 95°C. The immunoprecipitates were then analyzed
on an immunoblot.

siRNA knockdown in MDM. MDM (7 X 10°) were nucleofected (Amaxa) with
3 ng of siRNA targeting DCAF1 (5'-GGAGGGAAUUGUCGAGAAUUU) or
with nonspecific control small interfering RNA (siRNA). After 24 h, the MDM
were removed from the dish by using phosphate-buffered saline containing 5 mM
EDTA and plated in a 96-well dish at 3 X 10* cells per well. The cells were
infected 24 h later with luciferase reporter virus and, after 4 days, the luciferase
was measured.
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RESULTS

Vpx promotes SIV infection of MDM and differentiated
THP-1 cells. To test the role of Vpx in SIV replication, we
generated Avpr, Avpx, and Avpr/Avpx single-cycle luciferase
reporter virus plasmids that contained termination codons
near the 5" ends of vpr and vpx in pSIVmac-luc-E~. Virus
stocks were produced in transfected 293T cells as VSV-G
pseudotypes and then normalized on the basis of the infectious
titer on 293T cells, a cell line in which Vpr and Vpx have no
significant effect on infectivity (see Fig. S1 in the supplemental
material). To determine the effect of the accessory proteins on
early virus replication, we compared the infectivity of the vi-
ruses on primary MDM and on the myeloid cell lines U937 and
THP-1. U937 and THP-1 can be differentiated into macro-
phagelike cells with the phorbol ester PMA (7). Consistent
with previous reports (16, 32, 35), Vpx showed a pronounced
phenotype in MDM (Fig. 1A). In analyses of MDM derived
from multiple donors, the wild-type virus was up to 100-fold
more infectious than Avpx SIV. Vpx was not active in infection
of U937 or undifferentiated THP-1 (data not shown) but en-
hanced the infection of PMA-differentiated THP-1 by 10-fold
(Fig. 1A). Deletion of Vpr had only a small effect. It reduced
SIV infectivity by <2-fold and did not synergize with Vpx.

Vpx-containing VLP promote SIVmac and HIV-1 infection
in frans. In the studies of Goujon et al. that showed that prein-
cubation of DC and MDM with Vpx-containing SIV VLP en-
hanced HIV-1 infection and compensated for Vpx in Avpx SIV
infection (17), the VLP were produced by using an STVmac251-
based plasmid, pSIV3+, in which the cytomegalovirus pro-
moter drives the transcription of a SIVmac genome deleted for
the packaging signal, nef, and env (17, 28). A combination of
vectors that lacked an intact vpx gene was used to deduce the
requirement for packaged Vpx. To simplify this system such
that the VLP were produced from vectors that differed only by
whether they contained Vpr and/or Vpx, we modified pSIV3+
by introducing termination codons into vpr and vpx. The
resulting vectors were isogenic except for the Avpx, Avpr,
and Avpr/Avpx mutations. We used these to generate VLP
that differed only by the presence or absence of packaged
Vpr or Vpx.

To test the effect of Vpx-containing VLP on SIV infection,
we generated VSV-G-pseudotyped VLP in 293T cells trans-
fected with wild-type or mutant pSIV3+ vector. We normal-
ized the VLP for p27 content and added them to cultures of
normal donor MDM. After 2 h, we infected the cells with
wild-type, Avpr, or Avpx SIV luciferase reporter virus and 4
days later, determined the efficiency of infection by measuring
the intracellular luciferase activity. We found that VLP that
contained Vpr and Vpx (termed “wild-type VLP”) rescued
Avpx SIV, increasing its infectivity close to that of wild-type
SIVmac (Fig. 1B). VLP that lacked Vpr were as effective as
wild type. In contrast, VLP that lacked Vpx had no effect on
Avpx SIV infection. In these experiments, the VLP had a small
(twofold) inhibitory effect on wild-type SIV, perhaps caused by
competition of the VLP for a positively acting cellular factor or
by induction of an antiviral response. This effect did not alter
the outcome of the experiment. The Vpx-containing VLP also
enhanced the infection of MDM by HIV-1, resulting in a
nearly 100-fold increase in infectibility of cells treated with
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wild-type VLP compared to Avpx VLP, which is consistent with
the findings of Goujon et al. (Fig. 1B) (17). THP-1 cells serve
as a useful model for myeloid cells since they have the ability
to differentiate from a monocytic to an MDM-like phenotype
upon differentiation with phorbol ester (7). Incubation of
phorbol ester-differentiated THP-1 cells with Vpx-containing
VLP resulted in a 10-fold enhancement of infection compared
to cells treated with Avpx VLP (Fig. 1C). Vpx-containing VLP
had no effect on HIV-1 infection of HeLa and SUPT1 cells,
confirming the cell type specificity of Vpx (Fig. 1D).

The restriction to Avpx SIV and HIV-1 infection of MDM is
early in reverse transcription. To determine the step in virus
replication that is enhanced by Vpx in MDM, we infected
MDM with wild-type or Avpx SIV and determined the number
of reverse transcribed viral DNA molecules present. We iso-
lated the DNA of the infected MDM after 6, 24, and 48 h and
determined the viral DNA copy number by qPCR using primer
pairs specific to the early, late, and two-LTR circular DNA. We
found that in cells infected with wild-type SIV, the early and
late reverse transcripts peaked at 24 h and diminished 48 h
postinfection (Fig. 2A). In contrast, in cells infected with Avpx
virus, few early, late, or two-LTR forms were present. In cells
infected with Avpx virus, a small peak of early cDNA appeared
6 h postinfection and then disappeared by 24 h. These may be
partial reverse transcripts that had been aborted during syn-
thesis or degraded following synthesis. An AZT control was
included in each set of infections. These contained few DNA
molecules, demonstrating the absence of input plasmid DNA.
These findings suggest that Vpx acts at or shortly after the
initiation of reverse transcription.

We next tested whether Vpx acts on HIV-1 infection at a
similar step in virus replication. For this, we preincubated
MDM with Vpx-containing VLP and, after 2 h, infected the
cells with HIV-1. We found that 24 and 48 h postinfection the
Vpx-containing VLP caused a dramatic increase in the number
of early, late, and two-LTR circle cDNA compared to control
infections. This result suggests that Vpx enhances HIV-1 and
SIV by a similar mechanism.

Interaction with DCAF1 is required for Vpx-mediated en-
hancement of SIV and HIV-1 infection. Vpx, like Vpr, interacts
with the DCAF1/DDBl-containing E3 ubiquitin ligase (24,
31). To determine whether the interaction of Vpx with the
DCAF1/DDBI1-containing E3 ubiquitin ligase is required for
Vpx to enhance SIV infection of MDM, we knocked down
DCAF1 with siRNA and then infected the cells with wild-type
or Avpx SIV. To knock down DCAF1, we transfected MDM by
nucleofection with DCAF1-specific siRNA or control siRNA.
In MDM transfected with control siRNA, Vpx enhanced wild-
type SIV infection 20-fold compared to Avpx SIV (Fig. 3A). In
contrast, in MDM in which DCAF1 had been knocked down,
wild-type virus was no more infectious than the Avpx virus.

To further test the importance of DCAF1, we generated
Avpx/Avpr SIV virions that were trans complemented with Vpr,
Vpx, or Q76A Vpx, a Vpx mutant that does not bind DCAF1
(24), and determined their infectivity on MDM. Virus that had
packaged wild-type Vpx enhanced infection ~100-fold com-
pared to virus that lacked Vpx. Q76A failed to enhance infec-
tion (Fig. 3C), although it was efficiently packaged into virions
(Fig. 3B). Taken together, these findings suggest that Vpx acts
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error bars indicating the standard deviation. The results of one of two representative experiments are shown.

through DCAF1 to enhance infection of MDM, a conclusion
that is consistent with the findings of Le Rouzic et al. (24).

To determine whether the effect of Vpx on HIV-1 infection
is also mediated by the interaction with DCAF1, we generated
VLP containing wild-type or Q76A Vpx. The VLP were added
to MDM, and 2 h later, the cells were infected with HIV-1
luciferase reporter virus. The results showed that the Q76A
mutant was deficient, although it was not completely inactive
(Fig. 3D). The low level activity may be explained by the weak
binding of the mutant to DCAF1, as shown below (see Fig. 6).
Avpx VLP reduced HIV-1 infectivity slightly, probably due to
competition for a limiting cellular factor or induction of an
antiviral response in the MDM. Taken together, these results
strongly suggest that Vpx enhances SIV and HIV-1 infection
through its interaction with DCAF]1.

The amino terminus of Vpx is required to enhance infection
but not for DCAF1 binding. Based on the nuclear magnetic
resonance structure of Escherichia coli-produced Vpr, Vpx is
thought to consist of three central a-helices connected by flex-
ible loops and unstructured amino and carboxy termini (Fig.
4A) (22,25). An analysis of SIVmac Vpx with the 3D-JIGSAW
structure prediction software further supports the positioning
of the proposed a-helices (Fig. 4A) (3, 4, 11). A binding site for
DCAF1 is proposed to lie in helix 3 (24). To identify functional

domains of Vpx, we took advantage of the structural similarity
of Vpr and Vpx to construct the myc-tagged Vpx/Vpr chimeras
R22X, R40X, R56X, R65X, and X22R, in which the Vpx/Vpr
junctions fall at the beginning or end of each a-helix (Fig. 4B).
To test the chimeras, we packaged them in Avpx/Avpr SIV
virions and analyzed them on an immunoblot. The chimeras
were stably expressed in the cell and were packaged into viri-
ons (Fig. 4C). Chimeras R56X and R65X, which have junc-
tions in the flexible loop between helix 2 and 3, were packaged
with reduced efficiency, perhaps as a result of improper fold-
ing. To test the biological activity of the chimeras, we measured
the infectivity of the complemented viruses on MDM. All of
the chimeras that contained the amino terminus of Vpr failed
to enhance MDM infection (Fig. 4D). Only X86R, in which the
carboxy terminus of Vpx was replaced by Vpr, was active.
Thus, the Vpx carboxy terminus, with its prominent string of
prolines, is not required for function. The prolines may be
required for stability of the protein, as the chimera was ex-
pressed at slightly lower levels than wild type. Chimera X22R,
in which the amino terminus of Vpr was replaced by Vpx,
failed to rescue Avpx SIV, indicating that the amino terminus
was necessary but not sufficient for biological activity. Taken
together, these results point to the importance of the amino
terminus of Vpx for the infection of MDM.
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FIG. 3. SIV Vpx interacts with DCAF1 to facilitate SIVmac and HIV-1 infection of MDM. (A) DCAF1 knockdown in MDM. MDM were
transfected by nucleofection with 2 pmol of siRNA specific for DCAF1 or control siRNA and, after 2 days, were infected with wild-type or Avpx
SIV luciferase reporter viruses. (B) Expression and packaging of Vpx Q76A. 293T cells were cotransfected with the Avpx SIVmac plasmid and
pcVpx or empty vector. After 2 days, cell lysates were prepared and analyzed on an immunoblot probed with anti-p27 MADb, anti-myc MAD, or
anti-a-tubulin MAb. (C) Infection of MDM with Q76A-containing SIVmac. SIVmac Avpx/Avpr viruses were produced in the absence (pcDNA)
or the presence of the indicated Vpx/Vpr expression plasmid. MDM were infected with the complemented reporter viruses. The luciferase activity
was measured after 4 days. (D) Effect of Q76A-containing VLP on HIV-1 infection of MDM. Avpx VLP were produced in the absence (pcDNA)
or presence of the indicated Vpx protein and normalized on p27 amount. Cells were preincubated for 2 h with the different VLP before infection
with HIV-1 reporter virus. Similar results were obtained with cells from two other donors.

The amino-terminal mutants retain the ability to interact
with DCAF1. To further dissect the role of the amino terminus
of Vpx, we generated point mutants in residues 1 to 22 (Fig.
5A). The sequence of Vpx and Vpr are similar at amino acids
1 to 10 but differ at amino acids 11 to 22 with additional amino
acids in vpx. To analyze residues 1 to 10, we exchanged amino
acids 6, 8, and 9 of Vpx with those of Vpr and tested the
mutated proteins in the complemented luciferase reporter vi-
rus assay. Exchange of the amino acids at positions 6 and 8 had
no effect, while the exchange of proline to glycine at position 9
inactivated Vpx (data not shown). To test amino acids 10 to 22,
we mutated amino acids at positions 10 to 17, 20, and 27 to
alanine. The mutants were stably expressed and efficiently
packaged into virions (Fig. 5B). Four of the mutants (N12A,
E15A, E16A, and T17A) were inactive (Fig. 5C). Thus, specific
residues within the amino-terminal region are required for
function, which is consistent with a role as an interaction site
for another protein.

In light of these findings, we tested whether the amino-

terminal domain might be involved in the interaction with
DCAFI1. To determine whether this was the case, we tested
whether the mutated Vpx proteins would coimmunoprecipi-
tate with DCAF1. We transfected 293T cells with expression
vectors for wild-type Vpx, the point mutants, or the R22X
chimera. After 2 days, the cells were lysed and the Vpx proteins
were immunoprecipitated with anti-myc MAb and coimmuno-
precipitated DCAF-1 was detected on an immunoblot probed
with anti-DCAF1 antibody. We found that the point mutants
and the R22X chimera retained the ability to bind DCAF1
(Fig. 6). The negative control point mutant Q76A, which has
been previously found to be defective for the interaction with
DCAF1, was included and found to inefficiently coimmuno-
precipitate (24, 35). These findings suggest that the failure of
these mutant proteins to enhance infection is not caused by a
failure to interact with DCAF1 but rather that the amino-
terminal domain has another role.

Vpx allows HIV-1 to circumvent the type I IFN-induced
antiviral state. Type I IFN induces an array of cellular genes,
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experiments using cells obtained from three different donors.

resulting in an antiviral state that is effective against a wide
range of viruses, including retroviruses. BST2/tetherin, a ret-
roviral restriction factor, is strongly induced by type I IFN (29,
41). Because of the potential role of Vpx in counteracting an
intracellular restriction, we sought to determine whether the
activity of the putative factor might be IFN inducible in MDM.
To test this, we determined the effect of Vpx-containing VLP
on HIV-1 infection of type I IFN-induced MDM. We induced
MDM for 14 h with increasing concentrations of type I IFN
and then added Vpx-containing VLP. After 2 h, we infected
the cells with HIV-1 reporter virus. Treatment of the MDM
with type I IFN caused them to become resistant to HIV-1,
with 100 U of type I IFN/ml reducing the infection to a back-
ground level (Fig. 7A). Vpx-containing VLP enhanced the
infection of treated and untreated MDM, but the effect was
significantly more pronounced in the type I IFN-treated
MDM. Without type I IFN, the Vpx-containing VLP enhanced
HIV-1 infection by 10-fold. In MDM induced with 100 U of
type I IFN/ml, the VLP were 10-fold more effective, providing
an overall 100-fold increase in infection. The VLP did not fully

restore the infection, probably because multiple antiviral path-
ways are induced, not all of which are counteracted by Vpx.
The effect of type I IFN was not modeled in differentiated
THP-1. In these cells, type I IFN restricted HIV-1 infection,
but the enhancing effect of Vpx was not magnified in the
presence of IFN (see Fig. S3 in the supplemental material). We
also tested whether Vpx helped SIVmac to counteract the type
I IFN-induced antiviral state. We found that type I IFN-
treated MDM were relatively resistant to SIV and that wild-
type SIV was more infectious than Avpx at lower type I IFN
concentrations. However, the magnitude of the Vpx effect was
not increased by type I IFN (see Fig. S2 in the supplemental
material).

To determine the mechanism by which the VLP enhanced
the infection of type I IFN-induced MDM, we compared the
effect of wild-type, Avpx, Q76A-containing, and R22X chi-
mera-containing VLP on HIV-1 infection of type I IFN-
induced MDM (Fig. 7B). Avpx VLP, Q76A, and the R22X
chimera were inactive, whereas wild-type Vpx and the X86R
chimera enhanced the infection. Thus, the activity of the
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5 and 7 and the proline at position 9 were mutated to the corresponding Vpr amino acid (data not shown). Amino acids 10 to 17, 20, and 27 were
changed to alanine. (B) Expression and packaging of the amino-terminal mutants. 293T cells were cotransfected with the proviral plasmid pSIVmac
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probed with anti-p27 MAb and anti-myc MAb. No SIV, transfection of Vpx plasmid without the proviral plasmid. (C) Effect of the amino-terminal
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infected with the complemented reporter viruses, and luciferase activity was measured after 4 days. The results shown are representative of three
independent experiments using MDM prepared from PBMC of three different donors.

VLP was Vpx dependent and mediated by the interaction
with DCAFI1.

DISCUSSION

An obstacle to understanding the roles of the Vpr and Vpx
lentiviral accessory proteins has been their relatively modest
phenotype in vitro. Although Vpr remains enigmatic, recent
findings from several laboratories have established a clear,
cell-type-specific phenotype for Vpx (8, 14, 18, 32, 35). Here,
we show that in both single-cycle reporter virus assays and in
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FIG. 6. Coimmunoprecipitation of Vpx with DCAF1. 293T cells
were transfected with expression plasmids encoding the indicated Vpx
mutants. Cells were lysed after 2 days, and Vpx proteins were immu-
noprecipitated from the lysate via their carboxy-terminal myc tag using
anti-myc MAD. Cell lysate and immunoprecipitate (IP) were analyzed
on an immunoblot probed with anti-myc MADb for the myc-tagged Vpx
proteins and with anti-DCAF1 MAb for endogenous DCAF1. One
representative experiment of three is shown.

trans by preincubation with VLP, Vpx can provide a 100-fold
boost to the infection of MDM. Some donor variability was
apparent in independent repetitions of the experiments, but in
cells from all donors tested, Vpx provided a significant boost to
infection. The VLP were produced from vectors that differed
only by the presence or absence of Vpx. In addition, in the
single-cycle assays, Avpx SIV was complemented with a Vpx
expression vector, definitively assigning the effects on infection
to virion-packaged Vpx and ruling out confounding effects,
such as differences in genomic viral RNA structure. Vpr and
Vpx are related by amino acid sequence, have a similar cellular
localization, are packaged into virions through an association
with Gag p6, and associate with the same E3 ubiquitin ligase
through an interaction with DCAF1 (1, 12, 13, 24, 40). Yet, for
reasons that are not clear, Vpr is nearly inactive in both assays
used in the present study.

The similarity in predicted structures of Vpr and Vpx pro-
vided an opportunity to map the functional domains of Vpx by
the analysis of a panel of Vpx/Vpr chimeras. Determination of
the function of the chimeras in the single-cycle complementa-
tion assay mapped the amino terminus of Vpx as critical. Dis-
section of this region by the analysis of point mutants in this
domain identified amino acids within positions 9 to 22 that
were required for Vpx to enhance HIV-1 and SIV infection of
MDM. Biochemical analysis of the mutant proteins demon-
strated that they retained the ability to bind DCAF1 despite
their failure to enhance infection. This finding is consistent
with localization of a DCAF1 binding site more toward the
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carboxy terminus in helix 3, where Q76 is located (24). Vpx
contains a prominent polyproline stretch at the carboxy termi-
nus, but this was not required for biological function. The
finding that the point mutants retain the ability to bind DCAF1
suggests that the amino-terminal domain serves another role,
potentially serving as a binding site for the proposed cellular
restriction factor.

Support for the hypothesis that Vpx serves to counteract a
cellular restriction to lentivirus replication in MDM and DC
was provided by Sharova et al. (32), who showed that hetero-
karyons formed between MDM and COS were resistant to
Avpx but not wild-type SIV. This finding, together with the
association of Vpx with an E3 ubiquitin ligase (8, 32, 35), is
consistent with a role for Vpx in inducing the ubiquitination
and degradation of a host restriction factor. Such a role would
be analogous to that of Vif, which associates with an E3 ubiq-
uitin ligase to induce the degradation of APOBEC3 proteins
(26, 33, 36, 43). The finding that amino-terminal mutants of
Vpx retain the ability to associate with DCAF1 and to package
into virions, yet fail to enhance infection, is consistent with this
hypothesis.

The pattern of permissivity for Avpx virus does not coincide
with that for Avif virus, arguing against a role for APOBEC3G
as the Vpx target (16, 23). APOBEC3A, which has been pro-
posed to act on in-coming virions, is theoretically a target;
however, we did not detect an interaction between these two
proteins by coimmunoprecipitation (data not shown). THP-1
was the only cell line we found that models the Vpx phenotype.
This cell line becomes nonpermissive upon differentiation into
macrophage-like cells with PMA (16), which is consistent with
the induction of a developmentally controlled restriction fac-
tor. The ability of Vpx to function when introduced in frans by
VLP suggests that it does not need to associate with the virion
that it protects (17). It is unlikely that Vpx molecules released
from the VLP would associate with a separate incoming virion,
since the affinity of Vpx for Gag p6 is relatively low (21).

Type I IFN induces a panoply of antiviral cellular factors

that restrict the replication of viruses, including lentiviruses.
Although the Vpx phenotype was present in uninduced MDM,
induction with type I IFN increased the magnitude of the
effect. This finding suggests that the Vpx target is type I IFN-
inducible and that Vpx plays a role in allowing the virus to
escape this arm of the innate immune system. Precedent for
such a role has been provided by Vpu, which counteracts the
type I IFN inducible restriction factor, tetherin/BST2 (29, 41).
For SIVmac infection, the Vpx effect was only marginally in-
creased in MDM induced with type I IFN. We cannot explain
this difference between HIV-1 and SIVmac, but it is possible
that MDM express multiple restriction factors to which the two
viruses differ in susceptibility. SIV could be sensitive to a re-
striction factor that is induced by type I IFN but not targeted
by Vpx, accounting for why Vpx countered the restriction to
HIV-1 but not to SIV in the type I IFN-induced MDM.
Quantitation of the viral cDNA in newly infected MDM
demonstrated that Vpx acts early in reverse transcription of
SIVmac and HIV-1; this is consistent with the findings of
Srivastava et al. (35). A role early in reverse transcription
argues against a role in nuclear import, a process that occurs
only after reverse transcription is largely completed. In this
analysis, Avpx STVmac generated a small peak of early reverse
transcripts that were rapidly degraded. This could have been
caused by abortive reverse transcription due to a block to
uncoating or decreased reverse transcriptase processivity.
TRIMSa acts at a similar stage in the virus replication cycle
(37). However, the block to Avpx virus is not consistent with
restriction by TRIMS5a, which is abrogated by preincubation of
target cells with VLP, regardless of whether they contain Vpx.
It is paradoxical that Vpx provides a dramatic enhancement
to HIV-1 infection and yet does not itself encode this protein.
Instead, it encodes Vpr, which in the in vitro assays, had only a
modest effect on MDM infection (a <2-fold boost to Avpx SIV
infection of MDM on average). It remains possible that Vpr
plays an important and similar role for HIV-1 replication but
that it counteracts a restriction factor that is not highly ex-



1396 GRAMBERG ET AL.

pressed under the conditions in which the MDM were cultured
in these studies. Further advances in understanding these ques-
tions will be facilitated by the identification of the cellular
targets of these proteins, the existence of which are further
supported by these studies.
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