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APOBEC3G (A3G) is a host cytidine deaminase that serves as a potent intrinsic inhibitor of retroviral
replication. A3G is packaged into human immunodeficiency virus type 1 virions and deaminates deoxycytidine
to deoxyuridine on nascent minus-strand retroviral cDNA, leading to hyper-deoxyguanine-to-deoxyadenine
mutations on positive-strand ¢cDNA and inhibition of viral replication. The antiviral activity of A3G is
suppressed by Vif, a lentiviral accessory protein that prevents encapsidation of A3G. In this study, we identified
dominant negative mutants of Vif that interfered with the ability of wild-type Vif to inhibit the encapsidation
and antiviral activity of A3G. These mutants were nonfunctional due to mutations in the highly conserved
HCCH and/or SOCS box motifs, which are required for assembly of a functional Cul5-E3 ubiquitin ligase
complex. Similarly, mutation or deletion of a PPLP motif, which was previously reported to be important for
Vif dimerization, induced a dominant negative phenotype. Expression of dominant negative Vif counteracted
the Vif-induced reduction of intracellular A3G levels, presumably by preventing Vif-induced A3G degradation.
Consequently, dominant negative Vif interfered with wild-type Vif’s ability to exclude A3G from viral particles
and reduced viral infectivity despite the presence of wild-type Vif. The identification of dominant negative

mutants of Vif presents exciting possibilities for the design of novel antiviral strategies.

Human immunodeficiency virus type 1 (HIV-1) is a complex
retrovirus that, in addition to the structural and enzymatic
proteins encoded by all retroviruses (Gag, Pol, and Env), en-
codes six accessory proteins (Vif, Vpr, Tat, Rev, Vpu, and
Nef). Replication of HIV-1 in most primary cells and some
immortalized T-cell lines is dependent on the expression of a
functional Vif protein. In the absence of Vif, virus replication
is restricted by host deaminases, most notably APOBEC3G
(A3G) (56). In the absence of Vif, A3G is incorporated into
virus particles, where it causes editing of the viral cDNA during
reverse transcription (29, 35, 36, 77). The conversion of deoxy-
cytidine to deoxyuridine on the minus-strand cDNA results in
deoxyguanine-to-deoxyadenine changes on the viral plus-
strand cDNA to yield highly mutated viral genomes. Virus
replication may be inhibited through accumulation of muta-
tions in the viral genome or through degradation of the deami-
nated viral cDNA via a cellular DNA repair mechanism (re-
viewed in reference 31). Alternatively, A3G may inhibit virus
replication through deamination-independent mechanisms (4,
7, 16, 20, 30, 33, 38, 45, 74).

Vif is a 23-kDa basic protein that is expressed late during
infection. Previous immunocytochemical analysis revealed that
Vif is largely localized in the cytoplasm (15, 24, 59). Vif is also
incorporated into HIV virions, most prominently during pro-
ductive infection, through an interaction with viral genomic
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RNA and associates with the viral nucleoprotein complex (21,
24, 25, 32). Vif has the remarkable ability to inhibit encapsi-
dation of A3G. The precise mechanism through which Vif
accomplishes this task is still under investigation. However,
there is strong evidence that there is a physical interaction of
Vif and A3G, which can lead to A3G degradation by the host
proteasome machinery (for a review, see reference 14). Other
studies, however, suggest the intracellular degradation of A3G
may not be the sole mechanism by which Vif neutralizes its
antiviral activity (22, 23, 36, 39, 47).

Mutational analysis of Vif has led to the characterization of
several distinct binding domains in Vif for assembly of an E3
ubiquitin ligase complex, as well as for interaction with A3G.
One of the domains involved is a highly conserved motif near
the C terminus of Vif, referred to as the SLQ motif. The
SLQ(Y/F)LA sequence resembles a conserved motif in the BC
box of the suppressors of cytokine signaling (SOCS) proteins
and was found to mediate binding of Vif to elongin C (39, 40,
75, 76), a homolog of the yeast Skpl protein and a known
component of E3 ubiquitin ligase complexes. In addition, a
highly conserved H-X5-C-X,,_;sC-X5_s-H motif (also referred
to as the HCCH motif) located upstream of the BC box was
found to mediate interaction with cullin 5 (Culd) (34, 39, 76).
Furthermore, two cysteine residues that are part of the HCCH
motif are critical components of a zinc finger domain (41, 49,
69, 70). Zinc binding appears to be important for Vif function,
since chelation of zinc inhibited HIV Vif activity, presumably
by affecting the proper folding of the protein (49, 68). Thus,
together with the SLQ motif, the HCCH domain enables Vif to
recruit a ubiquitin ligase (E3) complex containing elongin C,
elongin B, cullin 5, and Rbx1 (39, 41, 75, 76). Finally, a con-
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served PPLP motif (residues 161 to 164) was shown to be
important for Vif dimerization (3, 43, 73). This region was also
shown to affect A3G binding (11, 43), association with Cul5
(61), and interaction with the Pr55%*¢ precursor (5) and to be
important for interaction with the cellular tyrosine kinase HCK
17).

The exact A3G binding domain in Vif is still incompletely
defined and most likely consists of several discontinuous sub-
domains (13, 37, 42, 53-55, 60, 64). Site-directed mutagenesis
identified residues 40 to 44 (YRHHY) in HIV-1 Vif as impor-
tant for binding of A3G (42, 53, 54, 71, 78). Moreover, K26 in
Vif was found to be critical for A3G interaction (6, 10). In
addition, a stretch of hydrophobic amino acids comprising res-
idues 69 to 72 in HIV-1 Vif is important for interaction with
A3G (18, 50). Finally, analysis of patient-derived HIV-1 Vif
sequences demonstrated the importance of residues K22, Y40,
and E45 for A3G recognition (60).

The ability of Vif to bind A3G via its N-terminal domain and
to assemble an E3 ubiquitin ligase complex through its C-
terminal HCCH and BC box motifs was shown to accelerate
polyubiquitination of A3G and resulted in the degradation of
A3G by the 26S proteasome (8, 37, 39, 57, 62, 75, 76). One
recent report suggests that Vif-induced degradation of A3G
can also occur without A3G polyubiquitination (9). Irrespec-
tive of what mechanism applies, the role of Vif in A3G deg-
radation appears to be that of an adapter molecule. Based on
this model, we hypothesized that Vif mutants lacking either
(but not both) of the A3G and E3 ubiquitin ligase binding
domains may exhibit dominant negative properties and prevent
A3G degradation by competing with wild-type (wt) Vif for
binding to A3G or the E3 ubiquitin ligase through their re-
maining binding domains. For example, Vif mutants capable of
binding A3G but functionally inactive due to mutations in
other critical regions of the protein should compete for binding
of wild-type Vif to A3G and thus interfere with A3G degra-
dation by wild-type Vif. Such mutants would be expected to
inhibit the infectivity of wild-type HIV-1 due to increased
levels of virus-associated A3G.

The goal of the current study was to test this hypothesis by
identifying dominant negative mutants of Vif capable of inter-
fering with the ability of wild-type Vif to neutralize A3G ac-
tivity. Previous studies identified a Vif variant (F12 Vif) with
dominant negative properties (51, 65); however, the dominant
negative effect of F12 Vif was A3G independent (51, 65). This
resembles our own observation of the A3G-independent inhi-
bition of viral infectivity by high-level expression of Vif (2).
Another previous attempt to identify dominant negative vari-
ants of Vif using a multiround replication assay was unsuccess-
ful (12). Here, we employed single-cycle infectivity assays using
Vif mutants expressed in frans to compete for the function of
wild-type Vif encoded by full-length NL4-3. We found that Vif
variants carrying mutations or deletions in the HCCH and
SOCS box domains of Vif were nonfunctional but retained
their ability to interact with A3G. These A3G binding-compe-
tent mutants of Vif potently interfered with the ability of wild-
type Vif to produce infectious virions in A3G-expressing cells.
Furthermore, mutation or deletion of the conserved PPLP
motif induced a dominant negative phenotype similar to that of
the HCCH and SOCS box mutants. Interestingly, however, the
PPLP mutants had lost their ability to interact with A3G,
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suggesting that competitive binding to A3G of nonfunctional
Vif variants in virus-producing cells may not be the sole mech-
anism of interference with the function of wild-type Vif. Our
data provide proof of principle that it is possible to interfere
with the ability of wild-type Vif to target A3G in virus-produc-
ing cells, thus opening a new avenue for the design of Vif-
based novel antiviral strategies.

MATERIALS AND METHODS

Cell culture and transfections. 293T cells were propagated in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal bovine serum. LuSIV
cells are derived from CEMx174 cells and contain a luciferase indicator gene
under the control of the STVmac239 long terminal repeat (LTR). These cells
were obtained through the NIH AIDS Research and Reference Reagent Pro-
gram and were maintained in complete RPMI 1640 medium supplemented with
10% fetal bovine serum (FBS) and hygromycin B (300 wg/ml). For transfection,
293T cells were grown in 25-cm? flasks to about 80% confluence. The cells were
transfected using Lipofectamine Plus (Invitrogen Corp., Carlsbad, CA), follow-
ing the manufacturer’s recommendations. A total of 5 to 6 pg of plasmid DNA
per 25-cm? flask was used. Where appropriate, empty-vector DNA [pcD
NA3.1(—)MycHis (Invitrogen)] was used to adjust total DNA amounts. Samples
were harvested 24 to 48 h posttransfection.

Antibodies. A peptide antibody to human A3G was prepared as described
previously (27) and is available through the NIH AIDS Research and Reference
Reagent Program (catalog no. 10082). A monoclonal antibody to Vif (MAb 319)
was used for all immunoblot analyses and was obtained from Michael Malim
through the NIH AIDS Research and Reference Reagent Program (catalog no.
6459). A monoclonal antibody to alpha-tubulin (Sigma-Aldrich, Inc., St. Louis,
MO; catalog no. T-9026) was used as a loading control. An HIV-positive patient
serum was used for the identification of HIV-1 capsid (CA) protein.

Plasmids. The infectious molecular clone pNL4-3 has been previously de-
scribed (1) and is available through the NIH AIDS Research and Reference
Reagent Program (catalog no. 114). A vif-defective variant, pNL4-3vif(—), car-
ries a 178-bp out-of-frame deletion in the vif gene, as previously reported (24).
For the expression of Vif in trans, we employed pcDNA-hVif, encoding codon-
optimized NL4-3 Vif (46). This plasmid and its nucleotide sequence are available
through the NIH AIDS Research and Reference Reagent Program (catalog no.
10077). In-frame deletions and point mutations were introduced by PCR-based
site-directed mutagenesis, as indicated in Fig. 1A. A3G carrying a C-terminal
MycHis tag was expressed from pcDNA-APO3GMycHis (23). A vector for the
expression of epitope tag-free human A3G was described previously (48). Con-
struction of pCul5-Rbx-HA encoding a dominant negative form of cullin 5 was
reported elsewhere (13).

Immunoblotting. For immunoblot analysis of cell-associated proteins, whole-
cell lysates were prepared as follows. Cells were washed once with phosphate-
buffered saline (PBS), suspended in PBS (200 l/5 X 10° cells), and mixed with
an equal volume of sample buffer (4% sodium dodecyl sulfate, 125 mM Tris-HCI,
pH 6.8, 10% 2-mercaptoethanol, 10% glycerol, and 0.002% bromophenol blue).
To analyze virus-associated proteins, cell-free filtered supernatants from trans-
fected 293T cells (5 to 6 ml) were pelleted (75 min; 35,000 rpm) through a 20%
sucrose cushion (4 ml) in an SW41 rotor. The concentrated virus pellet was
suspended in PBS (150 pl) and mixed with an equal volume of sample buffer.
Proteins were solubilized by heating them for 10 to 15 min at 95°C with occa-
sional vortexing. Cell and virus lysates were subjected to SDS-PAGE; proteins
were transferred to polyvinylidene difluoride (PVDF) membranes and reacted
with appropriate antibodies as described above. The membranes were then
incubated with horseradish peroxidase-conjugated secondary antibodies (Amer-
sham Biosciences, Piscataway, NJ), and the proteins were visualized by enhanced
chemiluminescence (ECL) (Amersham Biosciences).

Virus preparation. Virus stocks were prepared by transfection of 293T cells
with appropriate plasmid DNAs. Virus-containing supernatants were harvested
24 to 48 h after transfection. Cellular debris was removed by centrifugation (5
min; 1,500 rpm), and the clarified supernatants were filtered (0.45 wm) to remove
residual cellular contamination. The filtered virus stocks were further purified by
pelleting them through a 20% sucrose cushion (75 min; 4°C at 35,000 rpm in an
SW41 rotor).

Viral-infectivity assay. To determine viral infectivity, virus stocks were nor-
malized for equal reverse transcriptase activities (67) and used to infect 5 X 10°
LuSIV cells (52) in a 24-well plate in a total volume of 1.2 to 1.4 ml. Infection was
allowed for 24 h at 37°C. Cells were then harvested and lysed in 150 pl of
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FIG. 1. Construction and expression of Vif mutants. (A) A series of in-frame deletions mapping to different regions in Vif was created by
PCR-based site-directed mutagenesis in the backbone of pcDNA-hVif (46). The positions of the deleted amino acid residues are shown for each
mutant. The Vif-M1 mutant carries four point mutations affecting the conserved HCCH motif (H108L, C114S, C133S, and H139L) and was
constructed by PCR-based mutagenesis. Mutant Vif-M2 carries the same four amino acid changes as Vif-M1, as well as an in-frame deletion of
residues 144 to 149 affecting the conserved BC (SOCS) box of Vif. Mutant M3 carries three amino acid changes, resulting in the change of
P,6;PLP,¢, to AALA. (B) Cells (5 X 10°) were transfected with 5 g each of the individual Vif mutants. Cells were harvested 24 h posttransfection,
and whole-cell lysates were analyzed by immunoblotting them with a monoclonal antibody to Vif. A mock-transfected sample was included as a

background control.

Promega 1X reporter lysis buffer (Promega Corp., Madison, WI). To determine
the luciferase activity in the lysates, 50 wl of each lysate was combined with
luciferase substrate (Promega Corp., Madison, WI) by automatic injection, and
light emission was measured for 10 s at room temperature in a luminometer
(Optocomp II; MGM Instruments, Hamden, CT).

Coimmunoprecipitation analyses. 293T cells were transfected with expression
vectors for A3G and Vif as indicated in the text. Cells were harvested 24 h
posttransfection, washed twice with cold PBS, lysed in lysis buffer (50 mM
Tris-HCI [pH 7.5], 150 mM NaCl, 1% [vol/vol] Triton X-100, and Complete
protease inhibitor cocktail) at 4°C for 30 min, and then clarified by centrifugation
at 10,000 X g for 2 min. Ten percent of the lysate was used as an input control,
and the remaining lysate was used for immunoprecipitation of Myc-tagged an-
tigens. Precleared cell lysates were mixed with anti-Myc antibody-conjugated
agarose beads (Sigma-Aldrich, Inc., St. Louis, MO) and incubated at 4°C for 1 h.
Samples were then washed three times with wash buffer (20 mM Tris-HCI [pH
7.5], 100 mM NaCl, 0.1 mM EDTA, 0.05% [vol/vol] Tween 20). Proteins were
eluted by boiling beads in sample buffer and subjected to immunoblot analysis
with antibodies to A3G and Vif.

RESULTS

Construction and expression of codon-optimized Vif mu-
tants. A series of Vif mutants was constructed based on
pcDNA-hVif, a codon-optimized expression vector carrying
the vif gene from NL4-3, allowing Rev- and Tat-independent
expression of Vif (46). We introduced in-frame deletions in vif
designed to remove potential functionally important regions of
the protein as depicted in Fig. 1A. A total of eight in-frame
deletion mutants were analyzed, with deletions ranging from 6
(Vif-AC) to 50 (Vif-AJ) amino acids and spanning the N-
terminal 164 residues of the 192-residue protein as outlined in
Fig. 1A. In addition, two mutants were created carrying point
mutations to replace a conserved HCCH motif (H108L,
C114S, C133S, and H139L) either alone (Vif-M1) or in com-
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bination with the deletion of the SOCS box domain encom-
passing residues 144 to 149 (Vif-M2). The HCCH motif was
previously found to be critical for Vif-Cul5 interactions (41, 75,
76), while the BC (SOCS) box has been implicated in the
association of Vif with elongin B/C (39, 76). Finally, Vif-M3
was constructed by replacing the PPLP sequence (residues 161
to 164) with AALA.

To investigate the expression of our Vif mutants, cells were
transfected with each of the constructs and subjected to im-
munoblot analysis. Mock-transfected cells served as a negative
control. Whole-cell lysates were prepared and subjected to
immunoblot analysis using a Vif-specific monoclonal antibody
as described in Materials and Methods (Fig. 1B). All of the
mutants, with the exception of Vif-AL and Vif-AG, were ex-
pressed well and identified by a monoclonal antibody to Vif.
Since Vif-AL and Vif-AG were only poorly expressed, they
were excluded from further analysis. Shorter protein products
were observed for some of the mutants. It is unclear if they
represent degradation intermediates or are caused by internal
initiation, as previously reported (66); however, they are fre-
quently observed in transient-expression studies (23, 26).

Functional characterization of Vif mutants. To investigate
the functionality of the Vif deletion mutants, we investigated
their effects on both metabolic stability and packaging of A3G
into virions. We also assessed their abilities to rescue the in-
fectivity of Vif-defective NL4-3 produced in the presence of
A3G. For simplicity, the mutants depicted in Fig. 1 were ana-
lyzed in four separate groups. Every group included a negative
control [(—)] and a positive control (wt). Group 1 included
Vif-AK and Vif-AD and represented N-terminal deletions that
were likely to affect Vif’s ability to interact with A3G. Group 2
represented the central region of Vif and included Vif-AJ and
Vif-AH. Group 3 included Vif-AC, Vif-M1, and Vif-M2. These
mutants were expected to be incapable of assembling a func-
tional Cul5-E3 ubiquitin ligase complex but should have re-
tained the ability to interact with A3G. Finally, group 4 in-
cluded Vif-AN and Vif-M3 with deletion or mutation of the
conserved PPLP motif, respectively.

293T cells were transfected with constant amounts of pNL4-
3vif(—) and pcDNA-A3G, along with codon-optimized vectors
encoding wt or mutant Vif proteins. An equivalent amount of
empty-vector DNA was added to the Vif(—) controls. Cells
and virus-containing culture supernatants were collected 24 h
posttransfection. Whole-cell lysates were prepared, and virus-
containing supernatants were purified, concentrated, and sub-
jected to immunoblot analysis using antibodies to A3G, Vif,
CA, and tubulin (tub), as described in Materials and Methods.

Analysis of group 1 mutants is shown in Fig. 2A and B. As
expected, expression of Vif wt caused a severe reduction in
cellular A3G levels (Fig. 2A, compare lanes 1 and 2). In con-
trast, neither Vif-AK nor Vif-AD affected cellular expression of
A3G (Fig. 2A, lanes 3 and 4). A3G was packaged into Vif-
deficient viruses (Fig. 2A, lane 5) but was excluded from viri-
ons in the presence of Vif wt (Fig. 2A, lane 6); neither Vif-AK
nor Vif-AD was capable of inhibiting encapsidation of A3G
(Fig. 2A, lanes 7 and 8). Thus, deletion of residues 5 to 20 or
23 to 43 in Vif abolishes its ability to induce degradation and
inhibit encapsidation of A3G. Consistent with the protein data,
analysis of viral infectivity revealed that only virus produced in
the presence of Vif wt was infectious, while neither Vif-AK nor
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Vif-AD was able to overcome the antiviral effect of A3G (Fig.
2B). Thus, deletion of residues 5 to 20 or 23 to 43 leads to the
functional inactivation of Vif.

Group 2 to 4 Vif mutants were analyzed in a similar fashion
(Fig. 2C to H). In all cases, Vif wt reduced intracellular ex-
pression of A3G and prohibited the encapsidation of A3G into
viral particles. None of the Vif deletion mutants or the M1,
M2, or M3 point mutants affected the expression or packaging
of A3G compared to the Vif-negative control. Similarly, none
of the Vif mutants analyzed here were able to overcome the
inhibitory effects of A3G on viral infectivity (Fig. 2D, F, and
H). Thus, all regions in Vif analyzed in this study are critical for
interference with A3G, and deletion or mutation of any of
these regions invariably leads to the loss of Vif function.

Group 1, 2, and 4 mutants, but not group 3 mutants, of Vif
are defective for A3G binding. The N-terminal region of Vif
affected by group 1 mutants has previously been implicated in
the interaction with A3G (37, 42, 53-55, 60, 64, 71, 78). In
contrast, group 3 mutants affect the HCCH and BC box do-
mains in Vif and were expected to be defective for interaction
with the Cul5-E3 ubiquitin ligase complex but to retain the
ability to bind A3G. Similarly, group 2 mutants were expected
to retain their A3G binding capacities; however, because of
their overlap with the HCCH and BC box motifs, group 2
mutants were expected to be defective for Cul5 binding. Fi-
nally, group 4 mutants were expected to be defective for A3G
binding, since deletion of the PPLP motif in Vif was previously
shown to affect A3G binding (11).

To assess the abilities of the Vif mutants to interact with
A3G, we performed coimmunoprecipitation studies, in which
we coexpressed epitope-tagged A3G and individual Vif vari-
ants. Since Vif wt can induce degradation of A3G, all experi-
ments were done in the presence of dominant negative Cul5-
Rbx (13, 75) to minimize signal fluctuations due to A3G
degradation. A C-terminally Myc epitope-tagged A3G was
used here (23) to minimize the risk of antibody interference
with Vif-A3G interaction. 293T cells were cotransfected with
pcDNA-A3G-Myc, pCul5-Rbx-HA, and expression vectors
carrying codon-optimized vif genes. Cell lysates were prepared
24 h posttransfection, and protein complexes were immuno-
precipitated with anti-Myc antibody-conjugated agarose beads.
Input A3G and immunoprecipitated A3G were identified by
immunoblotting with an A3G-specific antibody (Fig. 3I and I,
respectively). Input samples and immunoprecipitates were also
probed with a Vif-specific monoclonal antibody (Fig. 3III and
IV, respectively). As expected, Vif wt exhibited a strong bind-
ing affinity for A3G (Fig.3IV, lanes 3), and group 1 mutants
Vif-AK and Vif-AD did not interact with A3G (Fig.31V, lanes
4 and 5). Surprisingly, Vif-AJ and Vif-AH mutants also did not
interact with A3G (Fig.3IV, lanes 8 and 9). Consistent with a
previous report (11), neither Vif-AN nor Vif-M3 interacted
with A3G in the pull-down analysis (Fig.3IV, lanes 18 and 19).
Only group 3 mutants retained the ability to interact with A3G,
although the efficiency of interaction seemed to be reduced
compared to Vif wt (Fig. 3, lanes 12 to 14). Interaction of
group 3 Vif mutants with A3G was specific, as evidenced by the
lack of Vif precipitation in the absence of A3G (Fig.31V, lanes
15 to 17). Our results confirm that the N-terminal region in Vif
contains sequences critical for interaction with A3G. However,
our results also indicate that sequences in Vif important for
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FIG. 2. Vif mutants are nonfunctional. (A) 293T cells were transfected with 3 g of pNL4-3vif(—) virus and 0.5 pg of pcDNA-A3G,
together with 2.5 pg each of empty vector (lanes 1 and 5), pcDNA-hVif wt (lanes 2 and 6), Vif-AK (lanes 3 and 7), or Vif-AD (lanes 4 and
8). Cells and virus-containing supernatants were harvested 24 h posttransfection. Whole-cell lysates and virus-containing supernatants were
prepared as described in Materials and Methods. Samples were analyzed by immunoblotting them using antibodies to A3G and Vif. The Vif
blot was subsequently reprobed with an HIV-positive patient serum to detect viral capsid protein (CA), and the A3G blot was reprobed with
a tubulin-specific monoclonal antibody (tub). (B) The infectivities of the viruses shown in panel A were determined in a single-cycle
infectivity assay by infection of LuSIV indicator cells (52). Virus-induced activation of luciferase, as measured in relative light units (RLU),
was quantified 24 h later in a standard luciferase assay as described in Materials and Methods. The relative infectivity of viruses produced
in the presence of Vif wt was defined as 100%. Uninfected LuSIV cells were included as a negative control (mock). The error bars reflect
standard deviations calculated from three independent infections. (C and D) 293T cells were transfected as for panel A, except that Vif-AJ
and Vif-AH mutants were analyzed. Analysis of viral infectivity was done as for panel B. (E and F) 293T cells were transfected as for panel
A, except that Vif-AC, Vif-M1, and Vif-M2 mutants were analyzed. The infectivities of the resulting viruses were determined as for panel
B. (G and H) 293T cells were transfected as for panel A, except that Vif-AN and Vif-M3 mutants were analyzed. Analysis of viral infectivity
was done as for panel B.
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FIG. 3. Only group 3 Vif mutants interact with A3G. Cells were either mock transfected (lanes 1) or transfected with 2.5 pg of pcDNA-A3G-
Myc (lanes 2 to 5, 8 to 9, 12 to 14, and 18 to 19), together with 2.5 ug of empty-vector DNA [Vif(—)] (lanes 2), pcDNA-hVif wt (lanes 3), or Vif
mutants from groups 1 to 4 (lanes 4 and 5, 8 and 9, 12 and 14, and 18 and 19). Mutant Vif proteins were also expressed in the absence of A3G
to control for nonspecific binding to the antibody matrix (lanes 6 and 7, 10 and 11, 15 and 17, and 20 and 21). To prevent possible degradation
of A3G by Vif, 1 pg of a dominant negative mutant of Cul5, CulSARbx-HA (75), was cotransfected in all samples. Cells were harvested 24 h after
transfection. Cell lysates were immunoprecipitated with anti-Myc antibody conjugated to agarose beads as described in Materials and Methods.
Aliquots of total cell lysates (Input) and immunoprecipitated proteins (IP: a-myc) were separated by SDS-PAGE and subjected to immunoblot
analysis using antibodies to A3G (I and II) or Vif (III and IV). Proteins are identified on the right. HC, immunoglobulin heavy chain.

interaction with A3G may extend beyond the region identified
in previous studies (42, 50, 53, 54).

Group 3 and 4 Vif mutants dominantly interfere with the
function of wild-type Vif. Having identified a series of nonfunc-
tional Vif mutants and having characterized their A3G binding
properties, we next wanted to assess their potentials to act as
dominant negative inhibitors of wild-type Vif function. To test

this, cells were transfected with the full-length HIV molecular
clone NL4-3 encoding wild-type Vif, together with A3G either
alone or in combination with codon-optimized vectors for ex-
pression of potential dominant negative Vif mutants in trans.
As a control, the effect of A3G on Vif-defective NL4-3vif(—)
was analyzed in parallel. Cells and virus-containing superna-
tants were harvested 48 h posttransfection and processed for
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immunoblot analysis as described for Fig. 2. As expected, A3G
was packaged into Vif-deficient virions (Fig. 4A, C, and G,
lanes 6, and E, lane 7). However, in all cases, NL4-3 Vif
efficiently inhibited the packaging of A3G into viral particles
(Fig. 4A, C, and G, lanes 7, and E, lane 8) even though
virus-encoded Vif affected intracellular A3G levels to various
degrees (Fig. 4A, C, E, and G, A3G, compare lanes 1 and 2 of
groups 1 to 4). Therefore, under the conditions of this exper-
iment, Vif expressed from NL4-3 was necessary and sufficient
to overcome the antiviral effects of A3G (Fig. 4B, D, F, and H).
Indeed, viral infectivity was only slightly improved relative to
NLA4-3 wt by coexpression of additional Vif from the codon-
optimized vector (Fig. 4B, D, F, and H, compare NL4-3 wt and
Vif wt).

Expression of Vif mutants from the codon-optimized vectors
was apparent from the immunoblot analysis of the increased
Vif signal in the cases of Vif wt, Vif-M1, and Vif-M3 or from
the appearance of additional Vif-specific bands in the cases of
the deletion mutants (Fig. 4A, C, E, and G). Invariably, Vif
mutants expressed in frans were copackaged with virus-en-
coded wild-type Vif (Fig. 4A, C, E, and G, virus). Importantly,
we did not observe evidence for competitive inhibition of wild-
type Vif packaging by any of the Vif mutants. Analysis of A3G
encapsidation revealed that neither group 1 nor group 2 Vif
mutants had the ability to interfere with the function of virus-
encoded Vif to inhibit A3G packaging (Fig. 4A and C). Con-
sequently, none of the group 1 and group 2 Vif mutants inhib-
ited the rescue of viral infectivity by NL4-3-encoded wild-type
Vif (Fig. 4B and D). The only exception was Vif-AH, which
caused moderate interference with viral infectivity (Fig. 4D).
Group 3 and group 4 Vif mutants, on the other hand, inter-
fered with the activity of wild-type Vif, leading to increased
cellular A3G levels and resulting in the encapsidation of A3G
at levels approaching those of vif-deficient virions (Fig. 4E and
G). As a result, group 3 and group 4 Vif mutants strongly
inhibited the infectivity of wild-type NL4-3 (Fig. 4F and H).
Thus, group 3 and group 4 Vif mutants carrying mutations or
deletions in the conserved HCCH, SLQ, and PPLP motifs have
the ability to dominantly interfere with the function of virus-
encoded wild-type Vif.

The dose dependence of dominant negative interference
with wild-type Vif function was studied using the Vif-M2 mu-
tant as a representative example (Fig. 5). The amount of NL4-3
DNA was kept constant, and the ratios of NL4-3 to Vif-M2
DNA varied over a 10-fold range, as indicated in the legend to
Fig. 5. Total amounts of transfected DNA were kept constant
by adding empty-vector DNA as appropriate. NL4-3vif(—) and
NL-4-3 wt produced in the absence of Vif-M2 served as neg-
ative and positive controls, respectively (Fig. 5, lanes 1 and 2
and lanes 7 and 8). Cell lysates and viral pellets were analyzed
by immunoblotting using antibodies to A3G, Vif, CA, and
tubulin. All samples produced comparable amounts of viral
Gag proteins, and viral pellets were devoid of cellular debris, as
evidenced by the absence of tubulin in the viral fractions. As
expected, NL4-3-encoded Vif prevented encapsidation of A3G
into HIV-1 virions (Fig. 5, lane 8). In contrast, coexpression of
Vif-M2 resulted in a dose-dependent increase in virus-associ-
ated A3G (Fig. 5, lanes 9 to 12) and was accompanied by
increased cellular A3G levels (Fig. SA, lanes 3 to 6). Consistent
with these results, the infectivity of cell-free viruses was re-
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duced in a dose-dependent manner (Fig. 5B, lanes 3 to 6).
Maximum inhibition of viral infectivity was achieved when
NL4-3 Vif and Vif-M2 were expressed at roughly equimolar
levels (Fig. SA and B, lane 5). Interestingly, increasing expres-
sion of Vif-M2 appeared to also facilitate the packaging of Vif
wt. The reason for this phenomenon is unclear. However, we
previously reported that virus-associated Vif is subject to pro-
teolytic processing by the viral protease (26). It is therefore
conceivable that packaging of increasing amounts of Vif-M2
leads to stabilization of Vif wt through substrate competition.

DISCUSSION

The recent identification of potent antiviral host restriction
factors and the ability of viruses to outsmart these defense
mechanisms highlight the ongoing struggle between viruses
and host cells. Thus, continued intensified efforts are needed to
understand the mechanisms of viral resistance. The realization
that viral accessory proteins, such as Vif, Vpu, and Nef, are
prominently involved in counteracting host defense mecha-
nisms (for a review, see references 14 and 63) has put new
emphasis on the functional analysis of these accessory proteins.
In particular, the ability of Vif to counteract the antiviral ef-
fects of A3G has been studied in great detail and has been
attributed to several mechanisms, including proteasomal deg-
radation of A3G and degradation-independent mechanisms
(reviewed in references 14 and 63). Most functional models of
Vif require a physical interaction with A3G. Thus, inhibition of
Vif-A3G interaction by pharmacological means, by small mol-
ecule inhibitors, or by dominant negative forms of Vif has great
potential as an effective tool to prevent the spread of HIV-1 in
infected patients. Several studies have provided proof of prin-
ciple for this notion. For instance, peptides targeting the PPLP
domain in Vif were found to inhibit Vif dimerization, increase
packaging of A3G into Vif-expressing virus, and inhibit repli-
cation of wild-type HIV-1 (43, 72). Furthermore, the zinc
chelator TPEN was shown to inhibit recruitment of Cul5 by Vif
and to prevent Vif-induced A3G degradation (68). Next,
Nathans et al. identified a small-molecule inhibitor, RN-18,
that enhances degradation of Vif in the presence of A3G
through an unknown mechanism (44). Finally, protease-de-
rived peptides were found to inhibit Vif function in nonper-
missive H9 cells but had no effect on virus replication in per-
missive SupT1 cells (19).

Our idea to test functionally inactive Vif proteins for their
potential as dominant negative inhibitors of HIV-1 was based
on the recent identification of distinct domains in Vif respon-
sible for interaction with A3G on one side and the Cul5-E3
ubiquitin ligase complex on the other. Formation of the A3G-
Vif-Cul5-E3 ternary complex results in A3G ubiquitination
and subsequent proteasomal degradation of the protein (8, 28,
37, 40, 57, 58, 75, 76). We hypothesized that nonfunctional Vif
mutants capable of interacting with either A3G or E3 ligase,
but not both, should be able to inhibit the function of wild-type
Vif through competitive binding to a common ligand. Indeed,
the group 3 mutants analyzed in this study had lost the ability
to assemble a functional E3 ligase complex but retained A3G
binding activity and inhibited wild-type Vif function. As a re
sult, wild-type NL4-3 produced from A3G-expressing cells in
the presence of group 3 Vif mutants was noninfectious. Sur-
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FIG. 4. Group 3 and group 4 Vif mutants exhibit dominant negative characteristics and interfere with the function of wild-type Vif. The
experiment essentially mimicked the one shown in Fig. 2, except that Vif mutants were coexpressed with NL4-3 encoding wild-type Vif. (A, C, E,
and G) 293T cells were cotransfected with 3 pg of pNL4-3 wt, 0.5 pg of pcDNA-A3G, and 2.5 pg each of empty vector (NL4-3 wt), Vif wt (wt),
or Vif mutants as indicated. Cells transfected with vif-defective NL4-3 and A3G were included as a control [NL4-3vif(—)]. Cell lysates and
virus-containing supernatants were processed for immunoblotting as described for Fig. 2. (B, D, F, and H) The infectivities of the viruses shown
in panels A, C, E, and G were determined in a single-cycle infectivity assay as described for Fig. 2. The error bars reflect the standard deviations
calculated from three independent infections.
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FIG. 5. Interference with wild-type Vif function by dominant negative Vif is dose dependent. (A) 293T cells were transfected with 3 ug of
pNL4-3 Vif(—) DNA (lane 1) or 3 pg of pNL4-3 wt (lane 2) plus 0.5 pg of pcDNA-A3G and 2.5 pg of empty-vector DNA each. In lanes 3 to 6,
cells were transfected with 3 g of pNL4-3 wt, 0.5 pg of pcDNA-A3G, and increasing amounts of Vif-M2 (lane 3, 0.1 pg; lane 4, 0.25 ng; lane 5,
0.5 pg; lane 6, 1.0 ng). The total amounts of DNA in each sample were adjusted to 6 pg using empty-vector DNA as appropriate. Cells and
virus-containing supernatants were harvested 48 h posttransfection. Concentrated virus preparations, along with the whole-cell lysates, were
analyzed by immunoblotting them using antibodies to A3G (I) or Vif (II). The A3G blot was subsequently reprobed with an HIV-positive patient
serum (III) to detect viral capsid protein (CA); the Vif blot was reprobed with a tubulin-specific monoclonal antibody (IV, tub) to control for
loading errors and to verify the absence of cellular contaminants in the viral samples. (B) The infectivities of virions in panel A were determined
in a single-cycle infectivity assay by infection of LuSIV indicator cells. Relative virus-induced activation of luciferase (RLU) was quantified 24 h
later in a standard luciferase assay. The error bars reflect the standard deviations calculated from three independent infections.

prisingly, group 1 Vif mutants, which had lost the ability to
bind A3G but had intact binding domains for Cul5-E3 ubiq-
uitin ligase complexes, did not exhibit dominant negative char-
acteristics and were unable to inhibit the function of wild-type
Vif. The reason for this is unclear, but it could be due to
subsaturating levels of Vif or to conformational constraints
lowering the relative affinity of mutant Vif proteins for E3
ligase components compared to wild-type Vif. In contrast,
group 4 mutants, which also did not interact with A3G in our
in vitro binding assay (Fig. 3), exhibited dominant negative
properties and inhibited the function of wild-type Vif. The
mechanism of interference by group 4 mutants is currently
unclear. Our own attempts to test the dimerization properties
of these mutants were inconclusive. Nevertheless, deletion of
residues 151 to 164 in Vif, which is similar to our Vif-AN
mutant and includes the PPLP motif, was previously found to
reduce dimerization of Vif (73), making interference through
formation of nonfunctional Vif heterodimers unlikely. In con-
trast, Donahue et al. demonstrated that mutation of the PPLP
motif did not interfere with Vif’s ability to bind Cul5 and
elongin C (11). It is therefore possible that our group 4 Vif
mutants exert their dominant negative phenotype through
binding to Cul5 and/or elongin C, thereby contributing to the
depletion of these components of the Cul5-E3 ubiquitin ligase
complex.

Overall, our results strongly suggest that the dominant neg-
ative phenotype of group 3 and group 4 Vif mutants is specific
and due to interference with wild-type Vif rather than affecting
viral infectivity through binding to Gag, as previously described
(2). This is further supported by the observation that group 3
mutants did not inhibit the infectivity of Vif-deficient HIV-1
virions in the absence of A3G (data not shown). Also, the
relatively low levels of mutant Vif required to reveal the dom-
inant negative effect suggest that the interference is specific.
Finally, group 2 Vif mutants were predicted to have dominant
negative properties because the A3G binding domain had been

mapped to regions upstream of the mutations. Surprisingly,
neither Vif-AJ (lacking residues 75 to 125), Vif-AH (lacking
residues 110 to 141), nor Vif-AN (lacking residues 155 to 164)
interacted with A3G in our pull-down experiment (Fig. 3).
Thus, it appears that regions in Vif important for A3G inter-
action cover a much larger area of the Vif protein than previ-
ously reported. It is possible that deletions in the central and
C-terminal parts of Vif are not directly involved in A3G bind-
ing but instead impose conformational constraints, preventing
proper folding of the protein and thereby indirectly precluding
A3G interaction. This possibility will have to be addressed in
future studies by analyzing smaller deletions or point muta-
tions. Also surprisingly, Vif-AD, lacking residues 23 to 43,
failed to interact with A3G in our coimmunoprecipitation anal-
ysis (Fig. 3). This result is consistent with the reported impor-
tance of residues 40 to 44 in Vif for interaction with A3G (42,
53, 54, 71, 78) but conflicts with our own previous observation
that a similar deletion mutant was able to interact with A3G in
vitro (13). It should be noted that the Vif mutants employed in
the current study, including Vif-AD, are based on the NL4-3 vif
sequence while the previous in vitro study used HXB2-based vif
vectors. The NL4-3 and HXB2 Vif proteins differ by 15 amino
acids (9%), including 4 nonconservative changes in the vicinity
of residues 23 to 44. It is therefore possible that the ability or
inability of Vif-AD to interact with A3G is governed by amino
acid residues in the area surrounding the deletion, again sug-
gesting that conformational changes imposed by these amino
acid differences affect the Vif-A3G interaction.

Dominant negative interference by both group 3 and group
4 Vif mutants involved the stabilization of intracellular A3G
and resulted in increased encapsidation of the deaminase into
wild-type HIV-1 virions. Although mechanistic details have yet
to be defined for both group 3 and group 4 Vif mutants, the
most likely scenario seems to be that group 3 mutants act by
competitive binding to A3G while group 4 mutants may inhibit
wild-type Vif function through competitive binding to compo-
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nents of the Cul 5-E3 ubiquitin ligase complex. Another pos-
sible mode of dominant negative interference is the formation
of Vif-Vif heterodimers. Vif dimerization was previously re-
ported to be important for biological activity (43, 72, 73), and
it is conceivable that wild-type Vif function is inhibited through
the formation of heterodimers between wild-type Vif and mu-
tant Vif. Such a mechanism could, in theory, apply to group 3
and group 4 mutants, since it would not require competition
for Vif binding sites on A3G and would be consistent with our
observation that Vif can prevent the encapsidation of degra-
dation-resistant A3G (47). However, the fact that mutation or
deletion of the PPLP motif inhibits Vif dimerization (73)
makes such a model less likely, at least for the group 4 mutants.
Our own attempts to assess hetero-oligomerization of Vif have
remained inconclusive due to problems with the solubility of
Vif mutants (data not shown), and more sensitive assays will
have to be developed to satisfactorily address this issue in
future experiments.

It is unclear why a previous study failed to identify dominant
negative Vif mutants (12). However, Fujita et al. analyzed Vif
mutants carrying single amino acid changes, while our domi-
nant negative mutants contained multiresidue deletions and/or
multiple amino acid changes. It is therefore possible that single
amino acid changes, as analyzed by Fujita et al., are insufficient
to confer a dominant negative phenotype. The identification of
dominant negative mutants of Vif presents exciting possibili-
ties for the design of novel antiviral strategies. Future studies
will have to test the robustness of the dominant negative phe-
notype of our Vif mutants and determine if and how fast
HIV-1 can develop resistance to dominant negative interfer-
ence.
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