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The function of lentiviral Vif proteins is to neutralize the host antiviral cytidine deaminases APOBEC3G
(A3G) and APOBEC3F (A3F). Vif bridges a cullin 5-based E3 ubiquitin ligase with A3G and A3F and mediates
their degradation by proteasomes. Recent studies have found that Vif uses different domains to bind to A3G
and A3F. A “DRMR!” domain binds to A3F, “°YRHHY** binds to A3G, and **YxxL’? binds to both A3G and
A3F. Here, we report another functional domain of Vif. Previously, we demonstrated that human immunode-
ficiency virus type 1 (HIV-1) Vif failed to mediate A3G proteasomal degradation when all 16 lysines were
mutated to arginines. Here, we show that K26, and to a lesser extent K22, is critical for A3G neutralization.
K22 and K26 are part of a conserved **WxSLVK?® (x represents N, K, or H) motif that is found in most primate
lentiviruses and that shows species-specific variation. Both K22 and K26 in this motif regulated Vif specificity
only for A3G, whereas the SLV residues regulated Vif specificity for both A3F and A3G. Interestingly, SLV and
K26 in HIV-1 Vif did not directly mediate Vif interaction with either A3G or A3F. Previously, other groups have
reported an important role for W21 in A3F and A3G neutralization. Thus, 2?WxSLVK?® is a novel functional
domain that regulates Vif activity toward both A3F and A3G and is a potential drug target to inhibit Vif activity

and block HIV-1 replication.

The replication of human immunodeficiency virus type 1
(HIV-1) is seriously impaired in human primary lymphocytes
when the viral protein Vif is not present (8, 38). The first
cellular target of Vif was identified as APOBEC3G (A3G)
(34), which belongs to the cytidine deaminase family known
as APOBEC (apolipoprotein B mRNA-editing catalytic
polypeptide) (14). This family consists of APOBECI; acti-
vation-induced deaminase (AID); APOBEC?2; a subgroup of
APOBEC3 (A3) proteins, including A3A, A3B, A3C, A3DE,
A3F, A3G, and A3H; and APOBEC4 in humans (12). They
have one or two copies of a cytidine deaminase domain with a
signature motif (HxEx,; ,sPCx, ,C), and normally only one of
the cytidine deaminase domains has deaminase activity.

All seven A3 genes have been shown to inhibit the repli-
cation of various types of retroviruses via cytidine deamina-
tion-dependent or -independent mechanisms (3). In partic-
ular, A3B, A3DE, A3F, and A3G inhibit HIV-1 replication,
whereas A3A and A3C do not (1, 6, 7, 19, 34, 42, 50). Recently,
it was shown that optimizing A3H expression in cell culture
also inhibits HIV-1 replication (4, 10, 25, 39). Among these
proteins, A3G and A3F have the most potent anti-HIV-1 ac-
tivities. A3G and A3F share ~50% sequence similarity but
have different biochemical properties (41) and different target
sequence preferences while catalyzing cytidine deamination of
viral cDNAs (19).

Nevertheless, HIV-1 is able to elude this defense mechanism
and cause human disease for two reasons. First, A3B and A3H
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are expressed only at low levels in vivo (4, 7, 18, 26). Second,
HIV-1 produces Vif, which is expressed in all lentiviruses ex-
cept equine infectious anemia virus. Vif can destabilize A3DE,
A3F, and A3G proteins by targeting them to the proteasomal
degradation pathway (6, 22, 35, 37, 50). In addition, Vif may
also inhibit A3 activity independently of proteasomal degrada-
tion (15, 16, 31).

The action of Vif is highly species specific. Vif from HIV-1
inactivates only A3G from humans, and Vif from simian im-
munodeficiency virus (SIV) isolated from African green mon-
keys (AGM) does not inactivate A3G from humans. Neverthe-
less, Vif from SIV isolated from rhesus macaques (MAC)
inactivates A3G from all humans, AGM, and MAC (21). A
single residue in A3G at position 128, an aspartic acid in
humans versus a lysine in AGM, determines A3G sensitivity to
HIV-1 Vif (2, 32, 44). In addition, an N-terminal domain in
HIV-1 Vif, "'DRMR"’, determines Vif specificity for different
A3G proteins (33).

Vif targets A3G to the proteasome by acting as an adaptor
protein that bridges A3G with a cullin 5 (Cul5)-based E3
ubiquitin ligase complex, which includes Cul5, elongin B
(EloB), and EloC (46). Vif has a BC box motif ('**S'*°L'°Q)
that binds to EloC (23, 47) and an HCCH motif (*'*C/'**C)
that binds to Cul5 (20, 24, 43). It has also been shown that Vif
specifically binds to a region from amino acids 126 to 132 of
A3G and to amino acids 283 to 300 of A3F (13, 30). It is
believed that as a consequence of these interactions, A3G is
polyubiquitylated and directed to 26S proteasomes for degra-
dation.

Several domains that determine Vif interactions with A3F
and A3G have been identified. Analysis of HIV-1 patient-
derived Vif sequences initially found that W11 is essential for
A3F recognition and K22, Y40, and E45 are required for A3G
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recognition (36). The previously identified agmA3G-specific
“DRMR'” domain was also found to determine Vif specificity
for A3F (33) by direct binding (29). An A3G-specific bind-
ing domain, **YRHHY**, has also been identified (29), and
a ®*YxxL’? domain interacts with both A3G and A3F (11,
28, 45).

We have previously shown that Vif can mediate A3G pro-
teasomal degradation in the absence of A3G polyubiquityla-
tion and that, unexpectedly, this process is dependent on ly-
sines in Vif (5). Here, we identify two N-terminal lysines that
are important for Vif function. We show that these lysines are
part of a 2'WxSLVK?® motif that is conserved in Vif from
primate lentiviruses and that this motif regulates Vif activities
against both A3G and A3F via different mechanisms.

MATERIALS AND METHODS

Plasmids. The HIV-1 proviral constructs pNL4-3Avif and pNL-LucAvif and
the mammalian expression vectors pcDNA3.1-A3F-V5-6xHis and pcDNA3.1-
A3G-V5-6xHis were described previously (6, 50). pNL-LucAenvAvif was created
by Nhel digestion of pNL-LucAvif, followed by treatment with the large Klenow
fragment before T4 ligation. The AGM and MAC A3G c¢DNAs were from N.
Landau (21), and the AGM and MAC A3F cDNAs were from P. Bieniasz (48).
These genes were subcloned, using the TOPO cloning strategy (Invitrogen), into
pcDNA3.1D/V5-His-TOPO, which expresses a C-terminal V5 tag for protein
detection. To create plasmids expressing human A3F or A3G C-terminally fused
with a FLAG-hemagglutinin (HA) tag, two oligonucleotides encoding the sense
FLAG/HA gene with a 5'-NotI cohesive end or the antisense FLAG/HA gene
with a 3’-Xbal cohesive end were synthesized. After being annealed, they were
inserted into pcDNA3.1-A3F-V5-6xHis and pcDNA3.1-A3G-V5-6xHis vectors
by NotI and Xbal digestion.

The Vif expression vectors pNL-Al, pNL-AlAvif, pNL-A1SIVmacVif, and
pNL-A1SIVagmVif were from K. Strebel. The lysine-free HIV-1 Vif expression
vector pNL-A1Vifl16K/R was previously described (5). To simplify the cloning
and detection of the vif gene, the original pNL-A1 vector was modified. The vif
gene was cut out by BssHII and EcoRI digestion and replaced with a linker
containing a Notl site and an Xbal site followed by an HA tag. This new vector
was named pNL-A1Notl/Xbal/HA. The HIV-1, SIVmac, and SIVagm vif genes
were recloned into this vector. The HIV-1 Vif 1-6K/R and 7-16K/R mutants were
created by a two-step recombinant PCR method using the wild type (WT) and
16K/R as templates. To make other Vif mutants, vif genes were first cloned into
the pCR4-TOPO vector (Invitrogen) and mutated with the QuikChange XL
site-directed mutagenesis kit (Stratagene). These vif genes were then cloned back
into pNL-A1Notl/Xbal/HA by NotI/Xbal digestion. To express these vif mutants
in the replication-competent proviral clone, a modified pNL4-3 vector containing
a NotI and an Xbal site in the vif open reading frame, pNL4-3NotI/Xbal, was
created (51). This plasmid contains a NotlI site at the end of pol and an Xbal site
in front of the vpr gene. In addition, the three ATG codons in vif overlapping
with pol were silenced without changing the integrase coding sequence. After
that, the mutated vif genes were cloned into this vector by Notl and Xbal
digestion.

Vif activity assay. Vif activities were measured by their abilities to rescue
HIV-1Avif virus infectivity in the presence of A3G or A3F. Viruses were pro-
duced from 293T cells by a standard calcium phosphate transfection. Typically,
21 pg of plasmid DNAs containing 5 wg pNL-LucAenvAvif, 5 ug Vif expression
vector, 1 g vesicular stomatitis virus G (VSV-G) expression vector, and 10 pg
A3 expression vector was transfected into 293T cells in a 100-mm culture dish
with 20% confluence. The production of HIV-1 was quantified by p249¢ capture
enzyme-linked immunosorbent assay (ELISA). Equal numbers of viruses were
used to infect GHOST-R3/X4/RS5 cells. Thirty-six hours later, the cells were lysed
in 50 mM Tris-HCI, pH 7.4, 150 mM NacCl, 1% Triton X-100, 3 mM EDTA (lysis
buffer). After the nuclei were removed, the cytosolic fraction was used to deter-
mine luciferase activity using a luciferase assay kit (Promega).

HIV-1 growth curve. The human T-cell lines CEM-SS, H9, Hut78, and PM1,
as well as human peripheral blood mononuclear cells (PBMC), were cultured in
complete RPMI 1640 culture medium containing 10% fetal bovine serum, 10
pg/ml ampicillin, and 50 wg/ml streptomycin. Human PBMC were isolated from
healthy blood donors using a Michigan State University Institutional Review
Board-approved protocol and activated by phytohemagglutinin and interleukin 2
before HIV-1 infection. Viruses were produced from 293T cells after transfec-
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tion with pNL4-3 expressing WT or mutant vif genes. A total of 2 X 10° T cells
were infected with HIV-1 containing 150 ng p2492€ for 3 h at 37°C. After being
washed, the cells were resuspended in a 24-well culture plate, and culture su-
pernatants were collected every other day for ELISA measurement of viral
p246ae,

Immunoprecipitation. 293T cells were cotransfected with A3-FLAG-HA and
Vif expression vectors at a 1:1 ratio. A green fluorescent protein (GFP)-
FLAG-HA expression vector was included as a negative control. Twenty-four
hours later, the cells were lysed in buffer (150 mM NaCl, 20 mM Tris-HCI, pH
7.6, 3 mM EDTA, 1% Triton X-100). The cytosolic fraction was isolated and
then rocked with anti-FLAG antibody M2-conjugated beads (Sigma) for 4 h at
4°C. After extensive washing with phosphate-buffered saline containing 500 mM
NacCl, the bead-associated proteins were detected by Western blotting.

Western blotting. Horseradish peroxidase (HRP)-conjugated anti-HA anti-
body (Roche) and HRP-conjugated anti-V5 antibody (Invitrogen) were used to
directly detect the expression of GFP, A3F, A3G, or Vif protein. Actin was
detected by a polyclonal antibody (C-11) (Santa Cruz Biotechnology). HIV-1
p24922 and Vif proteins were also detected by two antibodies (no. 3537 and no.
2221) from the NIH AIDS Research and Reference Reagent Program. HRP-
conjugated anti-rabbit or -mouse immunoglobulin G secondary antibodies were
from Pierce. Detection of the HRP-conjugated antibody was performed using an
enhanced chemiluminescence detection kit (Amersham Bioscience).

Motif analysis. We identified in GenBank approximately 2,800 distinct Vif
sequences from HIV-1, HIV-2, SIVcpz, SIVmac, or SIVagm and scanned each
sequence for various subsets and variations of the putative motif.

RESULTS

Mapping of critical lysines for HIV-1 Vif function. Previ-
ously, we created a lysine-free HIV-1 Vif mutant from pNL4-3
by replacing all 16 lysines with arginines (16K/R) and found
that the mutant lost neutralizing activity against human A3G
(5). The sequence of the pNL4-3 vif gene is shown in Fig. 1A.
To map lysines critical for Vif function, we created Vif lysine
mutants and determined whether they lost activity against hu-
man A3G or A3F. Initially, two recombinant vif genes were
created from the WT and 16K/R vif genes: 1-6K/R, with the
N-terminal 6 lysines (K22, K26, K34, K36, K50, and K63)
mutated to arginines, and 7-16K/R, with the C-terminal 10
lysines (K91, K92, K141, K155, K157, K160, K168, K176, K179,
and K181) mutated to arginines. These two recombinant
genes were cloned into pNL-A1, a pNL4-3-derived HIV-1 sub-
genomic vector, for vif expression (38). Their activities were
determined by measuring their abilities to rescue replication of
HIV-1Avif in the presence of A3G or A3F. In the absence of
Vif, the viruses were poorly infectious, indicating potent anti-
viral activity of both A3G and A3F (Fig. 1B). Consistently, the
ASLQ mutant, in which the EloC-binding motif '**§'**L'#°Q
was mutated to AAA, did not neutralize either A3G or A3F
(Fig. 1B). As previously reported, the 16K/R mutant com-
pletely lost activity critical to A3G, and we found that it
retained only partial activity against A3F (Fig. 1B). The
7-16K/R mutant retained full activity against both A3G and
A3F (Fig. 1B), whereas the 1-6K/R mutant completely lost
activity against A3G but not A3F (Fig. 1B). This result
indicated that the N-terminal six lysines are important for
Vif activity against A3G.

To identity more critical lysines, we compared Vif protein
sequences from pNL4-3 and pNL-Al. Among the N-terminal
six lysines in pNL4-3, only three (K22, K26, and K34) exist in
pNL-A1 (Fig. 1A). We mutated these three lysines to arginines
and created a triple-lysine mutant, 3K/R. The 3K/R mutant,
like 1-6K/R, failed to neutralize A3G but retained activity
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FIG. 1. Critical role of the HIV-1 Vif K26 residue in neutralizing A3G, but not A3F. (A) Amino acid sequence alignment of Vif proteins
expressed from pNL4-3 and pNL-A1. The lysines are underlined and numbered. (B and C) Mutational analysis of Vif activity against A3G (gray
bars) and A3F (open bars). 293T cells were transfected with the HIV-1 reporter construct pNL-LucAenvAvif, an indicated Vif expression vector,
a VSV-G expression vector, and either an A3F or A3G expression vector. The infectivity of the virus produced from the transfected cells was
determined by infection of GHOST cells and quantitation of the luciferase enzyme produced in the GHOST cells after normalization by levels of
viral input (p2492¢). Vif activities are presented as relative values of HIV-1Avif infectivity, with the infectivity in the presence of WT Vif set as 100.
The standard errors of the means (error bars) were calculated from three independent experiments. (D and E) A3G or A3F expression in the
presence of various Vif mutants. An A3G or A3F expression vector was cotransfected with the indicated Vif expression vector into 293T cells, and
protein expression was determined by Western blotting. The A3G and A3F proteins were detected by an anti-V5 antibody, and Vif proteins were

detected by an anti-HA antibody.

against A3F (Fig. 1B). Thus, K22, K26, and K34 are essential
for Vif activity against A3G.

To compare these three lysines, we created three double-
lysine mutants: K22-26/R, with both K22 and K26 changed to
arginines; K22-34/R, with K22 and K34 changed to arginines;
and K26-34/R, with K26 and K34 changed to arginines. All

three mutants were still active against A3F, but K22-26/R and
K26-34/R were completely inactive against A3G, while K22-
34/R was only partially active against A3G (Fig. 1B). This
result suggested that K26 is more critical than K22 and K34 for
Vif to neutralize A3G.

We replaced each of these three lysines with alanine, aspar-
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FIG. 2. Critical roles of SIVmac Vif K27 and SIVagm Vif K28 residues in neutralizing A3G, but not A3F. (A) N-terminal amino acid sequence
alignment of Vif proteins from HIV-1, HIV-2, SIVcpz, SIVmac239, and three SIVagm isolates. Three lysines (K22, K26, and K34) are indicated.
(B) Expression of SIVmac Vif K27A and SIVagm Vif K28A mutants. SIV Vif proteins were expressed from the HIV-1 subgenomic expression
vector pNL-A1, and protein expression was determined in 293T cells by Western blotting with an anti-HA antibody. (C) Activities of SIV Vif K27A
and K28A mutants. 293T cells were transfected with pNL-LucAenvAvif, an indicated SIV Vif expression vector, a VSV-G expression vector, and
either an A3F or A3G expression vector. Vif activities were determined by measuring the infectivity of HIV-1Avifvirus as for Fig. 1B. The standard
errors of the means (error bars) were calculated from three independent experiments.

tic acid, or arginine and created nine single-lysine mutants
(Fig. 1C). Because aspartic acid has a negative charge, alanine
has a neutral charge, and both arginine and lysine have positive
charges, this mutagenesis allowed us to address whether the
charges at these positions affect Vif function. Indeed, these
mutants had very different phenotypes. The K22D mutant
completely lost activity to neutralize A3G but not A3F, while
the K22A and K22R mutants retained almost full activity
against both proteins (Fig. 1C). The K34D mutant partially lost
activity against both A3G and A3F, while the K34A and K34R
mutants retained almost full activity (Fig. 1C). Interestingly,
the K26A, K26D, and K26R mutations completely inactivated
Vif activity against A3G, but not A3F (Fig. 1C). Because the
reduction in Vif activity was more dramatic when mutations
were introduced into K22 and K26, we conclude that K22 and
K26 play more important roles than K34 in Vif function.

To validate these observations, we determined the levels of
A3G and A3F protein expression in the presence of WT Vif or
the Vif mutants in viral producer cells. The WT protein effec-
tively reduced both A3G and A3F expression, although its
effect on A3G was more potent than that on A3F (Fig. 1D,
lanes 1 and 2, and E, lanes 1 and 2). Mutants 16K/R, ASLQ,
3K/R, 1-6K/R, K22D, K26A, K26D, and K26R completely
failed to reduce A3G protein expression; mutants K22-26/R,
K26-34/R, and K34D partially reduced A3G protein expres-
sion; and mutants 7-16K/R, K22-34/R, K22A, K22R, K34A,
and K34R fully reduced A3G expression, like the WT protein
(Fig. 1D). In addition, mutants 16K/R, ASLQ, and K34D failed
to reduce A3F expression, and the other mutants reduced A3F

expression either as effectively as or more effectively than the
WT Vif protein (Fig. 1E). In general, these results are in
agreement with the previous results, further highlighting the
important roles of K22 and K26 in Vif function.

Identification of a lysine critical for SIV Vif function. To
further explore the functions of K22 and K26, we compared
the N-terminal amino acid sequences of Vif proteins from
different primate lentiviruses. Vif sequences from all subtypes
of HIV-1, SIVcpz, HIV-2, SIVmac239, and three different
SIVagm strains, SIVagmTan, SIVagm9063, and SIVagmSab,
were initially selected (Fig. 2A). It was found that both K22
and K26 were located in a highly conserved ?'WKSLVK?*
motif in HIV-1 Vif (**WHSLIK*” in HIV-2 and SIVmac239
and ZWxxxVK?® in SIVagm). Further analyses indicated that
a consensus motif, W[N/K/H]SL[V/I]K, is present in >90% of
2,742 Vif sequences from HIV-1, HIV-2, and SIVmac, and it is
present in ~75% of 113 Vif sequences from SIVcpz (Table 1).
Clear species-specific motifs were observed for HIV-1 (W[N/
K]SLVK), HIV-2 (WHSL[V/I|K), SIVmac (WHSLIK), and
SIVepz (W[N/H]SL[I/V]K), while SIVagm showed more vari-
ation (Table 1). We therefore summarized these sequences as
a general consensus motif, WxSLVK.

Since the K26 (or K27 in SIVmac and K28 in SIVagm)
residue is highly conserved, we decided to continue to study
the role of this residue in SIV Vif function. A K27A or K28A
mutation was introduced into the SIVmac239 or SIVagm9063
vif gene, respectively, and the genes were subsequently cloned
into the pNL-A1 vector for expression. Both SIVmac Vif K27A
and SIVagm Vif K28A were expressed at levels comparable to
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TABLE 1. Motif sequences in HIV and SIV strains”
% that contain each motif variant
Unique Vif
sequence HIV-1 HIV-2 SIVepz SIVmac SIVagm

(2,683) (27) (113) (32) )
WKSLVK 43.6 0.0 0.9 0.0 0.0
WNSLVK 47.4 0.0 20.4 0.0 0.0
WHSLVK 4.3 74.1 6.2 0.0 0.0
WHSLIK 0.0 22.2 40.7 90.6 11.1
WxSLVK 1.0 0.0 2.7 0.0 11.1
WQGIVK 0.0 0.0 0.9 0.0 11.1
WxGIVK 0.0 0.0 0.9 0.0 11.1
WxGIVR 0.0 0.0 0.9 0.0 11.1
WxGIVx 0.0 0.0 0.9 0.0 11.1
Total 96.3 96.3 74.5 90.6 66.7

“ Vif sequences from the indicated virus strains were identified in GenBank
and analyzed for the presence of the motifs as shown.

those of the WT proteins after transfection into 293T cells
(Fig. 2B). SIVmac Vif K27A almost completely lost activity
against human A3G, macA3G, and agmA3G and partially lost
activity against human A3F and agmA3F (Fig. 2C). As previ-
ously reported, macA3F had very low antiviral activity (48),
and it was impossible to compare the abilities of WT and K27A
Vifs to neutralize macA3F (Fig. 2C). The SIVagm Vif K28A
mutant partially lost activity against agmA3G and completely
lost activity against agmA3F (Fig. 2C). In general, the K27A or
K28A mutation in SIV Vif tended to selectively inactivate the
A3G protein. Thus, we conclude that, like the K26 in HIV-1
Vif, the K27 or K28 in SIV Vif is more important in protecting
against A3G than A3F.

Role of SLV in Vif function. We found that SL[V/I] residues
are also conserved, except in SIVagm (Fig. 2A and Table 1).
We next addressed how they could regulate Vif function. All
three SLV residues in HIV-1 Vif (or SLI in SIVmac) were
mutated to alanines, creating a ASLV mutant for HIV-1 Vif
and ASLI for SIVmac Vif. These mutants were expressed at
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levels comparable to those of their WT proteins after trans-
fection into 293T cells (Fig. 3B). However, ASLV and ASLI
failed to neutralize both A3G and A3F proteins from humans,
and ASLI failed to neutralize both A3G and A3F proteins from
humans, MAC, and AGM (Fig. 3B). Thus, we conclude that,
unlike K22 and K26, the SLV residues are critical for Vif
neutralization of both A3G and A3F.

Actions of K22, SLV, and K26 in Vif activity. How do the
K22, SLV, and K26 residues regulate HIV-1 Vif function? One
important question was whether they could regulate A3G or
A3F binding and degradation. As noted above, the "' DRMR"’
domain of Vif binds to A3F and the **YxxL’*> domain of Vif
binds to both A3G and A3F. We introduced an M16A or
Y69A mutation into HIV-1 Vif to disrupt the DRMR or YxxL
motif, respectively. We had confirmed that the M16A mutant
failed to neutralize A3F and Y69A failed to neutralize both
A3F and A3G (data not presented). These two mutants were
used as controls in Vif/A3 protein binding experiments.

A3F or A3G fusion proteins with a FLAG-HA tag were
coexpressed with different Vif mutants in 293T cells, and a
similar GFP expression vector was included as an additional
negative control. The proteins were pulled down by the anti-
FLAG antibody-conjugated beads, and bead-associated pro-
teins were determined by Western blotting. GFP did not bind
to the WT Vif proteins, whereas both A3F and A3G bound to
the WT Vif proteins (Fig. 4A, lanes 6 and 7, and B, lane 1). As
expected, the M16A mutant bound to A3G, whereas the Y69A
mutant bound poorly to A3G (Fig. 4B, lanes 3 and 5). We
previously reported that the binding of the 16K/R mutant to
A3G was slightly reduced (5), and we found that its binding to
A3F was also slightly reduced (Fig. 4A, lane 8). The ASLV
mutant bound to A3F and A3G as efficiently as did the WT Vif
(Fig. 4A, lane 9, and B, lane 2), and the K26R mutant still
bound to A3F (Fig. 4A, lane 10). We further compared how
the mutations at amino acid position 22, 26, or 34 affected Vif
binding to A3G. Mutants K22D, K26A, and K26D completely
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FIG. 3. Critical roles of SLV/I residues in Vif function. (A) Expression of HIV-1 Vif ASLV and SIVmacVif ASLI mutants in 293T cells.
(B) Activities of ASLV and ASLI mutants determined as for Fig. 2C. The standard errors of the means (error bars) were calculated from three

independent experiments.
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FIG. 4. Mechanism of K22, SLV, K26, and K34 residues in regulating Vif function. (A and B) Interaction of Vif mutants with A3F or A3G.
The indicated Vif proteins were coexpressed with GFP, A3F, or A3G protein with a FLAG-HA tag in 293T cells. The proteins were pulled down
by anti-FLAG antibody-conjugated beads and analyzed by Western blotting. Membranes were first incubated with a polyclonal anti-Vif antibody
to detect Vif proteins and then an anti-HA antibody to detect GFP, A3F, and A3G proteins. (C) A3F and A3G expression in virus producer cells
and virions. The indicated HIV-1 strains bearing vif mutations were produced from 293T cells in the presence of A3F or A3G protein expression.
Protein expression in cells and purified virions was determined by Western blotting. A3F and A3G were detected by an anti-V5 antibody, Vif was
detected by a polyclonal antibody, and Gag was detected by a monoclonal antibody.

lost binding ability to A3G, whereas mutants K22A, K22R,
K26R, K34A, K34D, and K34R still bound to A3G (Fig. 4B,
lanes 6 to 14). In general, these binding results were consistent
with those from Vif neutralization assays, although it was un-
clear why ASLV and K26R failed to neutralize A3G or A3F.

Next, we determined whether the mutations affect the degra-
dation of A3F and A3G. We determined A3F and A3G protein
levels in both viral producer cells and virions in the presence of
Vif mutants. HIV-1 proviral clones containing a ASLV, K22A,
K26A, or K34A mutation in the vif gene were coexpressed with
A3F or A3G proteins in 293T cells; viral particles were collected
and purified from these cell cultures; and A3F and A3G levels
were determined by Western blotting. The WT, K22A, and K34A
Vif proteins effectively decreased A3F and A3G levels in both
cells and virions (Fig. 4C, lanes 2, 4, 6, 8, 10, and 12); the ASLV
mutant did not decrease A3G and A3F expression in cells or
virions (Fig. 4C, lanes 3 and 9); and the K26A mutant could
decrease only A3F, but not A3G, expression in cells and virions
(Fig. 4C, lanes 5 and 11). These results are consistent with those
from viral replication assays (Fig. 1C) and confirmed that these
residues regulate A3F and A3G neutralization via protein degra-
dation and virion exclusion.

Replication of HIV-1 with K26R and ASLV mutations in
human T-cell lines. To further evaluate the functions of these
residues, human T cells were infected with HIV-1 bearing

either a K26R or a ASLV mutation in the vif gene, and viral
growth curves were determined. As a comparison, viruses with
either an M16A or a Y69A mutation in vif were also included.
One permissive cell line (CEM-SS) and three nonpermissive
cell lines (H9, Hut-78, and PM1), as well as human PBMC,
were selected. These cells were infected with equal amounts of
each virus, and viral replication was determined by measuring
the p24““¢ concentration in the supernatant using an ELISA
kit. As expected, in CEM-SS cells, the WT and vif-defective
viruses and four vif mutant viruses (M16A, K26R, ASLV, and
Y69A) all grew well, because viruses do not need a functional
vif gene in this cell line (Fig. 5A). Moreover, we were able to
detect all these different Vif proteins in CEM-SS cells by West-
ern blotting on days 6 and 9 postinfection, indicating that they
were well expressed during viral replication (Fig. 5A). In con-
trast, in Hut-78, H9, and PM1 cells and PBMC, only the WT
virus replicated well, whereas the AVif virus showed approxi-
mately a 2-log-unit reduction in viral production, because vi-
ruses need a functional vif gene in these cell lines (Fig. 5B). In
addition, viral replication was inhibited by both M16A and
K26R mutations, and the K26R mutation caused a more pro-
found inhibition than the M16A mutation. Because the M16A
and K26R mutants did not neutralize A3F or A3G, respec-
tively, this result confirmed that A3G has stronger antiviral
activity than A3F. The replication of HIV-1 with a Y69A or
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infected with equal amounts of six different HIV-1 strains (WT, AVif, M16A, K26R, ASLV, and Y69A). Viral growth was monitored for 8 days
by p2492¢ ELISA. In addition, Vif protein expressions in CEM-SS cells was determined by Western blotting on the third, sixth, and ninth days
postinfection using a polyclonal antibody. (B) Replication in nonpermissive cell lines. The indicated nonpermissive cells were infected with the
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ASLV mutation was further reduced to the Avif HIV-1 levels,
confirming that these two vif genes failed to neutralize both
A3F and A3G. Thus, these results were consistent with those
from viral replication assays (Fig. 1C) and further confirmed
the importance of SLV and K26 in Vif function.

DISCUSSION

In this report, we identified a conserved WxSLVK motif in
Vif proteins from diverse primate lentiviruses. Within this
motif, SL[V/I] residues regulate Vif specificity for both A3F
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and A3G, whereas K22 and K26 regulate Vif specificity only
for A3G.

We found that this motif was very sensitive to mutagenesis
and could not tolerate even conservative substitutions. When
K26 was replaced with arginine (conserving a positive charge),
Vif completely lost the ability to neutralize A3G, and HIV-1
bearing the same mutation replicated poorly in nonpermissive
cell lines. In addition, even though N22 is commonly found in
WT HIV-1 Vif (Fig. 2A and and Table 1), mutating this posi-
tion to an aspartic acid (D) also selectively disrupted Vif ac-
tivity against A3G. These results are consistent with previous
observations made by Khamsri et al. that a K26R viral mutant
showed a delayed growth curve in H9 cells (17) and by Simon
et al. that a K22E Vif mutant selectively lost activity against
A3G (36). Although K22 and K26 regulate Vif activity simi-
larly, different mechanisms are involved. Position 22 is more
variable in natural Vif sequences, with N, K, and H all being
common, and in this study, only replacement of K22 with
negatively charged aspartic acid disrupted Vif activity, whereas
any substitution in the highly conserved K26 made Vif inactive.
Similarly, only replacement of K34 with a negatively charged
residue (D) partially disrupted Vif activity. These results sug-
gest that charge plays an important role in Vif function. More-
over, we showed that mutation of SLV to AAA completely
disrupted Vif function. Previously, when Yamashita et al. in-
troduced a single L24A mutation within KSLVK, the activity of
Vif to neutralize A3G and A3F did not change (45). These
results support the concept that all three SLV residues have to
be mutated simultaneously to disable Vif function. Further-
more, the W21 at the N termini of Vif proteins is also highly
conserved. When Tian et al. made a W21A mutation, Vif failed
to neutralize both A3G and A3F (40). Yamashita et al. not
only confirmed this observation, but also further demonstrated
that the W21A mutant failed to bind to A3G (45). Moreover,
Vif neutralization of A3 proteins is highly species specific, in
that Vif more effectively neutralizes the A3 proteins from the
same species. This specificity is also detectable in the variants
of the basic W[N/K]SL[V/I]K motif. The variant positions tend
to be highly conserved within each lentivirus strain (Table 1),
suggesting that this motif may be important in determining the
species specificity of Vif. Taken together, these results dem-
onstrate that WxSLVK represents a functional motif and plays
a critical role in regulating Vif neutralizing activity against
A3G and A3F.

It should be noted that the ability of Vif to bind to A3
proteins does not always correlate with its capability to neu-
tralize these proteins. We found that although ASLV and
K26R mutants failed to neutralize A3G or A3F, they still
bound to these two proteins very efficiently (Fig. 4A and 4B).
This observation is not unprecedented. He et al. reported that
the Vif L72S mutant still bound to A3G but failed to neutralize
it (11). In addition, several groups have reported that although
WT Vif can bind to several other A3 proteins, including the
human A3A YFW mutant (9), A3A and A3C chimeric mutants
(49), an A3G C97A mutant (27), the N-terminal half of A3G
(9), and human A3H (4), it did not initiate their destruction.
Similarly, the A3G D128K mutant seems to still bind to HIV-1
Vif without being degraded (29). These observations indicate
that, in addition to assembly of the A3, Vif, and Cul5 E3 ligase
protein complex, there must be other, secondary determinants
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on both A3 and Vif proteins that are critical in mediating A3
protein degradation.

We found that K22D and other K26 mutants selectively lost
activity against A3G, whereas ASLV and K34D mutants lost
activity against both A3F and A3G. Thus, the functions of K22
and K26 resemble that of the YRHHY motif, and those of
W21, SLV, and K34 resemble that of the YxxL motif. It is
interesting that residues in the WxSLVK motif can be func-
tionally differentiated. Although the DRMR, YRHHY, and
YxxL motifs directly bind to A3F and/or A3G, the WxSLVK
motif does not appear to affect Vif activity solely via this
interaction, because the inactive ASLV and K26R mutants still
bind to A3F and A3G (Fig. 4A and B). It is possible that the
WxSLVK motif contributes to a secondary signal that is critical
for A3F and A3G neutralization. Indeed, such secondary sig-
nals have been implicated in previous studies (29, 49). Thus,
the WxSLVK motif provides an important tool to further study
these unknown mechanisms. It also emerges as a novel target
for pharmaceutical inhibition of Vif function to prevent HIV-1
infection.
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