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Antiretroviral cytidine deaminase APOBEC3G, which is
abundantly expressed in peripheral blood lymphocytes and
macrophages, strongly protects these cells against HIV-1 infec-
tion. The HIV-1 Vif protein overcomes this antiviral effect by
enhancing proteasome-mediated APOBEC3G degradation and
is key for maintaining viral infectivity. The 579-bp-long vif gene
displays high genetic diversity among HIV-1 subtypes. There-
fore, it is intriguing to address whether Vif proteins derived
from different subtypes differ in their viral defense activity
against APOBEC3G. Expression plasmids encoding Vif proteins
derived from subtypes A, B, C, CRFO1_AE, and CRF02_AG iso-
lates were created, and their anti-APOBEC3G activities were
compared. Viruses produced from cells expressing APOBEC3G
and Vif proteins from different subtypes showed relatively dif-
ferent viral infectivities. Notably, subtype C-derived Vif pro-
teins tested had the highest activity against APOBEC3G that was
ascribed to its increased binding activity, for which the N-termi-
nal domain of the Vif protein sequences was responsible. These
results suggest that the biological differences of Vif proteins
belonging to different subtypes might affect viral fitness and
quasispecies in vivo.

Among the seven human APOBEC3? cytidine deaminase
proteins (from A to H) that act as intrinsic restriction factors
against endogenous and exogenous retroviruses (1-9),
APOBEC3G provides the most potent retroviral restriction in
vitro and in vivo (10-12). This host protein is abundantly
expressed in peripheral blood mononuclear cells (PBMCs) and
macrophages. APOBEC3G deaminates deoxycytidine to
deoxyuridine in nascent viral minus-strand cDNA, thereby
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inducing G-to-A hypermutations during reverse transcrip-
tion (13-16). It also partially restricts viral replication in a
deamination-independent fashion, mainly by blocking DNA
synthesis (17-20). Human immunodeficiency virus type 1
(HIV-1) is armed with Vif® protein, which induces protea-
some-mediated APOBEC3G degradation (21-24) via a
mechanism involving the Cullin5 (Cul5)-containing E3
ubiquitin ligase (25-28). As a result, Vif protein reduces
virion incorporation of APOBEC3G in virus-producer cells
(29-32), leading to efficient reverse transcription in the tar-
get cells. By the same mechanism, Vif protein can inactivate
APOBEC3F and APOBEC3DE, which are expressed in
PBMCs and suppress Vif-deficient HIV-1 infection to a
lesser extent than does APOBEC3G (33-35).

Several in vivo studies have demonstrated that APOBEC3G-
induced G-to-A hypermutation is frequently observed in
patient-derived proviral DNA (36 —42) even in the presence of
full-length but polymorphic vif genes (43). The vif genes also
have high in vivo genetic variability (11, 44 —46) and subtype-
dependent amino acid substitutions (47). These findings imply
that the sequence diversity of vif genes (possibly in a subtype-
dependent manner) might harbor differential levels of anti-
APOBEC3G activity. Among the strains tested in the present
study, Vif protein derived from subtype C strains harbored the
most robust anti-APOBEC3G activity. This activity was deter-
mined by the N-terminal region of the protein, which bound
APOBEC3G more efficiently than subtype B-derived Vif. Con-
sistent with this, subtype B-based viruses carrying subtype
C-derived Vif proteins were rarely deaminated in primary lym-
phocytes endogenously expressing APOBEC3G. These results
indicate that the sequence variability of Vif proteins dependent
on HIV-1 subtypes leads to differential anti-APOBEC3G activ-
ity, presumably resulting in differential levels of HIV-1 fitness
and viral progeny diversity.

EXPERIMENTAL PROCEDURES

Viruses—The HIV-1 isolates utilized in this study were
registered in GenBank™ and included: subtype A, UG029-
A3 (#AB098332), UGO031-Al (#AB098330), UG031-A2
(#AB098331), 92RWO025A (#AB287376), and 92UGO037
(#AB253428); subtype B, NL4-3 (48), JRFL (49), SF2 (50), BaL
(51), and 01JPDR3884 (#AB289589); subtype C, 02ZM]JCC05
(#AB254155), 02ZMJMC18 (#AB254156), 02ZM109C31
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(#AB573087), 02ZM112C23 (#AB254145), 02ZMDBC33
(#AB254153), and 02ZMGNC46 (#AB573088); CRF01_AE,
93THO051  (#AB220944), 93THO57AE18 (#AB253424),
93THO060 (#AB220946), 93THO062 (#AB220947), and 93TH065
(#AB220948); CRF02 AG, 03GH178AGl (#AB572922),
03GH180AGI13 (#¥AB572923), GHI184AG25 (#AB286860),
GHNJ188 (#AB231896), and 97GH_AG2 (#AB052867). Amino
acid alignments of these Vif proteins are shown in supplemen-
tal Fig, S1.

DNA Construction—The HIV-1 proviral constructs pNL4-3
(48), Vif-deficient HIV-1 proviral indicator construct pNL-
Luc-F(—)E(—) (34), Rev expression plasmid pCA-Rev (52),
vesicular stomatitis virus glycoprotein (VSV-G) expression
vector pHIT/G (53), and HA-tagged human APOBEC3G
expression plasmid pCA-hA3G-HA (8) were previously
described. To create a C-terminal FLAG-tagged expression
plasmid, a synthetic double-stranded oligonucleotide Notl
linker harboring an Mscl site upstream of the FLAG epitope
(sense, 5'-GGC CTA TGG CCA CGA TTA TAA AGA CGA
TGA CGA CAA GTA GAG C-3'; antisense, 5'-GGC CGC TCT
ACT TGT CGT CAT CGT CTT TAT AAT CGT GGC CAT
A-3') was inserted into the NotI site of the mammalian expres-
sion vector pCAGGS (54), in which the preexisting Mscl site
was disrupted for further cloning. To confer Rev-dependent
expression on the expression plasmids, the pNL4-3-derived
Rev-responsive element (RRE; nucleotide 7759 -7992) was
PCR-amplified, digested with Notl, and inserted into the
FLAG-tagged expression plasmid, resulting in pCAGGS-
FLAG-RRE. HIV-1 vif genes derived from the different sub-
types described above were PCR-amplified, digested with Kpnl
and Mscl, and cloned into pCAGGS-FLAG-RRE.

To create chimeric constructs between the Vif proteins of
NL4-3 and 02ZMDBC33 (representative of subtypes B and C,
respectively), the KpnI-PfIMI fragment (corresponding to Vif
residues 1-87) of pC-NLvif-FLAG-RRE (NL-Vif) or pC-DBvif-
FLAG-RRE (DB-Vif) was replaced with that of DB-Vif or NL-
Vif, respectively, resulting in NL/DB-Vif or DB/NL-Vif, respec-
tively. DB(38-87)-Vif consisting of the N-terminal NL-Vif
region (residues 1-37), the middle DB-Vif region (residues
38-87), and the C-terminal NL-Vif region downstream of the
PfIMI site was created with overlapping PCR-based cloning
using NL-Vif and DB/NL-Vif as templates. Similarly, chimeric
constructs between the N-terminal DB-Vif region (residues
1-37,1-34,1-31, and 1-23) and the C-terminal NL-Vif region,
which were designated DB(1-37)-Vif, DB(1-34)-Vif, DB(1-
31)-Vif, and DB(1-23)-Vif, were created using DB-Vif and NL-
Vif as templates, respectively. DB(9-37)-Vif consisting of the
DB-Vif region of residues 9 —37 with the NL-Vif backbone was
created with the QuikChange site-directed mutagenesis kit
(Stratagene) using DB(1-37)-Vif as a template.

To introduce the Lys-17 — Arg or Lys-19 — Arg mutations
into DB(1-31)-Vif to create DB(1-31)K17R-Vif or DB(1-
31)K19R-Vif, respectively, QuikChange site-directed mutagen-
esis was performed using DB(1-31)-Vif as a template. The
Vif-chimeric HIV-1 proviral constructs pNL-DBvif and pNL-
DB(1-31)vif were created with overlapping PCR-based cloning
using pNL4-3 and DB-Vif as templates, respectively. A Vif-de-
ficient HIV-1 proviral construct pNL-Avif was generated by
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introducing a stop codon linker at the PflMI site of pNL4-3. The
T7 epitope-tagged (55) APOBEC3G plasmid pCA-hA3G-T7E
was generated by inserting an APOBEC3G fragment amplified
from pCA-hA3G-HA (8) into a modified pPCAGGS expression
vector carrying a C-terminal T7 epitope tag.

To create the Elongin C expression plasmid pC-EloC-HA,
total RNA from H9 cells was subjected to reverse transcription
followed by amplification with specific oligonucleotides. An
amplified Elongin C fragment was cloned into modified
pCAGGS carrying a C-terminal HA tag. To generate the Cul5
expression plasmid pC-Cul5, total RNA isolated from MOLT-4
cells was subjected to RT-PCR amplification of the Cul5 gene
using specific oligonucleotides, and an amplified Cul5 fragment
was cloned into pCAGGS. All constructs were verified using an
ABI model 3130 Genetic Analyzer (Applied Biosystems).

Phylogenetic Analysis—Patient-derived vif genes and the vif
sequences of reference strains representing the different
genetic subtypes were aligned using the ClustalW program
(56). A phylogenetic tree, constructed by the neighbor-joining
method with branching order reliability determined by the
bootstrap approach, was implemented with the ClustalW pro-
gram. Genetic distances were estimated by the Kimura 2-pa-
rameter method (57).

Cell Maintenance, Transfections, and Protein Analyses—To
confirm Vif protein expression, the 293T cells, maintained in
Dulbecco’s modified Eagle’s medium supplemented with 10%
FCS, were cotransfected with 200 ng of pCA-Rev, 200 ng of
FLAG-tagged Vif expression plasmids, and empty vector up to
1 g of total DNA by using the FUuGENE 6 transfection reagent
(Roche Applied Science). Cell extracts from the transfected
cells were subjected to Western blot analysis using the anti-
FLAG mouse monoclonal antibody M2 (Sigma).

Virion Production, APOBEC3G Degradation, and Viral Infectiv-
ity Assay—To prepare VSV-G-pseudotyped HIV-1 luciferase
reporter viruses, 3.5 X 10° 293T cells were cotransfected with 35
ng of pCA-hA3G-HA, 0.1 ug of the VSV-G expression plasmid
pHIT/G, 8 ng of the Vif expression plasmids, and 0.87 ug of an
empty vector together with 1 ug of pNL-Luc-F(-)E(-) using
FuGENE 6. Sixteen hours later cells were washed with phos-
phate-buffered saline, and 1 ml of fresh complete medium was
added. After 24 h, supernatants were treated with 37.5 units/ml
DNase I (Roche Applied Science) for 37 °C for 30 min and then
harvested.

To analyze the level of Vif-degraded APOBEC3G, cells were
lysed and subjected to Western blot analysis using the anti-HA
mouse monoclonal antibody HA-7 (Sigma). The p24 antigen
levels in viral supernatants were measured by an HIV-1 p24-
antigen capture enzyme-linked immunosorbent assay (Ad-
vanced BioScience Laboratories). To determine the viral infec-
tivity, 3.5 X 10* 293T cells were incubated with 1 ng of p24
antigen of the HIV-1 supernatants. After 48 h, cells were lysed
in 100 ul of lysis buffer. The firefly luciferase activity was deter-
mined with a Centro LB960 (Berthold) luminometer.

Immunoprecipitation—The 293T cells (7 X 10°) were
cotransfected using FUGENE 6 with 200 ng of pCA-hA3G-T7E,
64 ng of pC-Vif-FLAG-RRE, 64 ng of pCA-Rev, and empty vec-
tor up to 2 ug of total DNA. After 36 h, transfected cells were
treated with 20 uM of MG-132 (Calbiochem) for 9 h and sus-

JOURNAL OF BIOLOGICAL CHEMISTRY 35351


http://www.jbc.org/cgi/content/full/M110.173286/DC1
http://www.jbc.org/cgi/content/full/M110.173286/DC1

Subtype-dependent Anti-APOBEC3G Activity of Vif

CRFO1_AE

G-to-A Mutation Assay—Freshly
isolated PBMCs (1 X 10°) were
stimulated with phytohemaggluti-
nin (3 pg/ml) for 72 h. After 293T
transfection with the proviral DNA
clones pNL4-3, pNL-DBvif, NL-
DB(1-31)vif, and pNL-Avif, PBMCs
were infected overnight with 50 ng
of the resulting four viruses. Cells
were cultured in the presence of

A interleukin-2 (10 units/ml). After 12
180P‘G\3. days, the total cellular DNAs from

CRFO2 AG infected cells were isolated using

= DNeasy (Qiagen). Fragments of the

— - | = H178AG1 @ 3’ region of the envelope gene

w20 T N ~G%NJ,9 (nucleotides 8127— 8756, which has
5e1%® g " . a high G-to-A mutational frequency
«° e N Go%';""m’“ L] (58)) were PCR-amplified with High
.gr,y?“‘dz' 4’%::“'@25 Fidelity DNA Polymerase (Roche

0.02

Applied Science) and cloned into
the TOPO TA-cloning vector pCR4
(Invitrogen).  The  nucleotide
sequence was determined to com-
pare the G-to-A mutational fre-
quency using ABI3130 (ABI).

RESULTS

Phylogenetic Analysis of the HIV-1
Accessory Gene vif Derived from Dif-
ferent Subtypes—HIV-1 Vif expres-
sion plasmids were generated by
PCR-amplifying known and recently
isolated vif genes derived from the
worldwide prevalent subtypes A, B,
C, CRFO1_AE, and CRF_02AG. Five
subtype A (UG029-A3, UG031-A1,

FIGURE 1. Sequence variation of HIV-1 accessory gene vif. An unrooted phylogenetic tree based on HIV-1 vif
sequences from group M reference strains was generated by the neighbor-joining method. The vif sequences
from the major subtypes (A, B, C, D, CRFO1_AE, and CRF02_AG) containing reference strains, and isolates tested
in this study are included. Different subtype-derived vif sequences selected for functional testing are indicated

UG031-A2, 92RWO025A, and
92UG037), five subtype B (NL, SF2,

by @.

pended in 500 ul of radioimmunoprecipitation assay buffer (50
mM Tris-HCI, pH 7.4, 150 mMm NaCl, 1% Nonidet P-40, 0.5%
sodium deoxycholate, 0.1% SDS, 20 um MG-132, and complete
protease inhibitor mixture (Roche Applied Science)). The
resultant lysates were clarified by brief centrifugation, pre-
cleared with 30 ul of rProtein A-Sepharose Fast Flow (GE
Healthcare) for 1 h at 4 °C, and then incubated with an anti-
FLAG M2 Affinity Gel (Sigma). After 1 h at 4 °C, the immune
complexes were extensively washed with radioimmunoprecipi-
tation assay buffer. Equal aliquots of the total and bound frac-
tions were subjected to gel electrophoresis and transferred to a
nitrocellulose membrane. The membranes were probed with
an anti-T7 tag mouse monoclonal antibody (Novagen), an anti-
FLAG rabbit polyclonal antibody (Sigma), or an anti-B-actin
mouse monoclonal antibody AC-74 (Sigma). The signal inten-
sity of the immunoprecipitated APOBEC3G protein on West-
ern blots was quantified using the LAS-3000 imaging system
(Fujifilm).
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JRFL, BaL, and DR3884), six subtype
C (02ZMJCC05, 02ZMJMC18,
02ZM109C31, 02ZM112C23, 02ZMDBC33, and 02ZMGN46),
five subtype CRFO01_AE (93THO051, 93TH057, 93THO060,
93THO062, and 93THO065), and five subtype CRF_02AG strains
(03GH178, 03GH180C13, 03GH184AG25, GHN]J188, and
97GH_AG?2) were used. The genes were cloned into FLAG-
tagged mammalian expression plasmids, sequenced, and genet-
ically compared. Fig. 1 shows the phylogenetic analysis results
for the HIV-1 vif genes utilized in this study. This tree clearly
classifies each subtype based on difference between the vif
sequences.

Anti-APOBEC3G Activities of HIV-1 Vif Proteins Differ in a
Subtype-dependent Manner—Because the vif sequences appear
to be variable (11, 44 —47), we examined whether Vif proteins
derived from different subtypes with the sequence diversity
shown here would show differential levels of anti-APOBEC3G
activity. To do this we first determined the optimal doses of the
APOBEC3G and Vif expression plasmids. The mRNA levels of
APOBEC3G endogenously expressed in three donor-derived
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inhibiting HIV-1 infection, as previ-
ously and very recently described
(12, 59, 60).
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Vif protein expression in the plas-
mid-transfected cells was con-
firmed by immunoblotting using
anti-FLAG antibodies (Fig. 24). Vif
functional testing was performed
using viruses from 293T cells
cotransfected with a Vif-Env-dou-
ble-defective HIV-1 construct and a
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FIGURE 2. Functional testing to compare the anti-APOBEC3G activity of Vif proteins from different sub-

THO57

with optimal doses of APOBEC3G
and various subtype-derived Vif
expression plasmids. Most Vif pro-
teins derived from subtypes A,
B, CRF01_AE, and CRF_02AG

THO60
THO062
THO65
GH178AG1
GH180AG13
GH184AG25
GHNJ188
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types. A, Western blot analysis was performed using extracts from 293T cells transfected with combinations of
plasmids encoding Rev and RRE-carrying/FLAG-tagged Vif derived from five major subtypes. Antibodies spe-
cificfor FLAG and B-actin were used. Note that a larger amount (200 ng) of Vif expression plasmids was used to
confirm the expression of Vif proteins, whereas the optimal amount (8 ng) was used for virus preparation in B.
B, 293T cells were cotransfected with a luciferase-based Vif/Env-deficient HIV-1, VSV-G, and HA-tagged
APOBEC3G expression plasmids together with plasmids encoding FLAG-tagged Vif derived from different
subtypes. After 40 h, cell lysate and viral supernatant were harvested. To examine the proteasomal degradation
of APOBEC3G in the virus-producing cells, the lysate was subjected to Western blot analysis (shown below the
bar graph) using monoclonal antibodies against HA or 3-actin. Supernatants normalized by the p24 antigen of
VSV-G-pseudotyped luciferase viruses were incubated with 293T cells for an additional 48 h. Cells were then
lysed and subjected to a luciferase assay. Results are representative of at least five independent triplicate
experiments. RLU, relative light units. Data shown are the mean =+ S.D; ¥, p < 0.005, **, p < 0.001, t test.

showed non-significant but some-
what differential activity levels
based on infectivity profiles (which
represent the anti-APOBEC3G
activity) (Fig. 2B). In contrast, sub-
type C-derived Vif proteins showed
exclusively high anti-APOBEC3G
activity levels. The Vif-mediated
infectivity enhancements generally

PBMCs were compared with levels expressed in cells trans-
fected with the serially diluted APOBEC3G expression plasmid.
Levels of Vif protein physiologically expressed from the Vif-
positive NL4-3 proviral construct were compared with levels
expressed from the serially diluted NL-Vif expression plasmid.
Real-time RT-PCR revealed that introduction of 25 ng of
APOBEC3G plasmid into 293T cells reproduced the endoge-
nous expression level of APOBEC3G in PBMCs (supplemental
Fig. S24).

Infectivity enhancement by the Vif protein was evaluated
from the proviral construct or from the expression plasmid in
the presence of a fixed amount of the APOBEC3G plasmid (as
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correlated with the proteasomal
degradation levels of APOBEC3G protein (Fig. 2B). Compared
with Vif from other subtypes, subtype C-derived Vif proteins
seemed to harbor higher activity against the antiviral
APOBEC3G protein.

The N-terminal Domain of Subtype C-derived Vif Confers a
Robust Anti-APOBEC3G Activity—To identify the smallest
segment of subtype C-derived Vif protein needed to control
anti-APOBEC3G activity, chimeric Vif constructs were created
between subtypes B (derived from NL4-3) and C (derived from
02ZMDBC33) utilizing a preexisting restriction enzyme site
PfIMI commonly located in the middle of Vif. The chimeric Vif
construct carrying N-terminal residues 1— 87 of subtype C-de-
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FIGURE 3. Mapping the determinant of the enhanced anti-APOBEC3G activity of subtype C-derived Vif protein. Vif chimeras between subtypes Band C
(depicted on the left) were first tested for the ability of Vif proteins to induce proteasomal degradation of APOBEC3G (as shown on the left side of the bar graph)
by performing Western blot analysis as described in Fig. 2B. Functional testing for the anti-APOBEC3G activity of the chimeric Vif proteins in the single-round
replication assay is also described in Fig. 2B. Results are representative of at least four independent triplicate experiments. RLU, relative light units. Data shown

are the mean = S.D.; ¥, p < 0.05; **, p < 0.01, t test.

rived Vif (DB/NL-Vif) displayed an even higher activity than
the construct carrying C-terminal residues 88 —189 of subtype
C-derived Vif (NL/DB-Vif) (Fig. 3, lanes 4 and 5). Therefore, we
dissected the N-terminal half of subtype C-derived Vif by sub-
stituting the upstream (residues 1-37) or downstream (resi-
dues 38 —87) half of this fragment for the corresponding region
of subtype B-Vif using the overlapping PCR method (resulting
in DB(1-37)-Vif and DB(38 —87)-Vif). N-terminal residues
1-37 appeared to determine the subtype C-derived Vif activity
against APOBEC3G (Fig. 3, lanes 6 and 7). Narrowing the
N-terminal region of subtype C-derived Vif protein from resi-
dues 1 to 37 to residues 9 —-37, 1-34, 1-31, or 1-23 revealed that
the N-terminal region up to position 31 was crucial for the full
anti-APOBEC3@G activity seen in subtype C-derived Vif pro-
teins (Fig. 3, lanes 8—11). The viral infectivity levels were con-
sistent with those of APOBEC3G degradation (Fig. 3), as
observed in Fig. 2B.

Among the cluster of amino acids residues 1-31 of sub-
type C-derived Vif, 8L and 31V were found to be critical
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based on the chimeric experiments described above (Fig. 3;
see also supplemental Fig. S3A4). Although 8L is highly spe-
cific for the subtype C-derived Vif sequences available from
the Los Alamos HIV sequence data base (www.hiv.lanl.gov),
31V is not subtype C-specific but is conserved in ~40% of
subtype C-derived Vif sequences in the data base. To address
whether the critical amino acids would include 17K (which is
not found in other subtypes but is conserved in ~50% of
subtype C-derived Vif sequences, the other half of which
carry 17R; supplemental Fig. S34) and 19K (which is rather
rare in subtype C-derived Vif sequences in the data base,
most of which normally carry 19R; supplemental Fig. S34),
the lysine at position 17 or 19 was replaced with arginine.
The results indicated that 17K was important, whereas19K
was replaceable with arginine (supplemental Fig. S3, B and
C). Thus, the critical amino acid cluster not present in NL is
the N-terminal cluster of 8L, 17K, 19K/R, 22N (highly con-
served in non-B subtypes), 23S (conserved in all subtypes but
NL), and 31V.
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FIGURE 4. Binding activity of chimeric Vif proteins to APOBEC3G. A, 293T cells were cotransfected with the T7 epitope-tagged APOBEC3G expression
plasmid, Rev expression plasmid, and RRE-carrying/FLAG-tagged chimeric Vif expression plasmids were immunoprecipitated (/P) with an anti-FLAG mono-
clonal antibody. The resulting complexes were analyzed by immunoblotting with monoclonal antibodies to the T7 epitope or with polyclonal antibodies to
FLAG to detect APOBEC3G and Vif proteins, respectively (upper two panels in each experiment). Cell lysate aliquots were also analyzed by immunoblotting in
parallel for T7 epitope and FLAG together with B-actin (lower three panels). Results of three independent experiments are individually shown as Experiments 1,
2,and 3. B, binding activity of chimeric Vif proteins to APOBEC3G was quantified based on the band intensity of the immunoprecipitated APOBEC3G protein.
Results are the mean = S.D. of three experiments. *, p < 0.01; **, p < 0.001, t test.

N-terminal Region of Subtype C-derived Vif Harbors Higher
APOBEC3G Binding Activity—To examine whether subtype
C-derived Vif or B-Vif carrying the N-terminal 1-31 fragment
of subtype C-derived Vif could bind to APOBEC3G more effi-
ciently than subtype B-Vif, we analyzed the interaction between
APOBEC3G and Vif by coimmunoprecipitation. In three inde-
pendent experiments (Figs. 4, A and B), the chimeric B-Vif pro-
teins carrying the N-terminal half up to residues 1-31 of
subtype C-derived Vif (DB/NL, DB(1-37), DB(1-34), and
DB(1-31)) and DB-Vif showed higher levels of APOBEC3G
binding than did the B-Vif protein. The binding levels of Vif
proteins to APOBEC3G were consistent with the infectivity
enhancement levels. Thus, the enhanced anti-APOBEC3G
activity of subtype C-derived Vif protein is determined by its
higher APOBEC3G binding activity at N-terminal amino acids
1-31. As expected, interactions with components of the E3
ubiquitin ligase complexes Cul5 and Elongin C were equivalent
among all Vif proteins tested. This is consistent with the con-
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servation of highly conserved SOCS box and the upstream cys-
teines (Cys-114 and Cys-133) required for E3 ligase complex
assembly (supplemental Fig. S4).

Subtype C-derived Vif Strongly Protects Viral Genomes from
G-to-A Mutations Caused by Endogenous Levels of APOBEC3G
Expression—Finally, we addressed whether the anti-
APOBEC3G activity of the Vif protein would correlate with the
frequency of viral G-to-A mutations caused by endogenous
APOBEC3G in PBMCs multiply infected by replication-com-
petent viruses. We created the pNL4-3-based full-length provi-
ral DNA harboring the entire or N-terminal (residues 1-31)
domain of the subtype C-derived Vif sequence to compare their
viral G-to-A mutation rate of the resulting viruses with those of
NL4-3 wild-type (WT) (used as a subtype B reference) and with
Vif-deficient viruses. Freshly isolated PBMCs were stimulated
for 72 h with phytohemagglutinin and interleukin-2 and were
infected with NL, NL-DBvif, NL-DB(1-31)vif, or NL-Avif
viruses produced from 293T cells transfected with their provi-
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FIGURE 5. Analysis of G-to-A mutational frequency of proviral DNAs in
PBMCs. Viruses from pNL4-3-based full-length proviral DNA clones carrying
vif-deficient (Avif), WT, subtype C-derived (DBvif) or B/C-chimeric (DB(1-
31)vif) vif genes were used to infect freshly isolated and phytohemagglutinin-
stimulated PBMCs. Infected cells were harvested and lysed for total DNA
extraction at 12 days after infection. An amplified HIV-1 env fragment was
cloned and analyzed for the G-to-A mutational frequency by sequencing.
Numbers of substitutions are depicted for each viral infection of PBMCs.

ral DNA clones. At 12 days post-infection, the total cellular
DNAs were extracted from the infected cells. The DNAs were
subjected to PCR amplification targeting the envelope region
followed by TA-cloning. Forty clones each from four different
infected cells were sequenced.

The endogenous level of APOBEC3G expression in the
PBMC:s efficiently induced the G-to-A mutation of Vif-defi-
cient viruses. As expected, envelope sequences (nucleotides
8137-8766) derived from viruses carrying the entire or N-ter-
minal domain of subtype C-derived Vif displayed lower G-to-A
mutation rates than those from NL4-3 WT viruses (Fig. 5).
However, viruses with subtype C-derived Vif sequences did not
show distinct growth kinetics from NL4-3 WT viruses over the
time course of the experiment (supplemental Fig. S5). Thus, in
primary lymphocytes expressing endogenous APOBEC3G lev-
els, viruses harboring the subtype C-derived Vif protein can
maintain the viral nucleotide sequences with less frequent
G-to-A mutations than those harboring the subtype B-derived
Vif.

DISCUSSION

To date most functional analyses of HIV-1 Vif proteins
against APOBEC3G have been based on subtype B-derived Vif,
and none has focused on the effect of subtypic differences on
anti-APOBEC3G activity. The present study demonstrated that
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Vif proteins derived from subtype C strains had the most
enhanced activity against APOBEC3G among the subtypes
tested. Based on experiments using chimeric Vif constructs
between subtypes B and C, the enhanced anti-APOBEC3G
activity observed in subtype C-derived Vif was determined by
residues 1-31, which positively regulated the binding activity
for APOBEC3G. Consistent with this observation, these resi-
dues were also related to resistance to the G-to-A mutation at
an endogenous level of APOBEC3G expression.

The worldwide prevalence of subtype C viruses, including
recombinant forms, is >50% among HIV-1-infected individu-
als (see the UNAIDS website). This finding implies that the
viruses per se might display characteristics that are distinct
from other subtypes. In vitro functional testing confirmed our
hypothesis that subtype C-derived Vif proteins display different
activity against APOBEC3G than those derived from other sub-
types. Several lines of evidence suggest the uniqueness of sub-
type C viruses, such as their extra copy of the NF-«B enhancer
element in the long terminal repeat region (61, 62), their low
replication level in macrophages and CD4-postitive lympho-
cytes (63— 65) with reduced pathogenic fitness (66), their pre-
dominant CCRS5 tropism (63, 67— 69), and the fact that autolo-
gous neutralizing antibody induction is associated with shorter
V1-to-V5 envelope lengths (70, 71).

Our new finding of the robust anti-APOBEC3G activity of
subtype C-derived Vif might be restricted to certain regional
populations of subtype C strains. Among the identified cluster
of residues 1-31 critical for robust anti-APOBEC3G activity,
31V is not subtype C-specific but is conserved in ~40% of sub-
type C-derived Vif proteins. This conservation is particularly
high in Indian (80%, n = 15) and Zambian (77%, n = 18) sub-
type C-derived Vif sequences (available as interpatient samples
from the data base). Conservation of 17K, which is specific for
and conserved in ~50% of all subtype C-derived Vif sequences,
also depends on the sampling country (e.g. Botswana, 62% (n =
45); India, 93% (n = 15); Tanzania, 50% (n = 20); South Africa,
48% (n = 269); Zambia, 61% (n = 18)). Based on the data base
and chimeric/mutational analyses shown in Fig. 3, residues
19K/R, 23S (conserved in all subtypes but NL), 22N (conserved
in non-B subtypes), and 8L (highly specific for subtype C), com-
pletely conserved in subtype C-derived Vif sequences, were not
sufficient for the full activity of subtype C-derived Vif proteins.
This full activity likely requires the existence of 31V and 17K
described above, both of which are conserved in all of our Zam-
bian subtype C samples, and in 44% of Zambian (# = 18) or 73%
of Indian (n = 15) subtype C-derived Vif sequences in the data
base. It is likely that the observed subtype C viruses carrying
fully active Vif are regionally circulating strains.

Still, the central findings of the present study are consistent
with the previous results reported by Janini et al. (38), who have
provided some evidence in favor of the hypothesis that subtype
CHIV-1isrelatively protected from APOBEC3G effects in vivo.
In the study they evaluated the presence of hypermutated
HIV-1 sequences in proviral DNA from the PBMCs of 53
patients using a screening method that identified AT-rich
sequences. They showed that the hypermutation occurred in
57% of subtype A, 67% of subtype D, 44% of subtype B, and 21%
of subtype C infections and that subtype C hypermutated
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sequences (in 3 of 14 patients) also had lower levels of the
G-to-A mutation than other subtype sequences, although
the differences did not reach statistical significance because of
the small sample size. To confirm these in vivo observations,
further analysis involving large-scale sequencing of patient
derived-subtype C proviral DNA will be necessary (note that
the G-to-A hypermutation is rarely detectable in plasma RNA
sequences (40 —42)).

Several groups have identified distinct APOBEC3G binding
domains of Vif (11, 72— 81). It should be noted that the N-ter-
minal amino acid cluster identified here that underlies the
increased APOBEC3G binding activity of subtype C-derived
Vif partially overlaps with previously identified domains, e.g.
the N-terminal 2*WxSLVK?*® (76) or Z*SLVx4Yx9Y*° (77)
motif. It seems likely that additional changes of the N-terminal
amino acids of Vif protein surrounding these reported motifs
might result in a previously unknown gain of enhanced binding
activity of this protein to APOBEC3G, as observed in the sub-
type C-derived Vif proteins tested. This needs to be further
elucidated by structure-based analyses of Vif proteins.

Consistent with our observation that subtype C-derived Vif
proteins showed higher anti-APOBEC3G activity than subtype
B-derived Vif proteins, a much lower G-to-A mutational rate
was observed in viruses carrying subtype C-derived Vif than in
NL4-3 WT viruses at endogenous APOBEC3G expression lev-
els in PBMCs. Sadler et al. (82) recently reported that sublethal
G-to-A mutation levels induced by APOBEC3G even in the
presence of Vif allowed the viruses to yield sufficiently replica-
tion-proficient viral progeny with a highly diverse pool of qua-
sispecies. In this context it would be intriguing to conjecture
that subtype C viruses might not be as flexible in modulating
HIV-1 fitness or in increasing diversity as subtype B viruses,
which have moderate but not robust Vif activity in APOBEC3G
neutralization. Further studies are required to test this
hypothesis.
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