AMERICAN

Journal of
SOCIETY FOR ;
microsioLocy | V| rology

] CrossMark
& click for updates
-

Vif Proteins from Diverse Human Immunodeficiency Virus/Simian
Immunodeficiency Virus Lineages Have Distinct Binding Sites in A3C

Zeli Zhang,? Qinyong Gu,® Ananda Ayyappan Jaguva Vasudevan,® Manimehalai Jeyaraj,® Stanislaw Schmidt,”* Joérg Zielonka,®*
Mario Perkovi¢,>P* Jens-Ove Heckel,® Klaus Cichutek,? Dieter Haussinger,® Sander H. J. Smits,? Carsten Miink?

Clinic for Gastroenterology, Hepatology, and Infectiology, Medical Faculty, Heinrich-Heine-Universitat Dusseldorf, Dusseldorf, Germany?; Department of Medical
Biotechnology, Paul-Ehrlich-Institut, Langen, Germany®; Zoo Landau in der Pfalz, Landau in der Pfalz, Germany<; Institute of Biochemistry, Heinrich-Heine-
Universitat Dusseldorf, Disseldorf, Germany®

ABSTRACT

Lentiviruses have evolved the Vif protein to counteract APOBEC3 (A3) restriction factors by targeting them for proteasomal
degradation. Previous studies have identified important residues in the interface of human immunodeficiency virus type 1
(HIV-1) Vif and human APOBEC3C (hA3C) or human APOBEC3F (hA3F). However, the interaction between primate A3C pro-
teins and HIV-1 Vif or natural HIV-1 Vif variants is still poorly understood. Here, we report that HIV-1 Vif is inactive against
A3Cs of rhesus macaques (rhA3C), sooty mangabey monkeys (smmA3C), and African green monkeys (agmA3C), while HIV-2,
African green monkey simian immunodeficiency virus (SIVagm), and SIVmac Vif proteins efficiently mediate the depletion of all
tested A3Cs. We identified that residues N/H130 and Q133 in rhA3C and smmA3C are determinants for this HIV-1 Vif-triggered
counteraction. We also found that the HIV-1 Vif interaction sites in helix 4 of hA3C and hA3F differ. Vif alleles from diverse
HIV-1 subtypes were tested for degradation activities related to hA3C. The subtype F-1 Vif was identified to be inactive for deg-
radation of hA3C and hA3F. The residues that determined F-1 Vif inactivity in the degradation of A3C/A3F were located in the
C-terminal region (K167 and D182). Structural analysis of F-1 Vif revealed that impairing the internal salt bridge of E171-K167
restored reduction capacities to A3C/A3F. Furthermore, we found that D101 could also form an internal interaction with K167.

Replacing D101 with glycine and R167 with lysine in NL4-3 Vif impaired its counteractivity to A3F and A3C. This finding indi-
cates that internal interactions outside the A3 binding region in HIV-1 Vif influence the capacity to induce degradation of A3C/A3F.

IMPORTANCE

The APOBECS3 restriction factors can serve as potential barriers to lentiviral cross-species transmissions. Vif proteins from lenti-
viruses counteract APOBEC3 by proteasomal degradation. In this study, we found that monkey-derived A3C, rhA3C and
smmA3C, were resistant to HIV-1 Vif. This was determined by A3C residues N/H130 and Q133. However, HIV-2, SIVagm, and
SIVmac Vif proteins were found to be able to mediate the depletion of all tested primate A3C proteins. In addition, we identified
anatural HIV-1 Vif (F-1 Vif) that was inactive in the degradation of hA3C/hA3F. Here, we provide for the first time a model that
explains how an internal salt bridge of E171-K167-D101 influences Vif-mediated degradation of hA3C/hA3F. This finding pro-
vides a novel way to develop HIV-1 inhibitors by targeting the internal interactions of the Vif protein.

imian immunodeficiency virus (SIV) naturally infects many

Old World primate species in Africa. The pandemic of human
immunodeficiency virus (HIV) originated from cross-species
transmission events of SIVs to humans. HIV-1 was introduced
into the human population by multiple transmissions of a chim-
panzee (cpz) virus, which is known as SIVcpz. The less virulent
human lentivirus, HIV-2, was derived from SIVsmm, which was
obtained from sooty mangabey monkeys (smm) (1).

The cellular restriction factors of the APOBEC3 (A3) family
of DNA cytidine deaminases are an important arm of the innate
immune defense system which can potentially serve as a barrier
to lentiviral cross-species transmissions (recently reviewed in
references 2 and 3). Human A3s include seven genes that con-
tain either one (A3A, A3C, and A3H) or two (A3B, A3D, A3F,
and A3G) zinc (Z)-binding domains with the conserved motifs
of HXE(X),5 ,sCXXC (X can be any residue) (4, 5). Among these
seven genes, A3D, A3F, A3G, and A3H inhibit HIV-1AVif repli-
cation by deamination of cytidines in the viral single-strand DNA
that is formed during reverse transcription, thereby introducing
G-to-A hypermutations in the coding strand (6-12). Addition-
ally, some A3s inhibit virus replication by deaminase-indepen-
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dent mechanisms affecting reverse transcription and integra-
tion steps (13—18). Human A3A and A3C are not antiviral against
HIV-1, but human A3C could effectively restrict SIVmacAVif and
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SIVagmAVif (11, 19-23), and both A3A and A3C could decrease
human papillomavirus infectivity (24, 25). However, some studies
found that A3C inhibited HIV-1AVif by around 50% (26-28).
Human A3B is a potent inhibitor against HIV-1, SIV, and human
T cell leukemia virus (HTLV) (19, 29-32). In addition, human
A3B was reported to be upregulated in several cancer cells and
found to be degraded by virion infectivity factor (Vif) from several
SIV lineages (33-39).

To counteract the antiviral functions of A3, all lentiviruses ex-
cept the equine infectious anemia virus encode the Vif that inter-
acts with A3 proteins and then recruit them to an E3 ubiquitin
ligase complex containing Cullin5 (CULS5), Elongin B/C (ELOB/
C), RING-box protein RBX2, and CBFp to induce degradation of
the bound A3s by the proteasome (40-42). The Bet of foamy vi-
ruses, the nucleocapsid of HTLV-1, and the glycosylated Gag
(glyco-Gag) of murine leukemia virus (MLV) are also shown to
have the ability to counteract A3s (21, 43—47). In many cases, this
counteraction is species specific and depends on several specific
A3/Vif interfaces. For example, HIV-1 Vif efficiently neutralizes
human A3G, but it does not inactivate African green monkey A3G
(agmA3G) and rhesus macaque A3G (rhA3G) despite a sequence
identity of almost 75% (10, 48-50). The amino acid 128 of A3G
determines this species-specific counteraction: human A3G with
D128 is sensitive to HIV-1 Vif, while A3G.K128 is susceptible to
SIVagm Vif (48-50). However, residue 129 in human A3G, but
not adjacent position 128, determines the sensitivity to degrada-
tion by SIVsmm and HIV-2 Vif proteins (51). Several other cross-
species counteractions were also observed: SIVmac Vif mediates
the degradation not only of human A3s and rhesus macaque A3s
but also of cat A37273 (52—57); maedi-visna virus (MVV) Vif can
induce the degradation of both sheep and human A3Z3s (58).

Although hA3G, hA3H hapll, and hA3F share a conserved zinc
coordination motif, HIV-1 Vif targets different sites in these A3
proteins for degradation. For example, the '**DPDY"*! motif in
hA3G is involved in direct interaction with the "*YRHHY'” do-
main of HIV-1 Vif (59, 60). The E121 residue in hA3H hapllI
determines its sensitivity to HIV-1 Vif derived from the NL4-3
strain (61, 62). hA3C and the C-terminal domain (CTD) of hA3F
are conserved homologous Z2-typed A3s (4, 5), and 10 equivalent
residues in these Z2-typed A3s are identified as being involved in
HIV-1 Vif interaction (63). Additionally, A3F.E289 and HIV-1
Vif.R15 show a strong interaction by applying molecular docking
(64). The equivalent residue E106 in A3C also determines A3-Vif
binding (65). In contrast to this conserved A3-Vif interaction, it
was also demonstrated that E324 in A3F is essential for HIV-1 Vif
interaction but the equivalent residue E141 in A3C is not, which
suggests that the Vif interaction interface differs between A3C and
A3F (63, 66). In addition, previous studies have proved that these
two glutamic acids vary in primate A3Fs and therefore determined
the distinct sensitivities of primate A3F to HIV-1 Vif (67-69).
However, the interaction between primate A3Cs and lentiviral
Vifs is still less clear.

The N-terminal part of HIV-1 Vif is mainly involved in inter-
action with human A3s. For example, the “*YRHHY** box is re-
ported to be essential for A3G degradation, while the "*DRMR'”
motif determines A3F degradation (70). Vif derived from HIV-1
clone LAI, but not that of NL4-3, could induce the degradation of
hA3H hapll, which is determined by residues F39 and H48 (71).
The C terminus of HIV-1 Vif consists of one zinc coordination
motif that interacts with CUL5, one SLQ BC box that binds to
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ELOB/C, and one Vif dimerization domain (reviewed in reference
72). Previously, it was also reported that the '”'EDRW'”®> motif in
the C terminus of Vif determines the degradation of A3F (66, 73).
However, A3 interaction sites in SIV Vif have not yet been identi-
fied. Recently, it was reported that the '*PXXME. . .PHXXV* do-
main and G48 of HIV-2 Vif and SIVsmm Vif are involved in the
interaction with A3F and A3G, respectively (74).

In this study, we tested the sensitivities of primate A3Cs to
several primate lentiviral Vif proteins. HIV-1 Vif had a distinct
and restricted degradation profile for primate A3C proteins, while
HIV-2, SIVagm, and SIVmac Vif degraded all tested A3C proteins.
Additionally, three residues (106, 130, and 133) were identified in
rhA3C and smmA3C that determined their resistance to HIV-1
Vif. We demonstrated that the equivalent residues in A3F (313
and 316) were unimportant for HIV-1 Vif sensitivity. Further-
more, two additional residues in the C terminus of the HIV-1 F-1
subtype Vif were identified as being involved in the interaction
between HIV-1 Vif and hA3C/F. These observations suggest that
Vif proteins from diverse HIV/SIV lineages have distinct interac-
tion interfaces with A3C which mediate their degradation.

MATERIALS AND METHODS

Plasmids. HIV-1, HIV-2, STVagm, and SIVmac Vif genes were inserted
into pcWPRE containing a C-terminal V5 tag (75). SIVptsl (Tanl;
SIVCPZTAN1.910) and SIVpts2 (Tan2; SIVCPZTAN2.69) Vifs were am-
plified from a full-length molecular clone of SIVcpz (76). Amplicons were
digested by EcoRI and Notl and inserted into pcWPRE containing a C-
terminal V5 tag. The 21 different HIV-1 strain Vif expression plasmids
were kindly provided by Viviana Simon (71). Recently described A3 ex-
pression plasmids for hA3C, hA3G, and hA3F (77) as well as thA3C
agmA3C (21) were used. According to the cpzA3C sequence in NCBI
(NM_001251910.1), K85, D99, E103, and N115 in hA3C were replaced by
N85, E99, K103, and K155 using overlapping PCR, which produced the
cpzA3C expression plasmid. All A3s were inserted into pcDNA3.1(+)
(Life Technologies, Darmstadt, Germany) expressing a C-terminal hem-
agglutinin (HA) tag. All A3 chimeras and mutants and Vif mutants were
generated by overlapping PCR. PCR primers are shown in Table 1. A3
chimeras were inserted into pcDNA3.1(+), and Vif mutants were inserted
into pCRV1 as described previously (78). The expression plasmid of
smmA3C was generated by exon assembly from white-crowned mang-
abey (Cercocebus torquatus lunulatus) genomic DNA. Three fragments
were amplified separately using the primer pairs SmA3C-1.fw (5'-TAA
GCGGAATTCGAACATGAATCCACAGATCAGAAACCCG-3") and
SmA3C-2.rv (5'-GATCGACCTGGTTTCGGAAG-3'), SmA3C-3.fw (5'-
CTTCCGAAACCAGGTCGATC-3") and SmA3C-4.rv (5'-CAATATTTA
AAATCTTCGTAGCCC-3"), and SmA3C-5.fw (5'-GGGCTACGAAGA
TTTTAAATATTG-3") and SmA3C-6HA.rv (5'-AGGATAT
CTCAAGCGTAATCTGGAACATCGTATGGATACTCGAGAATCT
CCTG-3"). The fragments were fused through overlapping extension
PCR, and the final fragment was amplified by using the forward SmA3C-
1.fw and reverse SmA3C-6HA.rv primers. The amplicon was cloned
into restriction sites EcoRI and EcoRV of the pcDNA3.1(+) plasmid
and the sequence was verified. SIVmac-Luc (R-E-) and SIVmac-Luc
(R-E-)AVif were provided by N. R. Landau (10). The HIV-1-Luc reporter
system was described previously (79).

Cells, transfections, and infections. HEK293T (293T; ATCC CRL-
3216) cells were maintained in Dulbecco’s high-glucose modified Eagle’s
medium (DMEM; Biochrom, Berlin, Germany) supplemented with 10%
fetal bovine serum (FBS), 2 mM L-glutamine, penicillin (100 U/ml), and
streptomycin (100 pg/ml). A3 degradation experiments were performed
in 24-well plates, and 1 X 10° 293T cells were transfected with 150 ng
hA3G, 150 ng hA3F, or 50 ng hA3C expression plasmids together with 350
ng HIV-1, SIVagm, or SIVmac Vif; pcDNA3.1(+) was used to increase the
total transfected plasmid DNA to 500 ng. To produce SIVmac-luciferase
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TABLE 1 Primers used in this study

HIV-1 Vif Interaction with A3C and A3F

Primer name Product Sequence (5'-3")

PrmrRhAPO3C TATAAGCTTTGAAGAGGAATGAATCCACAGATCAGAAACC
PrmrRhAPOend AGCTCGAGTCAAGCGTAATCTGGAACATCGTATGGATACTGAAGAATCTCCCGTAGGCG
CM28 AGCTCGAGTCAAGCGTAATCTGGAACATCGTATGGATACTGGAGACTCTCCCGTAGCCTT
PrmrRhehu 9.1 rh/hA3C9 AAGGGCTCCAAGATGTGTAC

PrmrRhehu 9.2 GTACACATCTTGGAGCCCTT

PrmrRhehu 11.1 rh/hA3C11 CCACCTCCCCTGCACA

PrmrRhehu 11.2 TGTGCAGGGGAGGTGG

PrmrRhehu 1.1 rh/hA3C13 TCCACGGTGAAGCACAGC

PrmrRhehu 1.2 GCTGTGCTTCACCGTGGA

PrmrRhehu 3.1 GTGAGATTCACGTTGCTGTGCCTGGCCAGGAACTTGG
PrmrRhehu 3.2 CCAAGTTCCTGGCCAGGCACAGCAACGTGAATCTCAC
PrmrRhehu 1.1 rh/hA3C15 TCCACGGTGAAGCACAGC

PrmrRhehu 1.2 GCTGTGCTTCACCGTGGA

PrmrRhehu 11.1 CCACCTCCCCTGCACA

PrmrRhehu 11.2 TGTGCAGGGGAGGTGG

PrmrRhehu 1.1 rh/hA3C17 TCCACGGTGAAGCACAGC

PrmrRhehu 1.2 GCTGTGCTTCACCGTGGA

PrmrRhehu 9.1 AAGGGCTCCAAGATGTGTAC

PrmrRhehu 9.2 GTACACATCTTGGAGCCCTT

PrmrRhehu 7.1 rh/hA3C31 AGGAAGCACCTTTCTGCATG

PrmrRhehu 7.2 CATGCAGAAAGGTGCTTCCT

PrmrRhehu 3.1
PrmrRhehu 3.2
HuA3C-EcoRI-F
HA-NotI-R
HuSmmC1 + 2-F
HuSmmC1 + 2-R
HuSmmC3 + 4-F
HuSmmC3 + 4-R
HuSmmC5 + 6-F
HuSmmC5 + 6-R
HuSmmC7 + 8-F
HuSmmC7 + 8-R
HuSmmC9 + 10-F
HuSmmC9 + 10-R
RhA3CCE+QE-F
RhA3CCE+QE-R
SmmA3CCE+QE-F
SmmA3CCE+QE-R
HuA3CE106K-F
HuA3CE106K-R
HuA3CQE-EK-F
HuA3CQE-EK-R
HuA3CNQ+EK-F
HuA3CNQ+EK-R
HuA3FDE-HQ-F
HuA3FDE-HQ-R
HuA3FQE-EK-F
HuA3FQE-EK-R
HIV1Vif-EcorlI-F
HIV1Vif-NotI-R
F1D-G-NotI-R
FIKD-RG-F
F1IKD-RG-R
F1K-R-F

F1K-R-R
HIV1VIFRR-AA-F
HIV1VIFRR-AA-R
HIV1VIFED-AA-F
HIVIVIFED-AA-R
HIVIVIFD101G-F
HIVIVIFD101G-R

smm/hA3C1 + 2
smm/hA3C3 + 4
smm/hA3C5 + 6
smm/hA3C-7 + 8
smm/hA3C-9 + 10
rhA3C-CE+QE
smmA3C-CE+QE
hA3C E106K
hA3C QE-EK
hA3C NQ+EK
hA3F DE-HQ

hA3F QE-EK

F-1D-G
F-1K D-RG

F-1K-R
B-NL4-3 RR-AA
B-NL4-3 ED-AA

B-NL4-3 D-G

GTGAGATTCACGTTGCTGTGCCTGGCCAGGAACTTGG
CCAAGTTCCTGGCCAGGCACAGCAACGTGAATCTCAC
ATGAATTCGCCACCATGAATCCACAGATCAGAAAC
ATGCGGCCGCTCAAGCGTAATCTGGAACATC
TCGGAACGAAACTTGGCTGTGCTTC
GAAGCACAGCCAAGTTTCGTTCCGA
CCATTGTCATGCAGAAAGGTGCTTCCTCTC
GAGAGGAAGCACCTTTCTGCATGACAATGG
TGCAGGGGAGGTGGCCGAGTTCCTGGCCAGG
CCTGGCCAGGAACTCGGCCACCTCCCCTGCA
AGATTTTAAATATTGTTGGGAAAACTTTGTG
CACAAAGTTTTCCCAACAATATTTAAAATCT
ATGAGCCATTCAAGCCTTGGAAGGGA
TCCCTTCCAAGGCTTGAATGGCTCAT

CAGTATCCGTGTTACCAGGAGGGGCTCCGCAGCCTGAGTCAGGAAGGAGTC
GACTCCTTCCTGACTCAGGCTGCGGAGCCCCTCCTGGTAACACGGATACTG

GGGATACATGTTACCAGGAGGGGCTCCGCAGCCTGAGTCAGGAAGGG
CCCTTCCTGACTCAGGCTGCGGAGCCCCTCCTGGTAACATGTATCCC
GGAGGTGGCCAAGTTCCTGGC

GCCAGGAACTTGGCCACCTCC

AGCCTGAGTGAGAAAGGGGTCGCTG
CAGCGACCCCTTTCTCACTCAGGCT
CAGTATCCAAATTACCAGCAGGGGCTCCGCAGCCTGAGTGAGAAAGGG
CCCTTTCTCACTCAGGCTGCGGAGCCCCTGCTGGTAATTTGGATACTG
CTGGGATACACATTACCAGCAGGGGCTC
GAGCCCCTGCTGGTAATGTGTATCCCAG
GCAGCCTGAGTGAGAAAGGGGCCTCCG
CGGAGGCCCCTTTCTCACTCAGGCTGC
ATGAATTCGCCACCATGGAAAACAGATGGCAGG
ATGCGGCCGCCTAGTGTCCATTCATTGTATGG

ATGCGGCCGCCTAGTGTCCATTCATTGTATGGCTCCCTCTGTGGCCCTTGGTC

AAGCCACCTTTGCCCAGTGTTA
TAACACTGGGCAAAGGTGGCTT
GCCCAGTGTTAGGAAACTGACAGAG
CTCTGTCAGTTTCCTAACACTGGGC
GCAAGTAGACGCGATGGCGATTAACACATGG
CCATGTGTTAATCGCCATCGCGTCTACTTGC
GAAACTGACAGCGGCCAGATGGAAC
GTTCCATCTGGCCGCTGTCAGTTTC
CACAAGTAGACCCTGGCCTAGCAGACC
GGTCTGCTAGGCCAGGGTCTACTTGTG
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FIG 1 Sensitivity of primate A3C to lentiviral Vifs. (A) Sequence alignment of primate A3C proteins. Black stars represent important residues for HIV-1 Vif
interaction. Green stars indicate the dimerization of A3C protein and anti-SIV activity. The red star is the A3C RNA binding site and indicates its viral
incorporation. (B) 293T cells were cotransfected with A3C and HIV-1, HIV-2, SIVagm, or SIVmac Vif expression plasmids. Expression of A3Cs, Vifs, and tubulin
was detected by immunoblotting using anti-HA, anti-V5, and anti-tubulin antibodies, respectively. h, cpz, gor, agm, smm, and rh represent human, chimpanzee,
gorilla, African green monkey, sooty mangabey monkey, and rhesus monkey, respectively.

viruses, 293T cells were cotransfected with 650 ng STVmac-Luc (R-E-) or
SIVmac-Luc (R-E-)AVif, 150 ng A3C expression plasmid, 25 ng vesicular
stomatitis virus glycoprotein (VSV-G) plasmid (pMD.G), or 200 ng
HIV-1 Vif expression plasmid; in some experiments pcDNA3.1(+) was
used instead of Vif or A3 expression plasmids. For HIV-1-luciferase vi-
ruses, transfection experiments in 6-well plates consisted of 300 ng of the
HIV-1 packaging construct pMDLg/RRE, 130 ng of HIV-1 Rev expression
plasmid pRSV-Rev, 300 ng of the HIV-1 reporter vector pSIN.PPT.CMV.
Luc.IRES.GFP, 100 ng of the VSV-G expression plasmid pMD.G, and 800
ng HIV-1 Vif together with 800 ng hA3F expression plasmids.
pcDNA3.1(+) was used instead of HIV-1 Vif or hA3F. At 48 h posttrans-
fection, cells and supernatants were collected. The reverse transcriptase
(RT) activity of SIVmac and HIV-1 was quantified by using the Cavidi HS
lenti RT kit (Cavidi Tech, Uppsala, Sweden). For reporter virus infection,
293T cells were seeded in 96-well plates 1 day before transduction. After
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normalizing for RT activity, the same amounts of viruses were used for
infection. Two days postransduction, firefly luciferase activity was mea-
sured with the Steadylite HTS reporter gene assay system (Perkin-Elmer,
Cologne, Germany) according to the manufacturer’s instructions on a
MicroLumat Plus luminometer (Berthold Detection Systems, Pforzheim,
Germany). Each sample was analyzed in triplicate; the error bars for each
triplicate are shown.

Immunoblot analysis. Transfected 293T cells were lysed in radioim-
munoprecipitation assay (RIPA) buffer (25 mM Tris-HCI [pH 8.0], 137
mM NaCl, 1% NP-40, 1% glycerol, 0.5% sodium deoxycholate, 0.1%
sodium dodecyl sulfate [SDS], 2 mM EDTA, and protease inhibitor cock-
tail set I1I [Calbiochem, Darmstadt, Germany]). To pellet virions, culture
supernatants were centrifuged at 12,000 rpm for 10 min, subjected to
centrifugation through a 20% sucrose cushion at 35,000 rpm in an SW40
Ti rotor for 1.5 h, and resuspended in RIPA buffer. The solution was
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FIG 2 SIVmac Vif, but not HIV-1 Vif, counteracts primate A3Cs. (A and C) 293T cells were transfected with expression plasmids for SIVmacAVif-Luc or
SIVmac-Luc (A) or STVmacAVif-Luc or STVmacAVif-Luc plus HIV-1 Vif (C), together with expression plasmids for hA3G and primate A3Cs. pcDNA3.1(+) was
used as a control (vector). After normalizing for reverse transcriptase activity, viral infectivity was determined by quantification of luciferase activity in 293T cells.
(B and D) Lysates of STVmac producer cells were used to detect the expression of A3s, SIVmac capsid (p27), or HIV-1 Vif by anti-HA, anti-p27, or anti-V5
antibody, respectively. Tubulin served as a loading control. Encapsidation of A3s into SIVmac was detected by anti-HA antibody. (E) Primate A3Cs and HIV-1
Vif (without tag) expression plasmids were cotransfected into 293T cells. The expression of A3C and HIV-1 Vif was detected by anti-HA and anti-Vif antibodies.
(F) Expression plasmids for hA3C and cpzA3C were cotransfected with HIV-1 Vif or SIVcpz Vifinto 293T cells. The expression of A3C and Vif was detected by
anti-HA and anti-V5 antibodies. Pts, Pan troglodytes schweinfurthii. cps, counts per second. VLP, virus-like particle. Asterisks represent statistically significant
differences: ***, P < 0.001; ns, no significance (Dunnett’s ¢ test).

boiled at 95°C for 5 min with Roti load-reducing loading buffer (Carl  and complete protease inhibitor; Roche, Penzberg, Germany). The lysates
Roth, Karlsruhe, Germany) and resolved on an SDS-PAGE gel. The ex-  were cleared by centrifugation. The supernatant were incubated with 20
pression of A3s and lentivirus Vif was detected by mouse anti-HA anti-  pl a-HA affinity matrix beads (Roche) at 4°C for 2 h. The samples were
body (1:7,500 dilution; MMS-101P; Covance, Miinster, Germany) and ~ washed 5 times with lysis buffer. Bound proteins were eluted by boiling
mouse anti-V5 antibody (1:4,500 dilution; MCA1360; ABD Serotec, Diis-  the beads for 5 min at 95°C in SDS loading buffer. Immunoblot analysis
seldorf, Germany) separately. HIV-1 Vifs from different subtype strains  and detection were done as described above.
were detected by rabbit anti-Vif polyclonal antibody (1:1,000 dilution; Model structure. To analyze the interaction surface between HIV-1
catalog no. 2221; NIH AIDS Research and Reference Reagent Program)  Vif and hA3C/A3F, the hA3C (PDB entry 3VOW), hA3F C-terminal
(80). Tubulin, SIVmac, and HIV-1 capsid proteins were detected using  (PDB entry 4J4]), and HIV-1 Vif (PDB entry 4N9F) structures were used.
mouse anti-a-tubulin antibody (1:4,000 dilution; clone B5-1-2; Sigma-  The structural models of F-1 Vif and mutants were built by the SWISS-
Aldrich, Taufkirchen, Germany) and mouse anti-capsid p24/p27 mono- ~MODEL online server (http://www.swissmodel.expasy.org/) (82) using
clonal antibody AG3.0 (1:50 dilution) separately (81), followed by horse- ~ B-NL4-3 Vif (PDB entry 4N9F) as a template. The graphical visualizations
radish peroxidase-conjugated rabbit anti-mouse or donkey anti-rabbit  shown in Fig. 8 and 9 were constructed using PyMOL (PyMOL Molecular
antibody (a-mouse or rabbit-IgG-horseradish peroxidase; GE Health- ~ Graphics System, version 1.5.0.4; Schrodinger, Portland, OR).
care, Munich, Germany), and developed with ECL chemiluminescence Statistical analysis. Data are represented as the means with standard
reagents (GE Healthcare). deviations (SD) in all bar diagrams. Statistically significant differences
IP. To determine Vif and A3 binding, 293T cells were cotransfected  between two groups were analyzed using the unpaired Student’s ¢ test with
with 1 pg HIV-1 Vif.SLQ-AAA and 1 pg wild-type or mutant A3 or with ~ GraphPad Prism, version 5 (GraphPad Software, San Diego, CA, USA). A
pcDNA3.1(+). Forty-eight hours later, the cells were lysed in immuno- ~ minimum P value of 0.05 was considered statistically significant. A P value
precipitation (IP) lysis buffer (50 mM Tris-HCl pH 8, 1 mM phenylmeth-  of <0.001 was extremely significant (***), 0.001 to 0.01 very significant
ylsulfonyl fluoride [PMSF], 10% glycerol, 0.8% NP-40, 150 mM NaCl,  (**), 0.01 to 0.05 significant (*), and >0.05 not significant (ns).
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FIG 3 Sensitivity of rh/hA3C and h/smmA3C chimeras to HIV-1 Vif-mediated depletion. (A and C) Schematic structure of rh/hA3C and h/smmA3C chimeras.
Amino acid positions 120, 150, and 190 in hA3C are indicated. (B and D) Immunoblots of protein lysates of cotransfected cells displaying the A3’s sensitivity to
HIV-1 Vif-triggered degradation. The expression of A3s and HIV-1 Vif were analyzed by using anti-HA and anti-V5 antibodies. Tubulin served as a loading

control. +, with HIV-1 Vif; —, without HIV-1 Vif.

Accession number(s). Sequences for human A3C (NM_014508.2),
chimpanzee A3C (NM_001251910.1), gorilla A3C (AH013821.1), African
green monkey A3C (EU381232.1), sooty mangabey monkey A3C
(KX405162), rhesus monkey A3C (JF714486.1), SIVptsl (Tanl) (EF3943
56.1), and SIVpts2 (Tan2) (EF394357.1) were deposited in NCBI.

RESULTS

The sensitivity of primate A3C to lentiviral Vif. A previous study
has identified several residues in the hydrophobic V-shaped
groove formed by the a2 and a3 helices of A3C involved in HIV-1
Vif interaction (63). This interaction interface is conserved in pri-
mate A3C proteins, although rhA3C has one substitution (E to K)
at position 106 (Fig. 1A). To test the sensitivities of these A3C
proteins to HIV-1 Vif, cotransfections of expression plasmids for
A3Csand HIV-1 Vif were performed. A3C steady-state levels were
assessed by immunoblotting protein lysates of coexpressing cells.
Previous studies demonstrated that both SIVagm and HIV-1 Vif
were able to induce the degradation of human A3C by the protea-
some (83). Based on this finding, we assume that the dominant
mechanism of Vif against A3C in our study is Vif-triggered deg-
radation of A3 as well. Results show that HIV-1 Vif reduced the
stability of hA3C and cpzA3C, while smmA3C, agmA3C, and
rhA3C were resistant (Fig. 1B). smmA3C was cloned from a
white-crowned mangabey (Cercocebus torquatus lunulatus),
which is one of the three subspecies of sooty mangabey monkeys.
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The resistance of smmA3C to HIV-1 Vif was unexpected, because
the previously identified HIV-1 Vifinteraction sites were identical
between smmA3C and hA3C (Fig. 1A). HIV-1 Vif’s block to de-
plete rhA3C may be caused by an E-to-K substitution at position
106. To prove this, we made a K106-to-E mutation in rhA3C and
tested its sensitivity to HIV-1 Vif. However, the results showed
that rhA3C.K106E still could not be degraded by HIV-1 Vif (Fig.
1B). These observations indicate that sites in addition to the al-
ready characterized residues in A3C are involved in the HIV-1 Vif
interaction. We also observed that HIV-2, SIVmac, and SIVagm
Vif depleted all A3C proteins, including rhA3C.K106E (Fig. 1B).
These data suggest that Vif proteins from diverse HIV/SIV lin-
eages have distinct binding sites in A3C which mediate its degra-
dation.

We next tested the anti-SIVmac activities of these primate A3C
proteins in the presence of SIVmac or HIV-1 Vif proteins. Lucif-
erase reporter viruses of SIVmac, SIVmacAVif, and STVmacAVif
plus Vif of HIV-1 were produced with hA3G, hA3C, cpzA3C,
rhA3C, agmA3C, or smmA3C. The Vif-proficient virus SIVmac-
Luc expresses Vif in its natural expression context; however, Vif
lacks an epitope tag for detection. Viral particles were normalized
by RT activity, and the luciferase activity of infected cells was
quantified 2 days postinfection. All A3C proteins strongly inhib-
ited the infectivity of Vif-deficient SIVmac, which was fully coun-
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teracted by SIVmac Vif, as was hA3G (Fig. 2A). The immunoblots
of virus-producing cells indicated that SIVmac Vif reduced the
stability of hA3G and all primate A3C proteins, which resulted in
viral particles with much reduced A3 content (Fig. 2B). However,
HIV-1 Vif counteracted the anti-SIVmac activity of hA3G, hA3C,
and cpzA3C, and rhA3C, agmA3C, and smmA3C displayed resis-
tance to HIV-1 Vif (Fig. 2C). The immunoblots showed that
HIV-1 Vif decreased the protein level of hA3G, hA3C, and cpzA3C
in cell lysates and viral particles but not that of rhA3C, agmA3C,
and smmA3C (Fig. 2D). Since the HIV-1 Vif we used here con-
tained a C-terminal V5 tag, we wondered whether the V5 tag in Vif
would contribute to the Vif resistance of rhA3C, agmA3C, and
smmA3C. We then tested the sensitivity of A3Cs to untagged
HIV-1 Vif. We found that hA3C and cpzA3C were sensitive to
antagonization by untagged HIV-1 Vif, whereas rhA3C, agmA3C,
and smmA3C still were not degraded (Fig. 2E). Thus, the V5 tag in
Vif did not contribute to the HIV-1 Vif resistance of rhA3C,
agmA3C, and smmA3C. It is important to point out that cpzA3C
was less efficiently depleted from cells by HIV-1 Vif (untagged and
V5 tagged) than hA3C (Fig. 2D and E). The immunoblotting results
showed that SIVcpz (SIVptsl and SIVpts2) Vifs displayed stronger
activity against hA3C and cpzA3C than HIV-1 Vif (Fig. 2F).

Identification of specific rh/smmA3C residues involved in
resistance to HIV-1 Vif. The results from Fig. 1B suggest that
additional sites in hA3C are involved in the interaction with
HIV-1 Vif. To identify the additional determinants, several rh/
hA3C chimeras were constructed. Structures of A3 chimeras are
shown in Fig. 3A, and their sensitivities to HIV-1 Vif were deter-
mined by immunoblotting of cell lysates expressing Vif and indi-
vidual A3 constructs. The results showed that hA3C chimera 9 and
chimera 11 were sensitive to HIV-1 Vif-mediated depletion, while
rhA3C chimeras 13, 15, 17, and 31 were resistant and not degraded
(Fig. 3B). The composition of the chimeras indicated that the C
terminus (from amino acids 120 to 190) of rhA3C determined the
resistance to HIV-1 Vif. smmA3C was also resistant to HIV-1
Vif-induced degradation (Fig. 1A). To narrow the scope of resi-
dues in A3C that are involved in the HIV-1 Vif interaction, 10
chimeras of human A3C and smmA3C were produced. The struc-
tures of smm/hA3C chimeras are displayed in Fig. 3C. We found
that hA3C chimeras 2, 4, 6, 7, and 9 could be depleted by HIV-1
Vif, while smmA3C and other chimeras evidently were not de-
graded (Fig. 3D). Based on these results, amino acids 120 to 150 of
smmA3C were identified as an essential domain that confers re-
sistance to HIV-1 Vif.

To identify the residues in rhA3C and smmA3C that are im-
portant for resistance to HIV-1 Vif-mediated counteraction, we
compared the amino acids from 120 to 150 in primate A3C pro-
teins, and four residues (130, 133, 140, and 141) were selected for
further characterization. In hA3C and cpzA3C these residues are
C130, E133, and 140QE141, while in agmA3C, rhA3C, and
smmA3C these four positions are N/H130, Q133, and 140EK141,
respectively (Fig. 1A). Thus, we mutated N130, Q133, and
140EK141 in rhA3C to the residues found in hA3C, termed
rhA3C.CE+QE. Based on this construct, we performed the single-
amino-acid substitution K106E, named rhA3C.K106E-CE+QE
(Fig. 4A), because E106 in hA3C indicates it is binding to HIV-1
Vif (65). For smmA3C, four amino acid substitutions were pro-
duced, and the construct was termed smmA3C.CE+QE (Fig.
4A). The sensitivities of these constructs together with wild-
type hA3C, rhA3C, and smmA3C to HIV-1 Vif-triggered de-
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FIG 4 Identification of determinants in rhA3C and smmA3C that confer
resistance to HIV-1 Vif. (A) The schematic structure of rhA3C and smmA3C
mutants. The numbers represent amino acid positions in A3C. +, sensitive to
HIV-1 Vif-induced degradation; —, resistant to HIV-1 Vif-induced degrada-
tion. (B and D) hA3C, rhA3C, smmA3C, or A3C mutants were cotransfected
with HIV-1 Vif into 293T cells. A3, HIV-1 Vif, and tubulin were detected by
using anti-HA, anti-V5, and anti-tubulin antibodies, respectively. (C) Sche-
matic structure of hA3C mutants.
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pletion were tested by immunoblotting. The results showed
that rthA3C.CE+QE was still resistant to HIV-1 Vif, but
rhA3C.K106E-CE+QE was sensitive to hA3C (Fig. 4B). This
result confirmed the importance of E106 in hA3C involvement
in the HIV-1 Vif interaction. The smmA3C.CE+QE protein
was depleted by HIV-1 Vif, which suggests that C130, E133,
and 140QE141 are also important for HIV-1 Vif-mediated deg-
radation. In addition, the equivalent residues (C130, E133, and
140QE141) in hA3C were replaced by N130, Q133, and
140EK141, respectively, producing hA3C.CE-NQ, hA3C.QE-
EK, and hA3C.NQ+QE (Fig. 4C). hA3C.E106K, which could not
be antagonized by HIV-1 Vif, was used as a control. The results
showed that hA3C.E106K was partially resistant to HIV-1 Vif
but that hA3C.QE-EK was depleted (Fig. 4D), showing consis-
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resistant to HIV-1 Vif-induced degradation. (B) HIV-1AVifluciferase or HIV-1AVifluciferase plus HIV-1 Vif were produced in 293T cells in the presence of A3F
or mutants. After normalizing for reverse transcriptase activity, viral infectivity was determined by quantification of luciferase activity in 293T cells. (C) A3s in
HIV-1 producer cells and HIV-1 viral particles were detected by using anti-HA antibody. HIV-1 Vif and capsid (p24) were detected by anti-Vif and anti-p24
antibodies, respectively. Tubulin served as a loading control. (D) Superimposition of A3C crystal structure (PDB entry 3VOW) (green) and A3F-CTD crystal
structure (PDB entry 4J4]) (light blue). Key residues E106, C130, and E133 are shown as orange surfaces in A3C with labels, and the essential residues (E289,
Q323, and E324) in A3F are highlighted with gray surfaces and labels. cps, counts per second. Asterisks represent statistically significant differences: ***, P <

0.001; ns, no significance (Dunnett’s ¢ test).

tency with previous studies (63). Moreover, we found that
hA3C.CE-NQ and hA3C.NQ+EK were resistant to HIV-1 Vif-
mediated degradation (Fig. 4D). Taken together, these results
demonstrate that residues 106, 130, and 133 of primate A3C pro-
teins determine their sensitivities to HIV-1 Vif, but residues
140QE141 were unimportant for HIV-1 Vif interaction.

A3F and A3C have distinct Vif interaction interfaces. After
identification of the residues C130 and E133 in hA3C as being
important for interaction with HIV-1 Vif, we expanded our ex-
periments to hA3F. The equivalent residues (D313 and E316)
in hA3F were replaced by H313 and Q316, which were present in
rhA3F. In addition, we altered amino acids Q323E and E324K in
hA3F (Fig. 5A). We analyzed the anti-HIV-1 activity of these hA3F
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mutants in the presence of HIV-1 Vif. HIV-1 Vif restored the
infectivity in the presence of hA3F and hA3F.DE-HQ, while
hA3F.QE-EK displayed antiviral activity in the presence and ab-
sence of HIV-1 Vif (Fig. 5B). The corresponding immunoblots of
virus-producing cells showed that HIV-1 Vif reduced the steady-
state level of hA3F and hA3F.DE-HQ but not of hA3F.QE-EK (Fig.
5C). Q323E and E324K alterations in hA3F impaired HIV-1 Vif-
mediated depletion, consistent with previous studies (63, 67).
However, we and other groups also observed that the equivalent
residues (Q140 and E141) in hA3C were unimportant for HIV-1
Vifinteraction (63) (Fig. 4D). We then compared the structures of
hA3C and the C-terminal domain of hA3F and highlighted the
HIV-1 Vif interaction surface investigated in our study. As shown
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in Fig. 5D, residue E106 in hA3C and the corresponding residue
E289in hA3F, which are located in the o3 helices, were involved in
HIV-1 Vifinteraction. In the a4 helices, the HIV-1 Vif interaction
surface differs in hA3C and hA3F, shifting from the top to the
bottom of a4 helices (Fig. 5D). Taken together, these results indi-
cate that the Vif-A3 interaction interfaces in hA3C and hA3F are
different.

To clarify whether the identified residues of A3C and A3F were
directly involved in Vif binding, coimmunoprecipitation (co-IP)
assays of Vif.SLQ/AAA, which binds A3s without inducing their
degradation, were performed with HA-tagged A3C and A3F. Be-
cause the expression levels of primate A3C and several mutants
were distinct, ImageJ software was used to evaluate the band den-
sity of A3C and Vif from immunoprecipitation. The ratio of Vif to
A3 was calculated as A3-Vif binding activity in which we set wild-
type A3C-Vif or wild-type A3F-Vif binding activity as 100%. As
shown in Fig. 6, rhA3C and its mutant, rhA3C-K106E-CE+QE,
which was sensitive to HIV-1 Vif, immunoprecipitated with HIV-1
Vif (Fig. 6A); however, binding was much reduced compared to
Vif binding to hA3C. The smmA3C and smmA3C.CE+QE pro-
tein levels were much lower in the cell lysates, so they precipitated
less than hA3C in co-IP complexes, whereas the amount of de-
tected HIV-1 Vif was similar to that of the hA3C-Vif complex (Fig.
6A), indicating that smmA3C has high binding activity to HIV-1
Vif (Fig. 6B). The hA3C.E106K and hA3C.QE-EK mutants
showed very low HIV-1 Vif binding, which was consistent with a
previous study (63). However, hA3C.CE-NQ, which was not de-
graded by HIV-1 Vif, pulled down similar amounts of Vif com-
pared to the wild-type hA3C-Vif complex (Fig. 6A). The HIV-1
Vif binding capacities of hA3F and hA3F.DE-HQ were similar,
corresponding to similar sensitivities to HIV-1 Vif (Fig. 5B and
6B). Significantly reduced amounts of Vif were pulled down by
hA3F.QE-EK, suggesting hA3F residues 323QE324 were involved
in Vif binding. RhA3C and smmA3C were totally resistant to
HIV-1 Vif-induced degradation (Fig. 4B and D); however, both of
these proteins showed robust binding to HIV-1 Vif, suggesting
that the Vif binding detected by co-IPs is unrelated to Vif-medi-
ated degradation.

Internal salt bridge of Vif protein influences degradation of
hA3C/F. Previous studies have identified three motifs of HIV-1
Vif specifically involved in the interaction with hA3F: the
F1 box (14DRMR17), F2 box (74TGEDW79), and F3 box
(171IEDRW174) (66, 84). To identify additional determinants in
HIV-1 Vif relevant for interaction with hA3C/F, 21 HIV-1 Vif
alleles (71) were used for detecting their hA3C counteractivity,
including five Vifs isolated from HIV-1 N and O subtypes. All Vif
alleles were detectable by anti-Vif polyclonal antibody (Fig. 7A).
The Vif variants (C1, C2, and C3) displayed lower-level signals in
the immunoblots than the other Vifs, which might be caused by
weaker antibody recognition (Fig. 7A). The 21 Vif alleles depleted
hA3C to various degrees. To evaluate the degree of this counter-
action, Image] was used to calculate the density of hA3C bands in
which hA3C cotransfected with empty vector plasmid was set as
the control (100% expression). The results showed that 10 Vif
variants (A2, B-NL4-3, B-LAI, C3, D2, F-3, F-4, O-119, O-127,
and N-116) strongly depleted hA3C (Fig. 7A and B). All other Vif
variants, except Vif from F-1, moderately reduced the protein
level of hA3C. The F-1 Vif had an expression level similar to those
of B-NL4-3 and B-LAI Vif, but almost 80% of hA3C could be
detected in the presence of F-1 Vif (Fig. 7A and B). A previous
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FIG 6 HIV-1 Vif binding to A3C and A3F mutants. (A) Coimmunoprecipi-
tation of HIV-1 Vif SLQ/AAA with A3C and A3F mutants. Protein cell lysates
(Input) and immunoprecipitated complexes (IP) were analyzed by immuno-
blotting with anti-Vif for HIV-1 Vif or anti-HA for A3. (B) Image] was used to
evaluate the band density of A3C and Vif from immunoprecipitation. The
ratio of Vif to A3 was calculated as A3-Vif binding activity. WT A3C-Vif and
WT A3F-Vif binding activity was set as 100%.

study demonstrated that F-1 Vif, but not Vif from F-2 and
B-NL4-3, could mediate the degradation of hA3H haplI (71). To
understand whether the resistance of hA3C to F-1 Vif is specific,
three Vif variants (B-NL4-3, F-1, and F-2) were tested for coun-
teraction of hA3H hapll, hA3G, hA3F, and hA3C. The results
showed that the protein levels of both hA3C and hA3F could be
reduced by B-NL4-3 and F-2 Vif but displayed resistance to F-1
Vif. hA3G was strongly depleted by these three Vif variants, while
hA3H hapll was resistant to B-NL4-3 and F-2 Vif but sensitive to
F-1 Vif (Fig. 7C), consistent with previous data (71). Taken to-
gether, these results indicated that the differences between F-1,
F-2, and B-NL4-3 Vifs determine specific degradation of hA3C/F.

After analyzing the sequences of B-NL4-3, F-1, and F-2 Vif, six
residues outside the CUL5 and BC boxes were identified (posi-
tions 39, 48, 61,62, 167, and 182) where all three Vifs differed from
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cotransfected into 293T cells. Protein extracts of transfected cells were used for detecting the expression of hA3C, Vif, and tubulin by anti-HA, anti-Vif, and
anti-tubulin antibodies, respectively. Vifs from N and O subtypes were detected by anti-myc antibody. This A3C experiment was repeated at least three times with
similar results. (B) Image] was used to evaluate the band density of A3C and tubulin. The ratio of A3C to tubulin was calculated as A3C expression efficiency. A3C
plasmid cotransfected with empty vector plasmid was set as 100% expression. (C) hA3C, hA3F, hA3G, and hA3H hapllI expression plasmids were transfected
together with B-NL4-3 expression plasmids and F-1 and F-2 Vif variants. A3 and Vif were detected by using anti-HA and anti-Vif antibodies. Tubulin served as

a loading control.

each other. Residues F39 and H48 in Vif determine the interaction
with hA3H haplI (71). Based on the structure of Vif, residues 61
and 62 are on the other side of the F box that was identified for the
interaction with hA3F. Thus, we focused on residues 167 and 182
in F-1 Vif. K167 and D182 in F-1 Vif were mutated to R and G,
which are the corresponding residues in B-NL4-3 Vif both sepa-
rately and in combination (Fig. 8A). Wild-type Vif and Vif mu-
tants were tested in coexpression experiments for their effect on
the steady-state levels of hA3C and hA3F. The immunoblot
showed that replacing K167 with arginine recovered the F-1 Vif
depletion activity against hA3C, while the introduction of glycine
at position 182 did not help much to enhance A3C reduction (Fig.
8B). However, both K167R and D182G exchanges activated F-1
Vif counteraction of hA3F, which suggests that G182 is important
for degradation of hA3F but not hA3C (Fig. 8B). We next replaced
K167 in F-1 Vif by a negatively charged amino acid, D/E, as well as
anonpolar alanine, and analyzed their hA3C/hA3F inhibitory ac-
tivities. We found that mutants K167A, K167D, and K167E de-
pleted hA3C/hA3F as efficiently as B-NL4-3 Vif (Fig. 8C). The F3
box (171EDRW174) that interacts with hA3C/F is conserved in
B-NL4-3 and F-1 Vif (Fig. 8A). Thus, we wondered whether the F3
box in F-1 Vif is still essential for inhibition of hA3C/hA3F. To
address this question, 171ED172 to 171AA172 mutations were
generated in both F-1 wild-type Vifand F-1 Vif.K167R constructs.
The immunoblot revealed that replacing K167 with R recovered
the F-1 Vif activity against hA3C/hA3F, but mutations in the F3
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box together with K167R impaired degradation, suggesting that
the F3 box in F-1 Vifis still key to the function of interaction with
hA3C/hA3F (Fig. 8D). The Vifs from B-NL4-3 and F-1 share
90.3% identical residues. Thus, we modeled the structures of F-1
Vifand its mutants using the structure of B-NL4-3 Vif (PDB entry
4NOF) as a template and analyzed the interactions of residues 171
and 167 within these model variants. We found that E171 and
K167 displayed a strong interaction in the F-1 Vif, while the mod-
els of K167A, K167D, and K167E displayed no interaction (Fig.
8E). Taken together, these results suggest that the side-chain in-
teraction of E171 and K167 affect hA3C/hA3F-Vif interaction in-
duced by E171, resulting in an F-1 Vif being inactive in the induc-
tion of the degradation of hA3C/hA3F.

Additionally, we exchanged R167 and G182 in B-NL4-3 Vif for
K and D, which were found in F-1 Vif. As controls we included F2
and F3 box mutants (B-NL4-3.RR-AA and B-NL4-3.ED-AA).
Wild-type Vif and Vif mutants were tested for affecting the pro-
tein stability of hA3C, hA3F, and hA3G in Vif/A3 coexpression
experiments. The results showed that mutations in the F2 box and
the F3 box indeed impaired Vif activity against hA3C and hA3F
but not against hA3G (Fig. 9A). Surprisingly, substitution R167K
or G182D or the combination of both mutations did not impair
depletion of hA3C, hA3F, and hA3G by B-NL4-3 Vif (Fig. 9A). To
analyze the internal structural changes of the R167K Vif mutant,
we modeled the structures of B-NL4-3 Vif.R167K and analyzed
the E171-K167 interaction. We found that residue K167 in
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B-NL4-3 Vif.R167K preferred to interact with D101 but not
with E171 (Fig. 9B). In F-1 Vif, a glycine was present at position
101 which had no chance to form an internal interaction with
K167 (Fig. 9B). Thus, replacing D101 in B-NL4-3 Vif.R167K
with glycine could rebuild the connection of E171-K167 (Fig.
9B). To test this hypothesis, we analyzed the counteractivity of
B-NL4-3 Vif.D101G and B-NL4-3 Vif.D101G+R107K against
different amounts of hA3C- or hA3F-transfected (150 ng, 250
ng, or 350 ng) expression plasmid. We found that B-NL4-3
Vif.D101G+R107K reduced the capacity to induce depletion
of hA3F and hA3C compared with B-NL4-3 wild-type Vif (Fig.
9C). As shown in Fig. 9D, three discontinuous motifs (shown
in red) in Vif (B-NL4-3) formed the hA3F and hA3C interac-
tion surface, while the residues R167 and D101, which deter-
mined internal interaction with the F3 box, are shown in ma-
genta (Fig. 9D). Taken together, these results suggest that
internal interactions in the Vif protein can also influence the
Vif-A3 interaction.

DISCUSSION

The antiviral activity of A3C against HIV-1AVif is not as potent as
that of A3G and A3F. While several studies found no antiviral
activity of hA3C, others reported that the infectivity of HIV-1AVif
can be reduced by 50% by hA3C and restored by its Vif protein
(11, 19-23, 26-28). We do not know whether AVif mutants of the
various HIV-1 subtypes differ in their sensitivity to hA3C. How-
ever, of the 21 Vifisolates we tested here from HIV-1 group M, N,
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and O subtypes, only four Vifs (A-1, B-1, D-1, and F-1) showed
reduced counteractivity to hA3C. Thus, the capacity of HIV-1 Vifs
to counteract hA3C is highly conserved. Our data indicate that
HIV-1 Vif uses a different binding surface to interact with A3C
and the related A3F and that impairing the anti-A3C/A3F activity
does not prevent the counteraction of A3G.

A previous study identified several hydrophobic or negatively
charged residues between the a2 and a3 helix of hA3C that bind to
HIV-1 Vif (63), and it was also reported that C130A, C130L, and
E133A substitutions in hA3C did not impair HIV-1 Vif-induced
degradation. However, in our study, replacement of C130 and
E133 in hA3C with residues N130 and Q133, which are found in
rhA3C (hA3C CE-NQ mutant in Fig. 4C), resulted in resistance to
HIV-1 Vif (Fig. 4D). Both cysteine and asparagine residues belong
to polar amino acids, but the E133Q substitution alters the residue
from negatively polar acidic to uncharged (whereas alanine is
nonpolar). These observations suggest that the charge of resi-
due 133 in hA3C is important for the interaction with HIV-1
Vif. In addition, we demonstrated the E324 of hA3F is essential
for HIV-1 Vif interaction, while the equivalent residue E141 in
hA3C is not. These results are consistent with Kitamura et al.
(63).In the Vif protein, a recent study described that mutations
in a basic Vifinterface patch (R17, E171, and R173) had distinct
influence on degradation of hA3C and hA3F (66). In our ex-
periments, we found that the additional residue G182 of HIV-1
Vif had different effects on the counteraction of hA3C and
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in red. 167R that contacted the F3 box is shown in magenta.

hA3F (Fig. 8B and 9C). These findings strongly support that
HIV-1 Vif interaction interfaces in hA3C and hA3F are not
identical.

A recent study reported that amino acids P16, M 19, E20, P44,
H45, and V47 of HIV-2 Vif are important for interaction with
A3F, whereas the 140AGARV144 motif in the N-terminal half of
A3F is critical for interaction with HIV-2 Vif (74). Here, we found
that all tested A3C proteins were sensitive to HIV-2, STVagm, and
SIVmac Vif. hA3C and the C terminus of hA3F are homologous
(5). A3C proteins are strong inhibitors of SIVAVIif, while SIVagm
and SIVmac Vifs reduced the protein levels of hA3C, cpzA3C,
smmA3C, agmA3C, and rhA3C (Fig. 1B and 2). This counterac-
tion might promote SIV cross-species transmissions between pri-
mates. Compared to HIV-1 Vif, SIVcpz Vif is more active against
hA3C and cpzA3C (Fig. 2F). The role of the human A3C protein
during SIVcpz transmission to the human population is currently
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unclear. Letko et al. reported that gorilla A3G resists degrada-
tion of HIV-1 and most SIV Vifs, serving as a barrier to SIV
transmission (51). Compared to the sequence of cpzA3C or
hA3C, the region of amino acids 128 to 133 of gorA3C is quite
different (128YPCYQE133 presents in cpzA3C and hA3C,
128DTDYQE133 in gorA3C). Whether the replacement of
128YPC130 with 128DTD130 affects gorA3C degradation by
HIV-1 or SIV Vifs needs further investigation.

Here, we found that rhA3C and smmA3C were resistant to
HIV-1 Vif (Fig. 1B). However, coimmunoprecipitation assays
showed that rhA3C, smmA3C, and the hA3C.CE-NQ mutant,
which was insensitive to HIV-1 Vif, still bound to HIV-1 Vif.
These results indicate that binding detected by co-IPs is not a
proper reporter for Vif-mediated counteraction affecting the pro-
tein levels. Indeed, several previous studies reported that binding
of Vif and A3 is not the only determinant for complete Vif-medi-
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ated degradation (53, 57, 83—85). Kitamura et al. identified several
residues between a2 and o3 helices of A3C binding to HIV-1 Vif
(63). These residues are conserved in smmA3C (Fig. 1A), which
might be the reason that binding of smmA3C to HIV-1 Vif was
observed in our study. Recently a wobble model of the evolution
of the Vif-A3 interaction was presented (64), implicating that
among the Vif-A3 interactions, some binding sites are essential
while others provide additional stabilizing contacts. Based on this
idea, where only Vif forms a sufficient network of interactions
with A3s, a functional interaction is formed. Suboptimal, destabi-
lized interactions could be restored by the evolution of compen-
satory changes in the Vif-A3 interface. Thus, it is possible that the
Vif interaction sites in hA3C identified by Kitamura et al. are the
main interactions (63), while C130 and E133 in hA3C represent
one of the relevant additional interacting points for hA3C-Vif
complex formation.

Previous studies have identified three discontinuous motifs of
HIV-1 Vif specifically involved in interaction with hA3F: F1-
(14DRMR17), F2-(74TGEDW?79), and F3-(171EDRW174) (66,
84). In addition, conserved tryptophans in Vif outside the F1, F2,
and F3 box have been reported to be important for hA3F degra-
dation (86). Here, we identified HIV-1 Vif subtype F-1, which did
not degrade hA3C and hA3F, as was determined by residue K167.
Our experimental results suggest that the A3-Vif interaction sur-
face differs in Vif proteins of B-NL4-3 and F-1. Structure model-
ing suggested that E171, K167, and D101 in HIV-1 Vif can form
internal noncovalent interactions, while the mechanism of how
this internal interaction influences the Vif-A3 interaction needs
further investigation, especially due to its intrinsic disordered na-
ture (87). Vif proteins of different F-1 isolates show variability at
101 and 167 sites (G101D or K167Q/R), but E171 is conserved
(data not shown). The hA3F/hA3C degradation activities of these
F-1 Vif variants require further investigation. Interestingly, Vif
from the F-1 subtype did not degrade hA3C and hA3F, whereas it
counteracted hA3G and hA3H haplI (Fig. 7C) (71). It is unknown
how the F-1 subtype virus, an isolate from Brazil, escapes the re-
striction of hA3F. Recently, single-nucleotide polymorphism
(SNP) haplotypes of hA3F were reported, and an 1231V variant
with an allele (V) frequency of 48% in European Americans was
associated with significantly lower set-point viral load and lower
rate of progression to AIDS (88). Thus, it is possible that the hA3F
of the host of our F-1 subtype had a unique haplotype that can be
counteracted by F-1 Vif.

In summary, we found that rhA3C and smmA3C were re-
sistant, but hA3C was sensitive, to HIV-1 Vif-triggered deple-
tion, which was regulated by residues 130 and 133. Moreover,
we identified that the Vif of HIV-1 F-1 subtype could not de-
grade hA3C as well as hA3F but was counteractive against
hA3G and hA3H haplI. Residues 167 and 182 of F-1 Vif were
critical for its inactivity against hA3C and hA3F, which was due
to the intramolecular interaction with the F3 box. These find-
ings provide an important addition to the model of the HIV-1
Vif and hA3C/F interaction and also advance our understand-
ing of host-virus interactions during cross-species transmis-
sion and viral evolution.
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