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ABSTRACT

Human immunodeficiency virus type 1 (HIV-1) and simian immunodeficiency virus (SIV) viral infectivity factor (Vif) form a
CRL5 E3 ubiquitin ligase complex to suppress virus restriction by host APOBEC3 (A3) proteins. The primate lentiviral Vif com-
plex is composed of the unique cofactor core binding factor 3 (CBF-3) and canonical ligase components Cullin 5 (CULS5),
Elongin B/C (ELOB/C), and RBX2. However, the mechanism by which the Vif protein of the related lentivirus bovine immuno-
deficiency virus (BIV) overcomes its host A3 proteins is less clear. In this study, we show that BIV Vif interacts with Cullin 2
(CUL2), ELOB/C, and RBX1, but not with CBF-f3 or CULS5, to form a CRL2 E3 ubiquitin ligase and degrade the restrictive bovine
A3 proteins (A3Z2Z3 and A3Z3). RNA interference-mediated knockdown of ELOB or CUL2 inhibited BIV Vif-mediated degra-
dation of these A3 proteins, whereas knockdown of CUL5 or CBF-3 did not. BIV Vif with mutations in the BC box (Vif SLQ-
AAA) or putative VHL box (Vif YI-AA), which cannot interact with ELOB/C or CUL2, respectively, lost the ability to counteract
bovine A3 proteins. Moreover, CUL2 and UBE2M dominant negative mutants competitively inhibited the BIV Vif-mediated degra-

dation mechanism. Thus, although the general strategy for inhibiting A3 proteins is conserved between HIV-1/SIV and BIV, the pre-
cise mechanisms can differ substantially, with only the HIV-1/SIV Vif proteins requiring CBF-f as a cofactor, HIV-1/SIV Vif using

CUL5-RBX2, and BIV Vif using CUL2-RBXI1.

IMPORTANCE

Primate lentivirus HIV-1 and SIV Vif proteins form a ubiquitin ligase complex to target host antiviral APOBEC3 proteins for
degradation. However, the mechanism by which the nonprimate lentivirus BIV Vif inhibits bovine APOBEC3 proteins is un-
clear. In the present study, we determined the mechanism for BIV Vif-mediated degradation of bovine APOBEC3 proteins and
found that it differs from the mechanism of HIV-1/SIV Vif by being CBF-f3 independent and requiring different ubiquitin ligase
scaffolding proteins (CUL2-RBX1 instead of CUL5-RBX2). BIV Vif is the only known retroviral protein that can interact with
CUL2. This information broadens our understanding of the distinct mechanisms by which the Vif proteins of different lentivi-
ruses facilitate viral infection. This novel mechanism for assembly of the BIV Vif~-APOBEC3 ubiquitin ligase complex advances
our understanding of viral hijacking of host E3 ubiquitin ligases and illustrates the evolutionary flexibility of lentiviruses.

1l lentivirus genomes except the genome of equine infectious

anemia virus (EIAV) encode the accessory protein viral infec-
tivity factor (Vif), which is essential for viral replication and infec-
tion of the respective mammalian hosts (1-3). Human immuno-
deficiency virus type 1 (HIV-1), simian immunodeficiency virus
(SIV), bovine immunodeficiency virus (BIV), maedi-visna virus
(MVV), arthritis-encephalitis virus (CAEV), and feline immuno-
deficiency virus (FIV), which infect humans, monkeys, cattle,
sheep, goats, and cats, respectively, all utilize Vif to neutralize the
host APOBEC3 (A3) antiviral proteins (1, 4-11) HIV-1 Vif has
been well studied because of its critical function in viral replica-
tion. The eukaryotic ubiquitin conjugation system is a main path-
way of protein degradation and includes activating enzymes (E1s),
conjugating enzymes (UBCs/E2s), and ubiquitin ligases (E3s) (1).
The members of the Cullin (CUL) family of RING E3 ubiquitin
ligases are modular enzymes that act as scaffolding to bring a spe-
cific substrate into close proximity with the E2 ubiquitin-conju-
gating enzyme, thereby facilitating ubiquitination and subsequent
proteasomal degradation. There are seven known human Cullin
proteins, Cullin 1 (CUL1), CUL2, CUL3, CUL4a, CUL4b, CULS5,
and CUL?7, with diverse cellular functions (2). Previously, HIV-1
Vif was shown to form a CUL5-Elongin B/C (ELOB/C) E3 ubig-
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uitin ligase that targets selected A3 proteins for proteasomal deg-
radation by recruiting the cellular factors CUL5, ELOB/C, and
RBX (3-10). In 2012, core binding factor 3 (CBF-) was identi-
fied to be a novel critical regulator of HIV-1 Vif activity (12-14).
SIVagm Vif and SIVmac Vif also recruit CBF-$ and ELOB/C to
the CUL5-RBX2 complex to degrade their host’s antiviral A3 pro-
teins, but BIV Vif and FIV Vif do not require CBF- for this
activity (11, 15).

The functional domains of HIV-1 Vif have been well charac-
terized by many groups. HIV-1 Vif binds ELOB/C through its BC
box region (residues "**SLQYLA'*®), which mimics the conserved
cellular interface of suppressor of cytokine signaling (SOCS) box
proteins, and a conserved HX;CX,,_3CX;_sH (HCCH) motif in
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the carboxyl-terminal region is used to recruit CUL5 (3-10). The
amino-terminal region of HIV-1 Vif was determined to recognize
various A3 proteins through different motifs (5-7, 16-18). The
functional domains in HIV-1 Vif required for binding to CBF-f3
were recently identified (19-22),

Cullin-RING E3 ubiquitin ligases (CRLs) are essential for the
turnover of alarge number of proteins in mammalian cells and are
also critical for virus replication. The Von Hippel-Lindau (VHL)
tumor suppressor specifically interacts with endogenous CUL2-
RBX1 in mammalian cells, whereas SOCS box proteins, such as
HIV-1 Vif or ASB9, associate with CUL5-RBX2. VHL box and
SOCS box domains determine the binding specificity for the
CUL2-RBX1 and CUL5-RBX2 modules of each ubiquitin ligase
complex. The VHL box (the BC box plus a downstream CUL2
box) and SOCS box (the BC box plus a downstream CUL5 box)
thus appear to define two distinct types of complexes. In addition
to VHL, two BC box proteins, LRR-1 and FEM 1B, also contain a
CUL2 box and bind CUL2 (23).

BIV is a lentiviral pathogen similar to HIV-1 that is causally
associated with debilitating diseases in cattle (24). The genome of
humans (Homo sapiens) encodes seven known A3 (hsA3) proteins
(hsA3A, hsA3B, hsA3C, hsA3D, hsA3F, hsA3G, and hsA3H) (25,
26). In contrast, the genome of cattle (Bos taurus) encodes four A3
(btA3) proteins (btA3Z273, btA3Z2, btA3Z3, and btA3Z1), the
genome of sheep (Ovis aries) encodes four homologous A3 (0aA3)
proteins (0aA3Z273, 0aA3Z2, 0aA3Z3, and 0aA3Z1), and the ge-
nome of the more distantly related pigs (Sus scrofa) encodes three
A3 (ssA3) proteins (ssA3Z2Z3, ssA3Z2, and ssA3Z3) due to a loss
of the Z1 type gene (12). However, despite the need for BIV Vif to
overcome bovine A3 proteins, several details of the molecular
mechanism are unclear.

In the present study, we investigated the mechanism by which
BIV Vif inhibits bovine A3s and show that BIV Vif can form a
CRL2-E3 ligase without CBF-f by recruiting CUL2, RBX1, and
ELOB/C, but not CUL5-RBX2. RNA interference (RNAi)-medi-
ated knockdown of ELOB or CUL2 inhibited the BIV Vif-medi-
ated degradation of btA3Z2Z3, whereas knockdown of CULS5 or
CBF-B did not. The VHL box in BIV Vif was characterized, and
the BIV Vif SLQ-AAA and BIV Vif YI-AA mutants with mutations
in the VHL box, which could not interact with ELOB/C or CUL2,
also lost the ability to inhibit the antiviral activity of A3 proteins.
Moreover, CUL2 and UBE2M dominant negative mutants com-
petitively inhibited the BIV Vif-mediated degradation of
btA3Z2Z3, demonstrating an essential role for CUL2 in the for-
mation of the E3 ubiquitin ligase. Thus, CRL2-E3 ubiquitin ligase
activity is required for BIV Vif function. These observations
deepen our understanding of the different mechanisms by which
the Vif accessory proteins of different lentiviruses facilitate infec-
tion and pathogenesis.

MATERIALS AND METHODS

Plasmid construction. The Vif mutant infectious molecular clone
(pNL4-3AVif) was obtained from the AIDS Research and Reference Re-
agents Program, Division of AIDS, National Institute of Allergy and In-
fectious Diseases (NIAID), National Institutes of Health (NIH). The
VR1012 vector was generously provided by Vical (San Diego, CA). BIV
hemagglutinin (HA)-tagged Vif (Vif-HA), BIV Vif-Myc, and HIV Vif-HA
have been described previously (17, 27). The BIV Vif mutant constructs
derived from BIV Vif-HA and BIV Vif-Myc expression vectors were con-
structed by PCR-based mutagenesis using the following primers: for BIV
VitY-A, forward primer 5'-GCATGTCTCTGTTGGGCCCCGTTAGGA
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CG-3' and reverse primer 5'-CGTCCTAACGGGGCCCAACAGAGACA
TGC-3', and for BIV Vif I-A, forward primer 5'-CCCGTTAGGACGCG
CCAACGACACCACCC-3' and reverse primer 5'-GGGTGGTGTCGTT
GGCGCGTCCTAACGGG-3'. Expression vectors for cattle A3 proteins,
A37273-HA, green fluorescent protein-tagged A3Z273 (A3Z273-GFP),
A372-GFP, A3Z3-GFP, and A3Z1-GFP, have been described previously
(1, 28) CUL2ANedd8-HA, UBE2M-Flag (C111S), and UBE2F-Flag
(C116S) dominant negative mutants were synthesized by Shanghai Gen-
eray Biotech Co. and constructed in the VR1012 vector. A3Z273, A3Z3,
BIV Vif wild type (WT), BIV Vif SLQ-AAA, and BIV Vif YI-AA were
cloned into the mCherry-C1 vector with a C-terminal HA tag in order to
obtain better expression in MDBK cells. Bos taurus ELOB (btELOB)-HA,
Bos taurus CBF-3 (btCBE-B)-Myc, Bos taurus CUL2 (btCUL2)-Myc, and
Bos taurus CUL5 (btCUL5)-Myc were constructed by the PCR-based mu-
tagenesis method using human ELOB (huELOB)-HA, human CBF-(
(huCBF-B)-Myc, human CUL2 (huCUL2)-Myc, and human CUL5
(huCUL5)-Myc sequences as the templates. Each amplified DNA segment
was sequenced in its entirety to ensure that no unintended mutations were
introduced.

Antibodies and cell culture. The following antibodies were used in
this study: anti-p24 monoclonal antibody (MAb; catalog no. 1513; AIDS
Research and Reference Reagents Program, Division of AIDS, NIAID,
NIH), mouse anti-HA MAD (catalog no. MMS-101R-10000; Covance),
mouse anti-Myc MAb (catalog no. M5546; Sigma), anti-CUL5 (catalog
no. sc-13014; Santa Cruz), anti-CUL2 (catalog no. sc-10781; Santa Cruz),
anti-ELOB (catalog no. sc-11447; Santa Cruz), anti-ELOC (catalog no.
610760; BD Biosciences), anti-CBF-B MAD (catalog no. sc-166142; Santa
Cruz), anti-GFP (catalog no. A11001; Invitrogen), anti-human tubulin
(catalog no. DKM9003; Tianjin Sanjian), and anti-human ribosomal P
antigen (catalog no. HP0-0100; Immunovision).

MAGI-CCRS5 cells were obtained through the NTH AIDS Research and
Reference Reagents Program (catalog no. 3522) from Julie Overbaugh.
MAGI-CCR5, HEK293T (catalog no. CRL-11268; ATCC), and MDBK
(catalog no. CCL-22; ATCC) cells were maintained in Dulbecco’s modi-
fied Eagle’s medium (DMEM; Invitrogen) with 10% fetal bovine serum
and penicillin-streptomycin (D-10 medium) and passaged upon conflu-
ence. The following reagents were purchased: MLN4924 (catalog no.
M425100; Toronto Research Chemicals Inc.), MG132 (catalog no.
C2211; Sigma), and N,N,N’-tetrakis-(2'-pyridylmethyl) ethylenediamine
(TPEN; catalog no. P4413; Sigma).

Transfection and virus purification. DNA transfection in HEK293T
cells was carried out using the Lipofectamine 2000 reagent (Invitrogen) as
recommended by the manufacturer. For degradation assays, HEK293T
cells in 12-well plates were transfected with 1 pg of BIV Vif or 1 pg of
empty vector and 0.3 g of btA3 at a 3:1 ratio. For viral infectivity assays,
HEK293T cells in T25 flasks were transfected with 2 pg of BIV Vif, 2 ug of
Vif-deficient infectious clone NL4-3AVif, and 2 pg of btA3Z2Z3 ata 1:1:1
ratio in various combinations with empty-vector controls. For immuno-
precipitation assays, HEK293T cells in T25 flasks were transfected with 5
g of VR1012 or Vif. DNA transfection in MDBK cells was carried out
using an electroporator (Gene Pulser Xcell; Bio-Rad). MDBK cells (2 X
10°) were transfected with 2 ug of btA3Z273 or btA3Z3 and 2.5 g of BIV
Vit WT or the BIV Vif SLQ-AAA or BIV Vif YI-AA mutant. The param-
eters used were 140 V, 500 wF, and maximum resistance (exponential
decay mode). After electroporation, cells were cultured in 6-well plates for
48 hat 37°Cin a non-CO, incubator. The cell culture supernatants, which
contained the viruses, were cleared of cellular debris by centrifugation at
3,000 rpm for 15 min in a Sorvall RT 6000B centrifuge and filtered
through a 0.2-pm-pore-size membrane (Millipore). The virus particles
were then concentrated by centrifugation through a 20% sucrose cushion
by ultracentrifugation at 100,000 X g for 2 h at 4°C in a Sorvall Ultra80
ultracentrifuge. Viral lysates were analyzed by immunoblotting.

MAGI assays. Virus infectivity was determined with the multinuclear
activation of galactosidase indicator (MAGI) assay (13). MAGI-CCR5
cells were plated in 12-well plates in D-10 medium 1 day before infection
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FIG 1 Influence of BIV Vif on the antiviral activity of btA3Z2Z3. (A) BIV Vif rescued the infectivity of NL4-3AVif in the presence of btA3Z2Z3. BIV Vif,
the Vif-deficient infectious clone NL4-3AVif, and btA3Z2Z3 at a 1:1:1 ratio (2 pg each) were cotransfected in various combinations with empty vector
controls into HEK293T cells in T25 flasks, as indicated. Viruses from the supernatants were cultured on MAGI-CCRS5 indicator cells to test for infectivity.
Values indicate the percent infectivity compared to that of virus produced in the absence of btA3Z2Z3. Error bars represent the SDs for triplicate wells.
(B) BIV Vif reduced btA3Z2Z3 expression and inhibited btA3Z2Z3 virion packaging. Immunoblotting of lysates of HEK293T cells cotransfected as
described in the legend to panel A showed that btA3Z2Z3 is degraded by BIV Vif. Ribosomal P protein (p19) was used as the sample loading control.
btA3Z27Z3 was efficiently packaged into Vif-deficient HIV-1 in the absence of BIV Vif but not in the presence of BIV Vif. btA3Z2Z3 was measured after
normalization to the structural Gag protein content (HIV-1 p24). (C) BIV Vif degraded btA3Z2Z3 via the ubiquitin-proteasome pathway. Cycloheximide
(100 pg/ml) was added to the cells, and after various chase periods, equal numbers of cells were collected, separated by SDS-PAGE, and analyzed by
immunoblotting and the amount of btA3Z2Z3 was quantified. The amount of btA3Z2Z3 at time zero was normalized to 100%. (D) BIV Vif polyubiq-
uitinated btA3Z273. HEK293T cells in T25 flasks were transfected with various combinations of expression vectors with 0.5 pg of BIV Vif-Myc, 2 pg of
btA3Z273-HA, and 2 pg of Myc-tagged ubiquitin. All experiments were performed in the presence of MG132. Cells were lysed and analyzed by
immunoblot analysis using an anti-Myc, anti-HA, or antitubulin antibody. Cell lysates were immunoprecipitated with the anti-HA antibody and analyzed
by immunoblotting with an anti-Myc antibody to detect ubiquitinated btA3Z2Z3 proteins. Unmodified btA3Z2Z3 proteins were detected with the
anti-HA antibody. Ubn, ubiquitin; Tub, tubulin; IP, immunoprecipitation.

to reach 30 to 40% confluence on the day of infection. Cells were infected
by removing medium from each well and adding dilutions of virus in a
total volume of 500 pl of D-10 medium with 20 pg/ml of DEAE-dextran.
After a 2-h incubation at 37°C in a 5% CO, incubator, 1 ml of D-10
medium was added to each well. After another 46 h of incubation under
the same conditions, supernatants were removed and the cells were fixed
for 5 min at room temperature in 800 wl of fixing solution (1% formal-
dehyde, 0.2% glutaraldehyde in phosphate-buffered saline [PBS]). The
cells were then washed twice with PBS and incubated with staining solu-
tion (20 pl 0.2 M potassium ferrocyanide, 20 pl 0.2 M potassium ferri-
cyanide, 2 pl 1 M MgCl,, 10 pl 40 mg/ml 5-bromo-4-chloro-3-indolyl-
B-p-galactopyranoside) for 2 h at 37°C in a non-CO, incubator. Staining
was stopped by removing the staining solution and thoroughly washing
twice with PBS. Blue dots, which indicated a positive result, were counted
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manually, and viral infectivity was determined after normalizing the
amount of virus input by measurement of the p24 antigen level by en-
zyme-linked immunosorbent assay (Perkin-Elmer).

RNAi. RNAi against ELOB, CUL2, and CUL5 was carried out using a
pool of three duplexed short interfering RNAs (siRNAs; Guangdong
Ruibo) with the following sequences (where F indicates forward and R
indicates reverse): for CUL2 siRNAs, the duplex 1 (siB10324102633) F1
sequence was CGAAAGAGCAACAUGGAAUATAT and the duplex
1 R1 sequence was dTdTGCUUUCUCGUUGUACCUUA, the duplex 2
(siB10324102648) F2 sequence was GUGUACAGGUGAAGUUAAA
dTdT and the duplex 2 R2 sequence was dTdATCACAUGUCCACUUCA
AUUU, and the duplex 3 (siB10324102701) F3 sequence was GACUGAA
ACAGGAGAGUAUATAT and the duplex 3 R3 sequence was dTdT
CUGACUUUGUCCUCUCAUA; for CUL5 siRNAs, the duplex 1
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FIG 2 Interaction of BIV Vif with cellular factors. (A) BIV Vif assembled with endogenous CUL2 and ELOB/C but not with CUL5 or CBF-f. HEK293T cells in
T25 flasks were transfected with 5 g of HIV Vif-HA or BIV Vif-HA. Equal amounts of cell lysates were immunoprecipitated with anti-HA antibody conjugated
to agarose and analyzed by immunoblotting with antibodies against HA, ELOB, ELOC, CBF-@3, CULS5, and CUL2. BIV Vif assembled with exogenous btELOB (B)
and btCUL2 (D) but not with btCBF-$ (C) or btCUL5 (E). (B) HEK293T cells in T25 flasks were transfected with 2 g of VR1012 as a negative-control vector
or with BIV Vif-Myc or HIV Vif-Myc plus 2 g of btELOB-HA at a 1:1 ratio. Equal amounts of cell lysates were immunoprecipitated with anti-Myc antibody
conjugated to agarose and analyzed by immunoblotting with antibodies against HA, Myc, and tubulin. HEK293T cells in T25 flasks were transfected with 2 pg
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(siG1110890928) F1 sequence was GAGCAAAUAGAGUGGCUAAATAT
and the duplex 1 R1 sequence was dTdTCUCGUUUAUCUCACCGAUU,
the duplex 2 (siG000008065B) F2 sequence was GCUCUUGGUACUUA
AGUAUATAT and the duplex 2 R2 sequence was dTdATCGAGAACCAU
GAAUUCAUA, and the duplex 3 (siG1110890949) F3 sequence was CU
ACUGAACUGGAGGACUUATAT and the duplex 3 R3 sequence was dT
dTGAUGACUUGACCUCCUGAA; and for ELOB siRNAs, the duplex 1
(siG1364191354) F1 sequence was GGACGUGUUCCUCAUGAUCATAT
and the duplex 1 R1 sequence was d-TdTCCUGCACAAGGAGUACUAG,
the duplex 2 (siG1364191411) F2 sequence was GCCACAAGACCACCA
UCUUdTAT and the duplex 2 R2 sequence was dTdTCGGUGUUCUGG
UGGUAGAA, and the duplex 3 (siG1364191429) F3 sequence was GGA
AGCAGUGCCAAUGAACATAT and the duplex 3 R3 sequence was dTd
TCCUUCGUCACGGUUACUUG. HEK293T cells were transfected with
the CUL2, CULS, or ELOB siRNA pool at a total final concentration of 100
nM using the Lipofectamine 2000 reagent. Nontargeting control siRNA
(siControl) no. 2 (Guangdong Ruibo) was used as a control. Expression of
the CUL2, CUL5, or ELOB protein was monitored by immunoblotting 2
days after transfection. CBF-@ silencing by small hairpin RNA (shRNA)
was described previously (15).

RNA extraction and RT-qPCR. For real-time quantitative PCR (RT-
qPCR), cellular RNA was extracted from transfected HEK293T cells using
the TRIzol reagent, and cDNA was generated using a High-Capacity
cDNA reverse transcription kit (Applied Biosystems) and oligo(dT),
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primers according to the supplier’s instructions. The sequences of the
primers, designed using the CUL2 and CULS5 sequences, were as follows:
CUL2 forward primer, 5'-TGCTTTATGTGTGGCCTATC-3"; CUL2 re-
verse primer, 5'-TTCTTCTGACTCCAAAACTCTC-3'; CULS5 forward
primer, 5'-TGGCGACGTCTAATCTGTTA-3'; and CULS5 reverse primer
5'-CAAAGACAGACTGCATGCAC-3' (Shanghai Shenggong). The SYBR
green-based RT-qPCR was carried out on an Mx3005P instrument (Strat-
agene; Agilent Technologies) using the double-stranded DNA-binding
dye method with SYBR green PCR master mix (Applied Biosystems). Each
20-p.l reaction mixture contained 10 pl of SYBR premix, 0.2 pl (10 M)
each of the forward and reverse primers, 7.2 pl of double-distilled H,O,
and 2 pl of cDNA template. Cycling conditions were as follows: 50°C for
2 min and then 95°C for 10 min, followed by 50 cycles consisting of 95°C
for 15 s and 60°C for 1 min. The melting curve analysis was performed at
90°C for 1 min and then at 55°C for 30 s and 95°C for 30 s. The relative
abundance of CUL2 and CUL5 was determined by using GAPDH (glyc-
eraldehyde-3-phosphate dehydrogenase) as a control.

Immunoblot analysis. HEK293T cells were collected at 48 h after
transfection. Cell lysates and viral lysates were prepared as previously
described (3). Samples were lysed in 1X loading buffer (0.08 M Tris, pH
6.8, with 2.0% SDS, 10% glycerol, 0.1 M dithiothreitol, and 0.2% bro-
mophenol blue) and boiled for 5 min before the proteins were separated
by SDS-PAGE. Membranes were probed with various primary antibodies
against the proteins of interest. Secondary antibodies were alkaline phos-
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FIG 3 ELOB and CUL2, but not CUL5 and CBF-, are necessary for BIV Vif-mediated degradation. (A) Silencing of ELOB inhibited the BIV Vif-mediated
degradation of btA3Z2Z3. (B) RT-qPCR analysis indicated that ELOB siRNA caused a >80% reduction in the ELOB RNA level. GAPDH was used as a control.
Error bars indicate the SDs from three replicates within one experiment. (C) Silencing of CUL2 inhibited the BIV Vif-mediated degradation of btA3Z2Z73. (D)
RT-qPCR analysis indicated that CUL2 siRNA caused a >60% reduction in the CUL2 RNA level. GAPDH was used as a control. Error bars indicate the SDs from
three replicates within one experiment. (E) Silencing of CUL5 did not inhibit the BIV Vif-mediated degradation of btA3Z2Z3. (F) RT-qPCR analysis indicated
that CULS5 siRNA caused a >60% reduction in the CUL5 RNA level. GAPDH was used as a control. Error bars indicate the SDs from three replicates within one
experiment. (G) Silencing of CBF-f did not inhibit the BIV Vif-mediated degradation of btA3Z2Z3. (H) Silencing of CBF- inhibited the HIV-1 Vif-mediated
degradation of hsA3G. (I) RT-qPCR analysis indicated that CBF-f shRNA caused a >60% reduction in the CBF-BRNA level. GAPDH was used as a control.

Error bars indicate the SDs from three replicates within one experiment. VR, VR1012 vector.

phatase-conjugated antihuman, antirabbit, or antimouse (Jackson Im-
munoResearch) antibodies, and staining was carried out with 5-bromo-
4-chloro-3-indolylphosphate (BCIP) and nitroblue tetrazolium (NBT)
solutions prepared from chemicals obtained from Sigma.
Immunoprecipitation. For BIV Vif-HA immunoprecipitation, trans-
fected HEK293T cells were harvested and washed twice with cold PBS,
followed by disruption with lysis buffer (PBS containing 1% Triton X-100
and Complete protease inhibitor cocktail [Roche]) at 4°C for 30 min. Cell
lysates were clarified by centrifugation at 10,000 X g for 30 min at 4°C.
Anti-HA agarose beads (catalog no. 190-119; Roche) were mixed with the
precleared cell lysates, and the mixture was incubated at 4°C for 3 h on an
end-over-end rocker. The reaction mixtures were then washed six times
with cold wash buffer (20 mM Tris HCI, pH 7.5, 100 mM NaCl, 0.1 mM
EDTA, 0.05% Tween 20) and subsequently analyzed by immunoblotting.
Cycloheximide chase. HEK293T cells were transfected with VR1012
carrying BIV Vif-Myc or the VR1012 empty vector control and cattle
A3Z7273-HA ata 1:1 ratio. At 18 h after transfection, 100 pg/ml cyclohex-
imide was added to the cells. At various time points, equal cell numbers
were collected and samples were prepared by adding loading buffer. For
chase experiments in the presence of proteasome inhibitor, 10 uM
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MG132 was added to the cells at 12 h before harvest. The proteins were
separated by SDS-PAGE and analyzed by immunoblotting.

RESULTS

BIV Vif inhibits bovine A3Z2Z3 and neutralizes its antiviral ac-
tivity via a proteasomal pathway. Previous studies have shown
that bovine A37273 (btA3Z273) can restrict HIV-1 infection (11,
28-30). Thus, we performed a series of single-cycle HIV-1 infec-
tivity assays to test whether BIV Vif can overcome the antiviral
activity of btA3Z273. HEK293T cells were transfected with the
infectious molecular clone of the Vif mutant NL4-3AVif plus
VR1012 as a control vector or wild-type (WT) BIV Vif in the
presence or absence of the bovine A3Z2Z3 expression vector. Vi-
rus was produced from transfected cells and tested for infectivity
in a standard MAGI assay as previously described (13). The infec-
tivity of NL4-3AVif was considered 100%, and expression of
btA3Z273 reduced the infectivity of NL4-3AVif in the absence of
Vif (Fig. 1A). However, in the presence of BIV Vif, btA3Z273
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FIG 4 Mutations in the VHL box affect BIV Vif binding to other cellular factors. (A) Alignment of partial sequences of BIV Vif and other VHL box-containing
proteins and the point mutations made in the BIV Vif VHL box. (B) BIV Vif SLQ-AAA and YI-AA mutants with mutations in the VHL box were defective for
binding to ELOB/C and CUL2, respectively. HEK293T cells in T25 flasks were transfected with 5 g of BIV Vif-HA, BIV Vif SLQ-AAA-HA, or BIV Vif
YI-AA-HA. Equal amounts of cell lysates were immunoprecipitated with anti-HA antibody conjugated to agarose and analyzed by immunoblotting with
antibodies against HA, ELOB, ELOC, and CUL2. (C) The VHL box in BIV Vif is required for BIV Vif-mediated degradation in MDBK cells. The SLQ-AAA and
YI-AA mutants showed an impaired ability to degrade btA3Z2Z3. MDBK cells (2 X 10°) were transfected with 2 pg of btA3Z2Z3-HA-cherry and 2.5 p.g of BIV
Vif WT-HA-cherry or the SLQ-AAA or YI-AA mutant. Cells were lysed and analyzed by immunoblotting with anti-HA or anti-tubulin antibody.

restriction activity was suppressed and NL4-3AVif infectivity was
maintained compared to that in the absence of BIV Vif (Fig. 1A).
These results show that BIV Vif efficiently inhibits btA3Z2Z3 ac-
tivity, as reported previously (12, 14, 15). Subsequently, the sta-
bility of btA3Z2Z73 in virus producer cells and the incorporation of
btA3Z2Z3 into virions were examined. In agreement with the in-
fectivity data, we observed that BIV Vif reduced the intracellular
level of btA3Z273 (Fig. 1B, lane 3) compared to the effect of the
VR1012 vector control (Fig. 1B, lane 2). The incorporation of
btA3Z273 was also inhibited by BIV Vif (Fig. 1B, lane 3) com-
pared to the level of incorporation of the negative control (NC),
VR1012 (Fig. 1B, lane 2).

HIV-1 Vif has been shown to degrade human A3 proteins
through polyubiquitination and proteasomal degradation (3).
Therefore, we next asked whether proteolysis and polyubiquitina-
tion play a role in the effect of BIV Vif on the steady-state levels of
btA3Z2273. HEK293T cells were transfected with BIV Vif-Myc or
the VR1012 control vector plus btA3Z2Z3-HA. At 18 h posttrans-
fection, 100 pg/ml cycloheximide was added to the cells to block
protein synthesis. For chase experiments in the presence of pro-
teasome inhibitor, 10 puM MG132 was added to the cells 12 h
before harvest. In the absence of BIV Vif, btA3Z27Z3 was stable
(Fig. 1C, No BIV Vif), but it was highly unstable in the presence of
BIV Vif (Fig. 1C, +BIV Vif). The proteasome inhibitor MG132
decreased the degradation of btA3Z273 in the presence of BIV Vif
(Fig. 1C, +BIV Vif + MG132). To further confirm that BIV Vif
can induce polyubquitination of bovine A3Z27Z3, we transfected
HEK293T cells with various combinations of expression vectors
for BIV Vif-Myc, btA3Z273-HA, and Myc-tagged ubiquitin. To
inhibit btA3Z2Z3 degradation, all transfected cells were treated
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with MG132. HA-tagged btA3Z2Z3 was immunoprecipitated by
anti-HA antibody, followed by the detection of ubiquitinated
btA3Z273-HA wusing anti-Myc antibody. Polyubquitinated
btA3Z27Z3-HA proteins were detected in the presence of Myc-
tagged ubiquitin and were enhanced in the presence of BIV Vif
(Fig. 1D, lane 4). Thus, BIV Vif induced polyubiquitination of
btA3Z273 in a fashion similar to that in which HIV-1 Vif induced
the polyubiquitination of A3G (3, 31). These results show that BIV
Vif inhibits the antiviral activity of btA3Z2Z73 via a polyubiquiti-
nation and proteasomal degradation mechanism.

BIV Vif requires cellular factors ELOB/C and CUL2, but not
CULS5 and CBF-f3, to form an active E3 ubiquitin ligase complex.
HIV-1 Vif has been shown to overcome human A3 proteins by
inducing their degradation through the CUL5-ELOB/C-CBF-f3
E3 ubiquitin ligase complex (3, 32, 33). Our model for BIV Vif-
induced degradation of btA3Z2Z3 predicts that BIV Vif also acts
as a receptor to bring its target proteins to the E3 ubiquitin ligase,
where they are polyubiquitinated and degraded via the protea-
somal pathway. To examine whether BIV Vif interacts with cellu-
lar factors to form an E3 ubiquitin ligase, we transfected HEK293T
cells with VR1012 as a control vector or with the BIV Vif-HA or
HIV-1 Vif-HA expression vector. The interaction of cellular pro-
teins with BIV or HIV-1 Vif-HA was examined by coimmunopre-
cipitation analysis. An anti-HA antibody conjugated to agarose
beads was used to immunoprecipitate HA-tagged Vif from lysates
of transfected HEK293T cells. As expected, CUL5, ELOB/C, and
CBE-f coprecipitated with HIV-1 Vif-HA (Fig. 2A, lane 6) but not
with the sample containing the empty vector, VR1012 (Fig. 24,
lane 4). In contrast, CUL5 and CBF- failed to coprecipitate with
BIV Vif-HA (Fig. 2A, lane 5). On the other hand, ELOB/C and
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Vif mutant (SLQ-AAA or YI-AA), into HEK293T cells in T25 flasks, as indicated. The stability of btA3Z273 was analyzed by SDS-PAGE of equal amounts of cell
lysate, followed by immunoblotting with antibodies against Myc-tagged BIV Vif and the mutants, HA-tagged btA3Z273, p24, and ribosomal P protein.
Ribosomal P protein was used to ensure equal loading. (B) Virion packaging of btA3Z273 was not inhibited by the BIV Vif SLQ-AAA or YI-AA mutant. HEK293T
cells were cotransfected with vectors as described in the legend to panel A, and viruses from the supernatants were analyzed by immunoblotting with antibodies
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CUL2 coprecipitated with BIV Vif-HA (Fig. 2A, lane 5). Amino
acid sequence alignments showed that the homology rates for
CUL2, CUL5, ELOB, ELOC, and CBF-B between humans and
cattle are 99.6%, 99.6%, 97.5%, 100%, and 98.9%, respectively.
We further compared the interactions of HIV-1 Vif and BIV Vif
with btCUL2-Myc, btCUL5-Myc, btELOB-HA, and btCBEF-f.
The results showed that BIV Vif interacts with btELOB (Fig. 2B,
lane 2) and btCUL2 (Fig. 2D, lane 2) but not with btCBF-f (Fig.
2C, lane 2) or btCULS5 (Fig. 2E, lane 2). Furthermore, we found
that HIV-1 Vif also interacts with btELOB (Fig. 2B, lane 3),
btCBE-B (Fig. 2C, lane 3), and btCULS5 (Fig. 2E, lane 3), but not
btCUL2 (Fig. 2D, lane 3). These results demonstrate that BIV Vif
does interact with the btELOB/C and btCUL2 factors and forms
an E3 ligase in the bovine system. Silencing of ELOB and CUL2
with specific siRNAs targeted to the ELOB- and CUL2-coding
regions, respectively, inhibited BIV Vif-mediated degradation of
btA3Z273 (Fig. 3A and C), but silencing of CUL5 or CBF-f did
not (Fig. 3E and G). In contrast, silencing of CBF-f inhibited
HIV-1 Vif-mediated degradation of hsA3G (Fig. 3H). To deter-
mine the extent of the ELOB, CUL2, and CUL5 knockdown, we
used RT-qPCR to determine the relative abundance of ELOB,
CUL2, CUL5, and CBF-3 RNAs, using GAPDH as a control. The
results showed that the ELOB, CUL2, CULS5, and CBF-B mRNA
levels were lowered by >60% in the corresponding siRNA groups
compared to those in the NC siRNA group (Fig. 3B, D, F, and I).
Based on these findings, we concluded that ELOB and CUL2, but
not CULS5, are essential for BIV Vif function.
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BIV Vif has a BC box and CUL2 box required for binding
ELOB/C and CUL2, respectively. CRL E3 ligase substrate receptors
are divided into multiple classes. However, all substrate receptors in-
teract with ELOC through a version of the BC box. Cellular substrate
receptors select CUL2 or CULS5 on the basis of the presence of a CUL2
box or a CUL5 box. VHL, LRR-1, and FEM1B, which contain a VHL
box, have all been identified to be CUL2-interacting proteins (23). By
aligning the sequences of BIV Vif and other adaptor proteins (Fig.
4A), we found that the SLQ motif of BIV Vif and the downstream
amino acids YxxxxI/X, which have been found to form a CUL2 box,
have significant similarity to the VHL box (23). We therefore con-
structed two BIV Vif mutants with changes in these two motifs (Fig.
4A) and then used coimmunoprecipitation to examine the interac-
tions between WT BIV Vif, mutant BIV Vif SLQ-AAA, or mutant
BIV Vif YI-AA and endogenous CUL2 and ELOB/C in transfected
HEK293T cells. As expected, CUL2 and ELOB/C could interact spe-
cifically with WT BIV Vif (Fig. 4B, lane 2) but not with the sample
containing the empty vector, VR1012 (Fig. 4B, lane 1). However, the
BIV Vif SLQ-AAA mutant lost the ability to interact with ELOB/C,
while it maintained the interaction with CUL2 (Fig. 4B, lane 3). The
BIV Vif YI-AA mutant could still interact with ELOB/C but lost the
ability to interact with CUL2 (Fig. 4B, lane 4). These results indicate
that the SLQ and YI motifs of BIV Vif are required for interactions
with ELOB/C and CUL2, respectively.

The BC box and CUL2 box in BIV Vif are required for sup-
pression of btA3Z273. To investigate the contribution of the SLQ
and YI motifs to the functions of BIV Vif, we evaluated the BIV Vif
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FIG 6 The CCHC motif in BIV Vif is required for BIV Vif function. (A) TPEN inhibited BIV Vif-mediated btA3Z273 degradation. HEK293T cells in 12-well
plates were cotransfected with 0.3 g btA3Z273-HA plus 1 pg of VR1012 or BIV Vif-HA, and cells were treated 24 h later with 2.5 M dimethyl sulfoxide
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function in bovine MDBK cells. Immunoblot analysis of the trans-
fected MDBK cell lysates showed that BIV Vif induced the degra-
dation of btA3Z273 (Fig. 4C, lane 2) but not in its absence (lane
1). However, the BIV Vif SLQ-AAA and BIV Vif YI-AA mutants,
which are defective for E3 ubiquitin ligase assembly, were defec-
tive in mediating the degradation of btA3Z2Z3 (Fig. 4C, lanes 3
and 4). The results of this assay demonstrated that BIV Vif also
forms an E3 ligase in the bovine system in order to degrade the
bovine host’s A3 proteins.

The degradation of btA3Z2Z73 induced by BIV Vif (Fig. 5A,
lane 3) was also observed in HEK293T cells. Again, the degrada-
tion of btA3Z273 was not seen with BIV Vif SLQ-AAA or BIV Vif
YI-AA (Fig. 5A, lanes 4 and 5). The level of incorporation of
btA3Z7273 into HIV-1AVif virions in the presence of the BIV Vif
SLQ-AAA or BIV Vif YI-AA mutant (Fig. 5B, lanes 4 and 5) was
higher than that in the presence of WT BIV Vif (Fig. 5B, lane 3).
The functionality of the BIV Vif SLQ-AAA and BIV Vif YI-AA
mutants was then tested in the MAGl assay. Virus infectivity in the
absence of btA3Z273 was set to 100%. BIV Vif suppressed the
antiviral activity of btA3Z273, whereas the expression of the BIV
Vif SLQ-AAA or BIV Vif YI-AA protein did not (Fig. 5C). These
results suggest that the mechanism by which BIV Vif overcomes
the antiviral activity of btA3Z273 requires both the BC box and
the YI motif, which interact with ELOB/C and CUL2, respectively.

CCHC mutants impair BIV Vif-mediated degradation of
btA3Z7273. A novel HCCH zinc binding motif in HIV-1 Vif which
is highly conserved in primate lentiviral Vif proteins is critical for
the interaction of Vif with CUL5 (34). To determine whether BIV
Vif requires this motif to interact with Cullin proteins, we first
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tested the effect of the membrane-permeant zinc chelator TPEN
on BIV Vif function. In the absence of TPEN, BIV Vif induced the
degradation of btA3Z2Z3, but this effect was abolished by the
addition of 2.5 wM TPEN (Fig. 6A, lanes 2 and 4). TPEN had no
effect on btA3Z2Z3 expression in the absence of BIV Vif (Fig. 6A,
lane 3). The observed effect of zinc chelation on btA3Z273 degra-
dation implied the existence of a zinc binding motifin BIV Vif that
may be critical for function. We therefore searched for an analo-
gous zinc binding motif by aligning the sequences of BIV Vif and
various primate Vif proteins. The alignment revealed a putative
zinc HCCHCH motif located upstream of the BC box in BIV Vif.
We then constructed a series of BIV Vif mutants (Fig. 6B) and
examined their function. The results revealed that the H102L and
H149L mutations did not affect BIV Vif-mediated btA3Z273 deg-
radation (Fig. 6C, lanes 3 and 8), but mutants containing the
CI111S,C113S, H115L, or C134S mutation could no longer induce
the degradation of btA3Z2Z3 (Fig. 6C, lanes 4 to 7). The level of
incorporation of btA3Z2Z3 into HIV-1AVif virions in the pres-
ence of the BIV Vif C1118S, C113S, H115L, or C134S mutant (Fig.
6C, lanes 4 to 7) was greater than that in the presence of WT BIV
Vif or the H102L or H149L mutant (Fig. 6C, lanes 2, 3, and 8). We
then tested the functionality of the BIV Vif mutants in the MAGI
assay. Virus infectivity in the absence of btA3Z2Z3 was set to
100%. Expression of the BIV Vif WT suppressed the antiviral ac-
tivity of btA3Z2Z3, but expression of the BIV Vif C111S, C113S,
H115L, or C134S mutant did not (Fig. 6D). These biochemical
and genetic requirements strongly suggest that BIV Vif has a zinc
binding motif that is required for CUL2 recruitment and bovine
A3 degradation.

jviasm.org 12535


http://jvi.asm.org

Zhang et al.

A + + btA3Z2Z3-HA B

* : o +  DtA3Z2Z3-HA
t F 4 NS 4+ NLABAVE
) * BVVitmye -+ + BNVViFmy
- +  CUL2ANedd:kiA ; -+  CUL2ANedd-HA

e Gagp55

R
Chp2e

— ——h Ribosomal p19 1 2 3

1 2 3 Virus
Cell lysate
C B o Control

120% B btA3Z273
100%

>

=

>

= 80% -

o

L

£ 60% f

$

= 40%

K

)

X 20%

0%

NL4-3AVif

NL4-3AVif+WT

NL4-3AVif+WT+CUL2ANedd-HA
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btA3Z273 virion packaging. Viruses from supernatants were analyzed by
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analyzed as described in the legend to Fig. 1A. Errors bars represent the SDs
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A CUL2ANedd mutant blocks BIV Vif-mediated degrada-
tion of bovine A3Z273. Neddylation of Cullin proteins is critical
for E3 ubiquitin ligase activity (35, 36). To study the role of CUL2
in the BIV Vif-induced degradation of btA3Z273, we used a dom-
inant negative CUL2ANedd mutant to inhibit CUL2 function.
CUL2ANedd is able to interact with Vif but is defective in E3 ligase
activity, resulting in inhibition of Vif activity. When HEK293T
cells were cotransfected with btA3Z2Z3 and NL4-3AVif along
with BIV Vif or VR1012 (as a control vector), with or without the
CUL2ANedd mutant, we found that the presence of the dominant
negative CUL2 mutant inhibited BIV Vif-induced btA3Z273 deg-
radation (Fig. 7A, lane 3), suggesting that CUL2 plays a role in the
BIV Vif-induced turnover of btA3Z2Z3. The ability of BIV
Vif to exclude btA3Z2Z3 virion packaging was inhibited by
CUL2ANedd (Fig. 7B, lane 3). We then asked whether disruption
of the CUL2 function could influence the ability of BIV Vif to
suppress btA3Z273’s antiviral activity. Supernatants were col-
lected from transfected cells and used to infect the MAGI-CCR5
cell line. The results showed that the infectivity of virus produced
in the presence of CUL2ANedd was dramatically reduced (Fig.
7C) compared to that of virus produced in the absence of
CUL2ANedd, indicating that CUL2 activity is required for BIV
Vif-mediated suppression of btA3Z273.

MLN4924 impairs BIV Vif-mediated degradation of the
btA3Z2Z3 protein. MLN4924 is an investigational small-molecule
inhibitor of the NEDD8-activating enzyme (NAE) that is currently in
phase I clinical trials (37). NAE inhibition prevents the ubiquitination
and proteasomal degradation of substrates for CRL E3 ligases (35).
Therefore, we examined the ability of MLN4924 to inhibit the ned-
dylation of the BIV Vif-CRL E3 complex. HEK293T cells were trans-
fected with btA3Z273-HA and VR1012 or BIV Vif-HA. Twenty-four
hours later, 300 nM MLN4924 was added to the cell culture. After
another 24 h, the cells were harvested for immunoblotting with an
HA antibody to detect HA-tagged btA3Z273 and BIV Vif. The results
showed that MLN4924 strongly impaired the ability of BIV Vif to
induce btA3Z273 degradation (Fig. 8A, lanes 2 and 4), functioning as
well as the specific proteasome inhibitor MG132.
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FIG 8 Effects of MLN4924 and UBE2M on BIV Vif-mediated degradation of btA3Z2Z3. (A) MLN4924 inhibited the BIV Vif-mediated degradation of btA3Z273
by blocking the neddylation activation of BIV Vif-CRL E3 ligase. HEK293T cells in 12-well plates were cotransfected with 0.3 g btA3Z2Z3-HA plus 1 g of
VR1012 or BIV Vif-HA, and cells were treated 24 h later with 300 nM DMSO or MLN4924 for 24 h. The cells were then harvested for immunoblot analysis with
the indicated antibodies. (B) A UBE2M mutant inhibited BIV Vif-mediated btA3Z273 degradation in a dose-dependent manner. HEK293T cells in 12-well plates
were cotransfected with 0.3 pug btA3Z2Z3-HA and 1 g of VR1012 or BIV Vif-HA plus increasing amounts (0.2 g, 0.6 g, and 1.8 pg in lanes 3 to 5, respectively)
of UBE2M (C111S). At 48 h after transfection, cell lysates were harvested for immunoblot analysis with the indicated antibodies. (C) A UBE2F (C116S) mutant

did not inhibit BIV Vif-mediated btA3Z2Z3 degradation. dn, dominant negative mutant.
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FIG 9 BIV Vif can selectively degrade bovine A3 proteins and overcome their antiviral activity. (A) HEK293T cells in T25 flasks were cotransfected with 2 pg of
an infectious clone of the Vif mutant virus NL4-3AVif plus 2 pg of VR1012 or BIV Vif-Myc plus 2 pg of a control vector (GFP) or an expression vector encoding
a GFP-tagged bovine A3 protein, as indicated. At 48 h after transfection, cell lysates were harvested for immunoblot analysis with the indicated antibodies.
Supernatants were centrifuged for virion packaging analysis. (B) BIV Vif selectively inhibited the antiviral activity of btA3Z273 and btA3Z3. The infectivity of the
resulting virus was assayed by infecting MAGI-CCRS5 cells. Virus infectivity in the absence of A3 was set to 100%. Error bars represent the SDs for triplicate wells
within one experiment. (C) BIV Vif cannot degrade btA3Z1 but still interacts with btA3Z1. HEK293T cells in T25 flasks were transfected with 2 g of VR1012
as a negative-control vector, BIV Vif-HA plus 2 pug of btA3Z2Z3-GFP as a positive control, or btA3Z1-GFP. All experiments were performed in the presence of
MG132. Cells were lysed and analyzed by immunoblotting with an anti-GFP, anti-HA, or antitubulin antibody. Cell lysates were immunoprecipitated with the
anti-HA antibody and analyzed by immunoblotting with an anti-GFP antibody and an anti-HA antibody.

Neddylation is required for the activation of CRLs (38, 39).
Two well-known pathways exist for the neddylation system:
RBX1-UBE2M and RBX2-UBE2F (35). We next evaluated the role
of neddylation in the ability of BIV Vif to counteract the effects of
the btA3Z273 protein. As expected, we found that the expression
of the UBE2M (UBC12) dominant negative mutant (C111S) in
HEK293T cells impaired BIV Vif-mediated btA3Z2Z3 degrada-
tion in a dose-dependent manner (Fig. 8B, lanes 3 to 5). However,
the expression of the UBE2F dominant negative mutant (C116S)
did not affect the function of BIV Vif (Fig. 8C, lanes 3 to 5). These
data are consistent with prior reports demonstrating a require-
ment for RBX2-UBE2F for HIV-1 Vif-mediated degradation of
hsA3G (40) and observations from the ubiquitin field indicating
exclusive associations between CUL5-RBX2 and CUL2-RBX1 (3,
23,25, 26, 41).
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BIV Vif selectively degrades and inhibits various bovine A3
proteins. Bovine cells encode four A3 proteins: btA3Z273, btA3Z2,
btA3Z3, and btA3Z1. We next asked whether BIV Vif can degrade
these A3 proteins and inhibit their antiviral activity. HEK293T cells
were cotransfected with GFP, btA3Z2Z3-GFP, btA3Z2-GFP, or
btA3Z1-GFP and NL4-3AVif plus BIV Vif. We found that BIV Vif
could specifically degrade btA3Z273, btA3Z2, and btA3Z3 (Fig. 9A;
compare lanes 2 and 3, 5and 6, and 8 and 9) but not btA3Z1 (Fig. 9A,
lanes 17 and 18). We also found that the packaging of btA3Z273,
btA3Z72, and btA3Z3 into HIV virions in the presence of BIV Vif was
inefficient compared to packaging in the absence of BIV Vif (Fig. 9A,
lanes 2 and 3, 5 and 6, and 8 and 9), but btA3Z1 could be packaged
into the virions whether or not BIV Vif was present (Fig. 9A, lanes 17
and 18). To further examine the effect of BIV Vif inhibition on the
antiviral activity of btA3 proteins, we used the supernatants from
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FIG 10 Models for HIV-1/SIV Vif and BIV Vif recruitment of various CRL E3
ligase complexes. (Top) HIV-1/SIV Vif recruits CUL5, ELOB/C, CBF-$, and
RBX2 to form an A3 targeting CRL5 E3 ligase. HIV-1/SIV Vif utilized the BC
box to interact with ELOB/C and HCCH to interact with CUL5. (Bottom) BIV
Vif recruits CUL2, ELOB/C, and RBX1, but not CUL5 or CBF-f, to form an
active CRL2 E3 ligase. BIV Vif utilized the BC box to interact with ELOB/C and
CCHC as well as YI motifs to interact with CUL2.

transfected HEK293T cells to infect MAGI-CCRS reporter cells. The
viral infectivity in the absence of BIV Vif was set to 100%. BIV Vif
could efficiently inhibit the antiviral activity of btA3Z273 and btA3Z3
against the NL4-3AVif virus compared to their antiviral activity in the
absence of BIV Vif; however, btA3Z2 and btA3Z1 could not inhibit
the infectivity of NL4-3AVif, regardless of whether BIV Vif was pres-
ent or not (Fig. 9B). Moreover, coimmunoprecipitation assays
demonstrated that BIV Vif also interacts with btA3Z1 (Fig. 9C,
lane 4), indicating that the interaction between Vif and APO-
BEC3 proteins is not sufficient for Vif-mediated degradation. A
similar observation has been reported for Cullin-based E3-me-
diated substrate degradation (28). These results suggest that
bovine A3 proteins have different antiviral activities and BIV
Vif selectively degrades only the restrictive A3 proteins of its
bovine host, consistent with prior reports (12, 14, 15).

DISCUSSION

Recent studies have shown that BIV Vif efficiently degrades the
restrictive A3 proteins of its bovine host (14), but the precise
mechanism had not been investigated. Here, we show that BIV Vif
forms a CRL E3 ubiquitin ligase by recruiting CUL2, ELOB/C, and
RBX1. Remarkably, unlike the strong HIV-1/SIV requirement for
CBF-B as a cofactor (12, 13, 31, 32, 36, 37), BIV Vif functions
without CBF-B. These requirements parallel those for VHL,
which also forms an E3 ubiquitin ligase with ELOB/C and CUL2
(27, 42), also without CBF- (33). Additional studies will be nec-
essary to address whether BIV Vif requires a different cofactor or
whether it truly uses a more minimal ligase complex to counteract
the A3 proteins of its bovine host (Fig. 10).

Both CUL2 and CULS5 can interact with ELOB/C to form E3
ubiquitin ligase complexes. The VHL box or SOCS box located in
the substrate adaptor specifically determines the association with
the CUL2-RBX1 or CUL5-RBX2 module to form CRL complexes,
and these interactions are determined by the presence of a domain
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known as the CUL2 or CUL5 box. By comparison of the sequence
of BIV Vif with the sequences of other VHL, LRR-1, and FEM1B
proteins that have been identified to be CUL2-RBX1-interacting
proteins, we found that BIV Vif also contains a VHL box that
determines the interaction of BIV Vif with CUL2 but not with
CULS5 (23).

In the HIV-1 Vif recruitment of the E3 ubiquitin complex,
HIV-1 Vif has been proposed to bind ELOB/C at its C terminus,
followed by CBE-{ at its N terminus, inducing structural changes
at both termini, and, consequently, to bind CUL5, which requires
residues in both the N and C termini of the protein to assemble a
functional ubiquitin ligase (29). Here, BIV Vif seems to have dif-
ferent steps for assembling a functional ubiquitin ligase with
ELOB/C and CUL2. The BIV Vif SLQ-AAA mutant still main-
tained the ability to interact with CUL2 (Fig. 3), which shows that
BIV Vif does not require ELOB/C or CBF-$ in order to bind
CUL2. However, HIV Vif SLQ-AAA or SIVagm Vif, which cannot
bind to ELOB/C, also lacks the ability to interact with CUL5 (17,
27). While CBF-3 maintains a regulatory function in the assembly
of the HIV-1 Vif CRL5 E3 ubiquitin ligase, BIV Vif may or may not
use an alternative factor to facilitate formation of the CRL2 E3
ligase (Fig. 10).

The eukaryotic ubiquitination system involves a ubiquitin-ac-
tivating enzyme, El; a ubiquitin-conjugating enzyme, E2; and,
often, a substrate-specific ubiquitin-protein ligase, E3 (30). In ad-
dition, ubiquitin-like proteins, such as NEDDS, require their own
Els and E2s (UBE2M and UBE2F) for attachment (1). UBE2M
and UBE2F have been identified to be putative NEDD8-conjugat-
ing enzymes (E2) which link NEDD8 to a conserved Lys in the
C-terminal domain of Cullin proteins, including CUL2, CULL,
and CULS5, followed by activation of the Cullin-RING ligase (E3).
The E2s have distinct functions, with UBE2M/CUL2-RBX1 and
UBE2F/CUL5-RBX2 displaying different target Cullin specifici-
ties (35, 36). We showed that a dominant negative UBE2M mu-
tant inhibited BIV-mediated degradation of btA3Z2Z3, but a
dominant negative UBE2F mutant did not. These data indicate
that BIV Vif recruits CUL2-RBXI1 to the CRL E3 ligase through a
UBE2M E2-conjugating enzyme.

BIV Vif-mediated degradation of btA3Z2Z3 could be detected
in human HEK293T cells as well as in bovine MDBK cells. Ho-
mology analyses of various bovine and human proteins contained
in the CUL2-ELOB/C E3 ligase, including btCUL2 and hsCUL2,
btELOB/C and hsELOB/C, and btCBF-3 and hsCBF-{3, were per-
formed. The homologies between all these proteins exceeded 97%.
Consistent with such high identities, we also observed a selective
interaction of BIV Vif with btCUL2 but not with btCULS5 (Fig. 2).
In contrast, HIV-1 Vif selectively interacted with btCUL5 but not
btCUL2 (Fig. 2). Thus, lentiviral Vif proteins have evolved to use
different Cullin molecules to assemble CRL E3 ubiquitin ligases
and to inactivate host restriction APOBECS3 proteins (Fig. 10). To
our knowledge, this study is the first to reveal the mechanism by
which BIV Vif overcomes its bovine host A3 defensive factors and
to show that this mechanism is different from that of primate
lentiviruses. These findings provide useful information for further
understanding of the functional mechanisms of different lentivi-
ral Vif accessory proteins. It also suggests that, depending on the
mechanism involved, strategies to leverage the A3 pathway in hu-
mans against HIV-1 may not be useful for treating nonprimate
lentiviral Vif infections.
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