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ABSTRACT

CBEf} was recently found to be a key regulator of the ability of human immunodeficiency virus type 1 (HIV-1) Vif to overcome
host antiviral APOBECS3 proteins. However, the detailed molecular requirements for the Vif-CBFf interaction are still not clear.
Here, we mapped the minimum Vif domain required for CBFf binding. In terms of CBFf} binding, the Vif N terminus was very
sensitive to deletions. We determined that the Vif fragment from residues 5 to 126 was sufficient to form a stable complex with
CBE in vitro. We also observed that ionic interactions were not the main contributor to the interaction between Vif and CBFf3.
Instead, hydrophobic interactions were important for maintaining the Vif-CBFf3 complex, since it could be disrupted by non-
ionic detergent. Site-directed mutagenesis of conserved hydrophobic amino acids revealed novel residues in Vif that were impor-
tant for CBFf3 binding and APOBECS3 inactivation. At least part of the well-characterized HCCH domain (residues 108 to 139)
was required to form a stable Vif-CBFf3 complex. Thus, the HCCH motif may have a dual role in binding both Cul5 and CBFf.
Considering the importance of Vif in HIV-1 infection, this unique Vif-CBFf} interaction represents an attractive pharmacologi-

cal intervention target against HIV-1.

IMPORTANCE

Vif-induced APOBECS3 protein degradation was the first host antiviral mechanism against HIV-1/simian immunodeficiency vi-
rus to be revealed, yet details regarding which proteins are degraded are not fully demonstrated. Recently, host cellular factor
CBFf was found to be essential for Vif to function and promote viral infectivity. In this study, we present more critical informa-
tion on the Vif-CBFp interaction by revealing that hydrophobicity contributes the most to the Vif-CBFf interaction and locat-
ing several novel hydrophobic sites (tryptophans and phenylalanines) that are conserved among Vif proteins from different len-
tiviruses and essential for Vif binding to CBFf3. Mutations on these sites result in a reduced/abolished Vif-CBFf} interaction,
leading to the attenuated potency of Vif on both inducing the degradation of antiviral factors like APOBEC3G and promoting
HIV-1 infectivity. Therefore, information from this study will help people to further understand how Vif acts against host antivi-
ral mechanism, which is important for novel anti-HIV-1 drug development.

IDS has been one of the world’s challenges since the epidemic

was first reported in 1981. Approximately 34 million people
were living with human immunodeficiency virus type 1 (HIV-1)
in 2011, according to UNAIDS (1). Every year, millions of new
HIV-1 infections are reported worldwide. Despite the obvious
benefits of anti-HIV drugs, the potential spread of resistant HIV
strains is a major public health concern.

HIV-1 encodes a virion infectivity factor (Vif) that is a po-
tential anti-HIV drug target (2, 3). Vif is needed by the virus to
reduce the expression and function of the host restriction fac-
tor APOBEC3 (4-13) in HIV’s natural target cells, such as
CD4" T cells and macrophages (14, 15). Recently, CBF@ has
been shown to regulate HIV-1 Vif activity against APOBEC3
proteins (16-23). The requirement for CBFf indicates a signif-
icant difference between HIV-1 Vif and cellular substrate receptor
proteins, which do not require CBFf to recruit the cellular Cullin5
(Cul5)-RING ubiquitin ligase complex (CRL5). This difference sug-
gests that the Vif-CBFf interaction constitutes a unique anti-HIV
drug target. It is well established that the BC box in Vif binds to
elongin B/C (EloB/C) (9, 10, 24-29), and the HCCH motif in Vif is
required for Cul5 binding (9, 12,27, 29-38). The N-terminal domain
of Vif is involved in APOBEC3 binding (39-51). Previously, we have
shown that Vif residues 1 to 140 are sufficient to directly bind CBFf
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(16). In addition, Vif W21A and W38A mutants have a reduced
ability to bind CBF@ (17). However, it is unclear whether addi-
tional Vif residues contribute to the interaction with CBF.

Here, we show that Vifresidues 5 to 126 are required to form
a stable complex with CBFf. Furthermore, we demonstrate
that nonionic detergent disrupts the Vif-CBFP interaction,
suggesting that hydrophobic interactions are important for this
interaction. Mutation of clustered Trp and Phe residues to Ala
in the N-terminal half of Vif revealed that many of these hy-
drophobic residues support the interaction with CBEB. In ad-
dition, these CBFB-binding-deficient mutants were also defi-
cient in binding Cul5. Finally, all these mutants lost their
ability to efficiently degrade A3G and restore HIV-1 infectivity
in the presence of A3G.
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FIG 1 HIV-1 Vif truncations competent for CBF binding. (A) Vif truncated mutants were created to map the CBFp-binding region. PPLP, conserved
Pro-Pro-Leu-Pro sequence in Vif residues 161 to 164. (B) Vif truncated mutants (with or without CBEp residues 1 to 140; CBF@ residues 1 to 140 are fully
functional in forming a Vif-CBFB-EloB/C-Cul5 complex) were expressed in E. coli. The cell lysates were checked by SDS-PAGE, followed by Coomassie
brilliant blue (CBB) staining or Western blotting (WB). (C) Expressed Vif mutants from the experiment whose results are shown in panel B were pulled down
via the 6X His tag in CBFf by nickel beads. CBFf3 alone was used as a control. Vif mutants without coexpressed CBF were used as controls. (D) Percent

pull-down by CBF in Vif truncated mutants.

MATERIALS AND METHODS

Plasmid construction. For expression in Escherichia coli, full-length and
truncated mutants of HIV-1 NL4-3 Vif were constructed in the pET21a
vector (ampicillin resistant) without tags, and CBF@ (residues 1 to 140)
was constructed in the pRSF-duet vector (kanamycin resistant) with a 6X
His tag. For expression in 293T cells, Vif with a hemagglutinin (HA) tag
was constructed in the VR1012 vector, CBFf3 with a Myc tag was con-
structed in pcDNA3.1, and A3G with a V5 tag was constructed in the
pcDNA vector.

Transfection, immunoprecipitation, and Western blot analysis.
Transfections were performed as previously described (17). Harvested
cells were rinsed with phosphate-buffered saline (PBS) and lysed in radio-
immunoprecipitation assay buffer (20 mM Tris-HCI, pH 7.5, with 150
mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% NP-40, 1% sodium deoxy-
cholate, 2.5 mM sodium pyrophosphate, 1 mM B-glycerophosphate, and
1 mM Na;VO,). For immunoprecipitation assays, cell lysates were centri-
fuged at 18,000 X g for 10 min at 4°C. An anti-c-Myc agarose affinity gel
produced in rabbits (catalog no. A7470; Sigma-Aldrich) was added to the
supernatant, and the mixture was incubated at 4°C for 1 h. The beads were
then collected by a quick spin and washed five times in PBS. The protein in
the beads was then eluted with 50 pl of elution buffer (100 mM glycine,
pH 2.5), and 0.5 pl of 5 M NaOH was added to adjust the pH. Then, 6X
SDS-PAGE buffer was added, and the samples were heated at 95°C for 5
min for SDS-PAGE, followed by transfer to nitrocellulose membranes
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(Bio-Rad). After blocking with PBS-Tween 20 containing 5% bovine se-
rum albumin for 1 h at room temperature, the blots were incubated with
a specific antibody overnight at 4°C. After three washes, the blots were
stained with an alkaline phosphatase-conjugated secondary antibody
(Sigma) for 1 h atroom temperature. After three washes with PBS-Tween
20, the blots were reacted with nitroblue tetrazolium (NBT) and 5-
bromo-4-chloro-3'-indolylphosphate (BCIP) (Sigma). Protein band in-
tensities were quantified using Image J software (http://rsbweb.nih.gov/ij
/index.html) as previously described (52).

Antibodies. The antibodies used in this study were specific for Cul5
(catalog no. sc-13014; Santa Cruz), Vif (catalog no. 2221; contributed
by D. Gabuzda, AIDS Research and Reference Reagent Program, Di-
vision of AIDS, NIAID, National Institutes of Health), CBFR (catalog
no. ab11921; Abcam), elongin B (catalog no. sc-11447; Santa Cruz),
elongin C (catalogno. 610760; BD Transduction Lab), B-actin (catalog
no. A3853; Sigma), HA (catalog no. MMS-101R-1000; Covance), Myc
(catalog no. 05-724; Upstate), and V5 (catalog no. 46-0705; Invitro-
gen).

Gel filtration chromatography. Vif and CBFf were coexpressed in E.
coli BL21 cells and purified as previously described (16). Purified proteins
from a pull-down via the 6 X His tag in CBFf3 were loaded onto a Superdex
200 10/300 GL column (GE Healthcare) with a 500-pl loop and run at a
flow rate of 0.5 ml/min. The collected peak fractions were subjected to
SDS-PAGE, followed by Coomassie staining or Western blotting with the

Journal of Virology

AINN 3LVLS NN3d Ag 9T0Z ‘9T Jequiardas uo /Bio wse’IAlj/:dny woly papeojumo(


http://rsbweb.nih.gov/ij/index.html
http://rsbweb.nih.gov/ij/index.html
http://jvi.asm.org
http://jvi.asm.org/

A  Gelfiltration of Vif (1-110 )and CBFB140

8 mAu ) peakl — UV280
f\

gl 1000— ( \\ peakz

@ 500" JA\__ A

Q - - = - = —

< 0 5 10 15 20 25

Elution volume (ml)

B Gelffiltration of Vif (1-126) and CBFB140

Elution volume (ml)

C  Gelfiltration of CBF3140

mAU — UV280

il
250: | ‘x\ CBFB140-His > <- CBFB140-His
2 \
0 5 10 15 20 25

eak1
500- . f

. ‘1 \

|
I

Absorbance

Elution volume (ml)

D CBF binding region
A

o MAU =

£ 800 Peaic peala e
= N A J

S 400 - I\ \

2" )N\

< 0 5 10 15 20 25

Hydrophobic Interaction of CBFB and HIV-1 Vif

Input Peakl Peak2

‘%’%”
CBFB140-His > < CBFB140-His
Vif (1-110) > ie Vif (1-110)

Input Peak 1 Peak2

CBFB140-His > < CBFB140-His
Vif(1-126) > < Vif(1-126)

Input Peakl

—t U1 —

1
126

|7 doa _va 3192

108 HCCH 139 BC box PPLP
Culs EloB/C Cul5

FIG 2 The Vif C terminus up to residue 126 is required to form a stable complex with CBF. Vif residues 1 to 110 or Vif residues 1 to 126 and CBF residues 1
to 140 were purified by nickel pull-down and loaded onto Superdex 200 for gel filtration (left). The fractions were collected and subjected to SDS-PAGE, followed
by Coomassie staining (right). (A) Gel filtration of Vif residues 1 to 110 and CBF. Vif did not elute with CBF. (B) Gel filtration of Vif residues 1 to 126 and
CBEFR. Vif and CBF eluted in the same peak. (C) Gel filtration of CBF alone. mAu, milliabsorbance units. (D) Region important for the interaction between

Vif and CBF.

indicated specific antibodies. The gel filtration column was calibrated us-
ing vitamin B, (1,370 Da), myoglobin (17,000 Da), ovalbumin (44,000
Da), gamma globulin (158,000 Da), and thyroglobulin (670,000 Da) as
standards.

Recombinant full-length HIV-1 Vif was coexpressed with CBFf3140-
His in E. coli at 16°C for 18 h by induction with 0.1 mM isopropyl-p-
thiogalactopyranoside (IPTG). Harvested cells were lysed in 20 mM Tris-
HCI, pH 8.0, with 150 mM NaCl and clarified by sonication and
centrifugation at 18,000 X g for 30 min. For nickel affinity pull-down, the
supernatant was transferred to Ni-nitrilotriacetic acid (NTA) beads, and
the flowthrough was loaded onto Ni-NTA beads for two more passages.
After washing with 20 mM Tris-HCI, pH 8.0, with 150 mM NaCl and 40
mM imidazole, the nickel beads were divided into multitubes, and each
tube was treated by the use of one of the different conditions (various pHs,
salt concentrations, or detergent concentrations) at 4°C for 30 min with
shaking. The nickel beads completed the treatment, and samples were
eluted with 20 mM Tris-HCI, pH 8.0, with 150 mM NaCl and 200 mM
imidazole. Sample buffer (6X) was added to the eluted samples. After
boiling at 95°C for 5 min, the samples were analyzed by SDS-PAGE and
visualized with Coomassie staining.

Viral infection and MAGI cell assays. HEK 293T cells cultured in
Dulbecco modified Eagle medium (DMEM) supplemented with 10%
heat-inactivated fetal bovine serum (FBS) were seeded in a 12-well plate.
After the cells were cultured overnight, the medium was removed. The
293T cells were cotransfected with the HIV-1 NL4-3/deltaVif plasmid and
the A3G and Vif mutant plasmids. Viruses were collected after 48 h. MA-
GI-CCR-5 cells for infection were prepared in 12-well plates in D-10
medium (DMEM with 10% wt/vol FBS, 100 U/ml penicillin, 100 pg/ml
streptomycin, 0.25 pg/ml fungizone, and 300 pg/ml glutamine) 1 day
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before infection, and cells were at 30 to 40% confluence at the time of
infection. MAGI cells were infected by removing the medium from each
well and adding dilutions of virus in a total volume of 500 .l of complete
DMEM with a final concentration of 20 wg/ml of DEAE dextran. After a
2-h incubation at 37°C in a 5% CO, incubator, 2 ml of complete DMEM
was added to each well. After culture for 48 h, the medium was removed;
the cells were fixed with 1% formaldehyde in PBS for 40 min and then
washed three times with PBS. They were then stained with staining solu-
tion (0.4 mM potassium ferricyanide, 0.4 mM potassium ferrocyanide, 2
mM MgClL,, 40 pg/ml X-Gal [5-bromo-4-chloro-3-indolyl-B3-p-galacto-
pyranoside]) for 50 min at 37°C. HIV-1-infected MAGI cells containing
B-galactosidase were stained blue. After the staining solution was re-
moved, the cells were washed three times with PBS. Positive blue dots were
counted with an inverted light microscope. Viral infectivity was deter-
mined after normalizing the amount of virus input by the results for the
p24 antigen.

RESULTS

Vif residues 5 to 126 are required to form a stable complex with
CBE. Previously, we have demonstrated that Vif residues 1 to
140 are sufficient to bind CBFR directly (16). We were curious
whether further Vif truncations would support the interaction
with CBFB. Thus, we created additional truncated constructs of
Vif including residues 1 to 110, 1 to 126, 5 to 192, 6 to 192, and 8
to 192 to map the minimum CBF@-binding region (Fig. 1A).
Next, the Vif constructs were coexpressed with His-tagged CBF3
residues 1 to 140 in E. coli BL21 (Fig. 1B). CBFP and the interact-
ing Vif proteins were pulled down from soluble lysates using Ni-
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FIG 3 Hydrophobic interactions are important for the Vif-CBF interaction. (A) Strategy used to test Vif-CBF complex stability under various conditions. Vif
residues 1 to 192 and CBFf3140-His were expressed in E. coli and purified by nickel beads via a 6X His tag in CBFp. (B to D) Vif-CBF@ complex stability under
conditions with various pHs (B), salt (NaCl) concentrations (C), and detergent (Triton X-100) concentrations (D).

NTA beads. Eluted proteins were separated by SDS-PAGE and
visualized by Coomassie stain and Western blotting. As shown in
Fig. 1B, truncated Vif protein was expressed at a level comparable
to that of full-length Vif (residues 1 to 192) when expressed alone
(lanes 2 to 7) or when coexpressed with CBFf (lanes 8 to 13). The
expression of Vif and CBFP was further confirmed by Western
blotting using specific antibodies (Fig. 1B, bottom). Vif residues 1
to 192 and Vif residues 5 to 192 were efficiently pulled down by
CBFp (Fig. 1C, lanes 8 and 9). However, Vif from residues 6 to 192
was much less efficient at binding CBF (lane 10), and the inter-
action between Vif residues 8 to 192 and CBF was nearly abol-
ished (lane 11). The pulldown results were further confirmed by
Western blotting (Fig. 1C, bottom). These results suggested that
N-terminal residues from Vif Trp5 are required for the CBF3-Vif
interaction. In addition, Vif residues 1 to 126 could be pulled
down efficiently by CBF (Fig. 1C, lane 13); Vif residues 1 to 110
were pulled down less efficiently by CBF (Fig. 1C, lane 12, and
D). As expected, untagged full-length Vif and Vif truncation mu-
tants were not pulled down by nickel beads in the absence of CBFf3
(Fig. 1C, lanes 2 to 7).

In repeated experiments, we have observed that Vif residues 1
to 110 run slower than Vif residues 1 to 126 in SDS-polyacryl-
amide gels. The Vif fragment from residues 1 to 110 had a relative
high pI of 10.13, whereas the pI was 9.6 for Vif residues 1 to 126. In
particular, Vif residues 111 to 126 had a very low pI (4.18). Since
protein electrophoresis is dependent on protein charges, it is pos-
sible that these two Vif fragments have different mobilities in SDS-
polyacrylamide gels because of their differences in charged resi-
dues.
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The Vifresidue 1 to 110—CBFf and Vifresidue 1 to 126—CBFf
complexes were further characterized by gel filtration following
nickel affinity purification. Interestingly, although we could detect
both Vif residues 1 to 110 and CBF after nickel purification (Fig.
2A, right, lane Input), we were unable to detect the Vif-CBFf3
complex after gel filtration, even though CBFf eluted from the
column (Fig. 2A). It is possible that this complex was retained in
the column. Alternatively, it is possible that the complex was dis-
rupted during the gel filtration process and only Vif residues 1 to
110 were retained in the column.

In contrast, the Vif residue 1 to 126 —~CBF complex could be
eluted from the size exclusion column (Fig. 2B), suggesting that
the two molecules formed a relatively stable complex. Vif from
residues 1 to 126 was pulled down more efficiently by CBF than
Vif from residues 1 to 110 (Fig. 1C, lanes 12 and 13) when both
proteins were present at comparable concentrations in the lysates
(Fig. 1B, lanes 12 and 13). Thus, some residues between residues
111 and 126 may contribute to the association between Vif and
CBEB. Taken together, these data suggest that Vif residues 5 to 126
are required to form a stable complex with CBFf (Fig. 2D).

Hydrophobic interactions are important for Vif-CBFf3 com-
plex formation. Protein-protein interactions include hydrophilic
interactions, hydrophobic interactions, ionic attractions, and hy-
drogen bonds. Vifis rich in basic residues and is known to have a
high pI (~10.5 for HIV-1 NL4-3 Vif). CBFf, however, is a rela-
tively acidic protein (pI 5.1). Thus, we first asked whether ionic
attractions constituted the major type of interaction between Vif
and CBEFp. To answer this question, we incubated the Vif-CBFf3
complex with nickel beads and washed the beads using a variety of

Journal of Virology

AINN 3LVLS NN3d Ag 9T0Z ‘9T Jequiardas uo /Bio wse’IAlj/:dny woly papeojumo(


http://jvi.asm.org
http://jvi.asm.org/

Hydrophobic Interaction of CBFB and HIV-1 Vif

HCCH BCbox PPLP

A 1] 17

W5A A5

W1llA All

W21A A21

W38A A38

F39A A39

W70A A70
W79A A79
W89A A89
Fl12A

F115A

W174A

All2

B lysate
CBFpMyc - + + + + + + + + + + + + +
Vif-HA == WT W5 W11 W21 W38 W70 W79 W89 W174 F39 F112 F115

Vif-HA | e g ——— —I

CBFp-Myc

] - an
B-actin I —————————————— I
1.2 3 4 56 7 8 910 11 12 13 14
D
Vif-HA - - WT W5 W11 W21 W38 W70 W79 W89 W174 F39 F112 F115
Vif-HA I —I
EloB I -———-“-—‘-—I

1.2 3 45 6 7 8 9 10 11 12 13 14
IP: anti-HA

7 I/ | 1192
W5 W11 W21 W38 F39 W70 W79 W89 F112 F115

W174

Al15

Al74

C IP: anti-Myc

CBFpMyc - + + + + + + + + + + + + +

VIEHA = = WT W5 W11 W21 W38 W70 W79 W89 W174 F39 F112F115
cus | == e |
vitha | _ I

CBFp-Myc -—--—~—-———————‘4

1.2 3 4 5 6 7 8 9 10 11 12 1314

FIG 4 Hydrophobic residues in HIV-1 Vifare important for CBF binding. (A) Vif mutants used in this study. (B and C) Coimmunoprecipitation with anti-Myc
matrix to check for CBFB-Vifinteractions. WT and mutant Vif-HA expression vectors were cotransfected with the CBFf3-Myc expression vector into 293T cells;
36 h later, the cells were harvested and the cell lysates were analyzed by Western blotting (B) or coimmunoprecipitation analysis with an anti-Myc matrix,
followed by Western blotting with the indicated antibodies (C). (D) Coimmunoprecipitation of EloB with WT and mutant Vif-HA. IP, immunoprecipitation.

buffer conditions (various pHs, salt concentrations, and nonionic
detergent concentrations). The complex was eluted from the
nickel beads using imidazole for protein analysis (Fig. 3A). To our
surprise, neither pH (6.0 to 9.0) (Fig. 3B) nor salt concentration
(0.15 M to 2 M) (Fig. 3C) significantly affected the Vif-CBF(
interaction. This result suggested that ionic attractions were most
likely not the main contributors to the Vif-CBFf3 interaction.

We then asked whether hydrophobic interactions played a role
in the Vif-CBFf interaction. Nonionic detergents such as Triton
X-100 disrupt hydrophobic interactions between proteins. We
treated the Vif-CBFB complex on nickel beads with different con-
centrations of Triton X-100. As shown in Fig. 3D, the amount of
Vif protein decreased with increasing Triton X-100 concentra-
tions, suggesting that hydrophobic interactions contribute to the
Vif-CBFp interaction.

Vif residues W5, W11, W21, W89, and F115 contribute to
hydrophobic interactions with CBFf. Sequence analysis of
HIV-1 Vif suggested that several hydrophobic residues are clus-
tered in Vif's N-terminal domain, especially in residues 5 to 115.
This region falls within our mapped CBF3-binding region (Fig.
2C). These hydrophobic residues included W5, W11, W21, W38,
F39, W70, W79, W89, F112, and F115 and accounted for 9% of all
the residues in this region. Since we showed (above) that hydro-
phobic interactions may play an important role in mediating the
interaction between Vifand CBFf, we hypothesized that this clus-
ter of Trp and Phe residues may be critical for the Vif-CBFf in-
teraction. Of note, 8 of 10 such residues are conserved in HIV-1
and simian immunodeficiency virus (SIV), which both require
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CBE for Vif function. This sequence similarity is consistent with
our truncation studies suggesting that Vif residues 5 to 126 are
required for a stable Vif-CBF3 complex.

HIV-1NL4-3 Vif has 8 Trp residues and 3 Phe residues among
its 192 amino residues. Ten of the 11 residues are located within
the mapped CBF@-binding region, while 1 (Trp174) lies outside.
To determine which residues are important for CBFf3 binding, we
mutated all the Trp and Phe residues in the Vif sequence to Ala
(i.e., W5A, W11A, W21A, W38A, W70A, W79A, W89A, W174A,
F39A, F112A, or F115A; Fig. 4A) and examined their interaction
with CBF and Cul5 by coimmunoprecipitation (co-IP) in 293T
cells.

For these experiments, Vif was HA tagged and CBF3 was Myc
tagged. Vif-HA and full-length CBFf vectors were cotransfected
into 293T cells. Cell lysates were analyzed by Western blotting to
check the expression of Vif-HA and CBFB-Myc (Fig. 4B). Anti-
Myc matrix beads were used to pull down CBFB-Myc and inter-
acting proteins. Wild-type (WT) Vif was pulled down, as expected
(Fig. 4C, lane 3). However, Vif W5A, W21A, W38A, W89A, and
F115A showed a reduced ability to interact with CBF( (Fig. 4C).
The Vif-CBFR interaction was less affected in the case of F112A,
yet this mutant lost the ability to interact with Cul5, suggesting
that residue F112 is important for the Vif-Cul5 interaction.

Vif mutants (W5A, W21A, W38A, W89A, and F115A) that had
an impaired binding ability were still capable of interacting with
EloB (Fig. 4D). Moreover, these Vif mutants maintained the abil-
ity to interact with their substrate, A3G (Fig. 5). These data suggest
that the overall structure of these Vif mutants was not destroyed
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FIG 5 Interaction between HIV-1 Vif WT and mutant proteins and A3G. (A)
293T cells were cotransfected with a V5-A3G expression vector plus control
vector (VR; lane 1), WT Vif-HA (lane 2), or one of the indicated Vif-HA
mutants (lanes 3 to 8). Cell lysates were prepared and analyzed at 48 h after
transfection (A) and immunoprecipitated with anti-HA affinity matrix
(Roche) (B). The interaction of A3G with WT or mutated Vif-HA molecules
was detected by Western blotting with anti-HA antibody to detect Vif-HA and
anti-V5 antibody to detect V5-A3G.

by the mutations. The importance of these residues in mediating
the Vif-CBFf interaction was further evaluated using Vif mutants
W5S, W21S, W38S, W89S, F112S, and F115S (Fig. 6A). Compared
to WT Vif, all these mutants had a reduced ability to interact with
CBEF (Fig. 6B). On the other hand, the mutants could still interact
with EloB (Fig. 6B) and A3G (Fig. 6C).

Vif mutants defective in CBF3 binding have areduced ability
to inactivate APOBEC3G and APOBEC3F. We have shown pre-
viously that CBF@ is essential for Vifs ability to degrade
APOBECS3 proteins and restore HIV-1 infectivity in the presence
of APOBECS3 (17). We reasoned that if the motif that we identified
as described above is important for the Vif-CBFf interaction, mu-
tation of this motif would reduce Vif's ability to destroy the
APOBECS3 protein. To confirm our assumption, we cotransfected
the Vif-HA expression vectors (WT or mutants) with an A3G
(with a V5 tag) expression plasmid into 293T cells. After 36 h, the
cells were harvested and analyzed for Vif and A3G expression by
Western blotting.

As expected, mutations of W5, W21, W38, W89, F112, and
F115 indeed compromised HIV-1 Vif-mediated depletion of the
A3G protein (Fig. 7A). The Vif W70A mutant, known to ineffi-
ciently bind A3G, was also unable to degrade A3G. Vif mutants
W5A, W21A, W38A, W89A, F112A, and F115A also showed a
reduced ability to induce the depletion of A3F (Fig. 7B). These
results suggest that the Vif residues that are important for CBFf3
binding are also important for Vif function.

Next, we used the MAGI cell assay to investigate whether these
Vif mutants were inefficient at restoring HIV-1 infectivity in the
presence of A3G. Virus was prepared from 293T cells after trans-
fection with Vif (WT or mutants), HIV-1 NL4-3AVif, and the
A3G expression plasmids. MAGI cells were infected with the
DEAE-HIV-1 mixture and incubated for 48 h. Next, cells were
fixed and stained, and the infected cells were counted. The results
for the WT Vif sample were set to 100%. As shown in Fig. 8A, Vif
mutants W5A, W21A, W38A, W89A, F112A, and F115A had a
reduced ability to promote HIV-1 infection in the presence of
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FIG 6 Mutation of hydrophobic residues in Vif to Ser reduced the interaction between mutant Vifand CBFp. (A) Vif mutants (W5S, W21S, W38S, W89S, F112S,
and F115S) used in this study. (B) Vif-HA WT or mutant expression vectors and the CBFR-Myc expression vector were cotransfected into 293T cells; the cells
were harvested after 36 h. Coimmunoprecipitation of CBFB-Myc, Cul5, or EloB with Vif-HA was analyzed by Western blotting. (C) Vif-HA WT or mutant
expression vectors and the A3G-V5 expression vector were cotransfected into 293T cells. Coimmunoprecipitation of A3G-V5 with Vif-HA was analyzed by
Western blotting. Vif-HA mutant (or WT) plasmids and A3G-V5 plasmids were cotransfected into HEK 293T cells; the cells were harvested after 36 h.
Coimmunoprecipitation with anti-HA matrix was used to detect the interaction between Vif mutants and A3G.
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FIG 7 HIV-1 Vif mutants that have lost their ability to interact with CBFf
have a reduced ability to deplete APOBEC3 proteins. Expression vectors
for Vif-HA (WT or mutants) were cotransfected with APOBEC3-V5 ex-
pression vectors into 293T cells. After 36 h, the cells were harvested, and the
cell lysates were analyzed by Western blotting to check the expression of
Vif-HA and A3G-V5 (A) or A3F-V5 (B). B-Actin was used as the loading
control.

A3G compared to that of the WT Vif. Similar results were ob-
served in the presence of A3F (Fig. 8B). These results further con-
firm the importance of these hydrophobic residues of Vif in me-
diating the interaction with CBFP and inactivation of APOBEC3
proteins.

DISCUSSION

Most lentiviruses encode a Vif protein that is necessary for viral
replication and survival in their natural hosts. Lentiviral Vif pro-
teins have been shown to inactivate APOBEC3 antiviral factors
from their respective hosts. Recently, CBFf3 has been identified as
a key regulator of HIV/SIV Vif function. CBF@ specifically inter-
acts with HIV-1 Vif to enhance the solubility and stability of Vif as
well as the assembly of the Vif-CRL5 E3 ubiquitin ligase. However,
the determinant for Vif-mediated recruitment of CBFf3 is largely
unknown.

In the present study, we have identified a core region span-
ning amino acids 5 to 126 of HIV-1 Vif as a main binding
domain for CBFB. We have also demonstrated that hydropho-
bic interaction is a major contributor to the interaction be-
tween Vifand CBEB. We further determined the critical hydro-
phobic residues in HIV-1 Vif that are important for the CBFf3
interaction. In particular, W5, W21, W38, W89, and F115 were
shown to be required for the binding of Vif to CBFB. Kim et al.
(22) have found that the hydrophobic residues L64 and 166 of
HIV-1 Vif also contribute to the Vif-CBF interaction. Previous
studies have also reported that hydrophobic residues in CBFj3,
including F68, F69, and A71, may be important for the Vif-
CBFR interaction (16, 19, 20). All these results are consistent
with a model in which hydrophobic interaction is a driving
force for the binding of HIV-1 Vif to CBF.

We have also examined Vif W5S, W21S, W38S, W89S, F112S,
and F115S for CBF binding. Compared to WT Vif, all these mu-
tants had a reduced ability to interact with CBFf3 (Fig. 6). There-
fore, mutation of these aromatic hydrophobic residues in HIV-1
Vif to hydrophilic residues (Ser) or hydrophobic residues (Ala)
with short side chains resulted in mutant proteins with impaired
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FIG 8 HIV-1 Vif mutants with reduced CBF@ binding also have an impaired
ability to promote viral infectivity in the presence of APOBECS3 proteins. Ve-
sicular stomatitis virus glycoprotein-pseudotyped HIV-1 AEnv AVif isolates
labeled with enhanced green fluorescent protein were produced from 293T
cells in the presence of A3G (A) or A3F (B) along with WT Vif or one of the Vif
mutants. Viruses were then used to infect MAGI cells. Virus infectivity was
determined 2 days after infection. Virus infectivity with WT Vif was set to
100%. All the data in this figure are representative of those from three inde-
pendent experiments. The error bars indicate the SDs of three replicates within
one experiment. Statistical analysis (Student’s ¢ test, two-tailed) was per-
formed with Microsoft Excel software.

CBEp binding. Determining whether these hydrophobic residues
are directly involved in the interaction with CBFf or are involved
in maintaining certain Vif structures that are required for CBFf3
binding requires more detailed structural information. It is worth
pointing out that these mutants maintained the ability to interact
with A3G and EloB, suggesting that the overall structure of these
Vif mutants was not destroyed by the mutations.

Our identification of the importance of hydrophobic interac-
tion also explains why the interaction with CBF@ improved the
solubility of Vif (16, 19, 20). Since the hydrophobic residues are
supposed to interact with other proteins, deletion of the partner
would result in exposure of the hydrophobic residues, and their
exposure would result in protein-protein interactions that could
lead to oligomerization and aggregation.

When HIV-1 Vif was first identified, its unusually high con-
tent of W residues was recognized as a unique property (16, 19,
20). Interestingly, all the W residues in HIV-1 Vif are involved
in A3 inactivation in one way or another. W11, W79 (16, 19,
20), and W174 are important for A3F binding and suppression
(Fig. 7B). W70 appears to be uniquely required for suppression
of A3G but not A3F (Fig. 7A). W5, W21, W38, and W89 par-
ticipate in CBFB binding and, thus, in Vif-CRL5 E3 ubiquitin
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ligase assembly. The requirement for CBF for the formation
of the Vif-CRL5 E3 ubiquitin ligase is unique to HIV/SIV Vif,
since cellular assembly of CRL5 E3 ubiquitin ligase does not
involve CBF. This unique interface between Vif and CBFf can
potentially be explored to identify novel antiviral inhibitors.
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