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ABSTRACT

The human immunodeficiency virus type 1 (HIV-1)-encoded virion infectivity factor (Vif) is required to inactivate the host re-
striction factor APOBEC3 by engaging Cullin 5 (Cul5)-RING ubiquitin ligase (CRL5). Core binding factor beta (CBF-3) is a
novel regulator of Vif-CRL5 function; as yet, its mechanism of regulation remains unclear. In the present study, we demonstrate
that CBF-3 promotion of Vif-CRL5 assembly is independent of its influence on Vif stability and is also a conserved feature of
primate lentiviral Vif proteins. Furthermore, CBF-f is critical for the formation of the Vif-ElonginB/ElonginC-Cul5 core E3
ubiquitin ligase complex in vitro. CBF- from diverse vertebrate species supported HIV-1 Vif function, indicating the conserved
nature of Vif-CBF-f} interfaces. Considering the importance of the interaction between Vif and CBF-f in viral CRL5 function,
disrupting this interaction represents an attractive pharmacological intervention against HIV-1.

IMPORTANCE

HIV-1 encodes virion infectivity factor (Vif) to inactivate its host’s antiviral APOBECS3 proteins. Vif triggers APOBEC3 degrada-
tion by forming Vif-Cullin 5 (Cul5)-RING ubiquitin ligase (CRL5). Core binding factor beta (CBF-) is a novel regulator of Vif-
CRL5 function whose mechanism of regulation remains poorly defined. In the present study, we demonstrate that the promo-
tion of Vif-CRL5 assembly by CBF-f can be separated from its influence on Vif stability. The promotion of Vif-CRL5 assembly,
but not the influence on Vif stability, is conserved among primate lentiviral Vif proteins: we found that CBF-f3 from diverse ver-

tebrate species supported HIV-1 Vif function. Considering the importance of the interaction between Vif and CBF-f} in viral
CRL5 function and HIV-1 replication, disrupting this interaction is an attractive strategy against HIV-1.

NI ost lentiviruses encode a virion infectivity factor (Vif) that is
necessary for viral replication and survival in their hosts.
Recent studies have indicated that lentiviral Vif is required to in-
activate the host restriction factors (1, 2) present in natural target
cells, such as CD4™ T cells and macrophages. These host restric-
tion factors were identified as cytidine deaminase apolipoprotein
B mRNA-editing catalytic polypeptide-like 3 (APOBEC3) pro-
teins (3—14).

Human immunodeficiency virus type 1 (HIV-1) Vif sup-
presses the antiviral activity of APOBEC3 by degrading APOBEC3
as well as by inhibiting its packaging into newly synthesized virus
particles. Vif interacts with cellular Cullin 5 (Cul5)-ElonginB-
ElonginC (ElonginB/C) proteins to form an E3 ubiquitin ligase
complex that targets selected APOBEC3 proteins for protea-
somal degradation (15-23). Both the HIV and simian immuno-
deficiency virus (SIV) Vif proteins have evolved a conserved
HX;CX,,_;3CX;_sH (HCCH) motif in the carboxyl-terminal re-
gion that recruits Cul5 (24-28). In contrast, HIV-1 Vif recognizes
various APOBECS3 proteins through unique motifs in its amino-
terminal region (17, 29-37).

We along with others have recently identified a novel cellular
factor, core binding factor beta (CBF-f3), a ubiquitously expressed
cellular protein that is critical for the regulation of HIV-1 Vif
activity (38—45). In uninfected cells, CBF-[3 forms stable heterodi-
meric transcription factors with RUNX family proteins to en-
hance RUNX’s DNA-binding affinity. These transcription factors
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are also involved in diverse cellular functions, including develop-
ment, hematopoiesis, and T-cell differentiation (46, 47). Pre-
vious studies have shown that during HIV infection, CBF-$
specifically interacts with HIV-1 Vif to promote the degrada-
tion of APOBEC3G (A3G) and APOBEC3F (APOBEC3G/F).
Depletion of endogenous CBF-3 or mutations in Vif that dis-
rupt CBF-f binding prevent Vif from suppressing the antiviral
activity of APOBEC3G (41, 44). Furthermore, silencing of en-
dogenous CBF-B with small interfering RNAs (siRNAs) inhib-
its HIV-1 replication in CD4™" T cells, even in the presence of
Vif (41, 44).

However, the mechanism by which CBF-$3 regulates Vif
function is not fully understood. One study has concluded that
CBF- increases the stability of Vif, resulting in increased pro-
tein levels (41), while a previous study from our group indi-
cated that CBF- is still required for Vif function even when Vif

Received 24 December 2013 Accepted 27 December 2013

Published ahead of print 3 January 2014

Editor: W. |. Sundquist

Address correspondence to Xiao-Fang Yu, xfyu@jhsph.edu.

XH., W.L, D.H, and X.Z. contributed equally to this article.

Copyright © 2014, American Society for Microbiology. All Rights Reserved.
doi:10.1128/JV1.03833-13

March 2014 Volume 88 Number 6


http://dx.doi.org/10.1128/JVI.03833-13
http://jvi.asm.org

Requirement of CBF-B for HIV/SIV Vif-CRL5 Formation

A
0&@‘ ™
&l % oo
CBFB
Stabilization CBFp —_——
—
9/' CBFB
\ Ublqultlnatlon B
@ Vif conformational
CBFB change —
—_——
Higher Affinity with
Culs
&
B, . conshina €+ -+ - consmna D -+ + N43vitHA  E
. . C;:—;shRNA + -+ CBF-BShRNA CBFB-myc
" + 4+ 4+ + NL4-3VifHA _ Tubulin B-actin
+ o+ + +  NL4-3 vif-HA Cell ) Cell 1\
c e = hsates estes
_ﬁ -actin e — CBF-myc cBF-p
| ——— = v
I
=]
[ ] cor-5 g cs |
IP: : t
Cell lysates _ _ CBFB-myc |
Cell lysates  IP: anti-HA _ —‘ Frami _ =D

FIG 1 Separate roles for CBF-f in promoting HIV-1 Vif-CRL5 assembly and Vif stability. (A) The proposed mechanisms by which CBF-f functions in Vif
regulation. CBF- could be involved either in Vif-CRL5 E3 ubiquitin (Ub) ligase complex formation (pathway 2) or in increasing Vif stability (pathway 1). B

ElonginB; C, ElonginC. (B) The stability of Vif was enhanced in CBF-B-silenced cells by the proteasome inhibitor MG132. HEK293T or CBF-B-silenced
HEK293T cells were transfected with the Vif-HA (HIV-1 NL4-3) expression vector. After 36 h, cells were treated with 2 uM M G132 for 14 h. Cell lysates were then
analyzed by SDS-PAGE and immunoblotting using specific antibodies as indicated. 3-Actin was used as an internal control. The data shown represent one of
three independent experiments. (C) The Vif-Cul5 interaction was not restored by MG132 treatment in CBF-B-silenced HEK293T cells. HEK293T cells or
CBF-B-silenced HEK293T cells were transfected with an expression vector for Vif-HA and treated with MG132. Cell lysates were prepared for immunoblotting
or immunoprecipitated (IP) with the anti-HA antibody, and the precipitated samples were analyzed by immunoblotting with anti-HA antibody to detect Vif-HA.
Samples were also analyzed using anti-CBF-f, anti-Cul5, or anti-ElonginB antibody. The data shown represent one of three independent experiments. (D)
Expression of exogenous CBF-{ in CBF-3-silenced HEK293T cells restores the Vif-Cul5 interaction without affecting Vif expression. The data shown represent
one of three independent experiments. (E) The CBF- binding-defective HIV-1 Vif mutant (Trp21 to Ala and Trp38 to Ala substitutions; W21/38A) cannot
interact with Cul5 even if its stability is maintained. HEK293T cells were transfected with the indicated expression vectors. Cell lysates were prepared and
immunoprecipitated, followed by immunoblot analysis with specific antibodies against Cul5, CBF-f3, or the HA tag (to detect Vif-HA). B-Actin was used as an
internal control. The data shown represent one of three independent experiments.

expression levels are not affected by CBF-3 (44). Here, we re-
port that CBF-B is required by HIV-1 Vif from three primary
isolates, CCR5, CXCR4, and a dual-tropic isolate, for efficient
Vif-Cul5 formation and subsequent APOBEC3G degradation.
In vivo, stabilization of Vif expression by the proteasome in-
hibitor MG132 did not restore the Vif-Cul5 interaction in the
absence of CBF-B. In vitro, purified recombinant Vif protein
did not interact with Cul5 in the absence of CBF-B. Further-
more, CBF-3 promoted the interaction between Cul5 and mul-
tiple SIV Vif proteins without influencing Vif stability. Thus,
we suspect that CBF- promotes the Vif-Cul5 interaction by
inducing conformational changes in Vif.

pA3G-HA, RhA3G (where Rh is rhesus macaque) vector pRhA3G-myc,
RhA3C vector pRhA3C-myc, RhA3H vector pRhA3H-myc, cow A3F ex-
pression vector pCow A3F-HA, feline A3CH (fA3CH) expression vector
pfA3CH-HA, and the CBF-B expression vector pCBF-f-myc have been
previously described (44). Bos taurus CBF-f was constructed by site-di-
rected mutagenesis (F88L) from human CBF-B. Mus musculus CBF-8
(GenBank accession no. NM_001161458), Gallus gallus CBF- (EMBL
accession no. AAM09650.2), Danio rerio CBF-B (EMBL accession no.
AAG49892.1), Drosophila melanogaster CBF-B (GenBank accession no.
AAF47538.3), and Saccoglossus kowalevskii CBF- (EMBL accession
no. ACY92495.1) were synthesized by Shanghai Generay Biotech Co. and
constructed in the VR1012 vector with a myc tag.

Antibodies and cell lines. HEK293T cells were maintained in Dulbec-
co’s modified Eagle’s medium (DMEM; Invitrogen) with 10% fetal bovine
serum and penicillin-streptomycin (D-10 medium) and passaged when

MATERIALS AND METHODS

Plasmid construction. HIV-1 Vif expression vector pVif-HA (where HA
is hemagglutinin), SIVmac Vif expression vector pSIVmac Vif-HA,
SIVagm Vif expression vector pSIVagm-myc, bovine immunodeficiency
virus (BIV) Vif expression vector pBIV Vif-HA, feline immunodeficiency
virus (FIV) Vif expression vector pFIV Vif-HA, A3G expression vector
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confluent. The antibodies used in this study were anti-Vif antibody (cat-
alog number 2221; AIDS Research and Reference Reagent Program),
anti-CBF-f antibody (ab11921; Abcam), anti-Cul5 antibody (sc-13014;
Santa Cruz), anti-ElonginB antibody (sc-11447; Santa Cruz), anti-Elong-
inC antibody (610760; BD Transduction Lab), anti-B-actin antibody
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FIG 2 CBF-B is critical for the primary HIV-1 Vif-Cul5 interaction. CBF-B is important for HIV-1g, ¢ Vif-mediated (A) and HIV-1y,,, Vif-mediated (D)
degradation of human A3G. HEK293T cells were transfected with expression vectors for HIV-1g, ¢ Vif-HA (B) or HIV-1y,,, Vif-HA (E) in the presence of control
shRNA (lane 1) or shRNA against CBF-{ (lane 2). After 36 h, cells were lysed, and the supernatant was immunoprecipitated (IP) and analyzed by immunoblot-
ting as described in Materials and Methods (lanes 3 and 4). Coimmunoprecipitated Cul5 protein bands with HIV-14, 4 Vif (B, lanes 3 and 4) and HIV-1y,,, Vif
(E, lanes 3 and 4) were quantified as previously described (51) and shown in panel C and F, respectively. Coimmunoprecipitated Cul5 from control cells was set
to 100%. The data shown represent one of three independent experiments. Error bars represent the standard deviation of the mean of triplicate samples. EloB,

ElonginB; Con, control.

(A3853; Sigma), anti-HA antibody (MMS-101R-1000; Covance), anti-
myc antibody(05-724; Upstate), and anti-HA Affinity Matrix antibody
(11815016001; Roche).

CBEF-f} silencing by RNA interference. HEK293T cells were cotrans-
fected with pLKO.1 or pLKO.1-CBF- (clone TRCN0000016645, 5'-GA
AGATAGAGACAGGTCTCAT-3" [Open Biosystems]) together with
pRSV-Rev (where RSV is Rous sarcoma virus), pMDLg/pRRE (where
RRE is Rev-responsive element), and pCMV-VSVG (where CMV and
VSVG are cytomegalovirus and vesicular stomatitis virus G protein, re-
spectively). The assembled virus-like particles (VLPs) in the culture su-
pernatants were used to infect fresh HEK293T cells. Three days later,
HEK293T cells were selected with 5 pug/ml puromycin for 10 days. CBF-3
expression was monitored by immunoblotting.

Pulldown assays. Cul5 (residues 1 to 393 without tag), Cul5 (residues
1 to 393 with a glutathione S-transferase [GST] tag), Vif-ElonginB/C, and
Vif-CBF-B-ElonginB/C were purified as described previously (45). In
brief, Cul5 (residues 1 to 393) with a GST tag was expressed in the Esche-
richia coli BL21 (DE) strain at 16°C overnight and lysed by sonication,
followed by affinity chromatography with glutathione-Sepharose 4B. At
this stage, Cul5-GST in the beads was ready for use in GST pulldowns. To
produce tag-free Cul5 protein, the GST tag was then removed using Pre-
scission protease. Gel filtration chromatography was utilized for further
purification. Vif-ElonginB/C and Vif-~CBF-B—ElonginB/C were purified
with nickel beads via His-tagged CBF-@ 140 and/or His-tagged ElonginB.
Purified proteins were buffer exchanged into phosphate-buffered saline
(PBS) before the pulldown assays and adjusted to 0.5 mg/ml. For GST
pulldown assays, GST-Cul5 beads were added to Vif-ElonginB/C and Vif—
CBF-B-ElonginB/C, followed by 3 h of incubation at 4°C with shaking.
For nickel bead pulldown, Cul5 (no tag) and Vif-ElonginB/C or Vif~CBF-
B—ElonginB/C were mixed and incubated with nickel beads for 3 h at 4°C
with shaking. The beads were then washed with PBS buffer five times, and
the input and pulldown fractions were analyzed by SDS-PAGE and im-
munoblotting.

Gel filtration chromatography. The purified N-terminal region of
Cul5 (Cul5N) was mixed with purified Vif-ElonginB/C or Vif~-CBF-B—
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ElonginB at a molar ratio of 1:1 and incubated at 4°C for 1 h. The protein
mixture was then loaded onto a Superdex 200 10/300 GL column (GE
Healthcare) with a 500-l loop and run at a flow rate of 0.5 ml/min. The
collected peak fractions were subjected to SDS-PAGE, followed by immu-
noblotting analysis with specific antibodies indicated in Materials and
Methods. The gel filtration column was calibrated using 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.

Transfection, immunoblot analysis, and immunoprecipitation.
Transfections and immunoblot analysis were performed as previously
described (44, 48, 49). For immunoprecipitation assays, the lysate was
centrifuged at 18,000 X g for 20 min at 4°C. HA or myc affinity matrix was
then added to the supernatant and incubated with gentle rocking at room
temperature for 2 h. After a quick spin, the beads were washed six times
with washing buffer. Proteins were eluted with glycine hydrochloride
(pH 2.5).

RESULTS

Separate roles for CBF-3 in the promotion of HIV-1 Vif-CRL5
assembly and Vif stability. CBF-f3 has been shown to be a critical
regulator of HIV-1 Vif function (38-45). Two possible roles for
CBF-B in HIV-1 Vif regulation have been proposed (Fig. 1A).
Since Vif is sensitive to proteasome-mediated degradation in the
absence of CBF-3 (39, 41), CBF- may protect Vif from degrada-
tion and thus increase the amount of Vif available for Cul5 bind-
ing. Alternatively, CBF-B could induce a conformational change
in Vif during binding, enabling more efficient binding of the Vif
complex to Cul5 (44, 45). We first examined whether the reduced
Vif-Cul5 interaction in the absence of CBF-3 was a result of re-
duced Vif stability. When proteasome activity was inhibited by
MG132 treatment, Vif expression was restored in both CBF-3-
silenced HEK293T cells and control cells (Fig. 1B). However, in-
hibiting proteasome activity with MG132 did not restore the Vif-
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FIG 3 CBF-f enhances the interaction of HIV-1 Vifand Cul5 in vitro. (A) Efficient pulldown of Vif—~CBF-B—ElonginB/C but not Vif-ElonginB/C by Cul5N-GST.
Cul5N-GST, Vif-CBF-B-ElonginB/C, and Vif-ElonginB/C proteins were expressed in E. coli and purified as described in Materials and Methods. The Vif-Cul5
interaction was examined by GST pulldown assay. The input and pulldown samples were analyzed by SDS-PAGE and Coomassie staining. (B) The input and
pulldown samples were also analyzed by SDS-PAGE and immunoblotting, using specific antibodies as indicated. (C) Quantification of Vif protein bands in the
pulldown fractions from the Coomassie-stained gel by Image]. Values are expressed as means = standard deviations for three independent experiments. (D)
Efficient pulldown of Cul5N by Vif-CBF-B-ElonginB/C but not Vif-ElonginB/C. Cul5N, His-tagged Vif~-CBF-B—ElonginB/C, and His-tagged Vif-ElonginB/C
proteins were expressed in E. coli and purified as described in Materials and Methods. The Vif-Cul5 interaction was examined by nickel bead pulldown assays. The
input and pulldown samples were analyzed by SDS-PAGE and Coomassie staining. (E) The input and pulldown samples were also analyzed by SDS-PAGE and
immunoblotting, using specific antibodies as indicated. (F) Quantification of Cul5N protein bands in the pulldown fractions from the Coomassie-stained gel by
Image]J. Values are expressed as means = standard deviations for three independent experiments. MW, molecular weight (in thousands).

Cul5 interaction in CBF-B-silenced cells (Fig. 1C). In the presence
of CBF-B, endogenous Cul5 was efficiently coprecipitated with
HIV-1 Vif (Fig. 1C, lane 3), but in CBF-B-silenced cells, a signifi-
cantly reduced amount of Cul5 was coprecipitated with HIV-1
Vif, even in the presence of MG132 (Fig. 1C, lane 4). When we
coimmunoprecipitated ElonginB with Vif, we found that the in-
teractions between Vif and ElonginB were unaffected (Fig. 1C).
These results indicated that inhibiting proteasome activity did not
restore the interaction of HIV-1 Vif with Cul5 in the absence of
CBE-B. Furthermore, ectopically expressed CBF-3 could restore
the HIV-1 Vif-Cul5 interaction in CBF-3-silenced HEK293T cells
(Fig. 1D). Thus, we were able to separate the unique role of CBF-3
in promoting assembly of Vif-Cullin 5-RING ubiquitin ligase
(Vif-CRL5) from its influence on HIV-1 Vif stability.

Similar results were observed for Vif proteins from the HIV-1
CCR5-tropic strain Yu2 and the dual-tropic strain 89.6 (Fig. 2).
First, we observed that CBF- is necessary for HIV-1 89.6 and
HIV-1Yu2 Vif proteins to degrade A3G (Fig. 2A and D). We then
restored Vif expression with MG132, followed by immunopre-
cipitation. As was observed for Vif from HIV-1 NL4-3, coimmu-
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noprecipitation of Cul5 with Vif from both HIV-1 89.6 and HIV-1
Yu2 was significantly inhibited when CBF-f was silenced, yet the
association between ElonginB and Vif was unaffected under the
same conditions (Fig. 2B and E). The interaction of Cul5 with Vif
from both HIV-1 89.6 (Fig. 2C) and HIV-1 Yu2 (Fig. 2F) was
significantly inhibited in repeated experiments when CBF-@3 was
silenced. Taken together, these results demonstrate that CBF-f3
promotes the interaction of Cul5 and Vif proteins from both lab-
oratory and primary HIV-1 strains.

CBEF-3 promotes the Vif-Cul5 interaction in vitro. To exam-
ine whether CBF-$ could promote Vif-CRL5 E3 ligase complex
formation in vitro, in the absence of protease activity, we expressed
and purified these proteins separately. These proteins included the
N-terminal region of Cul5 (Cul5N), which is sufficient for the
interaction of Vif with ElonginB/C (45), the Vif-ElonginB/C com-
plex with a His tag, and the Vif~-CBF-B—ElonginB/C complex with
a His tag. Vif could be efficiently pulled down by GST-Cul5N
when CBF-[3 was present, as determined by SDS-PAGE and Coo-
massie blue staining (Fig. 3A, lane 5). In contrast, Vif-ElonginB/C
complexes lacking CBF-3 could not be efficiently pulled down by
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FIG 4 Vif-Cul5-ElonginB/C forms stable complexes only in the presence of CBF-B. Purified Cul5N (residues 1 to 393) was mixed with purified Vif-ElonginB/C
or Vif—~CBF-B-ElonginB/C at a molar ratio of 1:1 and incubated at 4°C for 1 h. The protein mixture was then loaded onto a Superdex 200 10/300 GL column. The
collected peak fractions were subjected to SDS-PAGE, followed by immunoblot analysis with specific antibodies indicated in Materials and Methods. Ve, elution
volume; EloB/C, ElonginB/C. (A) Gel filtration profile of Cul5N alone. Cul5N is a monomer in gel filtration, with a molecular size of ~50 kDa. (B) Gel filtration
profile of Cul5N-Vif-ElonginB/C. Cul5 and Vif-ElonginB/C, which eluted in different peaks. The Cul5 peak did not change. (C) Gel filtration profile of
Cul5N-Vif-Elongin/C-CBF-. Cul5 and Vif-ElonginB/C-CBF-f3 eluted in the same peak. The Cul5 peak moved from 15.0 ml (~50 kDa) to 13.2 ml (130 kDa).
The theoretical molecular size of Cul5-Vif-ElonginB/C—-CBF-f is 110 kDa. (D) Gel filtration profile of the molecular size standards: vitamin B, (1,370 Da),
myoglobin (17,000 Da), ovalbumin (44,000 Da), gamma globulin (158,000 Da), and thyroglobulin (670,000 Da). Au, arbitrary units; c, anti.

GST-Cul5N (Fig. 3A, lane 4). This difference was further con-
firmed by immunoblotting with a Vif-specific antibody (Fig. 3B).
Quantitative analysis of the Vif protein from the Coomassie-
stained gel suggested that 90% less Vif could be pulled down by
Cul5 in the absence of CBF-B than when CBF-B was present
(Fig. 3C). We also examined the interaction of Vif with Cul5 in a
reciprocal experiment. Cul5N could be efficiently immunopre-
cipitated by the Vif~CBF-B-ElonginB/C complex (Fig. 3D, lane 5)
but not by the Vif-ElonginB/C complex (lane 4). This difference
was also confirmed by immunoblotting with a Cul5-specific anti-
body (Fig. 3D). Quantitative analysis of the Cul5N protein from
the Coomassie-stained gel suggested that 90% less Cul5N could be
pulled down by Vif in the absence of CBF-{ than in its presence
(Fig. 3F). These results demonstrated that CBF-f3 allows the Vif-
ElonginB/C complex to recruit Cul5 in a more efficient manner.
We further examined the Cul5-Vif interaction, with or without
CBE-B, by size exclusion chromatography. Untagged, purified
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Cul5N ran as monomer in size exclusion chromatography, and it
eluted at ~15.0 ml on a Superdex 200 column, consistent with its
molecular size (Fig. 4A). Subsequently, we incubated purified
Cul5N with the Vif-ElonginB/C complex (Fig. 4B) or the Vif-
CBF-B-ElonginB/C complex (Fig. 4C) at 4°C for 1 h and then
analyzed the samples by gel filtration chromatography. The elu-
tion profiles of the molecular mass standards were also analyzed
(Fig. 4D). Only when Cul5N was mixed with Vif~-CBF-B—-Elong-
inB/C was the expected Cul5N peak at 15 ml replaced by a protein
complex with a slightly larger molecular size (eluting at ~13.2 ml)
(Fig. 4C). These results indicate that Cul5N can readily form com-
plexes with Vif—~CBF-B-ElonginB/C but not with Vif-ElonginB/C,
and they further support a role for CBF-f3 in promoting a more
efficient Vif-Cul5 interaction.

CBE-f is required for SIV Vif function and the assembly of
the SIV Vif-CRL5 E3 ubiquitin ligase complex. To determine
whether CBF-f has a conserved effect on the activity of other
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FIG 5 CBF-B is important for SIV Vif but not FIV or BIV Vif function. (A to C) SIVmac Vif-mediated downregulation of RhA3 requires CBF-3. HEK293T cells
or CBF--silenced HEK293T cells were cotransfected with expression vectors for RhA3G-myc (A), RhA3C (B), or RhA3H (C) plus SIVmac Vif-HA or a control
vector (pcDNA3.1). Cell lysates were prepared at 36 h posttransfection and analyzed by SDS-PAGE and immunoblotting using specific antibodies as indicated.
3-Actin was used as an internal control. (D) SIVagm Vif-mediated downregulation of AGM A3G requires CBF-f. (E) BIV Vif-mediated downregulation of
bovine A3F does not require CBF-B. (F) FIV Vif-mediated downregulation of fA3CH does not require CBF-B. (G and H) CBF- is important for the SIV
Vif-Cul5 interaction. HEK293T or CBF-B-silenced HEK293T cells were transfected with an expression vector for SIVmac Vif-HA (G) or SIVagm Vif-myc (H).
Cell lysates were prepared for immunoblotting or were immunoprecipitated with the anti-HA antibody or anti-myc antibody. The precipitated samples were
analyzed by immunoblotting with an anti-HA antibody to detect SIVmac Vif-HA (G) or with anti-myc antibody to detect SIVagm Vif-myc (H). Samples were

also analyzed using anti-Cul5 or anti-ElonginB antibody.

lentiviral Vif proteins, we used short hairpin RNAs (shRNAs) to
knock down the expression of endogenous CBF-f; CBEF- was
reduced by >80% with the CBF-B-specific sShRNA compared to
control shRNA-treated cells. In the control shRNA-treated cells,
SIVmac Vif efficiently reduced the expression of rhesus macaque
A3G (RhA3G) compared to the level in the negative control (Fig.
5A). When endogenous CBF-{ was silenced, the ability of STVmac
Vif to degrade RhA3G was blocked. Similarly, SIVmac Vif re-
quired CBF-B to deplete RhA3C (Fig. 5B) and RhA3H (Fig. 5C).
CBF- was also required for the STVagm Vif-mediated depletion
of African green monkey (AGM) A3G (Fig. 5D). Although CBF-$
was important for the function of STVmac and SIVagm Vif, silenc-
ing CBF-B did not affect STVmac or SIVagm Vif expression (Fig.
5A to D).

In contrast to the results with primate lentiviral Vif proteins,
the BIV Vif-induced depletion of bovine A3F (Fig. 5E) and FIV
Vif-induced depletion of feline A3CH (Fig. 5F) were not affected
by CBF-B silencing. Thus, our results suggest that the role of
CBF-p in primate lentiviral Vif-induced APOBEC3 degradation is
evolutionarily conserved. Similarly, CBF-(3 appears to promote
SIV Vif function without affecting its stability. Interestingly,
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HIV-1 and diverse SIV Vif molecules contain a unique HCCH
zinc-binding motif that is critical for the Cul5 interaction (24-28).
This motif is not detected in nonprimate lentiviral Vif proteins,
such as those from BIV, FIV, or visna virus. To determine whether
CBF-B might play a role in the assembly of the SIVmac and
SIVagm Vif-Cul5 E3 ubiquitin ligases, we performed a coimmu-
noprecipitation experiment and found that the amount of coim-
munoprecipitation of Cul5 with SIVmac Vif-HA or SIVagm Vif-
myc was significantly decreased when CBF- was silenced (Fig. 5G
and H). However, coprecipitation of ElonginB with SIVmac
Vif-HA or SIVagm Vif-myc was not significantly affected under
the same conditions. Thus, the CBF-B-mediated Vif-Cul5 inter-
action appears to be a conserved feature among primate lentivi-
ruses.

CBF-B from diverse animal species can support HIV-1 Vif
function. Since CBF-3 homologs have been found in many ver-
tebrate and invertebrate species, we wanted to further investigate
the interactions between CBF-3 proteins from diverse hosts and
the HIV Vif protein. For this purpose, we constructed CBF-f3 ex-
pression vectors of multiple species: Mus musculus, Bos taurus,
Gallus gallus, Danio rerio, Drosophila melanogaster, and Saccoglos-
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FIG 6 CBF-B from multiple animal species can support HIV-1 Vif function. (A) CBF-B-silenced HEK293T cells were cotransfected with expression vectors for
human A3G-HA, HIV-1 Vif, and CBF-B-myc from different animal species as indicated. The expression levels of A3G, HIV-1 Vif, and CBF-B—myc were then
examined by immunoblotting. 3-Actin was used as an internal control. Species names are abbreviated as follows: Hs, Homo sapiens; Mm, Mus musculus; Bt, Bos
taurus; Gg, Gallus gallus; Dr, Danio rerio; Dm, Drosophila melanogaster; Sk, Saccoglossus kowalevskii. (B) Truncated Drosophila CBF-f also could not restore
HIV-1 Vif function. (C) Alignment of CBF-f sequences from multiple species. Loop 3 (amino acids 68 to 91) is defined. This region is important for the

interaction of CBF- with HIV-1 Vif.

sus kowalevskii. CBF-3 from these species was cotransfected with
HIV-1Vifinto CBF-B-silenced HEK293T cells. In CBF-B-silenced
cells, HIV-1 Vif could not degrade A3G (Fig. 6A, lane 2). Expres-
sion of human CBF-f restored the ability of Vif to degrade A3G
(Fig. 6A, lanes 3 and 4). Like human CBF-f3, the CBF-3 from Mus
musculus (Fig. 6A, lanes 5 and 6), Bos taurus (lanes 7 and 8), Gallus
gallus (lanes 9 and 10), and Danio rerio (lanes 11 and 12) could all
restore HIV-1 Vif’s ability to degrade A3G. In contrast, CBF-3
from the two invertebrate species, Drosophila melanogaster and
Saccoglossus kowalevskii, could not restore Vif function. Previous
studies have shown that the loop 3 region of human CBF-§ is
important for HIV-1 Vif binding (44). The loop 3 sequences are
highly conserved in the animal CBF-f3 proteins that were able to
restore Vif function (Fig. 6C). From the sequence alignment, we
could see a high degree of diversity in the loop 3 region between
these two CBF-3s and the others. There was also an extra sequence
at the amino terminus of Drosophila melanogaster CBF-p. To ex-
clude the possibility that the effect we observed was caused by this
extra sequence, we constructed a truncated Drosophila CBF-f3
with a deletion of residues 1 to 36 [CBF-B(A1-36)], which still
could not restore the function of HIV-1 Vif (Fig. 6B, lane 6).
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DISCUSSION

HIV-1 Vif assembles with Cul5-ElonginB/C (Vif-CRL5) to target
APOBECS3 for polyubiquitination and degradation. CBF-$3 has
recently been identified as a critical regulator of HIV-1 Vif-CRL5
function (38-45). However, the mechanism by which CBF-f3 reg-
ulates Vif function is not fully understood. It has been observed
that CBF-f enhances the stability of HIV-1 Vif (39, 41) in virus-
producing cells and increases its resistance to protease digestion in
vitro (42). In the current study, we demonstrate that the promo-
tion of Vif-CRL5 assembly by CBF-p is a separate function from
its regulation of Vif stability. First, we showed that stabilization of
HIV-1 Vif expression with a proteasome inhibitor did not restore
the Vif-Cul5 interaction in cultured cells in the absence of CBF-3
(Fig. 1C). Second, in CBF-B-silenced cells, ectopically expressed
CBF-f3 was able to restore the interaction (Fig. 1D). Third, CBF-3
binding-defective Vif mutants were expressed at the same levels as
wild-type Vif proteins (Fig. 1E), yet these mutant Vif proteins
interacted poorly with Cul5 compared to wild-type Vif. Next, we
showed that CBF-f3 was also essential for the interaction of puri-
fied Vif and Cul5 in vitro (Fig. 3 and 4). By conducting thermody-
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namic measurements, Salter et al. have also shown that CBF-3
increases the affinity of Vif for Cul5 (43). Finally, CBF-$ did not
influence the stability of SIVmac Vif or STVagm Vif (Fig. 5). How-
ever, the formation of the Vif-CRL5 E3 ubiquitin ligase complex
with SIVmac and SIVagm Vif did depend on the association of
these SIV Vif proteins with CBE-f3.

The ordered assembly of Vif-CRL5 requires CBF-. Vif-Elong-
inB/C assembly, either in vivo or in vitro, was not affected by
CBF-B. However, further assembly of Vif-ElonginB/C with Cul5
depends on CBF-f3. Since CBF-3 does not bind Cul5 directly (41,
44), it is likely that CBF-f primes Vif to enhance its interaction
with Cul5. CBF-B may induce conformational changes in Vif that
promote the Vif-Cul5 interaction. CBF-B-induced conforma-
tional changes in Vif could also explain the increased stability (39,
41), solubility (45), and reduced oligomerization (42, 45) of Vif
molecules in the presence of CBF-f3.

Most lentiviruses encode a Vif protein that is necessary for viral
replication and survival in the host. Lentiviral Vif proteins have
been shown to inactivate APOBEC3 antiviral factors from their
natural hosts. In this study, we have demonstrated that CBF-Bisa
conserved cellular regulator of primate lentiviral Vif proteins
from HIV-1, STVmac, and SIVagm. CBF-3 was found to be essen-
tial for SIVmac or SIVagm Vif-mediated inactivation of RhA3 or
AGM A3, respectively. However, CBF-f3 was not required for the
function of nonprimate lentiviral Vif proteins such as FIV and
BIV. When endogenous CBF-3 was silenced, both the FIV and
BIV Vif-mediated degradation of sensitive A3 proteins could still
be detected. Thus, CBF-B is a unique regulator of HIV/SIV Vif-
Cul5-CRL E3 ubiquitin ligases.

Why CBF-B was not required for nonprimate lentiviral Vif
(e.g., BIV Vif) function is not clear. It is unlikely that differences in
mammalian CBF-B could account for this observation since
CBEF-p proteins from diverse mammals (including Mus musculus
and Bos taurus) and nonmammalian vertebrates (including Gallus
gallus and Danio rerio) were able to support Vif function. It is
conceivable that nonprimate lentiviral Vif proteins have evolved
to use different mechanisms for the assembly of the viral Vif-E3
ubiquitin ligase for inactivating host APOBEC3 proteins.

Although diverse vertebrate CBF-[3 proteins were able to sup-
port the function of HIV-1 Vif, CBF-B proteins from certain in-
vertebrates were defective in this regard. We have demonstrated
thatloop 3 of human CBF-f is important for Vif binding, and this
region is highly divergent among animal CBF-@ proteins (Fig. 5).
While these sequence differences in loop 3 may contribute to the
differences seen in their abilities to promote Vif function, we
along with others have also observed that hydrophobic residues
throughout the HIV-1 Vif molecule are important for the inter-
action with CBF-f (42, 50). These data indicate that multiple re-
gions in CBF-P are likely involved in the Vif~CBF-f interaction.
Definitive identification of the critical CBE-{ residues involved in
Vif binding will require structural information concerning the
Vif-CBF-3 complex. This is a promising area for future research.

CBF-B is important for the function of both RUNX and Vif.
We have demonstrated previously that Vif and RUNX can utilize
different domains of CBF-f3 (38, 44). A similar observation has
been reported by other investigators (40). Mutations in CBF-3
regions that are known to be important for RUNX protein binding
had little effect on the Vif~CBF-f interaction, suggesting that the
interaction of Vif with CBF- does not require RUNX proteins
(44). Furthermore, regions in CBF-f that are involved in Vif bind-
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ing do not affect RUNX binding. CBF-f mutants that cannot sup-
port HIV-1 Vif function are still competent for promoting RUNX
function (38). Diverse Vif proteins from HIV and SIV interact
with CBF-f3, indicating a conserved motif(s) that may be required
for this essential interaction. Since Vif~CBF-p interfaces could be
disrupted without affecting CBF-B’s cellular function, disrupting
this interaction represents an attractive pharmacological inter-
vention against HIV-1.
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