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HIV, type 1 overcomes host restriction factor apolipoprotein
B mRNA-editing enzyme catalytic polypeptide-like 3 (APO-
BEC3) proteins by organizing an E3 ubiquitin ligase complex
together with viral infectivity factor (Vif) and a host transcrip-
tion cofactor core binding factor � (CBF�). CBF� is essential for
Vif to counteract APOBEC3 by enabling the recruitment of cul-
lin 5 to the complex and increasing the steady-state level of Vif
protein; however, the mechanisms by which CBF� up-regulates
Vif protein remains unclear. Because we have reported previ-
ously that mouse double minute 2 homolog (MDM2) is an E3
ligase for Vif, we hypothesized that CBF� might protect Vif from
MDM2-mediated degradation. Co-immunoprecipitation analy-
ses showed that Vif mutants that do not bind to CBF� preferen-
tially interact with MDM2 and that overexpression of CBF� dis-
rupts the interaction between MDM2 and Vif. Knockdown of
CBF� reduced the steady-state level of Vif in MDM2-proficient
cells but not in MDM2-null cells. Cycloheximide chase analyses
revealed that Vif E88A/W89A, which does not interact with
CBF�, degraded faster than wild-type Vif in MDM2-proficient
cells but not in MDM2-null cells, suggesting that Vif stabiliza-
tion by CBF� is mainly caused by impairing MDM2-mediated
degradation. We identified Vif R93E as a Vif variant that does
not bind to MDM2, and the virus with this substitution muta-
tion was more resistant to APOBEC3G than the parental virus.
Combinatory substitution of Vif residues required for CBF�
binding and MDM2 binding showed full recovery of Vif steady-
state levels, supporting our hypothesis. Our data provide new
insights into the mechanism of Vif augmentation by CBF�.

HIV-12 encodes the Vif accessory protein to counteract host
restriction factor APOBEC3 proteins expressed in natural tar-
get cells such as CD4-positive T lymphocytes and macrophages

(1–5). APOBEC3s are host DNA cytosine deaminases that con-
vert cytosines in single-stranded DNA to uracils and can intro-
duce mutations in the genome or DNA intermediates of several
viruses, including HIV-1 (reviewed in Ref. 6). In the absence of
Vif, at least four APOBEC3 proteins, APOBEC3D, APOBEC3F,
APOBEC3G, and APOBEC3H, are encapsidated into budding
virions and deaminate cytosine residues to uracils in the nas-
cent minus-strand HIV-1 DNA, and uracils then template the
insertion of adenosines during synthesis of the plus-strand
DNA, consequently rising to G-to-A hypermutations (7). A
high density of mutations results in the incorporation of pre-
mature stop codons and protein defects that do not support
viral replication. Vif behaves as a substrate recognition subunit
of the Cullin-RING ubiquitin ligase complex that consists of
cullin 5 (CUL5), RING box protein 2 (RBX2), elongin C
(ELOC), and elongin B (ELOB) and degrades APOBEC3 pro-
teins by the ubiquitin-proteasome pathway (8 –10). CBF�, a
non-DNA-binding subunit of the heterodimeric core-binding
factor family of transcription factors, is also involved in the Vif
ubiquitin ligase complex and is essential for APOBEC3 degra-
dation and viral replication (11, 12). Mutational analyses sug-
gested several Vif residues required for CBF� binding, and
some of those, Leu64, Ile66, Glu88, and Trp89, actually appeared
to be on the interface between Vif and CBF� in the crystal
structure of the Vif-CBF�-ELOB-ELOC-CUL5 complex (13–
15). A couple of mechanisms by which CBF� supports Vif func-
tions have been reported. CBF� enables the recruitment of
CUL5 to Vif, which is required for ubiquitination and degrada-
tion of APOBEC3s (12). CBF� also up-regulates the steady-
state levels of Vif expression by reducing proteasomal degrada-
tion (11) and enhancing biosynthesis (16); however, it is still
unclear how CBF� up-regulates Vif levels.

Besides Vif-mediated APOBEC3 ubiquitination, Vif ubiq-
uitination has also been manifested. The homologous to the
E6AP carboxyl terminus domain family E3 ligases NEDD4 and
itchy E3 ubiquitin protein ligase (also known as AIP4) post-
translationally modify Vif by monoubiquitination (17). The
Cullin 5-RING ubiquitin ligase complex mediates polyubiquiti-
nation of Vif, likely by autoubiquitination (11, 18). Vif expres-
sion is controlled at low levels by the proteasome pathway (19),
and MDM2 is responsible for the down-regulation of Vif (20).
MDM2 is well known as a RING finger E3 ubiquitin ligase that
specifically mediates p53 ubiquitination and degradation (21–
23). MDM2 shuttles between cytoplasm and the nucleus con-
stantly through the nuclear pore complex (24). Earlier report
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indicated that MDM2-mediated p53 ubiquitination takes place
efficiently in the cytoplasm (22, 23). Hence, we hypothesized
that Vif up-regulation by CBF� might be due to protection
from MDM2-mediated proteasomal degradation.

In present study, we employed Vif substitution mutant
E88A/W89A, which does not bind CBF�, to test our hypothe-
sis. Co-immunoprecipitation experiments show that Vif bind-
ing to CBF� impairs MDM2 binding to Vif. Kinetic studies
using cycloheximide demonstrate that CBF� binding increases
the metabolic stability of Vif only in the presence of MDM2, not
in the absence of MDM2. By mutational analyses, we identified
that Vif arginine residue at position 93 is required for MDM2
binding, and that the substitution of this residue to glutamate
conferred resistance to MDM2-mediated degradation. Addi-
tionally, the virus containing Vif R93E substitution mutation
is more resistant to APOBEC3G than wild-type virus. Our
data combined with the structural data of Vif-complex sup-
port the idea that CBF� protein functions as a protector of
Vif protein.

Results

Vif Mutants That Are Defective in CBF� Binding Preferen-
tially Interact with MDM2—To test our hypothesis that CBF�
might inhibit MDM2-mediated proteasomal degradation of
Vif, we initially generated expression vectors for Vif amino acid
substitution mutants that are reported to be defective in CBF�
binding: L64S, I66S (13), and E88A/W89A (25). To determine
whether the substitution of these residues alters binding to
MDM2, we then co-transfected HA-tagged MDM2 and myc-
tagged Vif wild-type or one of the mutants, and cell lysates were
immunoprecipitated by anti-myc serum. Endogenous CBF�
co-precipitated with wild-type Vif but not with L64S, I66S, or
E88A/W89A, as expected (Fig. 1A). Despite lower levels of the
Vif mutants, much larger amounts of MDM2 co-precipitated
with L64S, I66S, and E88A/W89A compared with wild-type Vif
(Fig. 1A). To confirm these findings, we performed reciprocal
co-immunoprecipitation experiments by overexpression of
myc-tagged MDM2 and untagged Vif wild-type or mutant.

Large amounts of Vif mutants co-precipitated with MDM2 but
very little of wild-type Vif (Fig. 1B). These results suggest that
Vif mutants that are defective in CBF� binding preferentially
interact with MDM2.

Overexpression of CBF� Inhibits MDM2 Binding to Vif—To
determine whether overexpression of CBF� impairs MDM2
binding to Vif, we performed additional co-immunoprecipita-
tion experiments in 293T cells with overexpression of myc-
tagged Vif, HA-tagged MDM2, and untagged CBF�. Overex-
pression of CBF� reduced the amount of co-precipitated
MDM2 in a dose-dependent manner (Fig. 1C), suggesting that
CBF� inhibits MDM2 binding to Vif.

CBF� Is Not Required for Vif Augmentation in MDM2-null
Cells—To determine whether the counteraction of MDM2-
mediated degradation is a relevant function of CBF� for Vif
augmentation, we took advantage of MDM2-null cells. We
employed p53�/�; Mdm2�/� double knockout mouse embry-
onic fibroblasts (MEFs) as Mdm2-null cells and p53�/� MEFs
as an Mdm2-positive control because Mdm2 knockout mice are
embryonic lethal (26, 27) and there are no Mdm2�/� MEFs
available. These cells were transduced with the wild-type or
E88A/W89A vif gene by murine leukemia virus-based retrovi-
rus vectors and selected clones that express comparable levels
of Vif (Fig. 2A). To assess whether CBF� is supportive of Vif
steady-state levels in these cells, we transfected siRNA against
murine CBF� and analyzed Vif levels by immunoblotting.
Knockdown of CBF� impaired the Vif wild-type level in Mdm2-
proficient cells but not in Mdm2-null cells (Fig. 2B), suggesting
that CBF� is not supportive of Vif levels in the absence of
MDM2. The levels of Vif E88A/W89A, which does not interact
with CBF�, were unaffected by CBF� knockdown, as expected.
To analyze Vif stability in these cells, cells were treated with
cycloheximide for various durations, and cell lysates were sub-
jected to immunoblotting (Fig. 2C). The intensity of Vif bands
was quantified by densitometry, and each value was normalized
to that without cycloheximide treatment (Fig. 2D). In Mdm2-
proficient cells, E88A/W89A, which does not bind to CBF�,

FIGURE 1. CBF� interferes with the interaction between Vif and MDM2. A, co-immunoprecipitation of MDM2 with Vif wild-type and variants that do not
interact with CBF�. 293T cells transiently expressing myc-tagged Vif wild-type or the variant and HA-tagged MDM2 were lysed and immunoprecipitated by
anti-myc serum, and samples were analyzed by immunoblotting (IB) with anti-HA, anti-myc, and anti-CBF� sera. B, reciprocal co-immunoprecipitation of Vif
wild-type and variants with MDM2. Lysates of 293T cells with overexpression of untagged Vif wild-type or the variant and myc-tagged MDM2 were immuno-
precipitated by anti-myc serum, and samples were analyzed by immunoblotting with anti-Vif and anti-myc sera. C, co-immunoprecipitation of MDM2 with Vif
wild-type in the presence of CBF� overexpression. Lysates of 293T cells transiently expressing myc-tagged Vif, HA-tagged MDM2, and various amounts of CBF�
were immunoprecipitated by anti-myc serum and analyzed for co-precipitation of MDM2 by immunoblotting.
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decayed much faster than wild-type Vif (Fig. 2C, first and third
panels, and Fig. 2D, dotted lines), as expected, whereas in
Mdm2-null cells, both E88A/W89A and wild-type Vif showed
similar kinetics (Fig. 2C, fifth and seventh panels, and Fig. 2D,
solid lines). These results clearly demonstrate that Vif augmen-
tation by CBF� is mainly due to the counteraction of MDM2-
mediated degradation.

HIV-1 Vif R93 Is Crucial for the Interaction with MDM2—To
further assess the relevance of MDM2-mediated degradation of
Vif for CBF� function, we next explored Vif residues that inter-
act with MDM2. Because one previous report proposed that the
charged motif 90RKKR93 is related to steady-state levels of Vif
protein (28), we generated Vif amino acid substitution mutants
on these residues: R90A, K91A, K92A, R93E, Y94D, K91A/
K92A, 91KKR93/3A, and 90RKKR93/4A. To determine whether
these mutants are degraded by MDM2, 293T cells were co-
transfected with expression vectors for MDM2 and Vif wild-
type or variants, and protein levels of Vif were analyzed by
immunoblotting. The electrophoretic mobility of some of the
mutants appeared to be different from wild-type Vif, likely
because of differences in charge and molecular weight (Fig. 3A,
top panel). Co-transfection of MDM2 reduced the expression
levels of wild-type Vif, R90A, K91A, K92A, Y94D, and K91A/
K92A (Fig. 3A, lanes 1– 8, 11, and 12, top panel) but not that of
R93E, 91KKR93/3A, or 90RKKR94/4A (Fig. 3A, lanes 9, 10, and
13–16, top panel). These results suggest that Arg93 of Vif is
required for MDM2-mediated degradation. To determine

whether Arg93 is actually involved in MDM2 binding, we next
performed co-immunoprecipitation experiments in 293T cells
with overexpression of myc-tagged Vif and HA-tagged MDM2.
MDM2 co-precipitated with wild-type Vif, R90A, K91A, K92A,
and Y94D but not with R93E (Fig. 3B). Taken together, Vif R93
is involved in MDM2 binding and consequent degradation of
Vif.

The Substitution of R93 to Glutamate Enhances the Ability to
Counteract the Restriction by APOBEC3G—To further confirm
that Vif R93 is involved in MDM2 binding, we performed sin-
gle-cycle infection experiments using luciferase reporter
viruses harboring the Vif R93E substitution mutation in a set-
ting with various amounts of APOBEC3G. The substitution was
introduced into pNL4 –3 �Env-Luc and transfected into 293T
cells with co-transfection of the VSV-G expression plasmid in
the presence or absence of co-transfection of the APOBEC3G
expression plasmid. Virus-containing supernatant was har-
vested and added to fresh 293T cells, and the luciferase activi-
ties of the cell lysates were quantified. The R93E-harboring
virus was more potent for counteracting the restriction by
APOBEC3G than wild-type Vif-harboring virus (Fig. 4,
top panel). The amount of APOBEC3G encapsidated into
R93E-harboring virions was less than that of wild-type Vif-
harboring virions (Fig. 4, bottom panel). These results are
consistent with the idea that Vif is down-regulated by
MDM2-mediated degradation and that Vif R93 is required
for MDM2 binding.

FIGURE 2. Protection of Vif from MDM2-mediated degradation is responsible for Vif augmentation by CBF�. A, p53�/� and p53�/�; MDM2�/� MEF cells
were stably transfected with Vif wild-type or E88A/W89A, and clones that expressed comparable amount of Vif protein were picked according to immuno-
blotting. B, siRNA against murine Cbfb or control siRNA was transfected into MDM2-proficient and MDM2-null cells stably expressing Vif, and Vif levels were
analyzed by immunoblotting. C, cycloheximide (CHX) chase analyses of Vif degradation. After cycloheximide treatment for the indicated time, lysates of p53�/�

and p53�/�; MDM2�/� MEF cells stably expressing Vif wild-type or E88A/W89A were analyzed by immunoblotting with anti-Vif serum. Tubulin was also
analyzed as a loading control. D, the amounts of Vif in C were quantified by densitometry, and those without cycloheximide treatment were normalized to
100%.
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Additional R93E Substitution to E88A/W89A Restores Vif
Steady-state Levels but not Counteraction of the Restriction by
APOBEC3G—To further assess whether Vif augmentation by
CBF� is relevant to interference with MDM2-mediated degra-
dation, we combinationally introduced amino acid substitu-
tions that disrupt CBF� binding and MDM2 binding into
pNL4 –3 �Env-Luc and performed single-cycle infection
experiments of a VSV-G pseudotyped virus produced in 293T
cells with or without overexpression of APOBEC3G. The Vif
levels of E88A/W89A were lower than those of wild-type Vif, as
expected, and those of E88A/W89A/R93E markedly recovered
(Fig. 5, bottom panel, fourth row, lanes 1, 2, and 5– 8). These
results further confirmed that Vif stabilization by CBF� is due
to the counteraction of MDM2. More interestingly, the infec-
tivity of the E88A/W89A/R93E-harboring virus in the presence
of APOBEC3G was less than that of the wild-type or R93E-
harboring virus (Fig. 5, top panel). These results suggest that Vif

stabilization is not the only function of CBF� to support Vif
counteraction to APOBEC3G. In other words, CBF� plays mul-
tiple roles for Vif to enable sufficient ubiquitination and subse-
quent degradation of APOBEC3G.

Discussion

In this study, we propose the novel hypothesis that CBF�
protects HIV-1 Vif from MDM2-mediated degradation and use
multiple ways to prove this hypothesis. First, co-immunopre-
cipitation analyses show that Vif mutants that are defective in
CBF� binding interact with a much larger amount of MDM2
compared with wild-type Vif. Additionally, overexpression of

FIGURE 3. Vif R93 is required for MDM2 binding. A, degradation of Vif variants by MDM2. 293T cells were co-transfected with expression vectors for MDM2
and Vif wild-type or variant, and protein levels of Vif were analyzed by immunoblotting with anti-Vif serum. B, co-immunoprecipitation of MDM2 with Vif
variants. 293T cells transiently expressing HA-tagged MDM2 and myc-tagged Vif wild-type or variant were lysed and immunoprecipitated by anti-myc serum.
Samples were analyzed by immunoblotting (IB) with anti-HA and anti-myc sera.

FIGURE 4. Enhanced counteraction of Vif R93E against the restriction by
APOBEC3G. Single-cycle infection experiments were performed by using
VSV-G pseudotyped luciferase reporter viruses produced in 293T cells by co-
transfection of pNL43/�Env-Luc with the indicated Vif phenotype and
pVSV-G in the presence or absence of co-transfection of pcDNA3/HA-A3G.
Virus-containing supernatant was added to fresh 293T cells, and the lucifer-
ase activity of the cell lysates was measured by adding substrate and using a
luminometer. The value of the virus without vif mutation in the absence of
APOBEC3G was normalized to 100%, and mean � S.E. of three independent
experiments is shown (top panel). *, p � 0.05; **, p � 0.01 (statistically signif-
icant differences of infectivity between wild-type and R93E-harboring
viruses). The levels of APOBEC3G in cells and virions and Vif in cells were also
analyzed by immunoblotting (bottom panel). Virus p24 capsid protein (CA)
and cellular tubulin were used as control.

FIGURE 5. The disruption of MDM2 binding restores the protein levels of
the Vif variant that does not bind to CBF�, but it does not fully restore
the function to counteract APOBEC3G. Single-cycle infection experiments
were performed by using VSV-G pseudotyped luciferase reporter viruses pro-
duced in 293T cells by co-transfection of pNL43/�Env-Luc with the indicated
vif phenotype and pVSV-G in the presence or absence of co-transfection of
pcDNA3/HA-A3G. Virus-containing supernatant was added to fresh 293T
cells, and the luciferase activity of the cell lysates was measured by adding
substrate and using a luminometer. The value of the virus without vif muta-
tion in the absence of APOBEC3G was normalized to 100%, and mean � S.E. of
three independent experiments is shown (top panel). The levels of APOBEC3G
in cells and virions and Vif in cells were also analyzed by immunoblotting
(bottom panel). Capsid (CA) and tubulin were used as control.
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CBF� reduces MDM2 binding to Vif. Second, kinetic studies
reveal that the inhibition of MDM2-mediated Vif degradation
is a critical role of CBF� for the stabilization of Vif protein.
Finally, we show that the Vif arginine residue at position 93 is
crucial for MDM2 binding. Arg93 is located near the CBF�
binding site in the crystal structure of the Vif complex (PDB
code 4N9F), which supports the idea that CBF� protects,
although not completely, Vif from MDM2-mediated ubiquiti-
nation and subsequent degradation via the proteasome path-
way. Therefore, all of our data are consistent with the hypoth-
esis and provide novel insights into the mechanism of how
CBF� stabilizes Vif protein.

Malbec et al. (29) reported that MDM2 affects the infectivity
of a few retroviruses, including HIV-1, by modulating TRIM5�-
mediated restriction. However, that phenomenon is not related
to our findings because we used human cells that express non-
restrictive human TIRM5� for HIV-1 infection studies.

Miyagi et al. (16) reported that the up-regulation of Vif pro-
tein in the presence of CBF� is mainly caused at the translation
step using CBF� knockdown cells . However, knockdown of
CBF� in Mdm2-depleted cells did not affect Vif levels, suggest-
ing that Vif up-regulation by CBF� is mainly caused by protect-
ing Vif from proteasomal degradation induced by MDM2. One
explanation for this discrepancy is the difference in cell species.
Miyagi et al. (16) used human cells, and we used murine cells
that express murine CBF�. Although CBF� is conserved
between these two species with more than 95% amino acid
identity, we cannot exclude the possibility of functional defi-
ciency of murine CBF�.

We show that Arg93 is crucial for Vif to be recognized by
MDM2. The substitution of this single residue with glutamate
disrupts the interaction between Vif and MDM2 as well as
MDM2-mediated down-regulation of Vif. We further demon-
strate that the substitution makes the virus more resistant to
APOBEC3G by single-cycle infection experiments of the
reporter viruses. This residue is located very close to, but not
fully covered by, CBF� in the reported crystal structure of the
Vif-CBF�-ELOB-ELOC-CUL5 complex (PDB code 4N9F, Fig.
6A), supporting our hypothesis that Vif is protected from
MDM2-mediated degradation by CBF�. According to the
HIV-1 sequence database by Los Alamos National Laboratory,
the Vif residue at position 93 is conserved as arginine for a
major part of the strains; there exist natural variants that
harbor glutamate or other residues at this position (http://
www.hiv.lanl.gov/content/sequence/HIV/mainpage.html). Our
data suggest that Glu93-harvoring viruses are more resistant to
APOBEC3G, but considering that these viruses are not major
strains, Vif Arg93 may be powerful enough to counteract
APOBEC3G. We also show that a combination of the substitu-
tion of Vif residues required for binding to CBF� and MDM2
restores Vif protein levels to that of wild-type Vif but not fully
for the Vif function to counteract APOBEC3G. Our results are
consistent with previous studies showing that CBF� binding is
required for CUL5 recruitment and/or organization of a func-
tional ubiquitin ligase complex (12, 13, 30).

In our model, CBF� shields the close site of MDM2 binding
and sequesters Vif from MDM2. On the other hand, Vif
mutants that are defective in CBF� binding are preferentially

captured by MDM2 and rapidly cleared by proteasomal degra-
dation (Fig. 6B). Our kinetic studies imply that MDM2 is
responsible for the short half-life of Vif protein. MDM2 physi-
ologically interacts with the p53 tumor suppressor protein and
negatively modulates its transcriptional activity and stability
(12, 13, 30, 31). It is well known that overexpression of MDM2
is involved in many malignancies (12, 13, 30, 32). Hence, there

FIGURE 6. CBF� protects Vif from MDM2. A, surface model of the Vif-CBF�
heterodimer based on the reported structure of the Vif-CBF�-ELOB-ELOC-
CUL5 complex (PDB code 4N9F). Vif and CBF� are shown in green and red,
respectively. Vif R93 is highlighted in cyan, and APOBEC3G and APOBEC3F
binding sites are marked in wheat and blue, respectively. B, proposed model
in which CBF� stabilizes Vif protein. Under normal conditions, CBF� interacts
with Vif extensively just near the MDM2 binding site and sequesters MDM2
from Vif. The Vif variant that is defective in CBF� binding is preferentially
captured by MDM2 and rapidly cleared by the proteasome pathway. Ub,
ubiquitin.
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are safety mechanisms to prevent MDM2 from running amok.
MDM2 has intrinsic RING finger-dependent E3 activity toward
itself (33). Furthermore, an MDM2-binding protein, p19ARF,
binds upstream of its RING finger and exposes a cryptic nucle-
olar localization signal co-linear with the MDM2 RING finger
(34). As a result, MDM2 is maintained at low levels in normal
cells. We reported previously reported that Vif enhances p53
stability and releases MDM2-mediated inhibition of nuclear
export of p53 to induce G2 cell cycle arrest (35). In HIV-1
infected cells, activated p53 might induce the transcription of
several genes, including MDM2, and enhanced expression of
MDM2 might lead to more Vif ubiquitination and degradation.
We speculate that Vif requires CBF� as a protector against the
induced MDM2. Further studies of the relationship among
these three molecules will be valuable in understanding the
viral strategies to accomplish productive infection and also for
developing pharmaceutical inhibition of HIV-1 replication.

Inhibition of the Vif function to promote proteasomal deg-
radation of host restriction factors by small molecules has
emerged as a promising target for therapeutics for patients with
HIV-1 infection (36, 37). There are several target protein-pro-
tein interactions for this strategy because Vif directly interacts
with three of the components of the ubiquitin ligase complex as
well as substrate APOBEC3 proteins. Of these, the Vif-CBF�
interaction seems to be the most attractive target because of
high effectiveness and few side effects. Disruption of this inter-
action would recover all APOBEC3 proteins that are targeted
by Vif and would not affect host protein-protein interactions
except the runt related transcription factor-CBF� interaction,
which is a physiological interaction but is interfered by Vif pro-
tein in HIV-1 infected cells (13, 15). Moreover, considering our
data, even during interruption of Vif-CBF� for a short duration,
MDM2 would rapidly clear Vif protein through the proteasome
pathway (Fig. 6B). Our data provide fundamental insights into
the development of effective Vif inhibitors.

We propose the novel hypothesis that CBF� protects HIV-1
Vif protein from MDM2-mediated degradation by inhibiting
MDM2 binding to Vif and clearly demonstrate this using mul-
tiple experimental methods. Our data help understand Vif pro-
tein metabolism in infected cells and provide supportive evi-
dence for promising therapeutics for HIV-1 infection that
disrupt the Vif-CBF� protein-protein interaction.

Experimental Procedures

Plasmid Construction—The C-terminally myc-tagged Vif
expression plasmid pDON-Vif-myc and its E88A/W89A deriv-
ative were described previously (25). Other derivative amino
acid substitution mutants were generated by a PCR-based
method using properly designed primers. The untagged Vif
expression plasmid and N-terminally HA-tagged MDM2
expression plasmid were described previously (20). The expres-
sion plasmid for CBF� was generated by insertion of CBF�
complementary DNA into pcDNA3 at XhoI/KpnI sites. The
luciferase reporter HIV-1 plasmids for single-cycle infection,
pNL43/�Env-Luc and pNL43/�Env�vif-Luc, were described
previously (38). Mutations in the vif region of pNL43/�Env-Luc
and pNL4 –3 were introduced by a PCR-based method using

internal restriction sites, MscI at position 4553 and EcoRI at
position 5743.

Cell Culture and Transfection—293T cells and murine
embryonic fibroblasts were maintained in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum and
penicillin, streptomycin, and glutamine. Cells on 6-well plates
were transfected with about 1 �g of plasmid DNA in total using
X-tremegene HP DNA transfection reagent (Roche) according
to the instructions of the manufacturer. For generating stable
cell lines, cells were diluted and plated on 96-well plates 1 day
after transfection, selected by adding G418 (Nacalai) at a final
concentration to 1.6 mg/ml, and analyzed for expression of Vif
protein by immunoblotting.

Immunoblotting—We used a standard chemiluminescence
protocol for immunoblotting with a PVDF membrane (Milli-
pore). Primary antibodies for immunoblotting against Vif,
APOBEC3G, and p24Gag were obtained from the National
Institutes of Health AIDS Research and Reference Reagent Pro-
gram. Rabbit anti-CBF� serum was purchased from Santa Cruz
Biotechnology. Rabbit anti-myc serum and anti-HA serum
were purchased from Sigma. Mouse anti-tubulin monoclonal
antibody was purchased from Covance. HRP-conjugated sec-
ondary antibodies against mouse and rabbit were purchased
from GE Healthcare.

Co-immunoprecipitation—293T cells were transfected with
expression vectors as indicated in Fig. 1, treated with MG132 at
a concentration of 2.5 �M for 16 h, and lysed with co-IP buffer
(25 mM HEPES (pH 7.4), 150 mM NaCl, 0.1% Triton X-100, 1
mM EDTA, and 1 mM MgCl2) supplemented with protease
inhibitor mixture (Roche) and 50 �M MG132. After centrifuga-
tion at 20,000 � g for 10 min, the supernatant was mixed with
2.5 �g of anti-myc polyclonal antibody (Sigma-Aldrich, C3956)
or 500 ng of anti-HA monoclonal antibody (Roche, clone 3F10)
for 1 h, and then mixed with 20 �l of protein A-Sepharose (GE
Healthcare) for 1 h. Beads were washed with co-IP buffer three
times, and bound protein was eluted with 1� SDS sample
buffer. Samples were analyzed by immunoblotting as described
above.

Knockdown of CBF� in Mouse Embryonic Fibroblasts—
Mouse embryonic fibroblasts stably expressing Vif wild-type
or the E88A/W89A mutant at 50% confluency were trans-
fected with SMARTpool siRNA against CBF� (Dharmacon,
M-062486 – 01) or Stealth RNAi negative control duplexes
(Invitrogen) at a concentration of 50 nM using X-tremegene
siRNA transfection reagent (Roche) in serum-free medium.
The serum was replenished 1 day after transfection, and cells
were harvested 2 days after transfection and analyzed for Vif
levels by immunoblotting.

Cycloheximide Chase—p53�/� and p53�/�; Mdm2�/�

mouse embryonic fibroblasts stably expressing Vif wild-type or
the E88A/W89A mutant were treated with 140 �g/ml cyclo-
heximide for 30, 60, 90, or 120 min, harvested by washing with
PBS twice, lysed with co-IP buffer, and analyzed for Vif levels by
immunoblotting. Tubulin levels were also analyzed as a loading
control.

Single-cycle Infection of Luciferase Reporter HIV-1—Lucifer-
ase encoding HIV-1 particles was produced by transiently
transfecting 293T cells at 50% confluency using 0.75 �g of
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pNL43/�Env-Luc or derivative mutant, 0.3 �g of pVSV-G and
0.1 �g of pcDNA3/HA-A3G, or empty vector. After 48 h, virus-
containing supernatants were harvested through a PVDF filter
with 0.45-�m pores (Millipore) and added to fresh 293T cells.
After 48 h, cells were lysed with passive lysis buffer (Promega),
and luciferase activity was determined by luminometer (2030
Arvo X, PerkinElmer Life Sciences) using a luciferase assay sys-
tem (Promega). Sample preparation of producer cells and virus
for immunoblotting was performed as described previously
(39).
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