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HIV-1 Vif assembles the Cul5-EloB/C E3 ubiquitin ligase to induce proteasomal degradation of the cellular antiviral
APOBEC3 proteins. Detailed structural studies have confirmed critical functional domains in Vif that we have previously
identified as important for the interaction of EloB/C, Cul5, and CBFb. However, the mechanism by which Vif recognizes
substrates remains poorly understood. Specific regions of Vif have been identified as being responsible for binding and
depleting APOBEC3G and APOBEC3F. Interestingly, we have now identified distinct yet overlapping domains that are
required for HIV-1 Vif-mediated G2/M-phase cell cycle arrest and APOBEC3H degradation, but not for the inactivation of
APOBEC3G or APOBEC3F. Surprisingly, Vif molecules from primary HIV-1 variants that caused G2/M arrest were unable
to inactivate APOBEC3H; on the other hand, HIV-1 Vif variants that could inactivate APOBEC3H were unable to induce
G2/M arrest. All of these Vif variants still maintained the ability to inactivate APOBEC3G/F. Thus, primary HIV-1 variants
have evolved to possess distinct functional activities that allow them to suppress APOBEC3H or cause G2 cell cycle
arrest, using mutually exclusive interface domains. APOBEC3H depletion and G2 arrest are apparently evolutionary
selected features that cannot co-exist on a single Vif molecule. The existence and persistence of both types of HIV-1 Vif
variant suggests the importance of APOBEC3H suppression and cell cycle regulation for HIV-1’s survival in vivo.

Introduction

Viral infectivity factor (Vif) is required for human immunode-
ficiency virus type 1 (HIV-1) replication in primary cells.1,2 Vif
overcomes host restriction factors, such as APOBEC3G, to pro-
mote viral infection.3-5 It specifically induces proteasomal degra-
dation of APBOEC3 proteins, including APOBEC3G5-7 and
APOBEC3F.8-11 For this purpose, Vif hijacks host cellular fac-
tors, including Cul5, EloB, EloC, and Rbx, and forms a Cullin
ring-based ubiquitin ligase (also known as the E3 complex).5,12,13

Once the E3 complex is assembled, Vif interacts with the APO-
BEC3 proteins and induces their ubiquitination and degrada-
tion;5,7,9,11 thereby, Vif promotes the production of infectious
HIV-1 progeny in certain types of cells.14 We more recently
determined that another cellular factor, CBFb, is also critical for
the formation of the Vif-induced E3 complex. Without CBFb,
Vif interacts only with EloC and EloB, but not with Cul5; thus,

it fails to assemble a functional E3 complex and leaves APO-
BEC3 proteins intact.15,16 In addition to its importance for
molecular virology research, CBFb also stabilizes the Vif protein
in prokaryotic E.coli cells.17,18

The HIV-1 NL4–3 Vif (VifNL4–3) structure recently revealed
by Guo et al. verifies several previous observations about Vif-
induced E3 complex formation.19 CBFb, as the essential compo-
nent promoting the assembly of the Vif-E3 complex,15 actually
becomes a subunit of the E3 complex. The potent Vif-CBFb
interaction involves multiple regions on both proteins, including
CBFb 68–73 directly interacting with Vif;20,21 CBFb 121–126,
in a b-sheet, possibly maintaining the structure of CBFb;20 the
Vif N-terminus inserting itself into the CBFb protein;18 and sev-
eral conserved residues being important for Vif-CBFb bind-
ing.18,22 Also, Vif interacts with EloB/C through the B/C box,
whose previously determined 144SLQ146 motif5,12,13 contributes
most significantly to the interaction. Surprisingly, although
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several regions of Vif have been identified to be critical for Cul5
binding,23-29 only one a-helix is utilized for direct interaction
with Cul5, but the importance of the Vif HCCH
domain9,23,24,30,31 and zinc binding25-27 have been verified by
the structure of the complex. The essential requirement of EloB/
C for the Vif-induced E3 complex assembly5 has also been dem-
onstrated by the binding of Vif and Cul5 to the complex, which
facilitates their interaction with each other.

Although the structural details of the Vif-E3 complex have
now been revealed, the Vif-substrate interaction is still not fully
understood. Interestingly, Vif interacts with APOBEC3 proteins
through the N-terminus of Vif, but different regions/motifs
apply for each interaction, based on the specific substrate. Collec-
tively, Vif positions Vif 23SLV/Ix4Yx9Y

40 and 52VxIPLx4–
5LxFx2YWxL72 (where "x" stands for any amino acid residue,
"F" for a hydrophobic residue) have been proved important for
interactions with both APOBEC3F and APOBEC3G as well as
their depletion;32-34 position 11 and the motifs 14DRMR17 and
74TGERxW79 are critical for APOBEC3F binding, and
40YRHHY44 for APOBEC3G binding.32,34-36 Consistently, the
revealed structure of Vif has confirmed that the motifs for both
APOBEC3F and APOBEC3G (above) are critical for maintain-
ing Vif structure, while the latter residues specific for either APO-
BEC3F or APOBEC3G degradation are located in 2 different
surface areas on Vif,19 thus are more possibly involved in direct
APOBEC3F or APOBEC3G interaction.

As compared to the comprehensive studies that have been
conducted regarding the Vif-APOBEC3F/G interaction, only a
little information has been reported concerning Vif-APOBEC3H
binding. There are several APOBEC3H haplotypes in human
cells, and some of them, such as hap II, are stably expressed and
are potent inhibitors of HIV-1 replication.37-39 Interestingly, in
contrast to the universal effect against APOBEC3F/G, only some
Vifs can induce the depletion of APOBEC3H, most likely
because of the presence of antiviral APOBEC3H haplotype(s)
that causes selection pressure.40 We recently discovered 2 differ-
ent positions, 39 and 48, on HIV-1 Vif in which mutations
greatly affect the capacity to degrade APOBEC3H without
compromising APOBEC3F/G depletion,40-42 indicating that dif-
ferent regions of the Vif protein are critical for APOBEC3F/G/H
interactions and/or depletion.

In addition to depleting the APOBEC3 protein, Vif also func-
tions as a cell cycle regulator, arresting host cells at the G2/M
phage (G2 arrest).43,44 This process also requires the presence of
CBFb and the Vif-induced E3 complex (unpublished data, man-
uscript submitted). It is worth noting that, as for APOBEC3H
depletion, Vif-induced G2 arrest is applicable only to some Vif
proteins.45 Indeed, a comparison between HXB2 and NL4–3 Vif
has led to the discovery of positions 31, 33, 36, 47, and 50 as
being critical for Vif-induced G2 arrest, whereas alteration of all
5 residues gives VifHXB2 potency in G2 arrest.45 The fact that
APOBEC3H depletion and G2 arrest are the only 2 known func-
tions that appear to be selective among Vif proteins suggests that
there may be a relationship between these 2 functions.

In the present study, we screened several Vif proteins from dif-
ferent HIV-1 strains for their potency in APOBEC3H removal

and G2 arrest. When combined with our previously published
data, our findings reveal that no single Vif protein can exhibit
both functions. Vif structure modeling indicated that the residues
that are reported to be critical for APOBEC3H removal or G2
arrest are located in 2 similar regions of the Vif protein, indicat-
ing that there may be competition for binding to one factor or
the other, leading to Vif’s variants showing a preference for one
of the functions over the other. Indeed, exchanging the critical
residues in Vif proteins can alter their potency in removing APO-
BEC3H and/or regulating the cell cycle. With the detection of a
new G2 arrest-competent VifC2, we have excluded Vif position
47 from the list of residues that are critical for Vif-induced cell
cycle regulation, but have revealed this residue’s importance for
Vif-mediated APOBEC3H depletion. Therefore, our data dem-
onstrate that APOBEC3H depletion and cell cycle regulation are
2 selective features that cannot co-exist in a single Vif protein,
and they have revealed additional essential residues for both func-
tions, which will certainly provide further insight into Vif’s
involvement in the pathogenesis and general virology of HIV-1.

Results

HIV-1 Vif proteins that are competent for APOBEC3H
depletion are defective for inducing G2/M cell cycle arrest

It has previously been shown that VifNL4–3 causes cell cycle
delay in multiple cell lines.43-45 We also experimentally con-
firmed that VifNL4–3 could induce G2 arrest in human embryo
kidney 293T (HEK293T) cells (Fig. 1A, B). In contrast, VifHXB2

failed to cause G2 arrest in HEK293T cells (Fig. 1A, B). Interest-
ingly, VifHXB2 and VifNL4–3 showed a converse potency in APO-
BEC3H depletion and G2 arrest in HEK293T cells: Indeed,
VifHXB2, which was unable to induce G2 arrest, was capable of
inducing the degradation of APOBEC3H (Fig. 1C, lanes 1 and
2); conversely, VifNL4–3, which functions as a cell cycle regulator
and causes G2 arrest, was unable to remove APOBEC3H
through proteasomal degradation (Fig. 1C, lanes 3 and 4). As
shown in Figures 1D and 1E, both VifHXB2 and VifNL4–3 have
been repeatedly reported by various groups to be functional
against APOBEC3F/G.5,10,15,17,46 Therefore, the observed dis-
tinction in functionality concerning APOBEC3H depletion and
G2 arrest could not be attributed to differences in E3 ubiquitin
complex formation; instead, it suggests that Vif may selectively
choose one function over the other.

To further confirm that APOBEC3H depletion and G2 arrest
are selective features among HIV-1 Vif proteins, we tested several
Vif proteins that have been shown to be functional against APO-
BEC3H and belong to different HIV-1 subtypes.41 Unlike
VifNL4–3, all HIV-1 Vif proteins that are known to induce the
degradation of A3H were unable to arrest host cells at the G2/M
stage (Fig. 1F), despite efficient expression in HEK293T cells
(Fig. 1G). It is noteworthy that Vifs from NL4–3, LAI, and B1,
all belonging to same subtype B, showed different potencies in
arresting host cells at the G2/M stage, suggesting that cell cycle
regulation of Vif protein may not correlate with HIV-1 subtype.
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HIV-1 Vif proteins that are competent for inducing G2/M
cell cycle arrest are defective for APOBEC3H depletion

The data presented above suggest that APOBEC3H depletion
and G2 arrest are selective features that cannot co-exist on a sin-
gle Vif molecule. To further examine this possibility, we charac-
terized additional HIV-1 Vif proteins that are competent with
regard to inducing G2 arrest. We observed that VifSG3 and VifC2
also had the ability to induce G2 arrest in HEK293T cells
(Fig. 2A). In repeated experiments, VifSG3 and VifC2 demon-
strated an ability to cause G2 arrest, like that of VifNL4–3

(Fig. 2B). However, all 3 of these Vifs were defective in inducing
APOBEC3H degradation when compared to VifHXB2 (Fig. 2C).
On the other hand, all 3 were able to induce APOBEC3G degra-
dation (Fig. 2D), indicating that their ability to form CRL5 E3
complexes was unaffected.

A single mutation at position 48 alters VifNL4–3’s potency in
causing G2 arrest and inability to cause APOBEC3H depletion

Residue 48 of Vif has been determined to be essential for
Vif-induced APOBEC3H depletion.41,42 Since it is located

between residues 47 and 50 in Vif proteins, altering residue
48 may also change Vif’s potency in G2 arrest. To test this
hypothesis, we focused on VifHXB2 and VifNL4–3, which
indeed showed different potencies for the 2 functions
(Fig. 1B, C). Position 48 has been shown to be critical for
Vif-induced APOBEC3H degradation42 and is occupied by
different residues in VifHXB2 (an H residue) and VifNL4–3 (an
N, Fig. 3A). We have previously demonstrated that VifNL4–3

N48H, as opposed to wild-type VifNL4–3, promotes viral
infectivity in the presence of antiviral APOBEC3H.42 In this
study, we checked the effects of similar mutations on Vif’s
potency in cell cycle regulation. Mutation N48H completely
abolished VifNL4–3’s ability to arrest host cells at the G2/M
stage (Fig. 3B), demonstrating that position 48 is indeed
involved in Vif-induced G2 arrest. Combined with our previ-
ous observation, these data suggest that different residues at
position 48 alter VifNL4–3s capacity for APOBEC3H deple-
tion and G2 arrest. However, mutation H48N did not confer
on VifHXB2 the ability to cause G2 arrest in host cells

Figure 1. Vifs that are competent for APOBEC3H removal cannot induce cell cycle arrest. (A) Representative flow cytometry data showing VifNL4–3’s or
VifHXB2’s potency in cell cycle regulation in HEK293T cells. (B) Bar chart representing the (G2/M)/G1 ratio of HEK293T cells transfected with VifNL4–3 or
VifHXB2. Western blotting results (above) indicate the protein expression levels of VifNL4–3 and VifHXB2. (C) Western blotting results for APOBEC3H levels in
the presence of VifHXB2 or VifNL4–3 in HEK293T cells. (D) Western blotting results for APOBEC3G levels in the presence of VifHXB2 or VifNL4–3 in HEK293T
cells. (E) Western blotting results for APOBEC3F levels in the presence of VifHXB2 or VifNL4–3 in HEK293T cells. (F) Bar chart representing the (G2/M)/G1 ratio
of HEK293T cells transfected with different Vifs that are potent in depleting APOBEC3H, with the exclusion of BNL43. (G) Western blotting results indicat-
ing the protein expression levels of the Vif proteins in (F).
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(Fig. 3B), suggesting that residue 48 alone is not sufficient
for Vif-induced G2 arrest and that this process requires other
specific residues of Vif proteins.

In situ, residue 39 of Vif is physically close to residues 31, 33,
and 36 and is also critical for APOBEC3H depletion.41 VifNL4–3

and VifHXB2 share the same amino acid at residue 39. To test the
impact of this residue on G2 arrest, we introduced an F39V
mutation into both Vif molecules. To our surprise, F39V neither
abolished the G2 arrest potency of VifNL4–3 nor made VifHXB2

capable of G2 arrest (Fig. 3C), possibly because residue 39 is not
close enough to residues 31/33/36, and therefore the mutagenesis
of F39 to V alone cannot affect Vif’s function as a cell cycle
regulator.

Identification of amino acids critical for Vif-induced G2
arrest

To determine the critical amino acids for Vif-induced
G2 arrest, we performed a protein sequence alignment using G2
arrest-competent VifNL4–3, VifSG3, and VifC2, as well as G2
arrest-defective VifHXB2. Interestingly, the G2 arrest-competent
Vif proteins share identical residues at positions 31, 33, 36, and
50, which are different from those in VifHXB2 (Fig. 4A). Posi-
tions 47 of VifNL4–3, VifSG3, and VifC2 also differ from that of
VifHXB2, but VifC2 contains a different amino acid at position 47
than VifNL4–3 and VifSG3 (R instead of T; Fig. 4A).

To further determine whether all of these 5 residues are essen-
tial for Vif-induced G2 arrest, we individually substituted single
mutations at positions 31, 33, 36, 47, and 50 in VifNL4–3

(Fig. 4B) and then tested for potency in arresting host cells at the
G2/M stage. We found that single mutations I31V, R33G,
K36R, and K50R were each individually sufficient to reduce or
abolish VifNL4–3’s ability to induce G2 arrest. Mutant T47P
maintained the ability to cause G2 arrest (Fig. 4C, D), suggesting
that this position is less important for determining the molecule’s
capacity for causing G2 arrest. Therefore, positions 31, 33, 36,
and 50, but not 47, are apparently critical for Vif-induced G2
arrest.

Exchanging residues at positions 31, 33, 36, 47, and 50
alters the G2 arrest and APOBEC3H depletion capability
of VifHXB2

Another interesting phenomenon revealed by the alignment of
the Vif proteins was that VifSG3 and VifHXB2 contain identical
residues at positions 39 and 48 (Fig. 4A); however, unlike
VifHXB2, VifSG3 failed to deplete APOBEC3H (Fig. 2C). It is
worth noting that the major difference between the N-termini
(positions 1–80) of VifSG3 and VifHXB2 is at residues 31, 33, 36,
47, and 50 (Fig. 5A), and it has previously been reported that a
VifHXB2 mutant containing VifNL4–3 residues at positions 31, 33,
36, 47, and 50 (VifHXB2 M5, Fig. 5A) shows potency in inducing
host cell arrest at the G2/M stage.45 Since the regions involved in

Figure 2. Vifs that are capable of G2 arrest cannot induce the depletion of APOBEC3H. (A) Representative flow cytometry data for cell cycle regulation by
different Vifs in HEK293T cells. (B) Bar chart representing the (G2/M)/G1 ratios for HEK293T cells transfected with different Vif expression vectors. The
Western blotting results (above) indicate the expression levels of Vif proteins. (C) Western blotting results for APOBEC3H levels in the presence of differ-
ent Vif proteins in HEK293T cells. (D) Western blotting results for APOBEC3G levels in the presence of different Vif proteins in HEK293T cells
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APOBEC3H depletion and G2 arrest
now appear to overlap in the Vif pro-
tein, it is reasonable to conclude that
altering residues at 31, 33, 36, 47, and
50 in VifHXB2 and VifNL4–3 (Fig. 5A)
would affect their ability to deplete
APOBEC3H. Indeed, further study
indicated that mutations at positions
33, 36, or 47, or combinations of G2-
related positions, compromised
VifHXB2-induced APOBEC3H deple-
tion (Fig. 5B); although VifHXB2 M5
was potent in causing G2 arrest, it
almost completely lost its potency in
inducing APOBEC3H degradation
(Fig. 5C). Interestingly, VifNL4–3 M5
did not gain the same ability to remove
APOBEC3H (Fig. 5C), possibly
because of the negative effect of N48
on APOBEC3H depletion.

Critical residues that are
responsible for APOBEC3H depletion
and G2 arrest are located in similar
areas of the Vif protein.

Recently, Guo et al. reported the
structure of VifNL4–3,

19 which revealed
the reason why one Vif protein could
induce the degradation of both APO-
BEC3F and APOBEC3G. Indeed, Vif
uses 2 distinct surface areas to interact with and deplete APO-
BEC3F (Fig. 6A, residues in blue) or APOBEC3G (Fig. 6A, resi-
dues in wheat). The phenomenon we observed above, that Vif
could not simultaneously function to deplete APOBEC3H and
arrest host cells at the G2/M stage, led us to hypothesize that Vif
uses the same area for both functions. Fortunately, Guo’s Vif
structure was based on VifNL4–3, which is competent for G2
arrest and thus provides conformational information concerning
Vif-induced cell cycle regulation.

We first noted that residues F39 and N48, which are critical for
APOBEC3H depletion, are found in 2 different areas in VifNL4–3

(Fig. 6A, residues in green). Residue F39 is located on one side of the
Vifb-sheet, with its side-chain facing outwards (Fig. 6B); this config-
uration would be consistent with binding APOBEC3H. Shockingly,
though, residue N48, on the other side, is barely on the surface of the
Vif protein; instead, its side chain protrudes into CBFb, and it inter-
acts with this protein, possibly through F69 and W73 (residues in
purple) of CBFb (Fig. 6C), suggesting that APOBEC3H depletion
requires a proper interaction between Vif and CBFb.

Interestingly, consistent with our hypothesis, residues that are
important for G2 arrest are also located in these 2 distinct areas
(Fig. 6A, residues in cyan). Residues I31, R33, and K36 are very
close to F39 (Fig. 3B). With their side-chains facing outwards,
these residues are poised to interact with the unknown endoge-
nous cell cycle regulator, so that Vif could deplete the regulator
and cause G2 arrest. Residues T47 and K50 are located beside

N48 (Fig. 6C). Like N48, these 2 residues are also very close to
CBFb, indicating that G2 arrest probably also needs a very spe-
cific interaction between Vif and CBFb. Thus, residues critical
for APOBEC3H depletion and G2 arrest are located in 2 similar
areas of Vif.

Discussion

In addition to depleting the antiviral factors APOBEC3G and
APOBEC3F, the HIV-1 Vif protein can also increase viral infec-
tivity through APOBEC3H degradation37,39,46,47 or increase
viral production through G2 arrest.45 Unlike APOBEC3F/G,
APOBEC3H has several haplotypes, most of which are unstable
and incompetent in HIV-1 suppression.37 Thus, it is possible
that only antiviral-competent APOBEC3H can exert additional
selection pressure on HIV-1. Consistently, only some Vifs from
different HIV-1 strains show potency in depleting APO-
BEC3H,41 and we have further confirmed that HIV-1 Vif adapts
to APOBEC3H haplotypes in HIV-1-infected patients.40

Based on previous observations with VifNL4–3, VifHXB2, and
VifSG3, G2 arrest is another feature that is selectively found
among these HIV-1 Vif proteins. Interestingly, screening of addi-
tional Vifs from different HIV-1 strains/subtypes has further
confirmed that APOBEC3H and G2 arrest cannot co-exist on a
single Vif protein. Consistently, based on the reported

Figure 3. Position 48 is essential for Vif’s induction of G2 arrest or depletion of APOBEC3H. (A) VifHXB2
and VifNL4–3 mutants used in this figure. (B) Bar chart representing the (G2/M)/G1 ratios in HEK293T
cells transfected with VifHXB2, VifNL4–3, and their mutants at position 48. The Western blotting results
(above) indicate the protein expression levels of VifNL4–3 and VifHXB2. (C) Bar chart representing the
(G2/M)/G1 ratios in HEK293T cells transfected with VifHXB2, VifNL4–3, and their mutants at position 39.
The Western blotting results (above) indicate the protein expression levels of VifNL4–3 and VifHXB2.
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structure,19 critical residues in VifNL4–3

such as positions 39 and 48 for APO-
BEC3H depletion and 31, 33, 36, 47,
and 50 for G2 arrest span the same sur-
face on the Vif protein. Interestingly,
changing residue 48, which is critical for
Vif-induced APOBEC3H depletion,
alters VifNL4–3’s potency in G2 arrest.
On the other hand, VifSG3 with a phe-
nylalanine at position 39 and histidine
at position 48 cannot potently reduce
APOBEC3H, even though both F39
and H48 are necessary for APOBEC3H
removal; consistently, VifHXB2 M5 with
F39 and H48 showed almost no ability
to reduce APOBEC3H. Further research
has demonstrated that mutations in G2-
related positions, such as 33, 36, and 47,
compromise VifHXB2’s capacity to coun-
teract APOBEC3H to varying degrees,
while altering all 5 G2-associated resi-
dues together may lead to a more signifi-
cant change on Vif’s surface and cause
greater differences in the recognition of
APOBEC3H. Thus, taken together,
these data not only establish that these
G2-related positions are important for
Vif-mediated depletion of APOBEC3H,
but they again confirm that a single Vif
protein can only be capable of either
APOBEC3H depletion or G2 arrest.

The overlap of critical residues for
APOBEC3H depletion and G2 arrest
makes it reasonable for Vif to have to
choose one function over the other. In
fact, without the presence of antiviral APOBEC3H but with
other selection pressure(s), it is reasonable to conclude that HIV-
1 alters residues critical for APOBEC3H degradation and
improves the infectivity of the produced viruses through addi-
tional mechanism(s). Because of the very same reason and the
constitutive presence of antiviral-competent APBOEC3F/G in
HIV-1 target cells, regions of Vif that are directed against APO-
BEC3F/G are highly conserved among different Vifs. Although
their contribution to HIV-1 pathogenesis is still unclear, it is at
least known that Vif-induced G2 arrest elevates HIV-1 produc-
tion45 and therefore should promote the development of AIDS.
However, the selection pressure connected with G2 arrest is
unknown. With only a few Vif proteins being capable of delaying
the cell cycle,44,48,49 it is most likely that this function has arisen
as a result of high-level random mutagenesis of the HIV-1
genome (because of the relatively low fidelity of reverse transcrip-
tion, and/or mutagenesis of APOBEC3-mediated RNA editing),
and elevated viral production subsequently makes it advanta-
geous for these particular HIV-1 strains to retain this ability to
delay the cell cycle during viral replication. Thus, Vif proteins
with no potency in either function may represent intermediates

in the mutagenesis. Otherwise, Vif’s capacity to regulate the cell
cycle may be evolutionarily increased under certain selective pres-
sures, and Vifs that are incompetent with regard to either APO-
BEC3H depletion or G2 arrest must be indicatative of additional
selective function(s) that we have not yet discovered for Vif.

Cellular factor CBFb has proven critical for HIV-1 Vif func-
tion,15,16,18,20,21,50,51 since it facilitates the interaction of Vif
with Cul5, the core protein of the Vif-induced E3 complex.5 We
have also determined that CBFb is a key factor in Vif-induced
G2 arrest (unpublished data, manuscript submitted), which cor-
relates with previous discovery that Vif-induced G2 arrest is
Cul5-dependent.44,48,49 Interestingly, no Vif residue that has
been shown to be critical for APOBEC3F/G depletion has been
found to be located at the Vif-CBFb binding interface (except
for those residues compromising Vif E3 complex formation). In
our study, however, Vif mutations at the Vif-CBFb interface
(such as Vif residues 48 and 50) alter its potency in APOBEC3H
depletion and G2 arrest. VifHXB2 and VifNL4–3, while containing
such different residues, maintain similar activity in APOBEC3F/
G degradation,42,45 indicating that amino acid differences at
positions 48 and 50 do not significantly alter Vif’s structure or

Figure 4. Positions 31, 33, 36, and 50, but not 47, are critical for Vif’s induction of G2 arrest. (A) Protein
alignment of G2-competent Vif proteins. G2-incompetent VifHXB2 was also introduced. The results
suggest that position 47 is not conserved among different G2 arrest-competent Vifs. Numbers above
the alignment indicate previously determined critical positions for Vif’s induction of G2 arrest.
Hyphens ("-") represent identical residues, as compared to VifNL4–3. (B) VifNL4–3 mutants used in this
figure. (C) Representative flow cytometry data for cell cycle regulation by VifNL4–3 and its mutants. (D)
Bar chart representing the (G2/M)/G1 ratios in HEK293T cells transfected with VifNL4–3 and its mutants.
The Western blotting results (above) indicate protein expression levels of VifNL4–3.
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the assembly of the Vif-induced E3
complex. However, since VifHXB2

H48N can no longer induce the degra-
dation of APOBEC3H, and VifNL4–3

K50R cannot cause G2 arrest, our find-
ings not only again confirm the involve-
ment of CBFb in Vif-induced G2 arrest
but also indicate that Vif requires some
specific interaction with CBFb to
induce the degradation of APOBEC3H
or to arrest host cells at G2.

Materials and Methods

Plasmids
The construction of expression vectors

for Vifs from different HIV-1 subtypes
has been previously described,41 as have
expression vectors for CBFb and its
mutants.15,20 Mutations were introduced
into Vif by site-directed mutagenesis,
with TransStart KD Plus DNA Polymer-
ase (Transgen Biotech, AP301–11) and
the following primers: VifNL4–3 I31V for-
ward: 50-AAGCACCACATGTACGT-
TAGCCGCAAAGC-30; VifNL4–3 I31V
reverse: 50-GCTTTGCGGCTAACG-
TACATGTGGTGCTT-30; VifNL4–3

R33G forward: 50-CCACATGTACAT-
TAGCGGCAAAGCTAAGGACTGG-
30; VifNL4–3 R33G reverse: 50-CCAGT
CCTTAGCTTTGCCGCTAATGTAC
ATGTGG-30; VifNL4–3 K36R forward:
50-GCCGCAAAGCTAGGGACTGGT
TCTACCG-30; VifNL4–3 K36R reverse:
50-CGGTAGAACCAGTCCCTAGCT
TTGCGGC-30; VifNL4–3 T47P forward:
50-ACCACTACGAGAGCCCCAACC
CCAAGATTAG-30; VifNL4–3 T47P
reverse: 50-CTAATCTTGGGGTTGG
GGCTCTCGTAGTGGT-30; VifNL4–3

K50R forward: 50-AGCACCAACCC-
CAGGATTAGCAGCGAGG-30; VifNL4–3 K50R reverse: 50-
CCTCGCTGCTAATCCTGGGGTTGGTGCT-30; VifNL4–3

F39V forward: 50-AAGCTAAGGACTGGGTGTACCGC-
CACCAC-30; VifNL4–3 F39V reverse: 50- GTGGTGGCGGTA-
CACCCAGTCCTTAGCTT-30; VifNL4–3 I31V/R33G forward:
50- CCACATGTACGTTAGCGGCAAAGCTAAGGACTGG-
30; VifNL4–3 I31V/R33G reverse: 50-CCAGTCCT-
TAGCTTTGCCGCTAACGTACATGTGG-30; VifNL4–3

I31V/R33G/K36R forward: 50-GCGGCAAAGCTAGG-
GACTGGTTCTACCG-30; VifNL4–3 I31V/R33G/K36R
reverse: 50-CGGTAGAACCAGTCCCTAGCTTTGCCGC-30;
VifNL4–3 T47P/K50R forward: 50-AGCCCCAACCCCAGGAT-
TAGCAGCGAGG-30; VifNL4–3 T47P/K50R reverse: 50-

CCTCGCTGCTAATCCTGGGGTTGGGGCT-30; VifNL4–3

N48H forward: 50- ACTACGAGAGCACCCACCCCAAGAT-
TAGCA-30; VifNL4–3 N48H reverse: 50- TGCTAATCTTG
GGGTGGGTGCTCTCGTAGT-30; VifHXB2 V31I forward:
50- GTAAAACACCATATGTATATTTCAGGGAAAGCT-30;
VifHXB2 V31I reverse: 50- AGCTTTCCCTGAAATATACA-
TATGGTGTTTTAC-30; VifHXB2 R36K forward: 50- TCAAG-
GAAAGCTAAGGGATGGTTTTAT-30; VifHXB2 R36K
reverse: 50- ATAAAACCATCCCTTAGCTTTCCTTGA-30;
VifHXB2 P47T forward: 50- GACATCACTATGAAAGCA
CTCATCCAAGAATAAGT-30; VifHXB2 P47T reverse: 50-
ACTTATTCTTGGATGAGTGCTTTCATAGTGATGTC-30;
VifHXB2 V31I/G33R forward: 50-GTAAAACACCATATGT

Figure 5. G2-related positions are also critical for Vif’s induction of APOBEC3H depletion. (A) VifHXB2
and VifNL4–3 mutants used in this figure. (B) Western blotting results for APOBEC3H levels in the pres-
ence of VifHXB2 and its mutants at G2-related positions. VifNL4–3 was introduced as a negative control.
(C) Western blotting results for APOBEC3H levels in the presence of VifHXB2, VifNL4–3, and their M5
mutants (with positions 31, 33, 36, 47, and 50 exchanged between VifHXB2 and VifNL4–3).
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ATATTTCAAGGAAAGCTAGGGG-30; VifHXB2 V31I/G33R
reverse: 50-CCCCTAGCTTTCCTTGAAATATACATATGGT
GTTTTAC-30; VifHXB2 P47T/R50K forward: 50-CATCAC-
TATGAAAGCACTCATCCAAAGATAAGTTCAGAAGTAC
A-30; VifHXB2 P47T/R50K reverse: 50-TGTACTTCTGAACT-
TATCTTTGGATGAGTGCTTTCATAGTGATG-30; VifHXB2

F39V forward: 50- GCTAGGGGATGGGTGTATAGACAT-
CACTATGAA-30; VifHXB2 F39V reverse: 50- TTCATAGT-
GATGTCTATACACCCATCCCCTAGC-30; VifHXB2 H48N
forward: 50- TATGAAAGCCCTAATCCAAGAATAAGTTC-
30; VifHXB2 H48N reverse: 50- GAACTTATTCTTGGAT-
TAGGGCTTTCATA-30. All transfections were performed with
the help of PEI (Polysciences, 408727–100 ML), according to
the manufacturer’s protocol.

Antibodies
The following primary and secondary antibodies were used for

this study: primary antibodies anti-HA (Invitrogen, 715500),
anti-myc (Covance, MMS-101P), anti-V5 (Invitrogen, R960-
CUS) and anti-tubulin (Abcam, ab11323–100); secondary anti-
bodies anti-mouse (Jackson, 115–055–062) and anti-rabbit
(Jackson, 111–055–045). Anti-Vif (catalog no. 2221) antibody

was obtained from the AIDS Research
and Reference Reagents Program.

Vif-induced G2 arrest
To detect Vif-induced G2 arrest,

human embryo kidney 293T
(HEK293T) cells seeded into 6-well
plates were co-transfected with the
pEGFP-F plasmid49 and one of the
Vif-expressing vectors. At 48 h post-
transfection, the transfected cells were
harvested and subjected to propidium
iodide (PI) staining and flow cytome-
try: The harvested cells were first
washed twice with ice-cold PBS, then
fixed in ice-cold ethanol at 4�C over-
night. Cells were then washed in PBS
twice and gently suspended in PI solu-
tion (0.1% Triton X-100, 5 mM
EDTA, 50 mg/ml RNase A, and
50»100 mg/ml PI [Sigma, P4170]),
then incubated in the dark on ice for
1 h before flow cytometry. Stained
cells were examined on a FACS Cali-
bur flow cytometer (BD) with gating
criteria similar those previously
described.44 The flow cytometry data
were then analyzed with FLOWJO
software (Version 7.6.1).

Vif-induced protein depletion
To detect Vif-induced degradation

of APOBEC3H or APOBEC3G,
HEK293T cells seeded into 12-well

plates were co-transfected with an APOBEC3H (Hap II)- or
APOBEC3G-expressing vector, and one of the Vif-expressing
vectors. At 48 h post-transfection, transfected cells were har-
vested and washed with 1£ PBS. The harvested cells were then
resuspended in 1£ SDS-PAGE loading buffer and heated at
95�C for 10 min for SDS-PAGE, followed by transfer to nitro-
cellulose membranes (GE Whatman, 10401396). After blocking
with PBS–Tween 20 containing 5% bovine serum 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 anti-
body for 1 h at room temperature. After three washes with PBS–
Tween 20, the blots were reacted with nitroblue tetrazolium
(NBT) (Sigma, N6876) and 5-bromo-4-chloro-3-indolylphos-
phate (BCIP) (Roche, 11585002001).

Protein modeling
The structure of the VifNL4–3-CBFb interaction was based on

the published structure of the Vif-induced E3 complex19 (PDB:
4N9F). The modeling and color manipulation were performed
with PyMOL software (http://www.pymol.org, version 1.6.9.0).

Figure 6. The Vif protein uses similar regions to induce G2 arrest and the degradation of APOBEC3H. (A)
Surface model of the Vif-CBFb interaction based on the published structure (PDB: 4N9F).19 The Vif pro-
tein is labeled in red, and CBFb is in yellow. On the Vif protein, the APOBEC3F-binding region is labeled
in blue, the APOBEC3G-binding region in wheat, the critical residues for G2 arrest in cyan, and the critical
residues for APBOEC3H depletion in green. (B) Detailed conformation of Vif around positions 31, 33, 36
(essential for G2 arrest), and 39 (essential for APOBEC3H depletion). (C) Detailed conformation of Vif
around positions 47, 50 (for G2 arrest), and 48 (for APBOEC3H depletion). It is noteworthy that N48 on
Vif may interact with F69 and W73 (in purple) on CBFb.
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