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ABSTRACT: HIV-1 Vif is an accessory protein that induces the proteasomal degradation
of the host restriction factor, apolipoprotein B mRNA-editing enzyme catalytic
polypeptide-like 3G (APOBEC3G). The N-terminal half of Vif binds to APOBEC3G,
and the C-terminal half binds to subunits of a cullin 5-based ubiquitin ligase. This Vif-
directed ubiquitin ligase induces the degradation of APOBEC3G (a cytidine deaminase)
and thereby protects the viral genome from mutation. A conserved PPLP motif near the C-
terminus of Vif is essential for Vif function and is also involved in Vif oligomerization.
However, the mechanism and functional significance of Vif oligomerization is unclear. We
employed analytical ultracentrifugation to examine the oligomeric properties of Vif in
solution. Contrary to previous reports, we find that Vif oligomerization does not require
the conserved PPLP motif. Instead, our data suggest a more complex mechanism involving
interactions among the HCCH motif, the BC box, and downstream residues in Vif.
Mutation of residues near the PPLP motif (S165 and V166) affected the oligomeric
properties of Vif and weakened the ability of Vif to bind and induce the degradation of APOBEC3G. We propose that Vif
oligomerization may represent a mechanism for regulating interactions with APOBEC3G.

HIV-1 virion infectivity factor (Vif) is an accessory protein that
is required for viral replication in T-cells. Such “non-
permissive” cells restrict the replication of vif-deficient HIV-1
because they express apolipoprotein B mRNA-editing enzyme
catalytic polypeptide-like 3G (APOBEC3G)1 as well as the
closely related APOBEC3F.2−5 APOBEC3G contains two
copies of the cytidine deaminase (CDA) domain. The N-
terminal CDA domain mediates packaging of APOBEC3G into
virus particles6 by a process that involves interactions with the
nucleocapsid domain of Gag.6−15 APOBEC3G is delivered in
the virus particle to the target cell where it catalyzes the
deamination of cytidines in the minus strand DNA produced by
viral reverse transcription. The resulting C-to-U mutations are
copied into the plus strand DNA as G-to-A mutations that
block viral replication.2−5,16−20 Vif prevents the encapsidation
of APOBEC3G into virus particles. Vif functions as an adaptor
protein that binds to APOBEC3G and to subunits of a RING-
cullin ubiquitin ligase, including elongin B/C and cullin 5
(Cul5).21 This complex, which includes the recently identified
T-cell differentiation factor CBF-β,22,23 induces the polyubi-
quitination and proteasomal degradation of APO-
BEC3G.21,24−28

HIV-1 Vif is a 23 kDa protein of 192 amino acids.
APOBEC3G binds to a surface in Vif formed by a nonlinear
array of sequence motifs that span residues 14−89.29−35
Elongin B/C binds to the conserved BC box motif in Vif
(S144LQYLALAAL153).36,37 Two regions in Vif appear to be

important for binding to Cul5. The HCCH motif
(H108C114C133H139) is required for interaction with Cul5.38−41

Zinc binds specifically and reversibly to the HCCH motif to
generate a conformation capable of mediating protein−protein
interactions.42 An HCCH-containing fragment of Vif (residues
101−141) interacts directly with Cul5 in a zinc-dependent
manner, suggesting that zinc modulates the conformation of Vif
to expose a Cul5 binding site.41 The P161PLP164 motif located
downstream from the BC box has also been implicated in Cul5
binding43,44 and bears sequence similarity to the cullin box
motif that is conserved in suppressor of cytokine signaling
(SOCS) proteins.45 However, the PPLP motif appears to play a
minor thermodynamic role in forming the Vif−Cul5−elongin
BC complex, which is driven by the high (nanomolar) affinity
of the BC box for elongin B/C.44 A recent nuclear magnetic
resonance (NMR) study demonstrated that the PPLP motif
binds to elongin B,46 and other studies suggest that the PPLP
motif is required for APOBEC3G binding and degradation.47,48

The PPLP motif is located in a region of Vif that is highly
dynamic in solution.49,50 Flexibility may allow this region of Vif
to engage in diverse protein−protein interactions.
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The ability of Vif to form diverse protein−protein
interactions is further exemplified by the discovery that Vif
forms homo-oligomers. Using a pull-down assay with GST-
bound Vif and 35S-labeled Vif, the region in HIV-1 Vif required
for oligomerization was mapped to residues 151−164, which
contains the conserved P161PLP164 motif.51 Deletion of the
PPLP motif inhibited the interaction between GST-bound Vif
and 35S-labeled Vif, and peptides containing the PPLP motif
suppressed viral infectivity, suggesting that the PPLP motif is
essential for the oligomerization and function of HIV-1 Vif.52

Virus particles produced from cells treated with peptide
antagonists of HIV-1 Vif oligomerization contained elevated
amounts of APOBEC3G, further suggesting that oligomeriza-
tion is critical for Vif function.53 Despite the progress that has
been made, a clear mechanistic understanding of Vif
oligomerization is lacking. Toward this goal, we have employed
analytical ultracentrifugation (AUC) to examine the oligomeric
properties of Vif. These studies are complemented by
functional assays to gauge the impact of mutations that affect
the oligomeric state of Vif on the ability to bind to and induce
the degradation of APOBEC3G.

■ MATERIALS AND METHODS
Cloning, Protein Expression, and Purification. Vif

fragments were cloned into the pMal c-5x vector (NEB)
using EcoRI and SbfI sites. Site-directed mutagenesis was
performed using the QuikChange II XL mutagenesis kit
(Agilent Technologies). Constructs were transformed into
BL21(DE3) Escherichia coli cells. Bacteria were cultured in 2YT
broth containing ampicillin and 1% glucose at 37 °C until the
OD600 reached 0.6. Protein expression was induced with 0.5
mM IPTG and allowed to occur for 16 h at 18 °C. Cells were
harvested by centrifugation at 5500g and 4 °C.
Cells were resuspended in buffer A [20 mM HEPES (pH

7.5), 150 mM NaCl, and 200 μM TCEP] supplemented with
RNase/DNase and protease inhibitor (Roche Applied
Sciences) and lysed in a French pressure cell. Lysates were
clarified by centrifugation at 18000g and 4 °C for 30 min. The
supernatant was allowed to incubate with amylose resin for 1 h
at 4 °C, and the resin was washed with 5 column volumes of
buffer A, followed by 5 column volumes of buffer B [20 mM
HEPES (pH 8.0), 20 mM NaCl, and 200 μM TCEP]. Proteins
were eluted with 2 column volumes of buffer B with 10 mM
maltose. Vif-containing fractions were loaded onto a Resource
Q column (GE Healthcare) equilibrated with buffer B. After
being washed with buffer B, the protein was eluted with a linear
gradient from 20 mM to 1 M NaCl over 10 column volumes.
Vif was further purified with a Superose 6 column equilibrated
in buffer A at a flow rate of 0.5 mL/min. Protein concentrations
were determined by either a Bradford assay (Bio-Rad) using
bovine serum albumin as a standard or the method of Edelhoch
as described by Pace et al.54

Analytical Ultracentrifugation. Sedimentation velocity
experiments were conducted at 20.0 °C on a Beckman Coulter
Proteome XL-A or XL-I analytical ultracentrifuge using the
absorbance optical detection system. Samples were loaded into
two-channel, 12 mm path length sector-shaped cells (400 μL).
Scans were acquired at 4 min intervals and rotor speeds of
45000 rpm; absorbance data were collected as single
absorbance measurements at either 280 or 250 nm using a
radial spacing of 0.003 cm.
Data were analyzed in SEDFIT 11.9b55 in terms of a

continuous c(s) distribution. Solution densities (ρ) and

viscosities (η) were calculated using SEDNTERP 1.2,56 as
were values of the partial specific volume (v) of the protein.
The c(s) analyses were conducted using an s range of 0−25
with a linear resolution of 200 and maximal entropy
regularization confidence levels (F ratio) of 0.68. In all cases,
excellent fits were observed with root-mean-square deviations
ranging from 0.0030 to 0.0091 absorbance unit. Sedimentation
coefficients were corrected to standard conditions at 20.0 °C in
water, s20,w. Weight-average sedimentation coefficients, combin-
ing contributions from the monomer and oligomer, were
obtained from the integral of the c(s) distributions. These were
used to construct weight-average sedimentation coefficient
isotherms for the absorbance data.

Preparation of Vif(155−176) (PPLP peptide) and
Analysis by CD Spectroscopy. HIV-1 Vif residues 155−
176 (TPKKIKPPLPSVTKLTEDRWNK) were synthesized by
solid phase peptide synthesis using Fmoc protection (Peptide
2.0, Chantilly, VA). Crude peptides were solubilized and
purified by reverse phase high-performance liquid chromatog-
raphy (HPLC) as previously described.42 The peptide was
dissolved in buffer A, and concentrations were determined
using the method of Edelhoch as described by Pace et al.54

Peptide samples for far-UV CD spectroscopy were diluted to
48 μM in 10 mM MOPS (pH 7.4), 20 mM NaCl, and 40 μM
TCEP. Solutions were placed in quartz cuvettes with path
lengths of 1 mm, and far-UV CD spectra were recorded using a
JASCO J-815 spectrometer at a scan speed of 20 nm/min and a
bandwidth of 1 nm. Each spectrum represents the average of
five successive baseline-corrected scans. The sample temper-
ature for all CD measurements was maintained at 20 °C.
The mean residue molar ellipticity, [θ], was calculated

according to the equation [θ] = (θ × MR)/(10lc), where θ is
the measured ellipticity in millidegrees, MR is the mean residue
mass (molecular weight of the peptide divided by the number
of amino acid residues), l is the optical path length in
centimeters, and c is the protein concentration in milligrams per
milliliter. Spectral deconvolution was performed using the
Contin algorithm57 using reference set SP17558 from the suite
of programs available at the online server DICHROWEB
(http://www.cryst.bbk.ac.uk/cdweb).59,60

APOBEC3G Degradation Assay. HeLa cells were trans-
fected with pcDNA-APOBEC3G (0.5 μg) and pNL-A1-Vif
constructs (4.5 μg). Cells were harvested 24 h later, and whole
cell lysates were subjected to immunoblotting using antibodies
to APOBEC3G or Vif. The APOBEC3G blot was subsequently
reprobed with an antibody to tubulin, which served as a loading
control.

Vif-APOBEC3G Co-Immunoprecipitation. HeLa cells
were transfected with pcDNA-APOBEC3G-Myc (2 μg),
pNL-A1-Vif (2 μg), and dominant negative Cul521 (Cul5ΔRbx,
1 μg). Cul5ΔRbx was included to prevent Vif-induced A3G
degradation in this experiment. Cells were harvested 24 h later,
lysed in CHAPS/DOC lysis buffer, and immunoprecipitated
with a Myc-specific polyclonal antibody. Immunoprecipitates
were separated by sodium dodecyl sulfate−polyacrylamide gel
electrophoresis (SDS−PAGE) and probed with monoclonal
antibodies to Vif and Myc. Amounts of wild-type (wt) Vif were
defined as 100%. Amounts of coprecipitated mutant Vif
proteins are expressed as percentage of wt Vif. Vif values
were corrected for fluctuations in the APOBEC3G pull down.
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■ RESULTS
Full-length Vif is prone to aggregation,42 and previous studies
have indicated that the Vif C-terminal PPLP motif is
responsible for oligomerization.51,61 To avoid complications
involving the Vif N-terminal domain (Vif residues 1−100), a
domain that has a high affinity for nucleic acids,62,63 we chose
to focus on Vif C-terminal fragments (Vif residues 101−x).
Several truncations were made in the C-terminus of Vif to
highlight the regions involved in oligomerization and to assess
the importance of the PPLP motif in oligomerization (Figure
1a). Vif fragments were expressed and purified as fusions to the

maltose binding protein (MBP). MBP fusion results in high
levels of expression in E. coli and facilitates rapid protein
purification, and MBP is monomeric in solution. Figure 1b
demonstrates the purity of the MBP fusion constructs used in
this study.
Sedimentation c(s) profiles for MBP-Vif(101−192), MBP-

Vif(101−176), and MBP, presented in Figure 2, reveal that the
MBP-Vif fragments are highly oligomeric and that MBP is
almost completely monomeric. The c(s) plot for MBP did
reveal a small peak at 5.8 S, consistent with a dimer, accounting
for ∼10% of the total protein. MBP used in this study
contained the vector-derived sequence NAAAEFPAGN, which
could promote nonspecific dimerization. In support of this,
when MBP was cloned and expressed without these additional
amino acids, AUC revealed that the protein is monomeric at
high concentrations.64 The species observed around s20,w = 3.8
S (44 kDa) have estimated molecular masses in close
agreement with the calculated molecular masses of monomeric
MBP-Vif(101−176) (50 kDa) and MBP-Vif(101−192) (52
kDa). We note that the c(s) analysis involves direct boundary

modeling of the sedimentation velocity data in terms of a
distribution of Lamm equation solutions. To account for
boundary broadening due to diffusion, the analysis assumes that
all of the sedimenting particles in the distribution have the same
frictional ratio ( f/fo) that may not necessarily be the case. This
value, used to relate the sedimentation coefficient and
molecular mass, is predominantly determined by the major
species.
The c(s) profiles were integrated from 2.0 to 20.0 S to

determine the fraction of protein present as a monomer. This
analysis revealed that, at the standard loading concentration of
10 μM, <30% of MBP-Vif(101−176) and MBP-Vif(101−192)
were present as monomers. To address the reversibility of Vif
oligomerization, the fraction of monomeric MBP-Vif(101−
176) was measured as a function of protein concentration. A
stock solution of 46.5 μM MBP-Vif(101−176) was serially
diluted and analyzed by sedimentation velocity AUC. The
percent of monomeric species was determined by integrating
the c(s) profiles and is plotted as a function of protein
concentration in the inset of Figure 2. The data show a
precipitous drop in monomer content from 42 to 10% as the
protein concentration was increased from 1 to 15 μM. Beyond
15 μM, there was little change in the percent of the monomer.
Consistent with the percent of monomer data, the weight-
average s20,w value, obtained by integrating the sedimentation
c(s) profile from 2.0 to 20.0 S, increased with an increasing
protein concentration (data not shown). Because of the limits
of detection provided by the absorbance and interference
optics, we were unable to analyze protein samples at
concentrations of <1 μM. However, even at 1 μM, a large
fraction of Vif (58%) was still oligomeric. Overall, the data in
the inset of Figure 2 demonstrate the reversibility of Vif
oligomerization and illustrate its strong dependence on protein
concentration.
Data presented in Figure 2 suggest that the last 16 residues of

Vif (177−192) are not required for oligomerization. The MBP-
Vif(101−176) fragment contains the HCCH motif, BC box,
and PPLP motif. Because previous studies have focused on the

Figure 1. (a) Constructs used in this study. (b) SDS−PAGE of
protein constructs. Purified proteins were boiled in reducing SDS
sample buffer, separated on a 4 to 12% gel, and visualized by being
stained with Colloidal Blue. Molecular mass standards are shown in
kilodaltons.

Figure 2. Sedimentation velocity analytical ultracentrifugation of MBP,
MBP-Vif(101−192), and MBP-Vif(101−176). Proteins were concen-
trated to 10 μM. AUC data were analyzed as a continuous c(s)
distribution in SEDFIT as described in Materials and Methods. To
compare the extent of oligomerization for each protein construct, the
c(s) plots were normalized to the area under the monomer peak. The
inset shows the analysis of the reversibility of MBP-Vif(101−176)
oligomerization. Protein samples were prepared by serial dilution of a
46.5 μM stock solution. AUC data were analyzed as described in
Materials and Methods. The percent of monomeric Vif is plotted as a
function of protein loading concentration.
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PPLP motif as being essential for Vif oligomerization, we
studied the oligomeric properties of MBP-Vif(154−176), which
contains the PPLP motif but lacks both the HCCH motif and
BC box. The c(s) profile for MBP-Vif(154−176) (Figure 3)

revealed that the protein was predominantly monomeric (>90%
with s20,w = 3.7 S) with a small but significant amount of
dimeric species (s20,w = 5.4 S). Because of the size of MBP, we
wondered if the fusion tag could sterically hinder Vif
oligomerization. A tag-free “PPLP peptide” (Vif residues
155−176), synthesized by solid phase peptide synthesis and
purified by reversed phase HPLC, was therefore analyzed by
sedimentation velocity AUC. At concentrations as high as 1.8
mM, the PPLP peptide sedimented as a single species with an
s20,w of 0.45 S (Figure 3) and best-fit molecular mass of 2690
Da, which is (within the error of the method) identical to that
calculated for the peptide monomer (2577 Da). As the value of
the sedimentation coefficient does not change over the 10-fold
concentration range studied, the data in Figure 3 strongly
suggest that the PPLP peptide does not oligomerize. The data
indicate that the PPLP motif alone is not sufficient to promote
oligomerization of Vif and suggest the possibility that
interaction with other upstream sequences (e.g., the BC box
and HCCH motif) is required for oligomerization.
A small but significant amount of MBP-Vif(154−176) was

dimeric (see the 5.4 S peak in Figure 3). MBP and MBP-
Vif(154−176) were also analyzed by size exclusion chromatog-
raphy. MBP eluted from the column as a narrow peak
consistent with the monomer, while MBP-Vif(154−176) eluted
as a broader peak, indicating the presence of higher-molecular
mass species in addition to the major monomeric species
(Figure S1 of the Supporting Information). It is possible that
MBP induces a conformational change in the PPLP peptide
that facilitates dimerization. The far-UV CD spectrum of the
PPLP peptide revealed that it is largely unstructured in solution
(Figure 4). Trifluoroethanol (TFE), a solvent well-known for
its ability to induce structure in peptides and proteins,65 was
used to determine whether structural changes in the PPLP
peptide could affect its oligomeric properties. Addition of TFE
[20 or 40% (v/v)] to the PPLP peptide altered the far-UV CD
spectrum, indicating a change in secondary structure (Figure
4). Data analysis revealed that the percentage of α-helical

secondary structure in the PPLP peptide increased from 5% in
buffer lacking TFE to 15% in a solution containing 40% TFE.
Sedimentation velocity AUC experiments revealed that TFE
induced oligomerization of the PPLP peptide (Figure 4, inset).
The c(s) profiles of the PPLP peptide prepared in increasing
concentrations of TFE illustrate a clear trend from a
monomeric form (0.45 S) in the absence of TFE to a higher-
molecular mass form (0.75 S) in the presence of 40% TFE. As
the interpretation of sedimentation velocity AUC data depends
critically on solvent densities and viscosities, the s20,w values
were corrected for the changes in solution viscosity and density
caused by TFE using SEDNTERP. Ignoring possible
contributions from hydration terms to the buoyant molecular
mass and using a peptide partial specific volume calculated in
SEDNTERP, we determine a best-fit molecular mass of 5210
Da for the 0.75 S species in 40% (v/v) TFE, consistent with a
peptide dimer (Mcalc = 5154 Da). As corrections for hydration
contributions will lead to only larger true molecular masses, we
conclude that the addition of TFE to the PPLP peptide induced
a transition from a monomer to an oligomer (most likely
dimer), suggesting that a modest change in the conformation of
Vif residues 155−176 can promote oligomerization.
To identify other regions in the C-terminus of Vif required

for oligomerization, we analyzed MBP-Vif(101−x) fragments
(where x = 141, 153, 160, 165, or 172) by sedimentation
velocity AUC. The c(s) profiles for MBP-Vif(101−141) and
MBP-Vif(101−153) revealed major sedimenting species with
s20,w values of 3.6 and 3.8 S, respectively (Figure 5). Molecular
masses for these species (42.7 and 43.6 kDa, respectively)
indicate that these represent monomeric MBP-Vif(101−141)
(Mcalc = 46.1 kDa) and MBP-Vif(101−153) (Mcalc = 47.3 kDa),
respectively. In addition to the dominant monomeric species,
oligomers of MBP-Vif(101−141) and MBP-Vif(101−153)
were also observed (Figure 5). However, the extent of
oligomerization observed for the Vif(101−141) and Vif(101−
153) fragments was far less than what was observed for the
Vif(101−176) fragment. Integration of the c(s) profiles for the
Vif(101−141) and Vif(101−153) fragments revealed that these
proteins are ∼60% monomeric compared to the Vif(101−176)
fragment, which is 30% monomeric at the same loading
concentration. Vif fragments longer than residues 101−153
(101−160, 101−165, and 101−172) were mostly oligomeric,
forming a distribution of species with s20,w values ranging from 5

Figure 3. Sedimentation behavior of a Vif-PPLP peptide, free in
solution or fused to MBP. Sedimentation velocity AUC data were
analyzed as a continuous c(s) distribution of sedimenting species. c(s)
profiles are shown for MBP (10 μM), MBP-Vif(154−176) (12 μM),
and a synthetic PPLP peptide corresponding to Vif residues 155−176
(1.8 mM).

Figure 4. Trifluoroethanol-induced changes in the secondary structure
and oligomeric properties of the Vif(155−176) peptide. Far-UV
circular dichroism spectra of Vif(155−176) (final concentration of 48
μM) prepared in buffer containing 0, 20, or 40% (v/v) TFE. The inset
shows c(s) profiles for Vif(155−176) (final concentration of 140 μM)
in the presence of 0, 20, or 40% TFE.
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to 20 S (Figure 5). In these cases, <30% of the protein was
monomeric, comparable to the case for the Vif(101−176)
fragment.
The weight-average s20,w value, obtained by integrating the

c(s) profile from 2.0 to 20.0 S, was calculated for each MBP-Vif
construct (filled bars in the inset of Figure 5). This value was
compared to the monomer s20,w value for each construct
(empty bars). The monomer s20,w values increase as expected
for the changes in the size of the Vif fragments. Comparison of
the weight-average s20,w values reveals that the most significant
increase in oligomeric species was due to residues 154−160
(compare the weight-average s20,w values for fragments of
residues 101−153 and 101−160 of Vif). Addition of residues
161−165 that encompass the PPLP motif did not cause an
increase in the weight-average s20,w value, further emphasizing
the fact that the PPLP motif is not essential for Vif
oligomerization.
Mutations were engineered into and surrounding the PPLP

motif in MBP-Vif(101−176), and the effects on oligomeriza-
tion were determined by sedimentation velocity AUC. We
mutated the PPLP motif to AALA in the backbone of the MBP-
Vif(101−176) construct to determine the role of the conserved
proline residues in oligomerization. Inspection of the c(s)
profile of MBP-Vif(101−176)AALA revealed that this mutant
contained much less of the monomeric form and more
oligomers than the wild-type construct (Figure 6a). Two
other PPLP mutants were analyzed, namely, PPLP → PPGP
(L163G) and PPLP → PPPP (L163P). MBP-Vif(101−
176)PPGP and MBP-Vif(101−176)PPPP also formed oligomers
(Figure 6a), demonstrating that mutation of the PPLP motif
does not abolish oligomerization. The data support the idea
that the PPLP motif is not required for oligomerization.
Instead, the PPLP motif may orient surrounding residues that
make contacts in the oligomer.
Two highly conserved residues near the PPLP motif, V166

and S165, were mutated in MBP-Vif(101−176) to determine

their role in Vif oligomerization. Mutation of V166 to S caused
a dramatic reduction in the amount of monomer and an
increase in the amount of dimer (Figure 6b). This effect can be
seen in the monomeric region of the c(s) profiles (s20,w = 3.6−4
S) where the amount of monomer detected for the V166S
mutant was significantly smaller than the amount in wild-type
Vif. In addition, the s20,w peak at 6 S (corresponding to the
dimer) was much more pronounced for the V166S mutant.
Comparison of the c(s) profiles for the S165D and S165A
mutants revealed that these mutations stabilized the mono-
meric form of MBP-Vif(101−176) (Figure 6b). This effect can
be seen in the monomeric region of the c(s) profiles (s20,w =
3.6−4 S). The increase in the amount of monomeric species for
the S165D and S165A mutants was balanced by a decrease in
the amount of oligomers (s20,w = 7.0−15 S). Notably, the
amount of dimer (s20,w = 6 S) was very similar between wild-
type Vif and the S165 mutants (Figure 6b).
The V166S, S165D, and S165A mutations were generated in

full-length Vif to determine their impact on the ability of Vif to
degrade APOBEC3G. Vif-dependent degradation of APO-
BEC3G was measured by immunoblotting.66 Vif and
APOBEC3G were transiently expressed in HeLa cells,
separated by SDS−PAGE, and subjected to immunoblot
analysis using antibodies to APOBEC3G, Vif, and tubulin (as
a loading control). The APOBEC3G degradation data (Figure
7a) indicate that the S165D and V166S Vif mutants were
unable to efficiently degrade APOBEC3G and were comparable
to the control lacking Vif. The APOBEC3G degradation
activity of the S165A mutant was comparable to that of wild-
type Vif. The ability of the Vif mutants to interact with
APOBEC3G was tested by co-immunoprecipitation (Materials
and Methods) (Figure 7b,c). To prevent Vif-induced
APOBEC3G degradation in this experiment, a dominant-

Figure 5. Oligomeric properties of Vif truncation mutants.
Sedimentation velocity AUC experiments were conducted with
MBP-Vif(101−x) fragments, where x = 141, 153, 160, 165, or 172.
Proteins were purified as described and concentrated to 10 μM. AUC
data were analyzed as described. For comparison, the c(s) profiles were
normalized according to the area under the monomer peak. The inset
shows the weight-average s20,w values for MBP-Vif(101−x) constructs.
Sedimentation velocity AUC analyses were performed using an
equivalent concentration (final concentration of 10 μM) for all protein
constructs. Weight-average s20,w values (filled bars) were calculated by
integrating the c(s) profiles from 2 to 20 S. Empty bars represent the
s20,w value for the monomer species. Bars corresponding to constructs
that contain the PPLP motif are marked with an asterisk.

Figure 6. Oligomeric properties of Vif mutants. (a) Mutations in the
PPLP motif (AALA, PPGP, and PPPP) were created in the MBP-
Vif(101−176) construct, and purified proteins were concentrated to
30 μM. Proteins were analyzed by sedimentation velocity AUC. (b)
Point mutations, S165A, S165D, and V166S, were created in the MBP-
Vif(101−176) construct, and purified proteins were concentrated to
30 μM. Sedimentation velocity AUC data were analyzed as described
in Materials and Methods.
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negative form of Cul5 (Cul5ΔRbx) was cotransfected. The
results demonstrate that all of the mutations weakened the Vif−
APOBEC3G interaction irrespective of the functional pheno-
type. This suggests that mutations in Vif that affect interaction
with APOBEC3G are not necessarily indicative of the effects of
Vif on APOBEC3G degradation. Nevertheless, the data in
Figures 6 and 7 reveal that the same residues involved in
oligomerization are also important for APOBEC3G binding
and degradation.

■ DISCUSSION

This represents the first detailed hydrodynamic analysis of
HIV-1 Vif oligomerization using AUC. A major finding of this
study is that the PPLP motif is not essential for Vif
oligomerization. Previous studies have suggested that the
PPLP motif is essential for oligomerization.51,52 These studies
utilized an assay in which immobilized GST-bound Vif was
used to pull down 35S-labeled Vif. Our AUC studies are
fundamentally different from these earlier studies because they
are performed in solution. It is possible that the conformation
of GST-bound Vif attached to the solid surface is different from
the conformation in solution. Recently, AUC analysis of
Vif(139−176), which contains the BC box and PPLP motif,
revealed that this fragment of Vif is monomeric.46 Dynamic
light scattering was used to examine the impact of the AALA
mutation on Vif oligomerization.61 The authors found that this
mutation reduced but did not abolish oligomerization. AUC
revealed that the AALA mutation abolished monomeric Vif and
stabilized higher-order oligomers (Figure 6a). Mutation of the
PPLP motif to the AALA motif may create a hydrophobic patch

that stabilizes oligomeric forms of Vif. However, because the
PPLP sequence is likely to impose very unique constraints on
the conformation of Vif, indirect effects on oligomerization
caused by the AALA mutation cannot be ruled out. Although
the PPLP motif is clearly important for Vif function, our data
and the studies mentioned support our assertion that the PPLP
motif is not essential for oligomerization.
Our data suggest that the mechanism of oligomerization is

more complex than previously thought. The HCCH motif
appears to be involved in oligomerization. The c(s) profile of
MBP-Vif(101−141) revealed the presence of oligomers (Figure
5), and the weight-average s20,w value for this construct was
significantly greater than that for the monomer (Figure 5,
inset). It is important to emphasize that these studies were
performed in the absence of zinc, which is known to alter the
conformation of the HCCH motif.42,67 Addition of zinc to
MBP-Vif(101−176) altered its oligomeric properties, and this
effect could be reversed by the addition of EDTA (Figure S2 of
the Supporting Information), further suggesting that Vif
oligomerization is sensitive to the conformation of the
HCCH motif. The BC box may also be involved in
oligomerization. MBP-Vif(101−153), which includes the
HCCH motif and BC box, oligomerized to a greater extent
than MBP-Vif(101−141). This can be seen by comparing the
c(s) profiles for these constructs (Figure 5) as well as their
weight-average s20,w values (Figure 5, inset). Tween 20 [0.05%
(v/v)] did not alter the c(s) profile for MBP-Vif(101−153)
(data not shown), suggesting that oligomerization is mediated
by specific protein−protein interactions. Even the subtle
mutation of L145 to A in the BC box significantly altered the

Figure 7. Functional analysis of S165 and V166 mutants of Vif. (a) Vif-induced degradation of APOBEC3G. HeLa cells transiently expressing Vif
and APOBEC3G were harvested and probed using antibodies to APOBEC3G or Vif. (b) Co-immunoprecipitation of Vif and APOBEC3G. HeLa
cells were transfected with vectors encoding Vif, APOBEC3G-Myc, and Cul5ΔRbx. Cul5ΔRbx was included to prohibit Vif-induced degradation of
A3G in this experiment.21 Anti-Myc immunoprecipitates were separated by SDS−PAGE and probed with antibodies to Vif and Myc (right). Total
cell extracts served as input control and were used to correct for fluctuations in Vif expression levels (left). (c) Results from three independent
experiments were quantified. The amount of coprecipitated wt Vif is defined as 100%, and the amount of coprecipitated mutant Vif protein is
expressed as a percentage of that of wt Vif.
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oligomeric properties of MBP-Vif(101−176) (Figure S3 of the
Supporting Information). Thus, we favor a mechanism in which
the HCCH motif, BC box, and PPLP motif interact to generate
a conformation that promotes oligomerization.
Our studies highlight the biochemical and conformational

properties of the PPLP peptide corresponding to Vif residues
155−176. This peptide lacked strong secondary structure.
Interestingly, TFE induced α-helical secondary structure in this
peptide (Figure 4) and promoted peptide oligomerization
(inset of Figure 4). In the absence of TFE, the peptide was
monomeric even at a concentration as high as 1.8 mM.
However, when the PPLP peptide was fused to the C-terminus
of MBP, which is normally monomeric, a significant amount of
the fusion protein formed dimers (Figure 3). Experiments using
NMR46 and hydrogen exchange mass spectrometry50 suggest
that the region containing the PPLP motif is highly dynamic.
The fact that the PPLP peptide was monomeric unless fused to
MBP or MBP-Vif constructs [e.g., MBP-Vif(101−176)]
suggests that this region of Vif may undergo induced folding
to generate a conformation that promotes oligomerization. A
similar induced-folding mechanism has been proposed to
explain the interaction of the region containing the BC box and
PPLP motif with elongin B/C.46,50

Residues immediately upstream from the PPLP motif
(I154TPKKIK160) were most critical for oligomerization. This
can seen by comparing the weight-average s20,w values for MBP-
Vif fragments 101−153, 101−160, and 101−165 (Figure 5,
inset). However, mutation of the PPLP motif (Figure 6a) or
residues immediately downstream from the PPLP motif (Figure
6b) also perturbed the oligomeric properties of Vif. Mutation of
V166 to S greatly affected the oligomeric properties of Vif, by
destabilizing the monomeric form and stabilizing the dimeric
form relative to the wild-type protein, which can be seen from
the c(s) profiles in Figure 6b. The oligomeric properties of Vif
were sensitive to mutations at position 165. Replacement of
serine at this position with either alanine or aspartate stabilized
the monomeric form of Vif and destabilized higher-order
oligomeric forms (Figure 6b). S165 is highly conserved among
HIV-1 Vif sequences and is thought to be targeted for
phosphorylation by MAPK.68 Phosphorylation of S165 could
provide a mechanism for modulating the conformation and
oligomeric properties of Vif in vivo.
We tested the functional impact of the S165 and V166

mutations by determining the ability of the mutant Vif proteins
to degrade APOBEC3G (Figure 7a). The effect of the
mutations can be ranked according to severity as follows:
V166S > S165D > S165A > wild-type Vif. The effect of these
mutations on the oligomeric properties of Vif follows a similar
trend (Figure 6b). Interestingly, all the mutants were defective
in their ability to interact with APOBEC3G (Figure 7b,c),
suggesting that the C-terminus of HIV-1 Vif plays an important
role in binding APOBEC3G. This effect could be direct or
could be the result of misfolding caused by the mutations.
What we have learned is that oligomerization of HIV-1 Vif

requires a region in the C-terminus that encompasses the
HCCH motif, BC box, and PPLP motif. The exact role of the
PPLP motif in Vif function remains unclear, but we propose
that its main role is to properly orient nearby residues that
mediate protein−protein interactions. Vif is a dynamic protein,
and this conformational complexity may be essential for
mediation of many different protein interactions like Cul5
binding, elongin B/C binding, Vif−Vif binding, and APO-
BEC3G binding. With regard to the oligomeric state of Vif,

several oligomeric forms have been identified here and in other
studies.44,51,61 Our results indicate that mutations that affect Vif
oligomerization also affect the ability to bind and degrade
APOBEC3G. One explanation is that a common surface in Vif
mediates oligomerization and APOBEC3G binding. It is also
possible that Vif oligomerization facilitates APOBEC3G
binding. In the cell, APOBEC3G exists in a high-molecular
mass form that is stabilized by RNA.69 Vif oligomers may be
able to more avidly bind to the high-molecular mass form of
APOBEC3G. On the other hand, a recent study found that
Vif−elongin B/C−Cul5 complexes contain monomeric Vif.44

Ultimately, the role of Vif is to exclude APOBEC3G from
budding viral particles. Vif monomers may function to recruit
the Cul5 ubiquitin ligase machinery and induce the degradation
of APOBEC3G. Vif oligomers could stabilize high-molecular
mass APOBEC3G complexes and prevent viral packaging of
APOBEC3G by a degradation-independent pathway. Further
studies are required to understand how Vif oligomerization
affects its interactions with APOBEC3G as well as other
binding partners.
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