
The Structural Interface between HIV-1
Vif and Human APOBEC3H

Marcel Ooms,a Michael Letko,a,b* Viviana Simona,c,d

Department of Microbiology, Icahn School of Medicine at Mount Sinai, New York, New York, USAa; The
Graduate School of Biomedical Sciences, Icahn School of Medicine at Mount Sinai, New York, New York, USAb;
Global Health and Emerging Pathogens Institute, Icahn School of Medicine at Mount Sinai, New York, New
York, USAc; Division of Infectious Diseases, Department of Medicine, Icahn School of Medicine at Mount Sinai,
New York, New York, USAd

ABSTRACT Human APOBEC3H (A3H) is a cytidine deaminase that inhibits HIV-1 rep-
lication. To evade this restriction, the HIV-1 Vif protein binds A3H and mediates its
proteasomal degradation. To date, little information on the Vif-A3H interface has
been available. To decipher how both proteins interact, we first mapped the Vif-
binding site on A3H by functionally testing a large set of A3H mutants in single-
cycle infectivity and replication assays. Our data show that the two A3H �-helixes �3
and �4 represent the Vif-binding site of A3H. We next used viral adaptation and a
set of Vif mutants to identify novel, reciprocal Vif variants that rescued viral infectiv-
ity in the presence of two Vif-resistant A3H mutants. These A3H-Vif interaction
points were used to generate the first A3H-Vif structure model, which revealed that
the A3H helixes �3 and �4 interact with the Vif �-sheet (�2-�5). This model is in
good agreement with previously reported Vif and A3H amino acids important for in-
teraction. Based on the predicted A3H-Vif interface, we tested additional points of
contact, which validated our model. Moreover, these experiments showed that the
A3H and A3G binding sites on HIV-1 Vif are largely distinct, with both host proteins
interacting with Vif �-strand 2. Taken together, this virus-host interface model ex-
plains previously reported data and will help to identify novel drug targets to com-
bat HIV-1 infection.

IMPORTANCE HIV-1 needs to overcome several intracellular restriction factors in or-
der to replicate efficiently. The human APOBEC3 locus encodes seven proteins, of
which A3D, A3F, A3G, and A3H restrict HIV-1. HIV encodes the Vif protein, which
binds to the APOBEC3 proteins and leads to their proteasomal degradation. No
HIV-1 Vif-APOBEC3 costructure exists to date despite extensive research. We and
others previously generated HIV-1 Vif costructure models with A3G and A3F by map-
ping specific contact points between both proteins. Here, we applied a similar ap-
proach to HIV-1 Vif and A3H and successfully generated a Vif-A3H interaction model.
Importantly, we find that the HIV-1 Vif-A3H interface is distinct from the Vif-A3G and
Vif-A3F interfaces, with a small Vif region being important for recognition of both
A3G and A3H. Our Vif-A3H structure model informs on how both proteins interact
and could guide toward approaches to block the Vif-A3H interface to target HIV rep-
lication.
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The human APOBEC3 family consists of seven distinct proteins (A3A to A3H), several
of which have potent activity against HIV-1 (1, 2). During infection of the new cell,

virion-incorporated APOBEC3 proteins target the process of reverse transcription
through directly deaminating the viral single-stranded DNA as well as by deaminase-
independent mechanisms (3–6). In turn, HIV-1 counteracts APOBEC3 restriction by
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expressing an accessory Vif protein that leads to the proteasomal degradation of
APOBEC3 in the producer cell (5, 7, 8).

Human A3H encodes at least seven different haplotypes differing considerably in
their protein stability and activity to restrict HIV-1 (9–11). A3H haplotypes II, V, and VII
potently restrict HIV-1, whereas haplotypes I, III, IV, and VI express unstable proteins and
lack anti-HIV activity. We have previously shown that endogenously expressed stable
A3H haplotype II restricts HIV-1 variants that are unable to counteract it (12, 13).
Moreover, HIV-1 Vif alleles derived from HIV-infected patients encoding unstable A3H
haplotypes are more likely to lack anti-A3H activity, indicating that HIV-1 Vif adapts to
the stable A3H (12). Further, recently HIV-infected patients with one or two stable A3H
alleles displayed reduced plasma viral loads and higher CD4� T-cell counts in the
absence of antiretroviral treatment than patients with virus encoding unstable A3H
variants (12). Combined, these data indicate that stable A3H is a bona fide HIV-1
restriction factor.

Despite numerous studies on A3H, it remains unclear how A3H and HIV-1 Vif
interact. To date, only a single amino acid at position 121 in A3H has been implicated
in the interaction with HIV Vif: mutating aspartic acid (D) at position 121 to a lysine (K)
renders A3H resistant to Vif (14, 15). On the Vif side, amino acid positions 39, 48, and
60 to 63 are important for the counteraction of A3H, indicating they are part of the A3H
binding site (12, 13, 15, 16).

We used a stepwise selection and counterselection approach, which we successfully
used to map the Vif-A3G interaction (17) to decipher the interface between A3H and
HIV-1 Vif. We first identified A3H residues critical for resistance to HIV-1 Vif followed by
defining the reciprocal Vif mutants that restore the Vif-A3H interaction (Fig. 1A). These
specific Vif-A3H pairs were subsequently used as anchor points to dock both proteins
and create a Vif-A3H interaction model. This experimental approach revealed that A3H

FIG 1 Identification of the Vif binding site of A3H. (A) Overview of the approach used to map the Vif-A3H interaction. (Scenario
i) Vif binds A3H, resulting in its degradation. (Scenario ii) An A3H with a mutation in the Vif-binding site is resistant to Vif and
is not degraded. (Scenario iii) A Vif variant with a specific mutation to accommodate the A3H mutation would regain its ability
to bind and degrade A3H. The mutation that makes A3H Vif resistant and the accommodating Vif mutation are likely directly
interacting. (B) A3H residue 121 is indicated in red, and neighboring surface-exposed residues that were individually mutated
for functional studies are colored in green. (C, D, and E) Single-cycle infectivity assay with 20 ng A3H R/E mutants, A3H WT,
and A3H-D121K were cotransfected with 500 ng WT HIV or HIV ΔVif, the infectivity was analyzed in TZM-bl reporter cells, and
A3H expression was assessed by Western blotting. A3H mutants that were resistant to Vif are colored in orange (HIV-WT/
HIV-ΔVif infectivity ratio of �1.5 and restriction of HIV-ΔVif of �50%). Active A3H mutants that are sensitive to Vif are colored
in blue (HIV-WT/HIV-ΔVif infectivity ratio of �1.5 and restriction of HIV-ΔVif of �50%). Inactive A3H mutants are indicated in
black (restriction of HIV-ΔVif of �50%). The dashed line represents the 50% restriction cutoff. The infectivity of WT HIV and
HIV-ΔVif in the absence of A3H was set at 100%, and the average relative infectivity values for a triplicate transfection are
shown. Error bars represent the standard deviations.
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helixes �3 and �4 interact with the Vif �-sheet comprised of �-strands �2 to �5. Of
note, A3H and A3G both interact with the Vif �-strand �2. Thus, our Vif-A3H model not
only explains previous data (12–16) but also predicts novel interaction points, which
will help determine novel targets for therapeutics aimed to disrupt this crucial virus-
host interface.

RESULTS
Identification of the Vif binding site of A3H. Previous studies demonstrated that

mutating the aspartic acid to lysine at A3H position 121 (D121K) renders human A3H
resistant to HIV-1 Vif-mediated degradation (14, 15). To further map the HIV-1 Vif-
binding site, we introduced positively charged arginine residues and negatively
charged glutamate residues at surface-exposed positions around A3H residue 121 (Fig.
1B). These A3H mutants were cotransfected with full-length wild-type HIV (HIV-WT; LAI)
and a mutant HIV encoding a nonfunctional mutant Vif (SLQ�AAA; here named ΔVif),
and infectivity was assessed by infecting TZM-bl HIV reporter cells. A3H expression was
analyzed by Western blotting as described previously (18). HIV-ΔVif served as a control
to ensure that the A3H mutants were expressed and retained their antiviral activity. The
infectivity of WT HIV and HIV-ΔVif in the absence of A3H was set at 100%. Only A3H
mutants that restricted HIV-ΔVif more than 50% (infectivity of �50%) were considered
functionally active (50% infectivity is indicated by a dashed line in the figure). We
defined functionally active A3H mutants to be HIV-1 Vif resistant if the infectivity ratio
of HIV-WT and HIV-ΔVif was lower than 1.5-fold (HIV-WT/HIV-ΔVif infectivity ratio
of �1.5). We found that A3H mutants S86E, S86R, S87E, W90R, W90E, D94R, L125R,
L125E, and S129R restricted both HIV-WT and HIV-ΔVif to similar levels, indicating they
were resistant to HIV-1 Vif in a manner similar to the positive-control mutant D121K
(Fig. 1C and D). In addition, the expression of these A3H mutants was not affected by
the presence of Vif (Fig. 1C and D). Certain A3H mutants, such as H54E, H54R, I60E, I60R,
and others, failed to restrict HIV-ΔVif (HIV-ΔVif infectivity of �50%), suggesting that
these mutations disrupted the antiviral function of A3H, and therefore were excluded
from all of the follow-up studies. Indeed, most inactive A3H mutants were not effi-
ciently expressed (Fig. 1C and D).

The Vif binding site of A3H consists of �-helixes �3 and �4. Mapping the HIV-1
Vif-resistant mutations on a predicted A3H structure model showed that they were all
located on the �-helixes �3 and �4 (Fig. 2A). To determine whether the specific charge
was important for the resistance phenotype, we next introduced alanine substitutions
at the seven positions leading to Vif resistance and tested these A3H mutants in a
single-cycle infectivity assay and by Western blotting (Fig. 2B). Alanine substitutions at
positions 86, 90, 94, and 125 remained resistant to HIV-1 Vif, indicating that the original
amino acid identity at these key positions is critical for interacting with Vif. However,
A3H variants with alanine substitutions at positions 87, 121, and 129 were efficiently

FIG 2 Vif binding site of A3H consists of �-helixes �3 and �4. (A) A3H residues that conferred resistance to HIV Vif
are highlighted in red on the A3H protein surface and on �-helixes �3 and �4. (B) Single-cycle infectivity assays
with selected A3H alanine mutants. The average relative infectivity values for a triplicate transfection are shown.
Error bars represent the standard deviations. (C) Summary of the A3H mutations that confer resistance to Vif. An
asterisk indicates the A3H residue positions that do not disrupt its interaction with Vif when mutated to an alanine.
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counteracted by HIV-1 Vif, indicating that variation is tolerated at this position (Fig. 2B
and C).

Vif-resistant A3H mutants restrict HIV replication. To test whether the Vif-
resistant A3H mutants could restrict HIV replication, we generated SupT11 cell lines to
stably express untagged A3H-WT or one of the nine identified Vif-resistant A3H mutants
(Fig. 1). SupT11 T cells naturally do not express any APOBEC3 proteins (19). To stably
express A3H, we used lentiviral constructs expressing A3H as part of a cassette
encoding mCherry and the puromycin resistance gene separated by T2A and P2A
cleavage sites (Fig. 3A). Of note, because C-terminal tagging of A3H may interfere with
Vif binding, we decided to leave A3H untagged (2, 20) and detected A3H expression
using an A3H-specific antibody (Fig. 3A) (13). Infection of these T cell lines with HIV-WT
and HIV-ΔVif showed that HIV-ΔVif only replicated in the absence of A3H, indicating
that all of the A3H variants selected restricted HIV efficiently (Fig. 3B) in this spreading
infection model system. HIV-WT replicated to comparable levels in the presence and
absence of A3H-WT, indicating that only A3H-WT is counteracted by Vif, whereas all
other A3H mutants are resistant to Vif. This observation is in excellent agreement with
the results obtained from the single-cycle infectivity experiments (Fig. 1).

HIV adapts to Vif-resistant A3H-S86E mutant by acquiring a Vif-E45Q substi-
tution. To find specific Vif changes that can rescue infectivity in the presence of the
Vif-resistant A3H mutants identified in the previous section, we performed long-term
culture experiments to adapt HIV to replicate in the presence of these mutant proteins.
We kept the infected cells in culture for 6 months with biweekly microscopic inspec-
tions for evidence of viral replication. At week 16, the SupT11 cells expressing A3H-S86E
showed syncytia, and sequencing of proviral DNA from these cells revealed a Vif-E45Q
change (Fig. 4A). Interestingly, this position is close to other Vif positions important for
counteracting A3H (Fig. 3B). In addition, Vif residue 45 has been implicated in A3G
neutralization (21), indicating that A3H and A3G binding regions to Vif overlap. Of note,
no other Vif adaptations were observed in any of the other cell cultures.

To test whether the Vif-E45Q change allowed HIV-1 Vif to counteract the A3H-S86E
mutant, we introduced Vif-E45Q into HIV-WT and compared its infectivity in the
presence of A3H-WT and A3H-S86E using single-cycle infectivity assays (Fig. 4C). Both
HIV Vif-WT and HIV Vif-E45Q degraded and counteracted WT A3H (Fig. 4C, top), but only
HIV Vif-E45Q could counteract A3H-S86E (bottom). In multicycle replication experi-
ments, HIV Vif-WT, HIV Vif-45Q, and HIV-ΔVif replicated similarly in the absence of A3H
(Fig. 4D, top), while HIV-WT and HIV-45Q (but not HIV-ΔVif) replicated in the presence
of A3H-WT (middle). SupT11 expressing A3H-S86E supported replication of HIV-45Q

FIG 3 Vif-resistant A3H mutants restrict HIV replication. (A) Schematic representation of the lentiviral A3H
expression cassette used to express A3H in SupT11 T cells. The Ef1� promoter drives the expression of
mCherry, puromycin resistance, and A3H separated by T2A and P2A cleavage sites. The stable T cell lines
were lysed and analyzed by Western blotting. (B) The indicated SupT11 T-cell lines were infected with WT
HIV or HIV ΔVif at an MOI of 0.1. RLU, relative light units. Culture supernatants were collected every day
and used to infect TZM-bl HIV reporter cells.
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exclusively (bottom). Combined, our data indicate that Vif-45Q is critical for overcoming
A3H-86 restriction (Fig. 4E).

Vif-R63E and Vif-R90E specifically counteract A3H-S129R. Because one point of
contact between HIV-1 Vif and A3H is insufficient to properly orient HIV-1 Vif on A3H,
we used a more directed alternative approach to finding additional Vif mutants. We
generated a panel of 13 Vif mutants consisting of positively charged arginine and
negatively charged glutamate at and around positions deemed important for A3H
recognition based on previous work (Fig. 5A) (12–16) and tested their activity against
selected Vif-resistant A3H mutants in single-cycle infectivity assays. We found that
Vif-WT, Vif-G37R, and Vif-D61R efficiently counteracted A3H-WT, Vif mutants G37E,
G60E, A62E, A62R, R63E, and R90E showed reduced anti-A3H activity, and Vif mutants
F39E, F39R, E54R, H56E, and R93E completely lost their activity against A3H-WT (Fig. 5B).
Of note, all of the Vif mutants efficiently counteracted A3G, indicating they were folded
properly (Fig. 5B). A3H-S129R, which is resistant to most Vif variants, was efficiently
counteracted by Vif mutants R63E and R90E, while both A3H-S87E and A3H-D121K
were resistant to all Vif mutants tested. Interestingly, Vif positions 63 and 90 are located
in close proximity to each other on the Vif crystal structure (Fig. 5A).

Single-cycle infectivity assays using increasing amounts of A3H-WT and A3H-S129R
show that Vif mutants R63E and R90E had diminished activity against WT A3H (Fig. 5C).

FIG 4 HIV adapts to Vif-resistant A3H-S86E mutant by a Vif-E45Q mutation. (A) Cellular DNA was extracted from the
infected SupT11 T-cell line expressing A3H-S86E at week 1 and week 16 postinfection. DNA was used to PCR
amplify the full-length proviral vif open reading frame. The two chromatograms show a G-to-C mutation resulting
in a Vif-E45Q change. (B) Vif position 45 is indicated together with Vif residues reported to be important for
counteracting A3H. (C) Single-cycle infectivity assays with WT HIV, HIV Vif-45Q, and HIV ΔVif in the presence of
increasing amounts (0, 10, 20, and 40 ng A3H) of WT A3H (top) or A3H-S86E (bottom). The infectivity was analyzed
by infection of TZM-bl reporter cells. The average relative infectivity values for a triplicate transfection are shown.
Error bars represent the standard deviations. Cell lysates corresponding to 10 ng A3H were analyzed by Western
blotting. (D) The indicated T-cell lines were infected with WT HIV, HIV Vif-45Q, or HIV ΔVif at an MOI of 0.1, and
supernatants were collected every day and used to infect TZM-bl HIV reporter cells. (E) Summary of the results
indicating that A3H-86 interacts with Vif-45.
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However, these Vif mutants efficiently counteracted A3H-S129R. Multicycle replication
assays in T-cell lines stably expressing A3H-WT or A3H-S129R showed a similar trend, as
all viruses replicated efficiently in the absence of A3H. Only WT HIV replicated well on
cells expressing WT A3H, while replication of both HIV Vif-R63E and HIV Vif-R90E was
delayed in these cells (Fig. 5D). In contrast, HIV Vif-R63E and HIV Vif-R90E replicated
efficiently in the presence of A3H-S129R, whereas HIV Vif-WT was fully restricted.
Combined, our data indicate that A3H-129 interacts with residues 63 and 90 in Vif
(Fig. 5E).

Identification of the Vif-A3H interface by structural docking. Because no crystal
structures are available for A3H and LAI Vif, we first generated structure models using
SWISS-MODEL. The A3H structure was predicted using the A3G-CTD structure (PDB
entry 2KBO) (22). Using other available APOBEC3 structures, such as A3C, generated
similar A3H structures, as all APOBEC3 domains are structurally very similar (data not
shown). The LAI Vif structure was predicted using the NL4-3 Vif crystal structure (4N9F)
(23).

We next performed protein docking with ClusPro (24) using Vif and A3H structures
and constraints that favor interactions between A3H positions 86, 87, 90, 94, 121, 125,
and 129 and Vif positions 37, 39, 45, 48, 54, 56, 60, 62, 63, 90, and 93 (Fig. 6A). Sixty-one
structures were visually inspected to select those in which A3H-86 and A3H-129 were
close to Vif-45, Vif-63, and Vif-90, respectively. We retained seven models that sup-
ported the two Vif-A3H pairs but also included all of the other important A3H and Vif
residues that have been previously identified (Fig. 6A). Of note, the A3H and CBF-�
binding sites on HIV-1 Vif do not overlap (Fig. 6B). A closer look at the Vif-A3H interface
reveals that A3H helixes �3 and �4 interact with the Vif �-sheet, which comprises

FIG 5 Vif-R63E and Vif-R90E specifically counteract A3H-S129R. (A) The Vif residues that were mutated to glutamic acid or
arginine are indicated on the Vif structure in green. (B) Single-cycle infectivity assay of the indicated HIV Vif mutants (500 ng)
with 20 ng WT A3H, A3H-S87E, A3H-D121K, and A3H-S129R and 20 ng A3G. Infectivity was analyzed by TZM-bl reporter cells.
The average relative infectivity values for a triplicate transfection are shown. Error bars represent the standard deviations. (C)
Single-cycle infectivity assays with HIV-WT, HIV-Vif-63E, HIV-Vif-90E, and HIV ΔVif in the presence of increasing amounts (0, 10,
20, and 40 ng A3H) of WT A3H (top) or A3H-S129R (bottom). The infectivity was analyzed by TZM-bl reporter cells. The average
relative infectivity values for a triplicate transfection are shown. Error bars represent the standard deviations. Cell lysates
corresponding to 10 ng A3H were analyzed by Western blotting. (D) The indicated T-cell lines were infected with HIV-WT,
HIV-Vif-63E, HIV-Vif-90E, or HIV ΔVif at an MOI of 0.1, and supernatants were collected every day and used to infect TZM-bl HIV
reporter cells. (E) Summary of the results indicating that A3H-129 interacts with Vif-63 and Vif-90.
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�-strands 2 to 5 (Fig. 6C and D). In addition, A3H-86 and Vif-45 as well as A3H-129 and
Vif-63/Vif-90 are in close proximity (Fig. 6E and F).

Vif-A3H model validation. (i) A3H position 100 is important for interaction with
Vif. To validate our Vif-A3H interface structure model, we selected A3H and Vif residues
that were predicted by the model to be present at the Vif-A3H interface for additional
functional testing. A3H-100D, which was not tested before and is relatively distant from
the previously identified Vif resistance positions in A3H, is in close proximity to Vif
residues K92 and R93 (Fig. 7A). To test our model, we mutated A3H-100D to an arginine
and determined its antiviral activity and resistance to Vif. Increasing amounts of
A3H-WT potently restricted HIV-ΔVif, and infectivity was largely rescued in the presence
of Vif (Fig. 7B, left). A3H-D100R also potently restricted HIV-ΔVif, but infectivity could
not be rescued by HIV-1 Vif, indicating that A3H-D100R is no longer recognized by
HIV-1 Vif (Fig. 7B, right). This functional Vif resistance of A3H-D100R is further supported
by Western blot analysis, which shows that A3H-D100R is not degraded by Vif (Fig. 7C).

(ii) Vif �-strand 2 is important for interaction with A3H. The Vif-A3H structure
model also reveals that the Vif �-strand 2, which consists of Vif residues 40 to 44, is part

FIG 6 Identification of the Vif-A3H interface by structural docking. (A) Overview of A3H and Vif residues important
for the Vif-A3H interaction. Vif and A3H were docked using ClusPro. (B) The structure that has A3H positions 86 and
129 in close proximity to Vif positions 45 and 63 to 90 is shown. CBF-� is indicated in green and does not overlap
A3H. (C) A cartoon model of the Vif-A3H structure in which the important Vif and A3H are indicated shows that they
all localize to the Vif-A3H interface. (D) Close-up of the Vif-A3H interface. A3H �-helixes �3 and �4 interact with the
Vif �-sheet consisting of �-strands �2 to �5. The model indicates that Vif-45 and A3H-86 (E) and Vif-63/90 and
A3H-129 (F) are in close proximity.

FIG 7 Vif-A3H model validation. A3H position 100 is important for interaction with Vif. (A) Close-up of the Vif-A3H
interface shows that A3H-100D is in close proximity to the Vif loop between �4 and �5. (B) Single-cycle infectivity
assays with WT HIV and HIV ΔVif in the presence of increasing amounts (0, 10, 20, and 40 ng A3H) of WT A3H (left)
or A3H-D100R (right). The infectivity was analyzed with TZM-bl reporter cells. The average relative infectivity values
for a triplicate transfection are shown. Error bars represent the standard deviations. (C) Cell lysates corresponding
to 10 ng A3H from the single-cycle infectivity assay shown were analyzed by Western blotting.
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of the Vif-A3H interface (Fig. 8A). Vif positions 40, 41, 42, and 44 are predicted to be
close to the N-terminal ends of A3H �-helixes �3 and �4. Interestingly, this Vif stretch
is important for counteracting other APOBEC3 proteins and is believed to be A3G
specific (17, 25–27). We individually mutated each of the Vif residues at positions 40 to
44 to alanines and tested these mutants against A3H, A3G, and A3F. We included A3F
because the A3F-binding site on Vif does not include the Vif 40-44 stretch (17, 28, 29).
Vif mutants 40A, 41A, 42A, and 44A lost their ability to counteract A3H (Fig. 8B), while
Vif mutants 40A, 42A, 43A, and 44A failed to counteract A3G. Vif-41A was fully
functional against A3G. All five Vif mutants tested remained capable of efficiently
counteracting A3F, indicating that the Vif 40-44 stretch is not involved in A3F coun-
teraction. Importantly, activity of these Vif mutants against A3F also demonstrates that
these five Vif proteins are, per se, functionally active.

Modeling both A3H and A3G on Vif shows that their binding sites do not overlap but
that they interact with different sides of the Vif stretch containing residues 40 to 44 (Fig.
8C). Indeed, the Vif-A3G-A3H models show that Vif residues 40, 42, and 44 are located
between A3H and A3G, while Vif-41 is closer to A3H and Vif-43 is closer to A3G (Fig. 8C).

In summary, the two Vif-A3H pairs identified in this study allowed us to decipher the
Vif-A3H interface, which we further validated by testing other residues based on our
model. Our data indicate that A3H and A3G both interact with different sides of the Vif
40-44 patch, which previously was thought to be exclusively used by A3G.

DISCUSSION

It is essential for HIV to counteract the different APOBEC3 proteins, such as A3D, A3F,
A3G, and A3H, expressed in target cells (2, 20). Despite ample research, no Vif-APOBEC3
crystal or nuclear magnetic resonance (NMR) costructures exist, which hinders our
understanding of this important virus-host interface at a molecular level and compli-
cates research into Vif-APOBEC3 inhibitors.

FIG 8 Validation that Vif �-strand 2 is important for interaction with A3H and A3G. (A) Close-up of the A3H
�-helixes �3 and �4 interacting with Vif residues 40 to 44. Residue colors correspond with the graph indicated in
panel B. (B) Single-cycle infectivity assays of the indicated Vif mutants together with 40 ng A3H, A3G, or A3F. The
infectivity was analyzed by TZM-bl reporter cells. Infectivity values are relative to the infectivity of WT HIV in the
presence of A3H/A3G/A3F, which was set at 100%. The average relative infectivity values for a triplicate transfection
are shown, and error bars represent the standard deviations. Cell lysates were analyzed by Western blotting. (C) The
Vif-A3H structure is shown together with the N-terminal domain of A3G as described in Letko et al. (17). The
individual Vif amino acids at positions 40 to 44 are indicated in blue together with A3H and A3G.
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We and others approached this challenge by deciphering the interface between Vif
and A3G and between Vif and A3F by finding specific points of contact between the
viral protein and the host proteins, followed by subsequent protein structure docking
and validation (17, 28, 29). In this report, we investigate both sides of the A3H and HIV-1
Vif interface. We show that the Vif-binding site of A3H consists of �-helixes �3 and �4
(Fig. 4). We also determined the interface of HIV-1 Vif and A3H by identifying specific
points of contact between A3H and Vif (A3H-86, Vif-45; A3H-129, Vif-63/90) (Fig. 4 and
5). After careful inspection of different models, we selected a Vif-A3H structure model
in which A3H �-helixes �3 and �4 interact with the �-sheet (�2 to �5) of Vif (Fig. 6). This
model not only explains existing data but also allowed us to predict and validate new
points of contact (Fig. 7 and 8).

Interestingly, our Vif-A3H structure model identified the Vif �-strand 2, which
consists of Vif residues 40 to 44, to interact with the N-terminal �-helixes �3 and �4 of
A3H (Fig. 8). However, this Vif stretch has also been shown before to be specific for
counteracting A3G (17, 25, 26). Until now, our laboratory and others have attributed the
effects of mutating this region to A3G (27, 30, 31). Our infectivity assays combined with
direct evidence of A3H degradation clearly indicate that this Vif stretch is critical for
counteracting both A3G and A3H (Fig. 8). In the future, a more nuanced interpretation
is warranted when using these A3G-specific HIV mutants in a cellular environment
expressing active A3H variants.

Human A3H is polymorphic, and not every human individual carries the stable A3H
haplotypes which exert anti-HIV activity (9, 10, 12, 13). As a result, not every HIV-1 strain
is able to counteract A3H. Indeed, we previously showed that HIV-infected patients that
express stable A3H are more likely to carry an HIV strain able to counteract A3H,
indicating that HIV Vif adapts to the A3H haplotype in vivo (12, 13). We pinpointed the
Vif residues responsible for the difference in anti-A3H activity to Vif residues 39 and 48
(12, 15, 16). Indeed, both Vif residues are located at the interface and are predicted to
interact in our Vif-A3H model: Vif-39F interacts with A3H amino acids at positions 121,
124, and 125 and Vif-48H is in close proximity to A3H position 90, which we experi-
mentally identified to be important for binding to Vif (Fig. 1C to E).

Although our Vif-A3H interface model helps us understand how HIV-1 Vif and A3H
interact, it also has its limitations. First, both the A3H and Vif structures used for docking
are NMR or crystal structures but are modeled on existing structures. Second, protein
docking provides a rough estimate on how two proteins interact, but structural
changes in the interface upon binding remain difficult to predict. We therefore refrain
from speculations on the Vif-A3H interface at a molecular level and on specific
interactions between Vif and A3H amino acids. Nevertheless, our Vif-A3H structure
model currently provides the best insight on how these proteins interact. Further
structural analyses, such as cocrystal structures or NMR, are required for a more detailed
structure of the Vif-A3H interaction.

In summary, we applied mutagenesis coupled with functional infectivity assays to
identify both the Vif-binding site on A3H and the A3H-binding site on HIV-1 Vif. The
identification of two specific Vif-A3H amino acid pairs allowed us to generate a detailed
Vif-A3H structure model, which we subsequently validated independently. In addition
to mapping Vif-APOBEC3 interactions, we believe that our approach of mapping the
structural interface between two proteins by finding specific anchor points is suitable
to map protein-protein interactions where classical approaches such as crystallography
and NMR are technically challenging. Our Vif-A3H model structure will guide us toward
improved approaches to generate detailed crystal or NMR structures of the Vif-
APOBEC3 interface and also direct pharmacological interventions to obstruct the
Vif-A3H interaction in future antiretroviral therapies.

MATERIALS AND METHODS
Plasmids. The replication-competent full-length HIV-1 molecular clone LAI was obtained from the

AIDS Research and Reference Reagent Program (number 2532). Of note, HIV-1 LAI counteracts the stable
A3H variants. Mutagenesis of Vif in the full-length LAI clone was performed by standard overlapping PCR
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using the restriction sites PshAI and NdeI and the In-Fusion cloning kit per the manufacturer’s instruc-
tions. HIV ΔVif was made by mutating Vif-SLQ to AAA.

The hemagglutinin (HA)-tagged A3H haplotype II, A3F, and A3G expression plasmids were previously
described (32). All A3H mutants were C-terminally triple HA tagged and cloned into ptr600 expression
vector as previously described (32).

HIV single-cycle infectivity assays. For titration experiments, increasing amounts of A3H expression
plasmids (0, 10, 20, and 40 ng) were cotransfected with HIV-WT or HIV ΔVif (500 ng) in 293T cells as
previously described (18). For all other experiments, 20 ng of A3H and A3G was used. Culture medium
was replaced 24 h posttransfection, and supernatants were collected 48 h posttransfection. Infectivity
was analyzed by infecting TZM-bl reporter cells as previously described (18). Average relative infectivity
values and their standard deviations were calculated from representative triplicate transfections. Proteins
were analyzed by Western blotting as previously described (18).

Lentiviral vectors and cell transduction. The mCherry-T2A-Puro-P2A-A3H (untagged) cassettes
were constructed by overlap PCR and cloned into the EF1� lentivector backbone (CD527A-1; System
Biosciences). Lentiviral vectors were produced in 293T cells according to the manufacturer’s recommen-
dations. Restriction of lentiviral constructs by A3H was prevented by cotransfecting a plasmid expressing
SIVmac Vif (18). SupT11 cells (kindly provided by Reuben Harris) were transduced and placed under
puromycin selection (0.5 �g/ml) 2 days after infection. Cell lysates were analyzed for A3H expression
using an A3H-specific antibody (NBP1-91682; Novus Biologicals) (13).

HIV-1 replication assay. For spreading infection experiments, 0.5 � 106 SupT1 cells were infected
(multiplicity of infection [MOI] of 0.01) in a 24-well format (1.5 ml). Supernatants were collected every day,
and cultures were replenished with fresh media. Supernatants were used to infect TZM-bl reporter cells
as described previously (18).

HIV-1 viral adaptation. A 25-ml flask with 5.0 � 106 SupT1 cells expressing different A3H mutants
was infected with WT LAI (MOI of 1.0). Cells were cultured for 6 months, and new cells were added as
needed. Cellular DNA was isolated using the DNeasy DNA isolation kit (Qiagen). Proviral Vif was amplified
by PCR and sequenced as previously described (12).

Molecular docking and visualization. The structure for A3H was predicted using the A3G-CTD
solution structure (PDB entry 2KBO) (22). The LAI Vif structure was predicted using the Vif crystal structure
(4N9F) (23) using SWISS-MODEL. Vif and A3H structures were submitted to the ClusPro server using
constraints that favor A3H positions 86, 87, 90, 94, 121, 125, and 129 and Vif positions 37, 39, 45, 48, 54,
56, 60, 62, 63, 90, and 93 to interact. Protein structures were visualized using the PyMOL molecular
graphics system (v.1.3; Schrödinger, LLC.). The Vif-A3H structure in which the two contact points were in
close proximity was refined using FiberDock (33).
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