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ABSTRACT Human immunodeficiency virus type 1 (HIV-1) Vif recruits a cellular
ubiquitin ligase complex to degrade antiviral APOBEC3 enzymes (APOBEC3C-H) and
PP2A phosphatase regulators (PPP2R5A to PPP2R5E). While APOBEC3 antagonism is
the canonical function of HIV-1 Vif, this viral accessory protein is also known to trig-
ger G2/M cell cycle arrest. Vif initiates G2/M arrest by degrading multiple PPP2R5
family members, an activity prevalent among diverse HIV-1 and simian immunodefi-
ciency virus (SIV) isolates. Here, computational protein-protein docking was used to
delineate a Vif/CBF-�/PPP2R5 complex in which Vif is predicted to bind the same
PPP2R5 surface as physiologic phosphatase targets. This model was tested using tar-
geted mutagenesis of amino acid residues within or adjacent to the putative inter-
face to show loss or retention, respectively, of Vif-induced PPP2R5 degradation activ-
ity. Additionally, expression of a peptide that mimics cellular targets of PPP2R5s
robustly inhibited Vif-mediated degradation of PPP2R5A but not APOBEC3G. More-
over, live-cell imaging studies examining Vif-mediated degradation of PPP2R5A and
APOBEC3G within the same cell revealed that PPP2R5A degradation kinetics are
comparable to those of APOBEC3G with a half-life of roughly 6 h postinfection, dem-
onstrating that Vif can concurrently mediate the degradation of distinct cellular
substrates. Finally, experiments with a panel of patient-derived Vif isolates indicated
that PPP2R5A degradation activity is common in patient-derived isolates. Taken to-
gether, these results support a model in which PPP2R5 degradation and global
changes in the cellular phosphoproteome are likely to be advantageous for viral
pathogenesis.

IMPORTANCE A critical function of HIV-1 Vif is to counteract the family of APOBEC3
innate immune proteins. It is also widely accepted that Vif induces G2/M cell cycle
arrest in several different cell types. Recently, it has been shown that Vif degrades
multiple PPP2R5 phosphoregulators to induce the G2/M arrest phenotype. Here, compu-
tational approaches are used to test a structural model of the Vif/PPP2R5 complex. In
addition, imaging studies are used to show that Vif degrades these PPP2R5 substrates in
roughly the same time frame as APOBEC3 degradation and that this activity is prevalent
in patient-derived Vif isolates. These studies are important by further defining PPP2R5
proteins as a bona fide substrate of HIV-1 Vif.
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The best-known function of HIV-1 Vif is to counteract the mutagenic potential of the
APOBEC3 family of DNA cytosine deaminases (reviewed in references 1–4). Vif

achieves this by nucleating the formation of a CBF-�, ELOB/C, CUL5, and RBX2 E3
ubiquitin ligase complex to degrade restrictive APOBEC3s (5, 6). In the absence of Vif,
APOBEC3G, APOBEC3F, APOBEC3D, and APOBEC3H can package into nascent HIV-1
particles and generate C-to-U lesions in the viral cDNA, causing nonsense mutations,
missense mutations, and abortive integration. Several APOBEC3 enzymes also exert
deaminase-independent antiviral activities and hinder reverse transcription, likely
through high affinities for RNA and single-stranded-DNA viral replication intermediates
(7, 8).

Another ascribed Vif function is its ability to promote G2/M cell cycle arrest in
adherent, myeloid, and lymphoid cell lines (9–13). Recent quantitative proteomic
studies of HIV-1-infected T cells identified new Vif substrates, including multiple
members of the PPP2R5 family of protein phosphatase 2A (PP2A) regulators (14, 15).
PP2A enzymes function as heterotrimeric complexes comprising a phosphatase en-
zyme (PP2C�), a scaffolding protein (PPP2R1� or PPP2R1�), and a regulatory (B) subunit
(16–19). The B subunit is from one of three different protein families (B55�-�, B=
[PPP2R5A-E], or B� [PR72/130]), and it serves to regulate the subcellular localization and
substrate specificity of each PP2A holoenzyme complex (16, 20). Our group recently
demonstrated an inextricable relationship between PPP2R5 degradation by HIV-1 Vif
and G2/M cell cycle arrest (21). Critical studies included the delineation of an electro-
static interface at the core of the interaction and global bioinformatic analysis indicat-
ing that these activities are prevalent among diverse HIV-1 subtypes.

Here, protein-protein docking and targeted mutagenesis experiments were used to
generate and validate a structural model for the Vif/CBF-�/PPP2R5 holo-complex.
Single-amino-acid substitutions within the predicted interface could disrupt Vif-
mediated degradation of PPP2R5A, whereas substitutions at positions immediately
adjacent to the interface had minimal impact. In further support of this model, a
peptide inhibitor that is known to bind the same PPP2R5 surface as the predicted Vif
interface could disrupt degradation of PPP2R5A but not APOBEC3G. Furthermore,
degradation kinetics were established for APOBEC3G and PPP2R5A substrates within
the same cells following infection with Vif-proficient or -deficient virus. Following virus
infection, the half-life of PPP2R5A was observed to be roughly 6 h, which is comparable
to the 4-h half-life of APOBEC3G. Finally, functional studies indicate that roughly half
of the patient-derived Vif isolates tested are capable of inducing PPP2R5 degradation,
that this activity is prevalent both in samples where virus transmission did and did not
occur, and that it is observed at a higher frequency than degradation of the potent
restrictor APOBEC3H. Taken together, these results suggest that degradation of
PPP2R5s is advantageous for viral pathogenesis.

RESULTS
Modeling a Vif/PPP2R5 complex. Obtaining structural information for Vif/sub-

strate complexes has proven challenging, with no cocrystal structures and only one
cryo-electron microscopy report of a partial HIV-1 Vif/CBF-�/APOBEC3F ternary complex
(22). To overcome this limitation, computational protein-protein docking (PPD) was
used to generate a structural model to better understand how Vif binds to PPP2R5
substrates (Fig. 1). Using 10 previously identified amino acid residues required for
PPP2R5 degradation as anchor points (21), PPD was used to generate 30 independent
models of a Vif/CBF-�/PPP2R5 complex (PPP2R5C was used for modeling [PDB code
2IAE]; for an example, see Fig. 1A). CBF-� was included in these docking experiments
because it is critical for Vif stability in vivo and essential for APOBEC3 degradation as
well as degradation of PPP2R5 proteins and G2/M arrest (6, 13, 14). Of the models
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generated, one had all anchor residues contained within a putative Vif/CBF-�/PPP2R5
interface and was therefore selected for further investigation. The interface defined by
this PPD model includes 9 novel amino acid residues not implicated by prior studies (2
from Vif and 7 from PPP2R5) (Fig. 1B) (21). Interestingly, 17 of 19 residues within the
putative interface are polar or charged, with 4 of the residue pairings predicted to form
salt bridges (Fig. 1B). Importantly, no steric clashing is observed when the Vif/CBF-�/
PPP2R5 model is overlaid onto an X-ray crystal structure of a substrate-free Vif/CBF-�/
ELOB/ELOC/CUL5 complex (Fig. 1C) (5). Additionally, the model of the full Vif/PPP2R5/
E3-ubiquitin ligase complex suggests that the surface bound by Vif is solvent exposed
and does not interfere with PP2C� or PPP2R1�/� interfaces used to form a functional
trimeric phosphatase complex (Fig. 1C) (20).

Testing the Vif/PPP2R5 model. To interrogate the Vif/PPP2R5 structural model,
amino acid substitutions were generated at newly identified PPP2R5 and Vif positions
that were predicted to engage in electrostatic interactions or that appeared to have
spatial constraints (Fig. 2A and B). 293T cells stably expressing either wild-type or
mutant enhanced green fluorescent protein (eGFP)-tagged PPP2R5A proteins were
transfected with an mCherry-T2A-Vif expression plasmid containing either wild-type IIIB
Vif or the appropriate Vif variants, and degradation was assessed via flow cytometry (as
loss of eGFP fluorescence in mCherry-positive cells). In support of the model, introduc-
ing either charged (Arg or Lys) or bulky hydrophobic (Trp) amino acid residues at newly
identified PPP2R5A positions predicted to form the putative Vif interface severely
abrogated degradation (Fig. 2A and C, top histograms). However, similar substitutions
targeting amino acid residues predicted to be immediately adjacent to the putative

FIG 1 Model of a Vif/CBF-�/PPP2R5 complex. (A) Surface representation of PPP2R5C (PDB code 2IAE) and Vif/CBF-�
(PDB code 4N9F) used in protein-protein docking simulations to generate the depicted complex. Residues
highlighted in red (negatively charged amino acids) and blue (positively charged amino acids) represent positions
identified previously as being important for Vif-mediated degradation of PPP2R5A and were used here as anchor
points for docking simulations. (B) Depiction of the amino acid residue pairings between PPPR5 and Vif implicated
in forming the protein-protein interface. PPP2R5 amino acids are based on the 5A family member. (C) Model of a
PPP2R5 substrate docked onto the X-ray structure of Vif in complex with the E3-ubiquitin ligase complex (PDB code
4N9F).
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FIG 2 Testing the Vif/PPP2R5 model. (A) Depiction of novel interface and interface-adjacent amino acid residues
selected for validation. The LXXIXE inhibitory peptide is depicted in the substrate-binding cleft based on previously
solved costructures (PDB codes 5SW9 and 5K6S). (B) Newly identified amino acid pairings between Vif and PPP2R5
within the protein-protein interface. (C) Flow cytometry histogram profiles from transient expression of wild-type Vif
in 293T cell lines stably expressing PPP2R5A or mutant derivatives. (D) Flow cytometry histogram profiles from transient
expression of the indicated Vif variants in 293T cell lines stably expressing PPP2R5A or APOBEC3G. (E) Amino acid
sequence and surface models of IIIB Vif highlighting residues required for PPP2R5A, APOBEC3D/F, APOBEC3G, or
APOBEC3H degradation (“shared” indicates residues required for degradation of 2 or more substrates). (F and G) Flow
cytometry histogram profiles from transient coexpression of wild-type Vif with either the LXXIXE or AXXAXA inhibitor
peptides in cell lines stably expressing the indicated protein.
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interface had a negligible impact on Vif-mediated degradation of PPP2R5A (Fig. 2A and
C, bottom histograms).

A majority of the Vif surface highlighted by the PPD structural model has been
characterized previously by mutagenesis and PPP2R5A degradation assays (Fig. 1A and
B) (21); however, the model identified additional Vif residues, His43 and Tyr44, as being
part of the interface. Because these Vif residues were predicted to form electrostatic
interactions with their PPP2R5A counterparts (Fig. 1B), negatively charged amino acid
residues were introduced at these positions and degradation of PPP2R5A and
APOBEC3G was assessed (Fig. 2D). Both Vif mutants failed to degrade either substrate,
which further supports the PPD structural model and previous results indicating that
these residues are required for APOBEC3G degradation (23–25). In general, these
findings support the model that Vif recognizes cellular substrates using largely distinct
surfaces, with only partially overlapping amino acid residues (Fig. 2E) (26–28).

To independently test the Vif/PPP2R5 model, a series of experiments were done with
a previously characterized high-affinity peptide inhibitor. This peptide contains a
conserved LXXIXE motif that directly binds the substrate recognition region of PPP2R5
proteins and thereby effectively outcompetes interactions with substrates (Fig. 2A) (17,
20, 29). Cotransfection of a plasmid expressing 4 tandem copies of this inhibitory
peptide caused a dose-dependent inhibition of Vif-mediated degradation of PPP2R5A
(Fig. 2F). However, when a control plasmid encoding an AXXAXA motif was coex-
pressed with Vif, degradation of PPP2R5A was unaffected at all concentrations tested
(Fig. 2F). Importantly, coexpression of either wild-type or alanine peptides with Vif had
no effect on APOBEC3G degradation (Fig. 2G). These separation-of-function results
indicate that the inhibitory peptide is specific to the Vif/PPP2R5 interaction and
provides additional support for the structural model, since peptide binding would
occlude residues Glu251, Ser255, and Asn258, which are required for Vif-mediated
degradation of PPP2R5A (Fig. 2A and C).

Vif concurrently degrades PPP2R5A and APOBEC3G substrates. While the
APOBEC3 surfaces recognized by Vif have been well characterized by genetic studies
(Fig. 3A) (for a review, see reference 26), the kinetics of Vif-mediated degradation for
a single substrate, or for concurrent degradation of multiple substrates, are poorly
understood. Because both the Vif-PPP2R5 and Vif-APOBEC3 interaction surfaces are
largely electrostatic (Fig. 3A), we investigated the kinetics of PPP2R5 degradation in
comparison to the canonical Vif substrate APOBEC3G.

To establish degradation kinetics, we generated a HeLa cell line stably expressing
both eGFP-APOBEC3G and PPP2R5A tagged with blue fluorescent protein (BFP) at
near-physiologic levels and assessed Vif-mediated degradation in real time (Fig. 3B and
C). Cells were infected at a low multiplicity of infection (�0.05) with virus expressing
either IIIB Vif or a Vif mutant that cannot engage the E3-ubiquitin ligase complex (SLQ
to AAA) (30, 31), and substrate abundance was monitored in real time (Movies S1 and
S2). To track the progress of infection, nef was replaced with the mCherry gene to
monitor long terminal repeat (LTR) activity and correlate loss of substrate abundance
with the rate of infection establishment. Under these conditions, the half-life of
APOBEC3G was estimated to be �4 h, and surprisingly, the half-life of PPP2R5A was
only �2 h longer (fluorescence images in Fig. 3D and quantification in Fig. 3E). As a
control, cells infected with virus expressing degradation-defective Vif displayed no
changes in abundance of either APOBEC3G or PPP2R5A (fluorescence images in Fig. 3F
and quantification in Fig. 3G). These observations indicate that Vif has a similar
real-time preference for APOBEC3G and PPP2R5A as substrates in living cells and that
functional Vif complexes are likely to concurrently degrade both substrates. However,
it is important to emphasize that a single Vif complex is unlikely to accommodate both
substrates at the same time, because a bound substrate would physically impede
another from being engaged (Fig. 2E and 3A).

PPP2R5 degradation activity in patient-derived Vif isolates. Previous functional
analyses of Vif sequences have established that APOBEC3G degradation is a highly
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conserved activity invariably observed in the Vif proteins of nearly all laboratory and
clinical isolates (12, 32–34). In comparison, PPP2R5 degradation and G2/M arrest
activities have not been as thoroughly characterized and are evidenced for some Vif
isolates but not others (10, 12, 14, 21). To more comprehensively investigate the

FIG 3 Live cell degradation kinetics of PPP2R5A and APOBEC3G. (A) PPP2R5 and APOBEC3 surfaces (top) and
electrostatic potential maps (bottom) of amino acid residues required for Vif-mediated degradation. (B) Fluo-
rescence microscopy images of HeLa cells stably expressing both eGFP-APOBEC3G and BFP-PPP2R5A
(bar � 20 �m). (C) Flow cytometry histogram profiles from transient expression of the indicated Vif variants in
HeLa cells stably expressing eGFP-APOBEC3G and BFP-PPP2R5A. (D and F) Images of dual-fluorescence HeLa
cells infected with HIV-1 expressing either wild-type or SLQ-AAA Vif at the indicated time points (bar � 20 �m).
(E and G) Quantification of mean fluorescence intensity (MFI) from dual-fluorescence cells infected with
wild-type or SLQ-AAA Vif (25 cells per condition).
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potential conservation of the Vif/PPP2R5 interaction in a relevant context, a panel of
patient-derived Vif isolates was studied to directly assess PPP2R5A degradation activity.
In addition, a previous study had proposed a model in which the Vif amino acid
residues required for G2/M cell cycle arrest partially overlap the residues required for
degradation of APOBEC3H and, consequently, Vif could not engage in both activities
simultaneously (Fig. 2E and 4A) (12). Therefore, we also assessed the ability of these
patient-derived Vif isolates to degrade APOBEC3H (haplotype II).

Using samples and data from a previously characterized cohort of serodiscordant
couples (35), two questions were addressed: (i) how prevalent is PPP2R5 degradation
activity? and (ii) are PPP2R5 and APOBEC3H degradation activities mutually exclusive?
Vif sequences were obtained by amplification of HIV-1 nucleic acids isolated from
patient sera, and APOBEC3H genotypes were determined from amplification of genomic
DNA from dried blood spots (36). All samples were Sanger sequenced and stratified into
groups based on transmission outcome and APOBEC3H genotype (Fig. 4B).

Vif sequences were isolated from 15 patients where transmission had occurred (122
sequences) and 18 patients where transmission had not occurred (139 sequences), and
allele frequencies were assessed at each amino acid position known to be important for
Vif-mediated degradation of PPP2R5A (Fig. 1B and 4C) (21). Several patient samples
were selected for further investigation based on their APOBEC3H genotype as depicted
in Fig. 4B. To directly test activity, patient-derived Vif isolates were expressed transiently
in 293T cell lines stably expressing fluorescently tagged PPP2R5A, APOBEC3H (haplo-
type II), or APOBEC3G, and degradation efficiency was assessed (Fig. 4D and E; protein
expression was verified by immunoblotting [data not shown]). As controls, Vif isolates
from IIIB, LAI, and a hyper-functional Vif variant were included for comparison. The
hyper-functional Vif variant was constructed previously based on patient-derived Vif
alleles with strong APOBEC3H degradation activity (37). Roughly half of the Vif isolates
from nontransmitted and transmitted virus showed activity against PPP2R5A, about a
third showed activity against APOBEC3H, and almost all could efficiently degrade
APOBEC3G (Fig. 4C; representative histograms are presented in Fig. 4D and E). Addi-
tionally, several of the isolates were able to efficiently degrade both PPP2R5A and
APOBEC3H with no significant correlation between these activities among the isolates
tested (Spearman correlation � �0.04; P � 0.798). These results indicated that
APOBEC3H and PPP2R5A degradation activities are not mutually exclusive in patients
(Fig. 4E, box).

DISCUSSION

While Vif’s canonical role in antagonism of APOBEC3s has been studied extensively,
its function in G2/M cell cycle arrest is less well characterized. Our group recently
discovered that degradation of PPP2R5 phosphoregulators is required to induce G2/M
arrest and demonstrated that this linkage is present in several common HIV-1 subtypes
worldwide (21). Here, a Vif/PPP2R5 complex was investigated using protein-protein
docking, targeted mutagenesis, and a peptide inhibitor that mimics physiologic PPP2R5
phosphatase substrates to probe the surface required for Vif-mediated degradation.
The broader significance of this interaction was explored by interrogating a panel of
patient-derived Vif isolates to establish that this activity is present in roughly half of the
patient isolates tested. In addition, live-cell imaging studies revealed that the half-life of
PPP2R5A is only �2 h longer than that of APOBEC3G. Combined, the data from these
studies indicated that PPP2R5 degradation and corresponding global changes in the
cellular phosphoproteome are likely to occur rapidly following infection.

The structural model presented here builds on previous observations that the
Vif/PPP2R5 interface is mediated primarily through electrostatic interactions (Fig. 1)
(21). Of the 9 novel residues identified from the Vif/PPP2R5 model, 7 are either polar or
charged amino acid residues (for Vif, His43 and Tyr44; for PPP2R5, Ser255, Asn258,
Gln324, Gln366, Glu369, and Tyr373). Generating charge swap substitutions at several
of these positions inhibited Vif’s ability to degrade these PPP2R5A substrates (Fig. 2C
and D). Importantly, generating similar substitutions at positions predicted to be
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FIG 4 Vif-induced degradation of PPP2R5A and APOBEC3H is not a mutually exclusive activity. (A) Surface
model of Vif/CBF-� highlighting residues required for PPP2R5A or APOBEC3H degradation. (B) Schematic
of patient samples used in this study. (C) Sequence logos for the indicated patient-derived Vif sequences
with IIIB Vif and LAI Vif shown for comparison. The number of patients is indicated, and 6 to 10 Vif
sequences were analyzed from each patient. (D) Flow cytometry histogram profiles from transient
expression of the indicated patient-derived Vif isolates in 293T cell lines stably expressing the indicated
protein. (E) Flow cytometry results for transient expression of the indicated control and patient-derived

(Continued on next page)

Salamango et al. Journal of Virology

November 2020 Volume 94 Issue 21 e00631-20 jvi.asm.org 8

https://jvi.asm.org


immediately adjacent to the Vif/PPP2R5 interface had almost no impact on degradation
(Fig. 2C). Furthermore, expression of a peptide that mimics natural PPP2R5 targets (20,
29, 38) robustly inhibited Vif-mediated degradation of PPP2R5A but not APOBEC3G
(Fig. 2F and G).

Crystallographic studies of several different peptides bound to PPP2R5s have de-
termined that the preferred LXXIXE target motif binds in an extended conformation
between HEAT repeats 3 and 4 (Fig. 2A) (17, 20, 29). The LXXIXE motif interacts with two
discrete helical surfaces that are conserved among PPP2R5 proteins. Motif binding
requires interactions with specific residues across the helical surfaces, most notably the
hydrophobic residues Ile256 and Phe260 and the hydrophilic residue Lys265 (17).
Therefore, the most likely mode of LXXIXE peptide inhibition of Vif-induced PPP2R5A
degradation is through occlusion of residues Glu251, Ser255, and Asn258, which are
required for degradation (Fig. 1B and 2A and C). Interestingly, a recent study deter-
mined that PPP2R5 substrate recognition is enhanced by electrostatic interactions that
occur adjacent to the LXXIXE binding cleft. Recognition of the PPP2R5 substrate KIF4A
is enhanced through electrostatic interactions between positively charged KIF4A resi-
dues and highly conserved negatively charged PPP2R5 residues (39). Two of these
PPP2R5 residues, Glu335 and Asp338, are also required for Vif-mediated degradation of
PPP2R5 family members (Fig. 1) (21). Taken together, these findings provide further
support for the PPD structural model of the Vif/PPP2R5 cocomplex.

The observation that Vif degrades PPP2R5A with kinetics comparable to those for
APOBEC3G was surprising given that APOBEC3G is considered the most ancient and
antagonistic Vif substrate (40, 41). Previous studies using pulse-chase or fluorescence
microscopy experiments on cells infected with Vif-proficient HIV-1 have established
that APOBEC3G has a half-life of roughly 4 to 8 h after initial detection of viral proteins
(42–45). In support of these previous findings, our live-cell imaging studies established
similar kinetics for APOBEC3G degradation and are the first to report degradation
kinetics for PPP2R5 substrates and to assess concurrent degradation of distinct Vif
substrates in the same cell (Fig. 3). Surprisingly, the half-life of PPP2R5A is only �2 h
longer than that of APOBEC3G, consistent with observations that a rapid remodeling of
the host phosphoproteome occurs in HIV-1-infected cells (14, 15).

To address the broader significance of the Vif/PPP2R5 interaction, a panel of
patient-derived Vif isolates were examined to determine the prevalence of this activity
in patients (Fig. 4). Roughly half of the patient samples displayed robust activity against
PPP2R5A, regardless of transmissibility (Fig. 4E). Interestingly, PPP2R5 proteins have
been shown to be targets of other viral pathogens and, in the case of Ebola virus and
human T-lymphotropic virus (HTLV), PPP2R5 proteins are required for efficient virus
replication (38, 46, 47). Ebola virus nucleoprotein recruits a PPP2R5 protein through an
LXXIXE motif to dephosphorylate the viral VP30 protein, which promotes transcription
of the viral genome and subsequent infection (38). Likewise, the integrase proteins
from HTLV-1, HTLV-2, and bovine leukemia virus require PPP2R5C for efficient strand
transfer activity (46). Interestingly, HTLV-1 integrase was shown to bind the patch of
conserved residues on PPP2R5C that physiologic targets bind, similar to our Vif/PPP2R5
co-complex (47). Taken together, these findings suggest that manipulation of PPP2R5s
may be a conserved function of diverse viral families.

MATERIALS AND METHODS
Cohorts and human subjects. Blood spot and plasma samples associated with both partners of

HIV-1 transmitting and nontransmitting couples from the Partners in Prevention HSV/HIV Transmission
Study were used for this analysis (35). This clinical trial of herpes simplex virus 2 (HSV-2) suppression with
acyclovir versus placebo in HSV-2 and HIV-1 dually infected persons recruited in seven sub-Saharan
African countries to reduce transmission to their HIV-uninfected heterosexual partner found no reduction

FIG 4 Legend (Continued)
Vif proteins in 293T cell lines stably expressing the indicated protein. Patient identification codes are
shown below the corresponding sample, with the dashed red box indicating Vif isolates that could
efficiently degrade both PPP2R5A and APOBEC3H.
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in HIV-1 transmission risk between the acyclovir and placebo arms (Clinicaltrials.gov no. NCT00194519).
Only samples collected from individuals who provided consent for future research on HIV and HIV-related
infections were used for our analysis. All study documents were reviewed and approved by appropriate
institutional review boards.

Cell lines and culture conditions. HEK 293T and HeLa cells were maintained in Dulbecco’s modified
Eagle medium (DMEM) (HyClone, South Logan, UT) supplemented with 10% fetal bovine serum (FBS)
(Gibco, Gaithersburg, MD) and 0.5% penicillin-streptomycin (50 U). 293T cells were transfected with
TransIT LTI (Mirus, Madison, WI) according to the manufacture’s protocol. Generation of PPP2R5A and
APOBEC3G cell lines has been described (21). To generate stable APOBEC3H, PP2C�, PPP2R1�, and
PPP2R1� cells, viruses were produced from 293T cells transfected with a pQCXIH retroviral expression
vector containing the appropriate expression cassette, a murine leukemia virus (MLV) GagPol packaging
vector, and a vesicular stomatitis virus G (VSV-G) vector. Medium was harvested 48 h posttransfection,
frozen at �80°C for 4 to 6 h, thawed, centrifuged at 1,500 � g, and combined with fresh 293T cells. To
generate pure cell populations, samples were treated with hygromycin B (Sigma; 200 �g/ml) 48 h
posttransduction. The same procedure was followed for generation of the dual eGFP-APOBEC3G/BFP-
PPP2R5A HeLa cell line with the modification that cells were coinfected with virus carrying the respective
expression cassette and treated with both puromycin (Sigma; 1 �g/ml) and hygromycin B (Sigma;
200 �g/ml) 48 h posttransduction.

Plasmids and cloning. All APOBEC3 and PPP2R5A expression plasmids used in this study were
cloned into the pQCXIH retroviral expression vector (21). PPP2R5A and Vif point mutants were generated
by PCR amplification using Phusion high-fidelity DNA polymerase (NEB, Ipswich, MA) and overlapping
PCR to introduce the desired mutations. To generate the yellow fluorescent protein (YFP) wild-type and
-alanine inhibitor peptide expression cassettes, gene blocks were ordered from Integrated DNA Tech-
nologies and cloned into pcDNA 5TO expression vectors. Patient-derived Vif isolates were cloned into an
existing lentiviral expression vector (21). All constructs were confirmed by restriction digestion and
Sanger sequencing.

Isolation of patient Vif sequences. Isolation of patient-derived Vif isolates and APOBEC3H geno-
typing have been described (36). Briefly, patient serum was centrifuged at 21,000 � g for 75 min to
concentrate viral particles. After centrifugation, a QIAamp viral RNA preparation minikit was used to
recover RNA following the manufacturer’s protocol. To generate cDNA, 3 �l of the purified RNA was
combined with 7.5 �l diethyl pyrocarbonate (DEPC)-treated H2O and 2.5 �l of a 20 �M reverse primer
specific to the HIV-1 genome (primer sequence, 5=-GGTACCCCATAATAGACTGTRACCCACAA-3=). This
mixture was incubated at 65°C for 10 min, chilled on ice for at least 1 min, and then combined with the
following: 4 �l 5� reverse transcription [RT] buffer, 0.5 �l RNase inhibitor, 2 �l 10 mM deoxynucleoside
triphosphate [dNTP] mix, and 0.5 �l Transcriptor RT. The complete mixture was incubated at 55°C for 30
min and then 85°C for 5 min. To isolate Vif sequences, the cDNA was amplified using nested primers that
flanked the int/vif/vpr gene cassette, cloned into a pJET blunt 2.0 vector, and subjected to Sanger
sequencing.

APOBEC3H genotyping. To isolate gDNA from dried blood spots, three filter paper punch-outs
containing the dried blood were soaked in 40 �l Tris-EDTA buffer and incubated at 37°C overnight.
Genomic DNA was isolated from blood using a DNeasy blood and tissue kit (Qiagen, Valencia, CA, USA).
For genotyping, exon 2 or 3 of APOBEC3H was amplified from genomic DNA (gDNA) isolations to
determine the patient genotype. To amplify exon 2, the following primer pair was used: forward,
5=-CCGAAACATTCCGCTTACAG-3=, and reverse, 5=-AACTGGGCCACTCAGATCC-3=. To amplify exon 3, the
following primer pair was used: forward, 5=-GAAAAAGTGCCATGCAGAAATTTGCTTT-3=, and reverse, 5=-C
TGGGAAGCCCATGACCTCC-3=. The following cycling conditions were used to amplify these gene seg-
ments: 94°C for 5 min, 13 cycles of 94°C for 45 s, 68°C for 30 s, and 72°C for 1.5 min, and then 22 cycles
of 94°C for 45 s. The PCR products were then purified using an enzymatic cleanup protocol including 4.9
�l of DEPC H2O, 0.0125 �l exonuclease I (NEB), and 0.125 �l of rShrimp alkaline phosphatase. To each
PCR mixture, 5 �l of this mix was added, and the mixtures were incubated at 37°C for 30 min and then
heat inactivated at 95°C for 10 min. PCR products were then subjected directly to Sanger sequencing to
determine the APOBEC3H genotypes.

Protein-protein docking. We used the ClusPro protein-protein docking web server (48) to generate
30 models for the Vif/CBF-�/PPP2R5 complex using the balanced scoring method. The atomic coordi-
nates of Vif/CBF-� complex and PPP2R5 protein were taken from PDB structures 4N9F (chains A and B)
and 2IAE (chain B), respectively. Based on our prior mutagenesis studies (21), residues Arg15, Lys22,
Arg23, Lys26, Arg33, and Lys36 on Vif and residues Glu251, Glu301, Glu335, and Asp338 on PPP2R5 were
used as anchor points for the docking. After analyzing all 30 computational models for predicted
interfaces, and especially focusing on the salt-bridge interactions between the Vif and PPP2R5 proteins,
we selected one optimal model (Fig. 1).

Vif substrate degradation assays. For all degradation assays, 293T cell lines stably expressing the
fluorescently tagged protein were plated into 12-well plates at a seeding density of approximately
250,000 cells per well. The next day, cells were transfected with 250 ng of the relevant Vif construct and
incubated for 48 h. After 48 h posttransfection, cells were harvested using phosphate-buffered saline
(PBS)–EDTA and collected for both flow cytometry (as indicated in the figure legends) and immunoblot-
ting (data not shown) to confirm Vif expression. To determine relative eGFP loss, samples were analyzed
via flow cytometry. Sample populations were first separated by forward and side scatter to isolate live
singular events. After the live/single-event population was isolated, the mCherry-positive population was
isolated and the eGFP fluorescence intensity was assessed. The resulting histograms or bar graphs
presented here display the eGFP fluorescence profile of the isolated mCherry-positive population. For
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inhibitor studies, various cell lines were cotransfected with a BFP-2A-Vif expression vector and a
four-peptide-expressing mCherry vector that contained either the wild-type LXXIXE or mutant AXXAXA
sequence.

Live-cell imaging microscopy. To generate the virus used for live-cell imaging experiments,
approximately 500,000 293T cells were plated on a 6-well culture plate and allowed to adhere
overnight. The next day, cells were transfected with 900 ng of an HIV-1 vpr, vpu, env, and nef-
deficient mCherry reporter virus (where nef has been replaced with mCherry) and 150 ng of a VSV-G
expression construct. Medium was harvested 48 h posttransfection and frozen for at least 8 h at
�80°C, and then the virus titer was determined on fresh HeLa cells using increasing increments of
supernatant. After 48 h, mCherry-positive cells were analyzed using flow cytometry to determine
optimal multiplicity of infection.

For imaging studies, HeLa cells stably expressing eGFP-APOBEC3G and BFP-PPP2R5A were plated on
an 8-well microslide (Ibidi) and allowed to adhere overnight. The next day, cells were transduced with
virus containing one of the Vif variants and imaged using a Nikon Inverted Ti-E deconvolution micro-
scope with images acquired every 60 min over a time course of roughly 12 h. All images were processed
and fluorescence intensity was quantified using FIJI/ImageJ2.

Quantification and statistical analysis. All flow cytometry data and associated histogram profiles
were generated using FlowJo 8.8.6 software. The data shown are representative results from one of three
independent experiments. Bar graphs were generated using GraphPad Prism 6 software. The protein
complex depicted in Fig. 1B and C were generated using Chimera protein modeling software. Error bars
generated in Fig. 3 and 4 were calculated based on standard errors of the means (SEM) of the data
obtained from three independent sample sets.
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