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ABSTRACT The APOBEC3 (A3) enzymes, A3G and A3F, are coordinately expressed in
CD4� T cells and can become coencapsidated into HIV-1 virions, primarily in the ab-
sence of the viral infectivity factor (Vif). A3F and A3G are deoxycytidine deaminases
that inhibit HIV-1 replication by inducing guanine-to-adenine hypermutation
through deamination of cytosine to form uracil in minus-strand DNA. The effect of
the simultaneous presence of both A3G and A3F on HIV-1 restriction ability is not
clear. Here, we used a single-cycle infectivity assay and biochemical analyses to de-
termine if coencapsidated A3G and A3F differ in their restriction capacity from A3G
or A3F alone. Proviral DNA sequencing demonstrated that compared to each A3 en-
zyme alone, A3G and A3F, when combined, had a coordinate effect on hypermuta-
tion. Using size exclusion chromatography, rotational anisotropy, and in vitro deami-
nation assays, we demonstrate that A3F promotes A3G deamination activity by
forming an A3F/G hetero-oligomer in the absence of RNA which is more efficient at
deaminating cytosines. Further, A3F caused the accumulation of shorter reverse tran-
scripts due to decreasing reverse transcriptase efficiency, which would leave single-
stranded minus-strand DNA exposed for longer periods of time, enabling more
deamination events to occur. Although A3G and A3F are known to function along-
side each other, these data provide evidence for an A3F/G hetero-oligomeric A3
with unique properties compared to each individual counterpart.

IMPORTANCE The APOBEC3 enzymes APOBEC3F and APOBEC3G act as a barrier to
HIV-1 replication in the absence of the HIV-1 Vif protein. After APOBEC3 enzymes are
encapsidated into virions, they deaminate cytosines in minus-strand DNA, which
forms promutagenic uracils that induce transition mutations or proviral DNA degra-
dation. Even in the presence of Vif, footprints of APOBEC3-catalyzed deaminations
are found, demonstrating that APOBEC3s still have discernible activity against HIV-1
in infected individuals. We undertook a study to better understand the activity of
coexpressed APOBEC3F and APOBEC3G. The data demonstrate that an APOBEC3F/
APOBEC3G hetero-oligomer can form that has unique properties compared to each
APOBEC3 alone. This hetero-oligomer has increased efficiency of virus hypermuta-
tion, raising the idea that we still may not fully realize the antiviral mechanisms of
endogenous APOBEC3 enzymes. Hetero-oligomerization may be a mechanism to in-
crease their antiviral activity in the presence of Vif.

KEYWORDS APOBEC3, DNA-protein interactions, HIV, deaminase, mutagenesis,
oligomerization, processivity, protein-protein interactions, reverse transcriptase

APOBEC3 (A3) enzymes are a family of deoxycytidine deaminases that can act as
host restriction factors for HIV-1 (referred to as HIV) (1). To restrict HIV replication,

A3 enzymes must first become encapsidated in HIV virions from a producer cell (2–4).
In the next cell that is infected, the HIV genomic RNA is reverse transcribed to form the
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minus-strand DNA. During this time, single-stranded minus-strand DNA is vulnerable to
A3 deaminations of cytosine that form uracil (2, 3, 5). The reverse transcriptase is forced
to use uracil as a template during plus-strand DNA synthesis, which induces C/G¡T/A
mutations and can functionally inactivate the virus or lead to its degradation through
DNA repair pathways that excise uracil (6). The effect of A3 enzymes on HIV replication
in infected individuals is severely dampened by the viral infectivity factor (Vif) that
interacts with A3 enzymes, recruits an E3 ubiquitin ligase complex, and induces A3
ubiquitination and degradation in the proteasome (7–12). From the seven human A3
enzymes, there are four, A3D, A3F, A3G, and A3H, that can inhibit HIV replication in the
absence of Vif (13). These four enzymes are coordinately expressed in CD4� T cells and
induced upon T cell activation (14, 15).

However, even in the presence of Vif, there is evidence of A3 deaminations inducing
hypermutation of integrated proviral genomes (16–23). There are two ways in which
this occurs. In one route, the A3s are encapsidated in the presence of Vif, but at a much
smaller amount (24). Additionally, viruses can adapt to have a less fit Vif that is less
efficient at inducing A3 degradation (25). From these proviral DNA sequences, G¡A
mutations have been attributed to specific A3s through identification of their preferred
sequence contexts surrounding the mutations by both cellular and in vitro studies (2,
3, 5, 26–29). The sequence contexts showed that A3G uniquely prefers to deaminate
the 3=C in 5=CC motifs, resulting in a GG¡GA mutation signature (5, 29). A3D, A3F, and
A3H all deaminate in 5=TC motifs, resulting in a GA¡AA mutation signature (26–28).
More detailed analysis of the signatures revealed that A3G is most active at a 5=CCC
motif, and A3D can be differentiated from A3F and A3H by examining a larger
surrounding sequence 3= of the cytosine (30). Studies that sequenced integrated
proviral genomes have shown that proviral DNAs contain mutations in multiple se-
quence contexts, suggesting that multiple A3s can mutate the same genome (16–23).
However, what was unable to be concluded from these studies was if the mutations
induced from multiple A3s occurred in a single round of replication or multiple rounds
of replication. If they occurred in a single round of replication, then the A3s would need
to be coencapsidated into HIV virions. Recently, it was found that A3G is primarily
encapsidated into virions by binding nonspecifically to cellular RNAs (31). The only
requirement for being virion encapsidated was that HIV Gag was also bound to the
same RNA (32). In this model, the encapsidation is not competitive and multiple A3s
should be coencapsidated. However, a computational study determined from sequence
analysis of proviral DNA that A3G and A3F rarely comutate the same genome (33). This
endpoint analysis is in contrast to cellular studies that have identified that A3 enzymes
are able to be coencapsidated, and some studies have found that there is a synergistic
effect where more mutations or more viral restriction than expected by an additive
relationship are induced (26, 30, 34). Despite this synergistic effect being identified, a
mechanism for how multiple A3 enzymes can result in more than additive mutations or
virus restriction has not been determined.

Based on previous findings, there are two possible mechanisms by which coencap-
sidated A3s could result in higher levels of mutations. One mechanism is to slow down
the reverse transcriptase to keep the minus-strand DNA single stranded for longer to
allow A3s more time to scan the DNA for their preferred deamination motif (35–37).
This is thought to be accomplished by A3 enzymes binding to the template and
blocking the progression of reverse transcriptase. A second mechanism is to increase
the processivity of the A3 enzyme (38, 39). The processivity is the ability of an enzyme
to deaminate multiple cytosines in a single enzyme-substrate encounter. A3 enzyme
processivity is mediated by facilitated diffusion (1). Facilitated diffusion is a term that
describes Brownian motion-driven diffusion and results in enzymes moving along the
DNA phosphate backbone by sliding, diffusing within the charged domain of the DNA
by a mechanism termed jumping, and moving between DNA segments through a
doubly bound state termed intersegmental transfer (40, 41). The DNA scanning enables
the A3 enzyme to search and find the cytosine among the nontarget nucleotides and
enables the continuation of the search after a deamination without completely disso-
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ciating from the DNA. The sliding movements cover small distances, up to approxi-
mately 20 nucleotides (nt) (38, 39). For A3G, the average sliding distance is 9 nt (42). The
jumping and intersegmental transfer movements enable the enzyme to move distally,
e.g., 100 nt or more (38, 43).

We initiated this study to investigate if coexpressed A3F and A3G have an additive
or synergistic ability to restrict HIV replication. We focused on A3F and A3G, since these
enzymes are most commonly expressed together in the human population and are
active against HIV (14, 15). While A3H haplotypes II, V, and VII are highly restrictive of
HIV, they occur less frequently in the overall population, i.e., haplotype II, 26.5%;
haplotype V, 20%; and haplotype VII, 0.9% (44, 45). A3D is much less active against HIV
than A3F and A3G (46). In the present work, the data show that A3F and A3G are able
to induce a combined increase in mutations in HIV DNA and synergistic decrease in HIV
infectivity in single-cycle infectivity assays. The mechanism for this cooperation was
2-fold. First, A3F and A3G can hetero-oligomerize in the absence of RNA, and this A3F/G
hetero-oligomer has improved processivity. Second, the A3F/G hetero-oligomer can
decrease the efficiency of reverse transcriptase, which provides increased time for
A3-catalyzed deaminations. Together, the data suggest that A3F and A3G are able to
function together with distinct and improved properties from the individual enzymes.

RESULTS
A3F and A3G can hetero-oligomerize in an RNA-independent manner. A3F and

A3G have been shown to hetero-oligomerize on RNA in an RNA-dependent manner
(47). However, A3F and A3G can also form homo-oligomers in the absence of RNA (38,
48, 49). Here, we examined if A3F and A3G could also form hetero-oligomers in the
absence of RNA. We used A3F and A3G enzymes purified in the presence of RNase A
to remove the bound cellular RNA that causes the enzymes to form higher-order
oligomers, i.e., �650 kDa (43, 50). Based on comparison to a calibration curve, size
exclusion chromatography (SEC) confirmed the absence of higher-order oligomers (Fig.
1A and B). For SEC, we used a relatively low concentration of enzymes (1 �M) and
detected the enzymes by quantitative immunoblotting to avoid potential artifacts
caused by high concentrations of A3G and A3F. A monomer of A3G or A3F is predicted
to be 46.4 or 45 kDa, respectively, based on the amino acid sequences. Consistent with
previous reports, A3G was present in both monomer and dimer fractions (Fig. 1B,
fraction 20, dimers, 101 kDa; fraction 22, monomers, 48 kDa). A3F was present in trimer
and dimer fractions (Fig. 1B, fraction 19, trimers, 153 kDa; fraction 20, dimers, 101 kDa)
(48).

To examine whether A3F and A3G can hetero-oligomerize, we mixed together an
equal amount of each enzyme before loading onto the column. The A3F/G blots show
the SEC profile for the combined run where either A3G (anti-A3G) or A3F (anti-A3F) was
detected (Fig. 1B). These bands were quantified and plotted for comparison to SEC of
each enzyme alone (Fig. 1C and D). For A3F, the peak fraction of trimers (fraction 19)
shifted to a peak fraction of tetramers (fraction 18, 207 kDa) in the presence of A3G (Fig.
1B and C). Additionally, the dimer peak (fraction 20) of A3F was decreased (Fig. 1B and
C). These data suggest that A3F, which is predominantly a trimer, can interact with one
molecule of A3G to form a tetrameric A3F/G hetero-oligomer. To investigate this
further, we analyzed the A3G SEC data. A3G alone predominantly fractionated as a
monomer (Fig. 1B and D, fraction 22). In the presence of A3F, and concomitant with A3F
and A3G forming a hetero-oligomer, the A3G peak fraction shifted to the tetrameric
fraction (Fig. 1B and D, fraction 18, 207 kDa). However, a significant amount of A3G
monomers are still present in the presence of A3F, supporting the conclusion that there
are fewer A3G molecules than A3F molecules in the A3F/G hetero-oligomer (Fig. 1B).
Together with the A3F SEC and immunoblotting, the data support that a trimer of A3F
interacts with a monomer of A3G and that this complex is a protein-protein interaction
and not mediated by RNA.

To determine if this interaction would be relevant in cells, we used two additional
approaches. In one experiment, we conducted a coimmunoprecipitation (co-IP) to
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determine if A3G-HA expressed in 293T cells could immunoprecipitate A3F-V5. Cells
transiently expressing A3G-HA, A3F-V5, or A3G-HA and A3F-V5 were lysed, incubated
with RNase A, and then incubated with anti-HA antibody or normal rabbit IgG (mock)
and Sepharose A beads. Even in the absence of RNA, A3G-HA was able to immuno-
precipitate A3F-V5, indicating that A3F and A3G associate through a protein-protein
interaction in cells (Fig. 1E). In another experiment, we quantified the strength of the
interaction between A3F and A3G using fluorescence depolarization to measure the
rotational anisotropy of fluorescein-labeled A3G (F-A3G) in the presence of increasing

FIG 1 A3F and A3G hetero-oligomerize. (A to D) Size exclusion chromatography was conducted with a 10-ml G200
Superdex column. (A) A calibration curve was used to calculate the molecular weights (MW) and oligomerization
states of the enzymes. (B) The A3G, A3F, and A3F/G SEC experiments used quantitative immunoblotting to detect
A3G or A3F with antibodies to the native proteins. The integrated band intensities calculated using LiCor/Odyssey
software were used to generate chromatograms. The T, D, and M notations indicate peak fractions for tetramers,
dimers, and monomers, respectively. (C) The integrated band intensities for A3F indicated that A3F alone was
primarily a trimer (fraction 19, 153 kDa) with a minority of dimers (fraction 20, 101 kDa). The A3F in the A3F/G
combined run was primarily a tetramer (fraction 18, 207 kDa). (D) The integrated band intensities for A3G indicated
that A3G alone was primarily a monomer (fraction 22, 46 kDa) with a minority of dimers (fraction 20, 101 kDa). The
A3G in the A3F/G combined run maintained a population of monomers (fraction 22) but also was able to
fractionate with the peak fraction corresponding to tetramers (fraction 18, 207 kDa). (E) Coimmunoprecipitation of
A3F-V5 with A3G-HA. A3G-HA and A3F-V5 were transfected alone or in combination. The immunoprecipitation of
cell lysates used either anti-HA antibody or rabbit IgG (mock), and samples were immunoblotted with antibodies
against �-tubulin, HA, and V5. Cell lysates show the expression of �-tubulin, HA, and V5. (F) Steady-state
fluorescence depolarization was used to measure the rotational anisotropy of F-A3G interacting with A3F.
Rotational anisotropy was normalized to fraction F-A3G bound. An apparent Kd was calculated by regression
analysis of the saturation curve from three independent experiments. A sigmoidal fit was chosen by least-squares
analysis and resulted in an apparent Kd of 135 � 13 nM.
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amounts of A3F. As A3F formed a complex with F-A3G, the anisotropy increased and
reached saturation where all of the F-A3G was bound. From this saturation curve, an
apparent dissociation constant (Kd) of 135 nM was calculated by fitting the curve to a
Sigmoidal equation by regression analysis (Fig. 1F). These data indicated that A3F and
A3G interacted with high affinity and further support that they could interact in cells.
That the binding curve best fit a Sigmoidal equation rather than a rectangular hyper-
bola by least-squares analysis further supports that multiple A3F molecules are binding
to A3G, consistent with the SEC data (Fig. 1B to D).

A3F and A3G coexpression results in higher levels of HIV restriction. To
determine if the A3F/G hetero-oligomer influences the ability of the A3 enzymes to
restrict HIV replication, we conducted single-cycle infectivity assays. To model cellular
conditions where A3F and A3G are coexpressed, we used a plasmid that has two
transcription units, enabling the combined expression of both A3F-V5 and A3G-HA on
a single-cell basis. Flow cytometry to detect the V5 and hemagglutinin (HA) tags
demonstrated a distinct population of cells that expressed both A3F-V5 and A3G-HA
when A3F-V5 and A3G-HA were expressed from the same plasmid (Fig. 2A). The
population of cells expressing both A3F-V5 and A3G-HA showed a normal distribution
of cells, with low (L; 26%), medium (M; 52%), and high (H; 22%) coexpression on a
single-cell basis (Fig. 2A). In contrast, a cotransfection strategy using separate plasmids
expressing A3F-V5 and A3G-HA showed a skewed distribution of the cell population
with a predominantly small amount of cells coexpressing A3F-V5 and A3G-HA (Fig. 2A,
62% L, 34% M, and 4% H). As a result, the virions generated from cell populations with
a normal distribution of A3F-V5 and A3G-HA coexpression will be more likely to

FIG 2 Coexpressed A3F and A3G enhances the restriction of HIV replication. (A) Flow cytometry was used to detect
A3G-HA or A3F-V5 in individual cells after transient transfection using fluorescently labeled anti-HA or anti-V5
antibodies. Cells were either transfected with one pVIVO2 vector expressing both A3G-HA and A3F-V5 or individual
pVIVO2 vectors each expressing A3G-HA or A3F-V5. (B) HIV Δvif infectivity was measured by eGFP expression in
293T cells infected with HIV Δvif that was produced in the absence or presence of A3G-HA (A3G) or A3F-V5 (A3F)
or coexpressed A3F-V5 and A3G-HA (A3F/G). Results normalized to the no-A3 condition are shown with the
standard deviations (SD) of the means calculated from at least three independent experiments. Designations for
significant difference of values were a P value of �0.001 (***), �0.01(**), or �0.05 (*). (C) Immunoblotting of HA and
V5 tags was used to detect A3 enzymes expressed in cells and encapsidated into HIV Δvif virions. The cell lysate
and virion loading controls were �-tubulin and p24, respectively.
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encapsidate more homogenous levels of each A3 enzyme across the population than
the virions generated from cell populations with a skewed distribution of A3F-V5 and
A3G-HA coexpression. Thus, our experiments used only A3F-V5 and A3G-HA that were
coexpressed from one plasmid.

Using increasing amounts of A3 plasmid for A3G-HA (A3G), A3F-V5 (A3F), and
coexpressed A3G-HA/A3F-V5 (A3F/G), we observed that the maximum amount of
restriction occurred at a lower level of transfected plasmid when A3F and A3G were
coexpressed (Fig. 2B). Specifically, only 25 ng of the A3F/G plasmid was required for
restriction of HIV compared to 50 ng of A3G plasmid or 100 ng of A3F plasmid.
A3F-mediated viral restriction was consistently less than that of A3G, as previously
reported (26, 38, 46, 51). However, most notable was that for the 25-ng plasmid
transfection experiment, the combined expression of A3F and A3G resulted in 4- to
6-fold greater restriction than either A3G or A3F alone (Fig. 2B, 25 ng). At 50 ng and 100
ng of transfection plasmid, the restriction of A3G was not significantly different from
the combined restriction of A3F/G (Fig. 2B, 50 ng and 100 ng). The infectivity data
demonstrate that at lower levels of A3G and A3F expression, when their restriction
effect is not saturated, their combined action is better than their individual action in
inhibiting HIV infectivity. This effect is similar to previous reports (26, 34), although the
reason for this enhancement of restriction has not been previously investigated.

To investigate if the enhanced effect was a result of higher encapsidation levels of
A3G or A3F, we analyzed cell lysates and virions by immunoblotting (Fig. 2C). Since the
A3s have different tags they were blotted with different antibodies, and as a result we
are unable to compare A3G to A3F. However, we can determine if the same amount of
A3G or A3F is encapsidated under the different expression conditions. The virus blot
showed that the same amount of A3G was encapsidated in both the A3G and A3F/G
experiments (Fig. 2C). Similarly, A3F was encapsidated at the same level whether it was
expressed alone or with A3G (Fig. 2C). These results indicate that the enhanced
restriction was not due to higher levels of enzymes being encapsidated and suggested
that coencapsidated A3G and A3F were able to synergistically restrict HIV replication.

Enhanced mutagenesis of HIV �vif induced by coencapsidated A3F and A3G.
Recently it was shown that A3F and A3G are indeed able to be coencapsidated into HIV
virions (30). To identify if one or both A3s were increasing the level of mutagenesis
when coencapsidated, we sequenced a portion of the proviral DNA. We used proviral
DNA from the 25-ng A3 plasmid transfection experiment to avoid analyzing proviral
DNA that may be saturated with mutations and PCR amplified the protease region
for DNA sequencing. The mutation frequencies showed that A3G mutated the proviral
DNA more than A3F (A3G, 7.5 mutations/kb; A3F, 1.6 mutations/kb) (Table 1). When
A3G and A3F were coexpressed, the mutation frequency was 14 mutations/kb (Table 1).
If coencapsidated A3G and A3F were acting independently of each other, the mutation
frequency would be expected to be the sum of each mutation frequency alone
(estimated 9.1 mutations/kb). That the mutation frequency when A3G and A3F were
combined was 1.5-fold more than the sum of each mutation frequency alone suggests
that A3G and A3F can coordinate to restrict HIV replication. When 50 ng of plasmid was
transfected, we observed that for the A3F/G condition, the mutations were 2-fold
greater than the sum of the mutations of A3G and A3F alone (data not shown). At 100
ng of plasmid, there was no increase in mutations in the A3F/G condition compared to
A3G and A3F alone, presumably because the restriction was reaching saturation, which

TABLE 1 Analysis of A3-induced mutagenesis of protease DNA from integrated HIV Δvif

A3 enzyme

No. of:

Base pairs
sequenced

G¡A mutations
(total)

GG¡AG mutations
(total)

GA¡AA mutations
(total)

Deaminations
per kb

GG¡AG mutations
per kb

GA¡AA mutations
per kb

A3G 8,775 66 60 6 7.5 6.8 0.7
A3F 10,179 16 1 15 1.6 0.1 1.5
A3F/G 9,126 129 104 24 14 11 2.6
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would make it difficult to differentiate between the conditions (Fig. 2B, 100 ng, and
data not shown).

Since A3G causes mutations in the plus-strand DNA predominantly at GG sites and
A3F predominantly at GA sites, sequence analysis can determine which A3 was induc-
ing the increases in mutational load (5, 26). Consistent with previous observations, we
found that A3G alone mutated GG sites for 91% of the mutations (6.8 mutations/kb)
and mutated GA sites for 9% of the mutations (0.7 mutations/kb) (Table 1). A3F
predominantly mutated GA sites (94% of GA sites, 1.5 mutations/kb) but could also
mutate GG sites at a low level (6% of mutations, 0.1 mutations/kb) (Table 1). This meant
that we could use the sequence context to determine which A3 was inducing increases
in the mutational load. For the 25-ng transfection condition, the combined mutation
frequency (14 mutations/kb) was composed of 11 mutations/kb at GG sites (A3G
induced) and 2.6 mutations/kb at GA sites (A3F induced) (Table 1). This is a 1.6-fold or
1.7-fold increase in GG mutations (6.8 mutations/kb increased to 11 mutations/kb) or
GA mutations (1.5 mutations/kb increased to 2.6 mutations/kb), respectively (Table 1).
When A3F and A3G were coexpressed, we recovered both GG and GA mutations in the
same clone more frequently than when each A3 was expressed alone, indicating that
indeed both A3F and A3G were coencapsidated (Fig. 3A). Specifically, for the A3F/G
cotransfection (25 ng), 52% of mutated clones were comutated (Fig. 3A). Of those not
comutated, the mutations recovered contained only A3G-induced mutations at GG
sites, consistent with there being a low mutation efficiency of A3F (Fig. 3A and Table
1). For the 50-ng and 100-ng transfections, 75% of mutated clones were comutated
(data not shown).

Despite only a 1.5-fold increase in mutagenesis, there was a 4-fold (A3G) to 6-fold
(A3F) increase in restriction ability when the two enzymes were coexpressed in virus
producer cells and coencapsidated in virions (Table 1 and Fig. 2B). This inconsistency
may be due to the ability of A3G to induce the formation of numerous stop codons in
plus-strand DNA, which would be able to completely ablate virus replication with only
a single mutation (5). Stop codons arise from deamination of cytosines in minus-strand
DNA Trp codons, e.g., 5=CCA. When the minus-strand DNA is deaminated to 5=UCA or
5=CUA, the sequence becomes 5=TGA or 5=TAG in plus-strand DNA and results in a stop
codon. Within the 351-nt-long protease region that we sequenced, there was one Trp
codon that was a hot spot for mutagenesis. A3G alone induced stop codon formation
in 32% of the clones, A3F alone induced stop codon formation in 6.9% of the clones,
and coencapsidated A3F/A3G induced stop codon formation in 50% of the clones.
There are also numerous other A3-induced missense mutations that can inactivate
protease (38, 39, 52). The inactivation of protease as a result of missense mutations was
inferred from results from an extensive protease mutagenesis study conducted by Loeb
et al. (53). Taking into account both stop codons and inactivation by missense muta-
tions, we found that A3G alone inactivated 56% of mutated protease and left 8% of
mutated protease active (Fig. 3B). Due to the low A3 plasmid transfection level used in
the experiment (25 ng), we recovered protease clones that were not mutated 36% of
the time (Fig. 3B). In contrast, A3F inactivated only 20% of mutated protease and left
14% mutated and active and 66% not mutated (Fig. 3C). When A3F and A3G were
coexpressed, there were no protease clones that were mutated and active (Fig. 3D).
Eighty-one percent of protease clones were mutated and inactivated, and 19% were left
unmutated. This means that when A3F and A3G are coexpressed they are able to more
efficiently inactivate the proviral DNA. Thus, although the combined effect of A3F/G on
mutations was at most 2-fold, this enabled a larger decrease in infectivity (4- to 6-fold)
and further supports that coencapsidation of A3G and A3F enhances HIV restriction
from each A3 alone (Fig. 2B and Table 1).

The mutations per clone were plotted to visualize the mutations across the se-
quenced protease region of the integrated provirus. In the 351-nt clone, there are
distinct hotspots in which A3G induces mutations (Fig. 3E). The hotspots are deami-
nated in at least 20% of clones, and there are 8 of these sites at positions 86, 151, 168,
170, 177, 243, 258, and 282. Under the combined A3F/G condition, the same hotspots
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are deaminated in more clones, but no new hotspots were identified (Fig. 3E and G, see
hashed reference line). The increases in deamination at each of the sites ranged from
1.3-fold (nucleotide position 168) to 2.1-fold (nucleotide positions 86 and 243), sug-
gesting that deamination activity across the protease gene was increased similarly (Fig.
3E and G). For A3F, there were no distinct hotspots due to the low level of induced
mutagenesis (Fig. 3F). Increases in deamination for A3F under the A3F/G condition
occurred at new sites or sites deaminated when A3F was expressed alone (Fig. 3F and
G, new sites 106, 114, 129, 148, and 178). However, in accordance with the overall
mutation frequency, the increases were not high. The higher mutation frequency of A3F
under the A3F/G condition was primarily due to new site mutations. Together, the data
indicate that for A3G and A3F, coexpression increases their mutagenic activity, but for
A3G there is no change in the deamination hotspots, in contrast to A3F, which is able
to mutate more new sites during minus-strand DNA synthesis. Since A3G and A3F can
form an A3F/G hetero-oligomer (Fig. 1), we interpreted the mutation data to suggest
that the A3F/G hetero-oligomer is working to increase deamination activity (observed
for A3G) and accessibility to single-stranded DNA (ssDNA) (observed for A3F).

FIG 3 Coexpressed A3F and A3G comutate the same HIV proviral genome. (A) Spectral plot generated
by Hypermut (86) was generated using representative samples from the 25-ng A3G, A3F, and A3F/G
infectivity experiments. Across the protease gene, GG¡AG (expected A3G-induced mutation) changes
are shown by a red line, and GA¡AA (expected A3F-induced mutations) changes are shown by a cyan
line. (B to D) Individual analysis of each protease clone for A3G (B), A3F (C), and A3F/G (D) enabled
determination of the percentage of clones that would result in a mutated and inactive (blue) or mutated
and active (orange) protease. The percentage of clones that were not mutated is shown in gray. (E to G)
Mutational spectra for all clones shows the percentage of clones with a mutation at a particular site in
the protease gene for A3G (E), A3F (F), and A3F/G (G). The GG¡GA (red) and GA¡AA (cyan) mutations
are distinguished by color and demonstrate the specificity of the deamination targets for A3G and A3F.
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A3G, when part of an A3F/G hetero-oligomer, has an improved ability to jump
over RNA/DNA hybrids. To test our hypothesis that the A3F/G hetero-oligomer can
increase the activity of A3G, we conducted in vitro deamination and binding assays on
synthetic oligonucleotides. Using fluorescence depolarization, we found the A3F/G
hetero-oligomer bound fluorescein-labeled ssDNA with an apparent Kd that was unique
from that of either A3F or A3G alone (Fig. 4A). The A3F/G hetero-oligomer was formed
by preincubating equal amounts of A3F and A3G. The A3F/G hetero-oligomer bound
ssDNA with an apparent Kd of 114 nM, which indicates 3-fold less affinity than A3F and
2.5-fold more affinity than A3G alone. Since the binding experiment was conducted
under steady state, the apparent Kd of the A3F/G hetero-oligomer is an average of all
possible associations, i.e., A3F/G, A3G, and A3F. However, the data support the con-
clusion that the A3F/G hetero-oligomer may have biochemical properties distinct from
those of A3G and A3F.

Previously we have shown that the processive scanning mechanism of the A3
enzymes that is used to search for the preferred deamination motifs in the DNA
substrate can be a predictor of mutagenic potential (38). Therefore, we hypothesized
that since one A3G molecule appeared to interact with three molecules of A3F (Fig. 1A
to D), A3F may be able to influence the processive scanning mechanism of A3G. A3F is
able to jump larger distances than A3G (38). Jumping movements are required for
overcoming in a processive manner RNA/DNA hybrid obstacles left on minus-strand
DNA by RNase H activity (1). To examine the processivity and scanning mechanism of
A3, the reactions were conducted under single-hit conditions where an ssDNA is
encountered by only one enzyme during the course of the reaction (54). To characterize
processivity and scanning movement, we used an ssDNA with either two CCC motifs
(for A3G activity) or two TTC motifs (for A3F activity) separated by differing distances.
Under our reaction conditions, we observed no deamination of CCC motifs by A3F or
TTC motifs by A3G (data not shown). Thus, we examined how the A3F/G hetero-
oligomer could improve activity of either A3G or A3F by using the relevant substrate.
To form the hetero-oligomer, we preincubated A3F and A3G together, added the
enzymes to the reaction buffer, and started the reaction by the addition of ssDNA. We
did not subsequently purify the A3F/G hetero-oligomer from unbound A3F or A3G to
simulate cellular conditions, where there is likely to be an “average” population of A3F,
A3G, and the A3F/G hetero-oligomer.

To examine jumping, we used deamination motifs that were distantly spaced (61 nt).
On the CCC motif containing ssDNA, A3G and the A3F/G hetero-oligomer had the same
processivity factor of approximately 8 (Fig. 4B). This processivity factor is calculated
using the integrated gel band intensity of the 5=C and 3=C deamination band and
means that the enzyme is 8-fold more likely to make a processive deamination than a
nonprocessive deamination (see Materials and Methods). To challenge the jumping
ability of A3G and the A3F/G hetero-oligomer, we annealed a complementary 20-nt
RNA between the two CCC motifs (Fig. 4C, sketch). Since A3G and A3F cannot bind to
this RNA/DNA hybrid, the enzyme complex must jump over the obstacle to undergo
processive deamination of both CCC motifs (38). A3G had a characteristic decrease in
processivity due to the obstacle (2.5-fold) (Fig. 4B and C) (38, 55). When in complex with
A3F, the A3G processivity decreased only 1.3-fold (Fig. 4B and C). Thus, for A3G, being
in complex with A3F (A3F/G) can improve the jumping ability. We also conducted the
equivalent experiment for A3F but used the TTC motif containing ssDNA. For A3F alone,
the processivity is enhanced by annealing a cRNA molecule, presumably due to the
annealed portion enabling the TTC sites to be juxtaposed at an optimal distance for A3F
jumping movements, as previously observed (Fig. 4D and E) (38). There was no change
in the A3F processivity factor on either DNA substrate in the presence of A3G (Fig. 4D
and E, A3F or A3F/G).

To examine processive sliding movements, we used an ssDNA with closely spaced
deamination motifs (3 nt apart). On the CCC-containing ssDNA we found no change in
the A3G processivity in the presence of A3F (Fig. 4F). A3F is not able to processively
slide to deaminate closely spaced TTC motifs, thus, on the substrate with the TTC motifs
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FIG 4 Biochemical properties of the A3F/G hetero-oligomer are distinct from A3G and A3F. (A) Fluorescence
depolarization was used to detect changes in rotational anisotropy of an F-labeled 118-nt ssDNA upon titration of
A3G or A3F or an A3F/G hetero-oligomer into the solution. The rotational anisotropy was normalized to fraction
F-ssDNA bound and analyzed by regression analysis. The binding curves fit to a sigmoidal binding curve as
determined by least-squares analysis. The apparent Kd values were calculated to be 286 � 17 nM for A3G, 39 �
6 nM for A3F, and 114 � 20 nM for A3F/G. Error bars represent the standard deviations of the means from three
independent experiments. (B to G) Processivity of A3G, A3F, or A3F/G was tested on ssDNA substrates that contain
a fluorescein-labeled deoxythymidine (yellow star) between two 5=CCC (for A3G) or 5=TTC (for A3F) deamination
motifs separated by different distances. (B) Deamination of a 118-nt ssDNA substrate with two 5=CCC deamination
motifs spaced 61 nt apart. Single deaminations of the 5=C and 3=C are detected as the appearance of labeled 100-
and 81-nt fragments, respectively; double deamination of both C residues on the same molecule results in a 63-nt
labeled fragment. (C) Deamination of the same substrate shown in panel B but with a 20-nt cRNA annealed
between the two 5=CCC motifs. (D) Deamination of the same substrate shown in panel B, but with two 5=TTC
motifs. (E) Deamination of the same substrate shown in panel D, but with a 20-nt cRNA annealed between the
two 5=TTC motifs. (F) Deamination of a 60-nt ssDNA substrate with two 5=CCC motifs spaced 3 nt apart. Single
deaminations of the 5=C and 3=C are detected as the appearance of labeled 42- and 23-nt fragments,
respectively; double deamination of both C residues on the same molecule results in a 5-nt labeled fragment. (G)
Deamination of the same substrate shown in panel F, but with two 5=TTC motifs. The notation ND means not able to
be determined due the absence of a detectable 5=C and 3=C band. The measurements of enzyme processivity
(processivity factor) and the SD are shown below the gel. All values are calculated from three independent experiments.
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separated by 3 nt, we observed no deamination of both the 5=C and 3=C (Fig. 4G).
Despite A3G being able to slide, there was no 5=C and 3=C band detected for the A3F/G
hetero-oligomer on the TTC containing ssDNA (Fig. 4G). Altogether, the data demon-
strate that A3F influences the processive jumping movements of A3G when they form
a hetero-oligomer, but A3F processivity is not influenced by A3G. This is consistent with
there being more A3F molecules in the A3F/G hetero-oligomer that could exert more
of an effect on A3G than vice versa (Fig. 1). These data are also consistent with the
A3F/G hetero-oligomer having 1.7-fold higher specific activity on CCC motif ssDNA than
A3G alone and no effect on specific activity on TTC motif ssDNA (data not shown).

A3F and A3F/G decrease reverse transcripts more efficiently than A3G. Despite
A3F-induced mutations being increased in the presence of A3G (Table 1), the reason for
this did not appear to be due to an increase in the processive search mechanism of A3F.
Another mechanism by which A3-induced mutations can be increased is if reverse
transcription was slowed down, which would leave minus-strand DNA single stranded
for a longer time (56–58). It is known that both A3G and A3F can decrease reverse
transcriptase efficiency, which results in less late reverse transcript (LRT) formation and
less proviral integration (36, 37, 59–68). We hypothesized that the A3F/G hetero-
oligomer would inhibit reverse transcriptase more efficiently, and this would allow
more time to search for and deaminate TC motifs in minus-strand DNA.

To investigate this, we conducted experiments that quantified the LRT in infected
293T cells and in vitro primer extension of HIV reverse transcriptase from a primer
binding site (PBS) primer in the presence and absence of A3s. The relative LRT formed
in the presence of the A3s was decreased for all conditions with A3G, A3F, or A3F/G.
Consistent with previous findings, A3F inhibited LRT formation more than A3G (Fig. 5A,
1.6-fold difference), and the inhibition of LRT formation was independent from deami-
nation ability (Fig. 5A, catalytic E¡Q mutants) (60, 65). The A3F/G hetero-oligomer
suppressed LRT formation approximately 2-fold more than A3F alone. These data were
consistent with a primer extension assay in which purified HIV reverse transcriptase was
used to extend the 18-nt PBS primer from a 106-nt template that had a nucleotide
sequence matching the corresponding region of the HIV genome (Fig. 5B, sketch). For
the A3F/G condition, equimolar amounts of A3F and A3G were preincubated before
being added to the reaction. All reactions had the same total moles of A3 for each
titration. By titrating increasing amounts of A3 into the reaction mixture, we observed
an increasing amount of inhibition of DNA polymerization (Fig. 5B). Analysis of the
extended primer showed that each A3 inhibited total primer extension similarly (Fig.
5C). However, visual inspection of the gel for the 4:1, 8:1, and 32:1 ratios of A3 to
primer/template (p/t) conditions demonstrated that A3F and the A3F/G hetero-
oligomer can inhibit the formation of full-length products (82 nt) at a 4:1 molar ratio,
whereas at least 2-fold more A3G is required for the same inhibition (Fig. 5B and D).
Altogether, the data indicate that the presence of either A3F or the A3F/G hetero-
oligomer can slow down reverse transcription. This may enable the A3 enzymes more
time to deaminate the minus-strand DNA.

DISCUSSION

A3 enzymes are coexpressed in CD4� T cells and have been shown to coordinately
restrict HIV replication (14, 15, 47, 69). However, the mechanism of this coordinate
restriction is not clear. For A3G and A3F, it has been proposed that each contributes
individually to HIV mutagenesis due to not being coencapsidated (33), that A3F and
A3G enzymes are coencapsidated but act independently of one another (26, 30), and
that A3 enzymes can enhance each other’s activity (26, 34). Thus, we undertook a study
of A3F and A3G to examine how they may coordinately restrict HIV infectivity when
expressed in the same HIV producer cell. We observed that A3F and A3G can form an
A3F/G hetero-oligomer in cells and in vitro in the absence of an RNA intermediate and
inferred that they can frequently coencapsidate into HIV particles due to 52 to 75% of
proviruses being comutated. Overall, our data show that the A3F/G hetero-oligomer
has enhanced ability to decrease the infectivity of HIV through increased mutagenic

APOBEC3F and APOBEC3G Cooperate To Restrict HIV Journal of Virology

February 2017 Volume 91 Issue 3 e02230-16 jvi.asm.org 11

http://jvi.asm.org


activity, resulting from unique biochemical properties of the A3F/G hetero-oligomer
compared to the individual enzymes.

A3F/G oligomerization. We determined that A3F and A3G hetero-oligomerize
using several methods. Using uniquely tagged versions of A3F and A3G, we conducted
a co-IP similar to what was done originally by Wiegand et al., except that we added
RNase A to the cell lysates (47). Even in the absence of RNA, A3G-HA could immuno-
precipitate A3F-V5, indicating that they hetero-oligomerized in cells (Fig. 1E). The
complex has a high-affinity association in the nanomolar range and is stable enough to
be identified through SEC (Fig. 1A to D and F). We previously determined by SEC that
A3F was approximately 158 kDa in the peak fraction, which would be a trimer or
tetramer (3.5-fold the molecular weight of a monomer) (38). However, using a similar
method and column but with quantitative immunoblotting to better visualize the
bands, we identified the A3F peak fraction more exactly to be 153 kDa, which
confirmed that the molecular weight is closer to that of a trimer than a tetramer. The
oligomerization of A3F does not appear to be concentration dependent, since it formed

FIG 5 A3 enzymes can decrease reverse transcriptase efficiency. (A) Quantification of late reverse transcripts (LRT)
by qPCR demonstrated that A3G, A3F, and A3F/G and their catalytic mutants can decrease LRT relative abundance.
The E/Q notation means an E259Q mutation for A3G or an E251Q mutation for A3F. Error bars represent the
standard deviations of the means from three independent experiments. (B) An 18-nt 32P-labeled RNA primer
containing a sequence complementary to the HIV PBS was annealed to a 106-nt RNA containing PBS (sketch).
Complete extension of the primer results in a product of 82 nt (sketch). The p/t was used at a concentration of 10
nM. Primer extension by reverse transcriptase (480 nM) in the absence (0:1) or presence (4:1, 8:1, and 32:1) of
increasing amounts of A3G, A3F, or A3F/G relative to the p/t concentration is shown. Reaction mixtures were
sampled at 2.5 and 60 min. (C) Quantification of primer extension (in percent) from gels shown in panel B for no
A3 or for A3G, A3F, and A3F/G at 60 min. (D) Quantification of fully extended 82-nt product (in percent) for no A3
or for A3G, A3F, and A3F/G at 60 min. (C and D) Error bars represent the standard deviations of the means from
three independent experiments. (A, C, and D) Designations for significant difference of values were a P value of
�0.001 (***), �0.01 (**), or �0.05 (*).
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these trimers at protein concentrations in the low micromolar range (1 �M A3F was
used for SEC) (Fig. 1B and C). In contrast, the oligomerization of A3G is concentration
dependent. In the absence of RNA at low concentrations, A3G is primarily a monomer,
and at higher concentrations it forms predominantly dimers (Fig. 1) (24, 38, 48, 49). This
dynamic nature of A3G oligomerization may facilitate the ability to oligomerize with
A3F (Fig. 1). Conversely, the stable oligomer of A3F may inhibit multiple A3G molecules
from binding. With 50% amino acid similarity between A3F and A3G, it is reasonable to
assume that they oligomerize similarly. However, making a Y131A/W132A mutant in
A3F, which is equivalent to the dimer disruption mutant F126A/W127A of A3G, did not
disrupt A3F oligomerization (data not shown), suggesting that A3F oligomerizes in a
manner unique from that of A3G. A crystal structure of the rhesus A3G N-terminal
domain (NTD) shows that A3G (NTD) dimerizes using helix 6 and loop 7, where
F126/W127 are located, confirming previous mutational studies (48, 70, 71). Further,
this dimerization of rhesus A3G NTD is distinct from any of the existing A3F dimer
models that have resulted from A3F C-terminal domain structures (72–75). It remains to
be determined how full-length A3F oligomerizes in solution. However, since A3F does
not tetramerize by itself (Fig. 1B and C), this suggests that for a tetramer to form, a
different association interface must be used. Since the A3F/G oligomer formed in cell
lysates, it is likely to also form in virions where the apparent concentration of the
components is estimated to be in the high micromolar range due to the restricted
volume of the capsid (Fig. 1E) (76).

A3G and A3F cooperate to restrict HIV replication. All studies to date on A3G and
A3F coencapsidation have found different results. Most recently, Desimmie et al.
showed on a single-virion level that A3G and A3F are indeed coencapsidated (30). In
the experimental system, the authors transfected an HIV plasmid and separate plasmids
for each A3G and A3F. This resulted in �50% coencapsidation (30). The coencapsida-
tion in our study is implied by our data, in which we recovered proviruses that had
mutations at both GG and GA, representing mutation sites due to A3G and A3F
deamination, respectively. However, we observed that 52 to 75% of the proviruses were
commutated depending on the transfection conditions. Under the same approximated
restriction conditions, we recovered 1.5-fold more comutated viral genomes than
Desimmie et al. (30) (75% in this study versus 49.6% in theirs). In contrast to our study,
those authors found that coencapsidated A3G and A3F had an additive, not coopera-
tive, effect (30). This may be due to the different A3 expression strategy. Desimmie et
al. used separate plasmids to express the two A3s, whereas our study used one plasmid
to express A3G and A3F, thereby ensuring each transfected cell had both enzymes
expressed, which may have resulted in a more defined transfection population (Fig. 2A)
(30). Further, we titrated our expression plasmids to avoid saturation of the mutations
that may obscure any cooperative effects (Fig. 2B). Interestingly, Krisko et al. found that
in a BLT humanized mouse model, consistent HIV Δvif restriction required the com-
bined antiviral activities of A3G and A3F and that A3F was contributing through a
deamination-independent mechanism (34). Despite more consistent HIV restriction in
the presence of both A3F and A3G, the mutations were predominated by GG¡GA, and
GA¡AA represented only �1% of mutations (34). These data are in agreement with our
observation that A3G deamination activity is being enhanced by A3F and that A3F
deamination activity was low (Fig. 3E to G). Our studies are in further agreement that
A3F has a more robust activity to inhibit reverse transcriptase polymerization than A3G
when acting alone or in the presence of A3G (Fig. 5). However, data from Krisko et al.
are in contrast to another humanized mouse model study in which HIV proviral DNA
was found to contain mutations that resulted from only A3G deamination or predom-
inantly A3F deamination, suggesting that A3G and A3F act individually (77). In the
earliest study to combine A3G and A3F plasmids in the producer cell, Liddament et al.
showed a synergistic 2.7-fold increase in the mutations caused by A3G and A3F
coexpression compared to each expressed alone, but only an additive effect on
infectivity was found (26). Thus, the authors concluded that A3G and A3F have both an
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independent and synergistic (which they termed “dependent”) ability to induce mu-
tagenesis of proviral DNA (26). Although we observed a synergistic effect for infectivity
(4- to 6-fold) and a lesser effect on mutagenesis (�2-fold), the conclusions of Lidda-
ment et al. are in agreement with ours (26).

Independent and dependent modes of A3F and A3G restriction. As discussed
already, previous studies on A3F and A3G coencapsidation and corestriction are largely
complementary to our work. However, our study identified possible mechanisms that
can enable coencapsidated A3F and A3G to act cooperatively. Although A3F and A3G
were identified to be coexpressed in CD4� T cells and hetero-oligomerize in an early
study, the role of RNA in mediating the hetero-oligomerization was not clear (47).
Defining if their interaction was mediated by an RNA intermediate is important to
identify because it provides information on whether they act independently while
coencapsidated, such as A3F inhibiting reverse transcriptase polymerization while A3G
deaminates the minus-strand DNA, or if they are dependent on each other through
forming a hetero-oligomer.

That we identified A3F and A3G to form a hetero-oligomer in the absence of RNA
in vitro and in cells (Fig. 1) led us to investigate a dependent mechanism of cooperation.
The SEC indicated that there were more molecules of A3F in the hetero-oligomer than
molecules of A3G (Fig. 1B to D). These data imply that if equal amounts of A3G and A3F
are coencapsidated, there would be a population of free A3G molecules and A3F/G
hetero-oligomers and a minority of free A3F molecules. We tested if the A3F/G
hetero-oligomer had properties that could enhance HIV restriction and found that A3G
in the A3F/G hetero-oligomer was better able to processively scan ssDNA with an
RNA/DNA hybrid region than A3G alone (Fig. 4B and C). The processive scanning
mechanism of an A3 has been shown to be a determinant of restriction efficiency (38).

The A3F/G hetero-oligomer was able to slow down the polymerization efficiency of
reverse transcriptase (Fig. 5B to D). In the primer extension assay, we kept the total
moles of enzyme equal for experiments with A3G, A3F, and A3F/G. Thus, under the
A3F/G condition, there is half the amount of A3F as there is under the A3F-alone
condition. Despite this, the A3F/G hetero-oligomer could inhibit synthesis of full-length
product as efficiently as A3F, further supporting the conclusion that the A3F/G hetero-
oligomer has distinct biochemical properties and functionality. None of the conditions
resulted in the inhibition of primer initiation, consistent with other studies that were
focused on A3G (Fig. 5C) (35, 65, 66). However, A3G, A3F, and A3F/G could inhibit
synthesis of full-length product (Fig. 5D). The analyses of inhibition of full-length
product formation are consistent with cellular data and demonstrate that the ability of
A3F to inhibit reverse transcriptase is greater than that of A3G (Fig. 5A and D). This may
be due to A3F binding ssDNA with higher affinity than A3G (Fig. 4A). Consistent with
the A3G model that oligomers on the ssDNA block reverse transcriptase progression,
both A3F and the A3F/G hetero-oligomer form trimers and tetramers, respectively, in
solution and bind ssDNA cooperatively, indicating that they further oligomerize on
ssDNA and suggesting a mechanism of action similar to that of A3G (Fig. 4A) (36). The
slower reverse transcription that occurred in vitro and in cells in the presence of the A3s
could provide more time to deaminate minus-strand DNA, resulting in an independent
mechanism of synergy where one A3 oligomer is inhibiting the reverse transcriptase
and another is deaminating the DNA (Fig. 5A and B). This may facilitate increased
deamination of A3F in the A3F/G hetero-oligomer. The A3F/G hetero-oligomer bound
ssDNA with approximately 2-fold less affinity than A3F alone (Fig. 4A). The high affinity
of A3F for ssDNA has been suggested to inhibit its movement on DNA, adding to the
inefficiency with which it searches the substrate for deamination motifs (38). The higher
Kd of the A3F/G hetero-oligomer may increase the ability of A3F in the A3F/G hetero-
oligomer to search the minus-strand DNA before it becomes double stranded (38). In
combination with the decrease in reverse transcriptase efficiency imposed by A3
enzymes, this provides an explanation for the increased number of A3F-induced
mutations when A3F and A3G are coexpressed (Fig. 3 and 5 and Table 1).
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Conclusions. Overall, the data support that A3F and A3G in cells can form a
hetero-oligomer with properties unique from the individual enzymes. The extent to
which A3F and A3G oligomerize with each other in HIV-infected CD4� T cells could not
be determined due to the lack of a high-sensitivity antibody for A3F. However, it is likely
that these interactions identified here in cell culture and in vitro contribute to the
hypermutation identified in proviral genomes of HIV-infected people, since the higher
mutagenic activity could enable more efficient mutagenesis despite the presence of Vif
(78). It is also possible that other A3s hetero-oligomerize and synergistically restrict HIV.
Altogether our data identify a mechanism that may contribute to enhanced activity of
A3s and raises the idea that we still may not fully realize all of the antiviral mechanisms
of endogenous A3 enzymes.

MATERIALS AND METHODS
Protein expression and purification. Recombinant baculovirus production for expression of glu-

tathione S-transferase (GST)-A3G, GST-A3F, and GST-nucleocapsid protein in Sf9 cells was carried out
using the transfer vector pAcG2T(BD Biosciences), as previously described (38, 39, 43). Sf9 cells were
infected with recombinant virus at a multiplicity of infection (MOI) of 1 for GST-A3G and GST-NC and an
MOI of 2 for GST-A3F. After 72 h of infection, recombinant baculovirus-infected Sf9 cells were harvested
for protein purification. A3G and NC were purified in the presence of RNase A and the GST tag cleaved
on the affinity column, as previously described (48). A3F was purified in the presence of RNase A and the
GST tag cleaved in solution, as previously described (38, 43). Proteins were estimated to be approxi-
mately 95% pure by SDS-PAGE.

The Escherichia coli strain containing the plasmids to express HIV reverse transcriptase and HIV
protease was provided by Stuart Le Grice (National Cancer Institute). Expression of the HIV reverse
transcriptase and protease were carried out as previously described (79). Cell lysates produced using
sonication were clarified by centrifugation and then purified using a HisTrap FF crude column (GE
Healthcare) and HiTrap heparin HP (GE Healthcare) as described previously (79).

Expression of A3G and A3F in 293T cells. To express both A3F-V5 and A3G-HA on a single-cell
basis, we used an expression plasmid, pVIVO2 (Invivogen), with two transcription units in a single vector.
A3G and A3F were PCR amplified from pcDNA3.1 vectors previously used in the laboratory with primers
that contained a C-terminal 1� HA-tag sequence (for A3G) or C-terminal V5 tag sequence (for A3F) (38).
A3F-V5 was cloned using an XbaI site in MCS1. A3G-HA was cloned using an EcoRI site in MCS2. Using
this cloning strategy, plasmids containing both A3F-V5 and A3G-HA (pVIVO2 A3F-V5/A3G-HA), A3F-V5
alone (pVIVO2 A3F-V5), and A3G-HA alone (pVIVO2 A3G-HA) were constructed. These constructs were
also used as a template for site-directed mutagenesis to create catalytic mutants of A3F and A3G that
resulted in pVIVO2 A3F-V5 E251Q/A3G-HA E259Q, pVIVO2 A3F-V5 E251Q, and pVIVO2 A3G-HA E259Q.
Primer sequences are available upon request.

SEC. To determine the oligomerization state of the A3 enzymes, we used size exclusion chromatog-
raphy (SEC). A 10-ml Superdex 200 (GE Healthcare) resin bed contained in a column with a 0.5-cm
diameter and 16-cm height was used. The running buffer used contained 50 mM Tris, pH 8.0, 200 mM
NaCl, and 1 mM dithiothreitol (DTT). The molecular masses and oligomerization states were calculated
from the standard curve obtained by using a Bio-Rad gel filtration standard set. For A3G or A3F alone,
a total of 15 �g of the purified A3 enzyme was loaded on the column. For the combined run of A3F and
A3G, 15 �g of each purified enzyme was preincubated at 21°C for 3 min before loading onto the column.
Proteins in fractions were detected by Western blot analysis by using anti-A3G (ApoC17 rabbit antiserum;
number 10082; NIH AIDS Reagent Program) and anti-A3F (number GTX47211; GeneTex) antibodies.

Steady-state rotational anisotropy assays. To measure protein-protein and protein-ssDNA binding
interactions, we used steady-state fluorescence depolarization (rotational anisotropy), where one of the
binding partners was fluorescein (F) labeled. Data were collected using a QuantaMaster QM-4 spectro-
fluorometer (Photon Technology International) with a dual emission channel. Measurements were made
at 21°C. Samples were excited with vertically polarized light at 495 nm (6-nm band pass), and vertical and
horizontal emissions were measured at 520 nm (6-nm band pass). Apparent dissociation constants (Kd)
were obtained by fitting to a sigmoidal curve using Sigma Plot 11.2 software.

For binding to ssDNA, we measured the ability of A3F alone, A3G alone, and A3F/A3G to bind to a
118-nt F-labeled ssDNA, as described previously (38). Reactions were performed in a 60-�l total volume,
which contained F-labeled ssDNA (10 nM) in RT buffer (50 mM Tris, pH 7.5, 40 mM KCl, 10 mM MgCl2,
1 mM DTT) and A3G (0 to 900 nM), A3F (0 to 75 nM), or A3F/A3G in combination (0 to 340 nM). For
A3F/A3G binding in combination, the enzymes were first mixed at an equimolar ratio and preincubated
at 21°C for 3 min before titration into the reaction mixture.

To measure protein-protein binding, A3G was F labeled using the fluorescein-EX protein labeling kit
(Life Technologies) and used as the binding substrate for A3F. This assay was carried out in a 60-�l total
volume that contained 25 nM F-labeled A3G in the presence of RT buffer and increasing amounts of A3F
(0 to 250 nM).

Co-IP assay. Coimmunoprecipitation (co-IP) assays were conducted as described previously (80).
Briefly, the 293T cells (2.5 � 106 cells per 75-cm2 flask) were transfected with 1 �g of total DNA. Equal
amounts of each plasmid, pVIVO2 A3G-HA, pVIVO2-A3F-V5, or pVIVO2 A3F-V5/A3G-HA, were used to
transfect the cells. GeneJuice transfection reagent (EMD Millipore) was used according to the manufac-
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turer’s instructions. At 64 h posttransfection, the cells were washed with phosphate-buffered saline and
lysed in co-IP buffer (50 mM Tris-Cl, pH 7.4, 1% Nonidet P-40, 0.1% sodium deoxycholate, 10% glycerol,
150 mM NaCl) supplemented with RNase A (20 �g/ml; Roche) and EDTA-free protease inhibitor (Roche).
Clarified supernatants were precleared with protein A-agarose-conjugated normal rabbit IgG (2 �g; Santa
Cruz Biotechnology) in the presence of RNase A (20 �g/ml; Roche). One-half of the precleared super-
natant was then incubated with protein A-agarose-conjugated polyclonal rabbit anti-HA antibody (2 �g;
Sigma), and the other half (mock) was incubated with protein A-agarose-conjugated normal rabbit IgG
(2 �g; Santa Cruz Biotechnology) at 4°C for 2 h. Resin was washed and the samples were then
resuspended in Laemmli sample buffer and prepared for SDS-PAGE.

After SDS-PAGE, proteins were transferred to a nitrocellulose membrane. For detection of A3G-HA
and A3F-V5 in cell lysates, the nitrocellulose membrane was probed with polyclonal rabbit HA (1:1,000;
Sigma) and monoclonal mouse V5 antibodies (1:1,000, Sigma), respectively. For the loading control,
monoclonal mouse anti-�-tubulin (1:1,000; Sigma) was used. HA- and rabbit IgG-immunoprecipitated
lysates were probed with anti-V5 mouse monoclonal antibodies. After incubation with horse radish
peroxidase (HRP)-conjugated secondary antibodies, the blots were visualized with X-ray film using Super
Signal West Pico chemiluminescence substrate (Thermo-Scientific).

Intracellular detection of A3F-V5 and A3G-HA in 293T cells by flow cytometry. Single-cell
suspensions of untransfected 293T cells and A3F-V5- and A3G-HA-transfected 293T cells were prepared
in phosphate-buffered saline containing 2% fetal bovine serum (FBS) and 0.05% sodium azide. Intracel-
lular staining was performed by following an established procedure (81). Briefly, transfected and
untransfected cells were fixed using BD Cytofix/Cytoperm buffer containing 4.2% paraformaldehyde.
Fixed cells were permeabilized with 1� BD Perm/Wash buffer containing saponin and FBS. Cells were
stained with rabbit anti-V5-CF543 and rabbit anti-HA-CF640R antibodies (Biotium Inc.) in BD Perm/Wash
buffer for 30 min at 4°C. After three washes with BD Perm/Wash buffer, cells were resuspended in
phosphate-buffered saline containing 2% FBS and 0.05% sodium azide. Data were acquired by flow
cytometry on a FACSCalibur using CellQuest software (BD Biosciences) and analyzed with FlowJo
software (TreeStar).

Single-cycle infectivity assay. In order to generate vesicular stomatitis virus glycoprotein (VSV-G)-
pseudotyped HIV Δvif NL4-3 viruses, 3 � 105 293T cells were transfected using GeneJuice (EMD Millipore)
transfection reagent as previously described (38). Cells were transfected with 500 ng of pNL4-3 HIV Δvif,
which expresses an enhanced green fluorescent protein (eGFP) reporter gene (82), and 200 ng of pMDG,
which expresses the VSV-G protein (83, 84), in the presence of empty pVIVO2, pVIVO2 A3F-V5/A3G-HA
(A3F/A3G combined), pVIVO2 A3F-V5 (A3F-V5 alone), or pVIVO2 A3G-HA (A3G-HA alone). A titration of
A3 expression vector was used (25, 50, and 100 ng). We used empty pVIVO2 vector to achieve a total of
800 ng DNA. Sixteen hours after the transfection, the medium (Dulbecco’s modified Eagle’s medium
[DMEM] with 10% FBS) was replaced after washing the cells with phosphate-buffered saline. Virus-
containing supernatants were collected 48 h after the medium change and filtered through 0.45-�m
polyvinylidene difluoride (PVDF) syringe filters. Virus was quantified by a p24 enzyme-linked immunosor-
bent assay (QuickTiter lentivirus titer kit [Cell Biolabs Inc.] or HIV-1 p24 enzyme-linked immunosorbent
assay kit [XpressBio]). Target 293T cells were infected with virus by spinoculation at 800 � g for 1 h in
the presence of 8 �g/ml of Polybrene (85). Infection levels in 293T cells were determined by flow
cytometry by detecting eGFP fluorescence at 48 h postinfection and normalized to HIVΔvif infections in
the absence of A3 enzymes (38). Statistical significance of results was determined using an unpaired t
test.

Quantitative immunoblotting. The 293T cells expressing A3G-HA and A3F-V5 from single-cycle
infectivity assays were detected using anti-HA and anti-V5 antibodies (Sigma) in cell lysates (40 �g total
protein) and virions. Virions were prepared for immunoblotting by concentration using Retro-X concen-
trator (Clontech), and 20 �l of concentrated virus was used. Loading controls for cell lysates (�-tubulin;
Sigma) and virions (p24; number 3537; NIH AIDS Reagent Program) were detected using mouse
monoclonal antibodies. Proteins of interest and loading controls were detected in parallel on the same
gel by using the Licor/Odyssey system (IRDye 680-labeled goat anti-rabbit secondary antibody and IRDye
800-labeled goat anti-mouse secondary antibody).

Sequencing of integrated proviral DNA. After 48 h of infection, total DNA from infected 293T cells
was extracted using DNAzol reagent (Life Technologies). DNA was treated with DpnI (New England
BioLabs) for 1 h at 37°C to remove possible contaminating plasmid DNA, and the protease (prot) (nt 2280
to 2631) sequences were amplified by PCR using Q5 polymerase (New England BioLabs). Primers have
been published previously (38). PCR products were purified and cloned with the CloneJET PCR cloning
kit (Thermo). DNA was sequenced with kit-specific primers and carried out at the National Research
Council of Canada (Saskatoon, Canada). Analysis of the sequence context of the mutations was done
using Original Hypermut (86).

In vitro deamination assays. All of the ssDNA substrates used in this study were synthesized from
Tri-Link Biotechnologies and have been published previously (38). In brief, substrates all contain two
deamination motifs, either 5=CCC for A3G or 5=TTC for A3F, and a fluorescein-labeled thymidine between
the motifs. Reactions were carried out under single-hit conditions, i.e., �15% substrate usage, to ensure
that a single ssDNA substrate was interacting with at most a single enzyme (54). Under these conditions,
a processivity factor can be determined. The processivity factor is a ratio of the quantified total number
of deaminations occurring at two sites on the same ssDNA substrate with a calculated theoretical value
of deaminations that would occur at these two sites if the deamination event were not processive (see
reference 43). For A3F deamination reactions, 100 nM A3F was incubated with 100 nM ssDNA. For A3G,
30 nM A3G was incubated with 100 nM substrate. Due to differences in specific activity on different
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substrates, sample times ranged from 1 to 30 min after incubation at 37°C in RT buffer. The time points
where only 10 to 11% of the substrate was deaminated were considered in processivity factor determi-
nation. For experiments using A3F and A3G in combination, we first preincubated the enzymes at an
equimolar ratio for 3 min at 21°C before addition to the reaction mixture. Reactions were stopped using
phenol and chloroform extractions. The ssDNA was then treated with uracil DNA glycosylase (New
England BioLabs) and heated under alkaline conditions to induce DNA breakage at deaminated motifs.
The DNA fragments were then resolved on a 10% or 20% (vol/vol) denaturing polyacrylamide gel
depending on the expected sizes. Gel pictures were obtained using a Typhoon Trio multipurpose scanner
(GE Healthcare), and gel band intensities were quantified by ImageQuant software (GE Healthcare).

Quantification of LRT formation during HIV replication. For quantifying late reverse transcripts
(LRT) by quantitative real-time PCR (qPCR), we followed the method of Belanger et al. (59). HIV
Δvif-infected 293T cells were harvested 8 h postinfection, and total DNA was extracted and then treated
with DpnI. For each reaction, 0.9 pmol/ml of each primer (as listed in reference 59), 0.25 pmol/ml of the
probe (as listed in reference 59), and 10 ng of template DNA were used in a 20-�l reaction volume.
Reactions were performed in triplicate with TaqMan Gene Expression master mix (Applied Biosystems).
qPCR cycling conditions were 10 min at 95°C, followed by 40 cycles of 15 s at 95°C and 1 min at 60°C.
qPCR was carried out using a StepOnePlus real-time PCR system (Applied Biosystems). The copy numbers
in each sample were normalized for DNA input using human RNase P copy number assay (number
4403326; Applied Biosystems). Relative LRT quantitation was calculated by following the comparative CT

(threshold cycle) method (ΔΔCT method).
Primer extension assay. An RNA template encompassing the primer binding site (PBS) and

upstream region near the 5= end of the HIV genome (nt 571 to 674) was generated as described
previously (35). An 18-nt 32P-labeled RNA primer to mimic tRNALys,3 primer was heat annealed to the
106-nt template RNA containing the PBS as described previously (35). Reactions were conducted in the
presence of 10 nM primer/template, RT buffer, 200 �M deoxynucleoside triphosphates (dNTPs), 175 nM
nucleocapsid, and 480 nM reverse transcriptase in the absence or presence of A3G alone, A3F alone, or
A3F and A3G in combination. Each A3 alone was used at concentrations of 40, 80, and 320 nM. For A3F
and A3G in combination, an equimolar ratio was preincubated for 3 min at 21°C and then added to
reactions to achieve a final concentration of 40, 80, or 320 nM enzyme complex. Reaction mixtures were
preincubated at 37°C for 1 min before the addition of dNTPs, which started the reaction. A negative
control was used which contained all reaction components except reverse transcriptase to ensure there
was no contaminating polymerase activity. Reactions were stopped by adding a 5-fold excess of 20 mM
EDTA and 95% formamide. Primer extension was visualized by resolving samples on a 16% denaturing
8 M urea polyacrylamide gel. Gel band intensities were measured by phosphorimaging with a Bio-Rad
FX scanner. The integrated gel band intensities of all bands in a lane were calculated with ImageQuant
software (GE Healthcare) and used to determine the relative amounts of extended and unextended
primers as well as fully extended product (82 nt). Statistical significance of primer extension assay results
was determined using an unpaired t test.
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