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ABSTRACT

APOBEC3G (A3G) is a host-encoded protein that
potently restricts the infectivity of a broad range of
retroviruses. This can occur by mechanisms de-
pendent on catalytic activity, resulting in the muta-
genic deamination of nascent viral cDNA, and/or by
other means that are independent of its catalytic
activity. It is not yet known to what extent deamin-
ation-independent processes contribute to the
overall restriction, how they exactly work or how
they are regulated. Here, we show that alanine sub-
stitution of either tryptophan 94 (W94A) or 127
(W127A) in the non-catalytic N-terminal domain of
A3G severely impedes RNA binding and alleviates
deamination-independent restriction while still
maintaining DNA mutator activity. Substitution of
both tryptophans (W94A/W127A) produces a more
severe phenotype in which RNA binding and RNA-
dependent protein oligomerization are completely
abrogated. We further demonstrate that RNA
binding is specifically required for crippling late
reverse transcript accumulation, preventing
proviral DNA integration and, consequently, restrict-
ing viral particle release. We did not find that
deaminase activity made a significant contribution
to the restriction of any of these processes. In
summary, this work reveals that there is a direct
correlation between A3G’s capacity to bind RNA
and its ability to inhibit retroviral infectivity in a
deamination-independent manner.

INTRODUCTION

APOBEC3G (A3G) is one of several cell-intrinsic host
retroviral restriction factors in humans that potently

inhibit the replication of a broad range of viruses,
retroviruses and retroelements [reviewed in (1)]. It is cur-
rently believed that A3G’s striking ability to deaminate
cytidines into uridines in single-stranded retroviral DNA
replication intermediates represents the major mechanism
responsible for its antiretroviral activity. Extensive muta-
tions, also called hypermutation, can potentially lead
to the generation of premature termination codons and
dysfunctional proteins resulting in non-infectious viral
progeny (2-5). A3G can, however, also restrict the infect-
ivity of retroviruses by means that do not rely on deamin-
ation, but these have yet to be clearly understood (6,7).
A3G proteins expressed in retrovirus-infected cells are
packaged into the capsids of progeny virions and exert
their enzymatic activity during proviral cDNA synthesis
in newly infected target cells (1). Packaging of A3G into
human immunodeficiency virus type I (HIV-1) virions is
RNA dependent and mediated by the interaction of
residues in the N-terminal domain (NTD) of A3G and
the nucleocapsid region of the retroviral structural
protein Gag (8,9). To counteract the deleterious effects
of A3G, HIV-1 acquired the ability to prevent its
packaging into virions. The viral infectivity factor (Vif)
is an HIV-1 accessory protein that binds to A3G before
its incorporation into virions and quickly promotes its
degradation by the proteasome [reviewed in (10)]. HIV-1
particles that are released from infected cells expressing
Vif are devoid of A3G and are thus fully infectious.
A3G can directly bind RNA via its non-catalytic NTD
(11-13). Newly translated monomeric A3G rapidly assem-
bles not only in the cytoplasm into RNA-independent
dimeric and tetrameric structures but also into larger
oligomeric assemblies that require RNA (11,14-17). In
actively dividing cells such as activated T cells and cell
lines, these oligomeric complexes will further aggregate
into large high molecular mass (HMM) ribonucleoprotein
complexes, which are estimated to be between 5 and 15
MDa in size (11,18). A3G proteins in these HMM
complexes no longer exhibit enzymatic activity and
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cannot be packaged into HIV-1 virions (19). Thus, only
low molecular mass (LMM) oligomeric A3G complexes
that have not yet aggregated into HMM complexes are
packaged into virions and exert cytidine deaminase
activity during proviral DNA synthesis (19). It is still
unclear what triggers the formation of HMM complexes
in cell lines and activated lymphocytes. Understanding
how these large oligomeric structures assemble is of sig-
nificant importance because binding to RNA is deemed to
be required for HIV-1 virion packaging. Paradoxically,
RNA also appears to act as a negative regulator of
A3G’s catalytic activity by causing its aggregation into
ribonucleic complexes (19). A3G binds various RNAs
including those coding for itself, GAPDH and HIV-1, as
well as several species of non-coding RNAs such as 7SL,
hY1, hY3, hY4, hY5 and Alu (18,20-24). It is currently
unknown whether binding to any of these RNAs is spe-
cifically required for A3G’s antiviral activity.

The catalytic activity of A3G is currently thought to
play a dominant role in the inhibition of retroviral infect-
ivity. Notably, in addition to inflicting genetic damage,
poor plus-strand transfer and defective proviral integra-
tion have also been reported to be caused by DNA editing
(25-28). In parallel, several reports show that significant
deamination-independent  antiretroviral  activity s
displayed by catalytically inactive A3G enzymes
(6,7,28-30). Disruptions in the zinc-binding motif of the
C-terminal domain inactivate the catalytic activity of
A3G. Deamination-independent mechanisms such as the
inhibition of primer annealing, strand transfer, viral tran-
script accumulation and proviral integration have been
described to collectively partake in the overall restriction
of infection (28,31). An important component
contributing to the deaminase-independent antiretroviral
activity appears to be the inhibition of reverse transcript
synthesis. This could occur by the direct interaction of
A3G with the reverse transcriptase or by creating road-
blocks to the processivity of the reverse transcriptase
through binding to ssDNA replication intermediates
(6,32). In this context, reduced retroviral cDNA synthesis
would be one of the causative factors for impaired
proviral integration and infection. Despite the identifica-
tion of numerous antiretroviral mechanisms, it has not yet
been established to what extent G-to-A hypermutation
and deamination-independent mechanisms contribute to
the overall inhibition of infection.

In this study, we investigated the roles of A3G in RNA-
binding, HMM complex assembly and cytidine deamin-
ation at different stages of the retroviral infection cycle.
We found that tryptophans 94 and 127, which are located
in the non-catalytic NTD of human A3G, regulate RNA-
binding and HMM complex assembly. Interestingly, both
W94A and WI127A mutants retain the capacity to in-
tensely deaminate proviral DNA but no longer restrict
proviral DNA synthesis, integration or viral particle
release. These unique features of the mutants have
allowed us to measure the direct contribution of deamin-
ation and deamination-independent restriction mechan-
isms on various steps of the infection cycle of three
commonly studied retroviruses.
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MATERIALS AND METHODS
Velocity sedimentation

The 293T cells transiently expressing FLAG-A2, FLAG-
A3G or the various A3G mutants were lysed for 30 min on
ice with NP40 lysis buffer [SO0 mM Tris—=HCI (pH 7.4),
150 mM NaCl, 0.1% NP40, 0.1% Na-deoxycholate] sup-
plemented with cOmplete, EDTA-free, protease inhibitor
cocktail (Roche). After removing insoluble material by
centrifugation at 17000g for Smin at 4°C, half the
samples were treated with 1ug/ml of RNase A for
15min at room temperature. RNase-treated and -un-
treated samples were then loaded on top of 5-40%
sucrose step gradient (5, 10, 20, 30 and 40% in 2.3 ml of
fractions) in the following buffer: 10mM Tris—HCI (pH
7.4), 25mM KCl and 10 mM MgCl,. Gradients were spun
for 6h at 41000rpm (288000g) at 4°C in a Beckman
SW41 Ti rotor. After the spin, 1.4ml of fractions were
sequentially collected from the top of the gradient, and a
75 ul of aliquot of each fraction was mixed with 25 ul of
4x Laemmli loading buffer. Finally samples were resolved
by SDS-PAGE and analyzed by immunoblotting.

Retroviral vectors

The pMOV-eGFP expression vector encodes a replicative
Moloney murine leukemia virus (MoMLYV) with the eGFP
reporter gene inserted in the proline-rich region of the
ecotropic env gene (33). The single-cycle HIV[p8.9]
pseudovirus is generated by a multi-plasmid expression
system using a packaging vector for HIV-1 (pCSGW),
an expression vector for Gag-Pol-Rev (p8.9) and the
pMDG plasmid encoding the envelope glycoprotein of
the vesicular stomatitis virus (34,35). The eGFP reporter
gene is located in the pCSGW packaging vector and is
expressed from an internal spleen focus-forming virus
(SFFV) long terminal repeat (LTR) promoter. The
pNL4-3-deltaE-eGFP plasmid was obtained from the
NIH AIDS Research Reference and Reagent Program
(catalog #11100) (36). Two termination codons were
introduced in the vif gene to prevent expression as previ-
ously described and renamed pHIVAVIif for simplicity
(37).

Transfections and virus production

Viruses were produced by transfecting 3 x 10° 293T cells
seeded in a 6-well plate with 800 ng of pMOV-eGFP (to
produce MoMLYV) or 500 ng of pHIVAYVif with 200 ng of
pMDG (to produce HIVAVif) using the GeneJuice trans-
fection reagent (Merck). HIV[p8.9] pseudoviruses were
produced by co-transfecting 250ng of p8.9, along with
300ng of pCSGW and 150ng of pMDG.

APOBEC virion packaging was done by co-transfecting
virus expression plasmids (in the quantities described
earlier in the text) along with APOBEC expression vectors:
80ng for MoMLV and 150ng for HIV[p8.9] and
HIVAVif. Cells were washed with phosphate buffered
saline 16h following transfection and grown in culture
for an additional 48h. Virus-containing supernatants
were then collected, cleared by centrifugation at 800g,
and filtered through 0.45p cartridge filters. Virus
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production was quantified and normalized by enzyme-
linked immunosorbent assay for p24 or p30 (Quick-
TiterTM Lentivirus Titer Kit and QuickTiterTM MuLV
Core Antigen ELISA Kit, Cell Biolabs Inc.). Viral stocks
produced in presence of APOBEC3 proteins were
normalized to the p24 or p30 amounts of their respective
A2 control.

Optimization of infection assays

Transfection and infection assays were carefully optimized
for optimal dynamic range and single transduction
events using a multiplicity of infection (MOI) of 0.5
(Supplementary Figure S1). During careful optimization
of our infection assays, we found that viral infectivity is
most adversely affected when virus-producing vectors are
co-transfected along with control vectors expressing a
protein (e.g. eGFP) rather than an ‘empty vector’ (e.g.
pcDNA 3.1), particularly when large quantities are co-
transfected (Supplementary Figure SIA and B). For this
reason, we chose human A2 as a negative control to es-
tablish the maximum infection in all our assays. A2 is a
member of the broader APOBEC3 family whose crystal
structure enabled the early structural homology models of
human A3G (38). A2 harbors a single zinc-binding
pseudo-catalytic domain, does not form RNA-dependent
oligomers and has no detectable deaminase or antiviral
activity (39-42).

Infection assays

Target cells were infected at an MOI of 0.5 with respect to
viruses produced in the presence of A2. Infections were
carried out by spinoculation at 800g for 1h in the pres-
ence of 8pug/ml of polybrene (43). Infection levels in
human 293T and murine NIH 3T3 cells were monitored
by flow cytometry analysis by measuring ¢GFP fluores-
cence at 24h (for MoMLV and HIV[p8.9]) or 48h (for
HIVAVif) after infection. Infection levels were normalized
to A2.

Late reverse transcript and proviral integration
quantitation

Methods for quantifying late reverse transcript (LRT)
accumulation and proviral integration by quantitative
real-time PCR (qPCR) were adapted from the following
references (44,45). DNA extractions were performed 12h
post-infection for late LRT analysis and at 24 h post-in-
fection for integration analysis. Primer and probes se-
quences are given in Supplementary Table S1. For LRT
analysis, the primers and probe sets for HIVAVif or
HIV[p8.9] and MoMLV are respectively as follows:
qHIV-FWD, qHIV-REV and the qHIV-Probe;
gqMoMLV-FWD, gMoMLV-REV and the qMLV-
Probe. Integrated proviruses were amplified by a first
round PCR using primer pairs against cGFP and either
Alu (293T) or Bl (NIH 3T3) retroelements. The primers
used to amplify integrated sequences were as follows:
qeGFP-FWD, gAlu-1 and qAlu-2 for 293T; qeGFP-
FWD, gBl-1 and gBI1-2 for NIH 3T3. PCR products
from the first round were then diluted 1:40 and used
for qPCR using nested primers qIN-eGFP-FWD and

qIN-eGFP-REV, and the qIN-eGFP-Probe. For each
reaction, 0.9 pmol/ml of each primer, 0.25 pmol/ml of the
probe and 10 ng of template DNA were used in a 20 ml of
reaction volume. Reactions were performed in quadrupli-
cate with TagMan® Gene Expression master mix, Applied
Biosystems (AB). Cycling conditions were 10 min at 95°C,
followed by 40 cycles of 15s at 95°C and [ min at 60°C
carried out on an AB Viii7 System. The copy numbers in
each sample were normalized for DNA input using human
RNase P or mouse Tfrc copy number assays (TagMan
assays 4403 326 and 4458 366, AB). Relative quantitation
(RQ) was computed by the ViiA7 data analysis software
(AB). Normalizations were performed using corresponding
A2 levels for each experiment.

Statistical analysis

Restriction, integration and LRT data were expressed as
mean relative values = SD. All experiments were per-
formed using triplicates values for restriction experiments
and quadruplicates for integration and LRT analysis.
Experiments were repeated at least three times from com-
pletely independent transfection assays. All statistical
analyses were performed using Student’s paired z-test
using GraphPad Prism software.

RESULTS

Tryptophans 94 and 127 are involved in HMM complex
assembly and RNA binding

A3G is an RNA-binding enzyme that aggregates into
HMM complexes in the cytoplasm of activated CD4+ T
lymphocytes and immortalized cell lines (11,18). Here, we
have optimized the conditions of velocity sedimentation
assays so that HMM complexes consistently accumulate
in the bottom two fractions of 5-40% sucrose gradients
(fractions 8 and 9), and that RNA-dependent LMM
oligomeric forms of A3G consistently accumulate in frac-
tions 4-7. Pretreatment of cell extracts with RNase dis-
solves HMM and LMM complexes and causes A3G to
localize in fractions of the gradient that represent the pre-
dicted monomeric, dimeric and tetrameric forms of the
protein (labeled as MDT in our figures). The assays
were designed so that these RNA-independent forms of
A3G consistently accumulate in fractions 1-3. We used
endogenous B-tubulin in all our sedimentation assays as
a marker for gradient quality control because it exclusively
assembles into RNA-independent heterodimers that are
consistently detected in fractions 1-3 only.

During the course of a screen to identify the amino acids
of A3G that govern its assembly into HMM complexes, we
discovered that mutation of tryptophans 94 and 127 to
alanine (W94A; W127A) prevented the formation of these
complexes (Figure 1A and Supplementary Figure S2).
Despite the absence of HMM complexes in fractions 8
and 9, RNA-dependent LMM oligomeric complexes were
present throughout the middle fractions of the sucrose
gradient (fractions 4-7). Pretreatment of the extracts with
RNase resulted in a complete shift toward the top of
the gradient populated by the monomeric, dimeric and
tetrameric forms of the A3G protein (fractions 1-3).
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Figure 1. Effects of the W94A and W127A mutations on HMM complex assembly, subcellular distribution, RNA-binding and DNA deaminase
activity. (A) Lysates of transfected 293T cells, treated (right panels) or untreated (left panels) with RNase, were resolved by velocity sedimentation
over a non-denaturing 5-40% sucrose gradient and analyzed by western blot using anti-FLAG and anti-p-tubulin antibodies. (B) Fluorescent
imaging of the subcellular localization of 293T cells expressing eGFP-A3G, eGFP-W94A and eGFP-W127A. (C) Schematic representation of the
location of important residues and binding domains in the A3G protein sequence. (D) Binding of FLAG-tagged A2, A3G, W94A and WI27A to
7SL, Alu, hY1 and hY3 RNAs were determined by qPCR. Relative binding to A3G is depicted. Results represent the mean £ SD of triplicate values
from three independent transfection experiments. (E) Evaluation of the intrinsic DNA cytidine deaminase activity using a bacterial mutator assay.
Each point represents the mutation frequency (Rif® mutants per 107 viable cells) of an independent bacterial culture; median values are indicated.
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These particular features of the W94A and W127A mutants
were not observed with any of the other A3G point
mutants that were tested (Supplementary Figure S2).

A3G is a cytoplasmic protein that forms numerous foci.
These structures are believed to associate with RNA-pro-
cessing bodies (P-bodies), which are sites of RNA storage,
turnover and decapping (46). We were concerned that
altering HMM complex assembly would also affect the
cellular localization of the mutant proteins. We therefore
transiently expressed eGFP-fusions of the mutant proteins
in 293T cells and analyzed their intracellular distribution
using fluorescence microscopy. We did not detect any
obvious differences in size, intensity or abundance of
cellular foci between wild-type A3G and the W94A and
WI127A mutants (Figure 1B).

Tryptophans 94 and 127 are located in the NTD of the
protein in a region predicted to be involved in RNA
binding, protein oligomerization, Vif interaction and
cellular localization (Figure 1C) (47). W127 was first
identified as a residue essential for the packaging of
A3G into HIV virions (9). It is also required for binding
to Alu, 7SL and various hY RNAs, and these RNA-
binding features of A3G correlate with its ability to
inhibit A/u retrotransposition (20,24). Direct in vitro
binding assays performed using purified protein also con-
firmed the reduced affinity of the W127A mutant for RNA
(48). Other studies revealed that this residue was critical
for cytoplasmic localization and N-terminal oligomeriza-
tion (17,47). W94 was also reported to influence A3G
packaging into HIV virions, but to a lesser extent than
W127 (24). There are however discordant reports as to
whether W94 can bind 7SL RNA (13,22).

W94A and W127A have reduced RNA-binding capacity,
but DNA editing is mostly unaffected

Here, we independently investigated the binding of the
A3G mutants to a selection of RNAs: 4/u, 7SL, hY1,
hY3 and B-actin (Figure 1D). We measured the relative
capacity of the mutants to bind RNA compared with wild-
type A3G by carrying out qPCR analysis on RNA
isolated from immunoprecipitates of the A3G variants
transiently expressed in 293T cells. We found that in
agreement with earlier studies (20,24), the W94A and
WI127A mutants associated 50-90% less efficiently with
Alu, 7SL, hYl and hY3 RNAs compared with A3G
(Figure 1D). A2 non-specifically bound RNA to similar
levels as the bead-only control and was thus used as a
negative binding control in all our subsequent assays
(Supplementary Figure S3A). B-actin mRNA did not sig-
nificantly bind to any of the APOBEC proteins, which is
in line with previous studies (18,21), and was excluded
from the graphs to improve clarity.

Before further characterizing these mutants, we wanted
to ascertain whether they retained enzymatic activity on
DNA by using a bacterial mutator assay commonly used
to measure the catalytic activity of cytidine deaminases
(49). The results of this assay revealed that the enzymatic
activities of the mutants were similar to the wild-type A3G
protein, whereby both these proteins were capable of
mutating Escherichia coli genomic DNA and giving rise

to a relatively large number of rifampicin-resistant
colonies (Rif) (Figure 1E). In summary, our results
show that the W94A and WI127A mutants both have
severely diminished RNA-binding properties compared
with wild-type A3G, but this had no significant impact
on the catalytic activity of the proteins.

RNA-binding mutants are packaged with different
efficiencies into HIV-1 AVif and MoMLYV virions

Here, we compared the virion packaging efficiency of the
wild-type A3G protein to that of W94A, WI27A, an
inactive catalytic mutant E259Q, and corresponding
WO94A or WI27A compound mutants: W94A/E259Q
and WI127A/E259Q. Three retroviruses were tested:
HIVAVIif (NL4-3-derived with the env gene substituted
for eGFP), HIV[p.8.9] (a self-inactivating HIV-derived
pseudovirus expressing ¢GFP from an internal SFFV
promoter) and replicative ecotropic MoMLV expressing
an Env-eGFP fusion protein (see ‘Materials and Methods’
section for details). As previously described by others, we
found that W94A and W127A were poorly packaged into
HIVAVIf particles (Figure 2A). Surprisingly, all A3G
variants were packaged efficiently into HIV[p8.9] and
MoMLV virions (Figure 2B and C). These results
indicate that the factors that govern virion encapsidation
are different for HIV-1AVif and MoMLYV. Our reasoning
as to why the mutants proteins are packaged efficiently
into HIV[p8.9] virions is presented in the discussion.

RNA binding is required for retroviral restriction

Infection assays show that both W94A and WI127A
mutants displayed little or no antiretroviral activity on
HIVAVif as would be expected because of the packaging
defect, whereas the catalytic mutant, E259Q, reduced the
relative number of eGFP-positive target cells by ~40-50%
for all viruses tested (Figure 2D, E and F). Although the
WO94A and W127A mutants were ineffective in restricting
the infection of HIV[p8.9] (Figure 2E), they reduced the
infectivity of MoMLV by 55 and 40%, respectively
(Figure 2F). Double mutants for both RNA-binding and
catalytic activity, W94A /E259Q and W127A/E259Q, were
completely ineffective in restricting the infection of all the
viruses tested.

We next asked whether W94A and WI27A could
mutate HIV[p8.9] and MoMLYV, despite having defective
RNA-binding properties. As predicted by the bacterial
mutator assay, both W94A and WI27A mutants
introduced high levels of hypermutation in both
retroviruses tested, with the vast majority (82-92%) of
all sequences analyzed being mutated (Table 1). Also, we
found no evidence of DNA editing by mutant proteins
containing the E259Q substitution. Analysis of the DNA
context specificity for the deamination revealed a strong
preference for the targeting of 5'-CCC-'3 trinucleotides for
all A3G variants, indicating that reduced RNA binding
did not impact DNA-targeting specificity (Table 2).

Because wild-type and mutant A3G proteins appear to
be packaged with the same efficiency in MoMLV and
HIV[p8.9] virions, differences in mutation rates could be
explained by reduced deamination efficiency. To evaluate
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Figure 2. Virus-dependent packaging of W94A and W127A, and retroviral restriction analysis. (A—C) Viral particles were purified from cell super-
natants, lysed and assayed for the presence of FLAG-tagged APOBEC proteins by western blot analysis (fop panels). Lysates of virus-producing cells
are shown in the bortom panels. (D-F) Restriction analysis of virus infectivity as measured by eGFP expression in target cells infected with HIVAVif
(D), HIV[p8.9] (E) or MOMLYV (F). Results represent the mean + SD of triplicate values from at least three independent transfection experiments.
(G and H) Analysis of mutations in proviral DNA. Histograms depict the proportion of total sequences containing the indicated number of
mutations. The total number of clones sequenced is indicated in the chart legend. Sequences were compiled from one experiment for A3G and
WI127A and from two independent experiments for W94A.

Table 1. Editing of HIV[p8.9] and MoMLV by A3G and variants

Virus APOBEC3 protein Base pairs Sequences Total number of G-to-A mutation
sequenced™® mutated (%) G-to-A mutations frequency (mutations/kb)
HIV[p8.9]
A3G 7887 82 82 12.7
E259Q 4302 0 0
WIo4A 18 642 92 132 7.1
W94A/E259Q 4302 0 0
WI27A 12189 82 88 7.2
MoMLV
A3G 11472 88 111 9.7
E259Q 4302 0 0
WOo4A 15057 95 85 5.6
WO94A/E259Q 4302 0 0
WI27A 7887 91 38 4.8

*A 717-bp segment of integrated viral DNA was amplified by PCR and cloned. Independent clones were sequenced, and mutations computed on the
plus-strand DNA were analyzed.
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Table 2. Local sequence preference for deamination on the
minus-strand retroviral DNA*

APOBEC3 HIV[p8.9] MoMLV
-2 —1 -2 -1
A3G
A 20 2 20 0
C 48 77 39 68
G 9 1 7 3
T 23 20 37 29
WO94A
A 12 1 8 0
C 60 90 68 89
G 4 1 4 1
T 24 8 20 10
WI27A
A 33 3 14 2
C 44 82 53 83
G 5 3 3 0
T 18 13 29 16

*Values were computed with respect to the deaminated cytidine
(position zero) on the viral minus strand. Values represent the percent-
age of occurrence of each base at positions —1 and —2 respective to the
deaminated cytidine. Sequences compiled in Table 1 were used for the
analysis.

this, we calculated the mutation frequency in each individ-
ual sequence examined (Figure 2G and H). Our analysis
shows that W94A and WI127A introduced on average
between 1 and 10 mutations per sequence for HIV[p8.9]
and 1-5 for MoMLV. Wild-type A3G introduced slightly
more mutations per sequence on both viruses, which
explains the results of Table 1.

RNA binding is required for the inhibition of proviral
DNA accumulation and integration

Retroviruses produced in the presence of A3G display
reduced levels of LRT and proviral integration (50).
Here, we sought to examine how the W94A and WI127A
mutations impact LRT accumulation and proviral inte-
gration. Results show that neither W94A nor W127A sig-
nificantly hinder LRT accumulation, whereas wild-type
A3G and E259Q reduced these levels by ~40-60% for
both viruses (Figure 3A and B). A3G and E259Q had
much more dramatic effects on integration with
measured reductions of 94 and 89% for HIV[p8&8.9] and
92 and 81% for MoMLYV, respectively (Figure 3C and
D). These results clearly reveal the marginal role of de-
amination in preventing these two early steps of the infec-
tion. On the other hand, W94A had no significant effect
on reducing the proviral integration of either MoMLYV or
HIV[p8.9]. Equally, W127A did not reduce the integration
of HIV[p8.9], but appeared to have a slight effect on
MoMLYV. Inactivation of the deaminase activity of the
W94A RNA-binding mutant had no detectable impact
on LRT accumulation or integration, which again
supports that deamination is not a major contributor in
preventing these specific processes.

Hypermutation does not affect MoMLYV particle release

We were curious to determine whether viral particle
release was affected by the DNA mutator activity of the

RNA-binding mutant W94A. Because W94A is not ad-
equately packaged into HIV AVif particles, we performed
this experiment on MoMLV. Deamination-induced
damage that can affect particle release includes: muta-
tional damage to the retroviral promoter, loss of protein
function or localization, or the generation of stop codons
that halt protein synthesis. A3G variants and MoMLV
expression plasmids were co-transfected at increasing
A3G-to-virus ratios into 293T cells, and NIH 3T3 target
cells were infected with MoMLV particles at an MOI of
0.5. Virus-containing supernatants were then collected
72h later, and p30 levels were measured by enzyme-
linked immunosorbent assay (Figure 4A).

Despite W94A reducing the apparent infection by
~60% (Figure 4B), the amount of p30 particles released
was nearly identical compared with the enzymatically
inactive W94A/E259Q control (Figure 4C). On the other
hand, A3G had a dramatic effect on MoMLYV infection at
all co-transfection ratios tested. However, reduction of
particle release was only observed at a 1:40 ratio (20 ng)
and above (Figure 4C). Overall, these experiments indicate
that mutations inflicted by W94A had no detectable
impact on MoMLYV particle release.

Vpri4_gs polypeptide fusions rescue RNA-binding and
deamination-independent restriction

Here, we returned our attention to HIVAVif restriction by
the A3G RNA-binding mutants. It has been shown that
fusing a Vpr polypeptide to proteins of interest can enable
their packaging into HIV virions (13,51). Improving virion
packaging of the A3G mutant proteins would allow us to
determine whether RNA binding is also required for
HIVAVIf restriction. To investigate this issue, we
generated fusion proteins with the Vpri4gg polypeptide
(referred to as Vpr for simplicity) with all our A3G
variants and performed virion packaging and restriction
assays. As expected, we observed vastly improved
packaging of both Vpr-W94A and Vpr-WI127A into
HIVAVif, and a recovery of the antiretroviral activities
of both mutants (Figure 5A and B). Surprisingly, both
Vpr-W94A and Vpr-WI127A now restricted HIV[p8.9]
and MoMLV to levels comparable with Vpr-A3G
(Figure 5C and D). This was unexpected because we had
not detected a packaging defect with the mutants on
HIV[p8.9] and MoMLV (Figure 2B and C).

Vpr is an HIV-1 accessory protein known to directly
bind RNA (52). Proteins fused to Vpr would hence be
expected to display overall increased RNA-binding
properties. To determine whether RNA binding is
restored with the mutants, we measured the binding of
Vpr fusion proteins to A/u, 7SL, hY1, hY3 and B-actin
RNAs using a similar approach as in Figure 1D. We
found that binding to RNA was vastly improved in all
cases except for B-actin that remained at background
levels and again was not plotted on the graph. Strikingly,
Vpr-A2 also displayed RNA-binding properties similar to
Vpr-A3G for Alu and hY3 and greatly improved binding
to 7SL and hY1 (Figure 5E). Comparative binding of the
RNAs with Vpr-A3G, Vpr-A2 and agarose beads is
shown in Supplementary Figure S3B. To verify whether
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increased RNA binding also impacted the intracellular
oligomeric forms of the mutant APOBEC3 proteins,
velocity sedimentation assays were carried out on the
Vpr fusion proteins. Both Vpr-W94A and Vpr-WI127A
had their ability to assemble into HMM complexes
restored (Figure 5F). Finally, we tested whether the Vpr
fusion proteins restricted proviral integration of HIVAVif
(Figure 5G). Integration was compromised to a similar
extent by all Vpr-A3G variants, but not by Vpr-A2 that
was now also capable of binding RNA.

To ensure that the observed phenotype of the Vpr
fusion proteins was conferred specifically by the RNA-
binding properties of Vpr, we deleted amino acids 87
and 88 of the Vpry4 g3 polypeptide that have been previ-
ously been shown to mediate RNA binding (52) and
repeated experiments depicted in Figure 5. We found
that W94A and W127A fusions with the Vpry4 g4 polypep-
tide defective in RNA binding, Vpr(ARNA), were effi-
ciently packaged into HIVAVIf virions (Figure 6A), did
not restrict the infection (Figure 6B), were unable to
inhibit proviral integration (Figure 6C) and displayed
RNA-binding defects (Figure 6D). In summary, these
data show that RNA binding is an essential property for
A3G to be able to restrict Vif-deficient HIV-1 infection.

Residues W94 and W127 cooperate to bind RNA

To gain further insight into how W94 and W127 enable
A3G to interact with RNA, we conducted homology
modeling of the A3G head-to-head NTD dimer
(Supplementary Figure S4). In our model, the two A3G
NTD monomers make extensive contacts, including the
loops connecting the al-f1 and P4-o4 with the corres-
ponding PB4-04 and ol-Bl1 loops of the reciprocal
protomer. Interestingly, close inspection of the NTD
dimer shows that W94 of the first monomer is in close
proximity to W127 in the other monomer (Figure 7A
and Supplementary Figure S4A), a result also observed
by Lavens et al. (53). The structure shows that on dimer-
ization, there is a significant increase in the size of the
positively charged patch that extends to the C-terminal
end of a6 of the reciprocal dimer’s subunit
(Supplementary Figure S4B). Overall, our modeling
study suggests that A3G dimerization generates a large
surface for RNA binding, and that W94A and WI127A
substitutions would strongly disfavor the binding of
RNA. An A3G mutant carrying a double W94A/W127A
substitution should therefore potentiate the RNA-binding
defect. To validate this prediction, we generated the
double mutant and analyzed its RNA-binding properties.
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We found that the RNA-dependent oligomerization of
WOI94A/W127A was completely abolished (Figure 7B).
Additionally, the double mutant did not significantly
bind to any of the RNAs tested (Figure 7C).

Co-expression of W94A with E259Q does not restore the
restriction defect

The inability of the W94A and W127A mutants to prevent
viral cDNA accumulation and integration could poten-
tially be explained by the absence of a cofactor that
normally binds to these tryptophan residues on wild-
type A3G. Here, we sought to establish whether we
could restore restriction to its full potency by producing
viruses in the presence of equal quantities of W94A and
E259Q. Only the W94A mutant was used in these assays
because it has the ability to self-associate as opposed to
WI127A that does not (Supplementary Figure S5A and B).
E259Q is efficiently packaged into HIV[p8.9] and
MoMLV virions and can assemble into HMM
complexes (Supplementary Figure S2). Our complementa-
tion assays on HIV[p8.9] and MoMLV indicate that
E259Q and W94A do not complement each other’s
function, which would have resulted in an increase of
the overall restriction (Figure 7D and E). These results
weigh against the possibility that a virion-packaged

trans-acting cofactor is required for enabling A3G to
restrict retroviral infection.

DISCUSSION

We initially set out to identify the residues in A3G that are
responsible for HMM complex assembly to gain further
insight into the protein’s regulation. Careful optimization
of velocity sedimentation assays facilitated consistent and
well-defined separation between HMM complexes,
oligomeric LMM complexes and the RNA-independent
forms of the protein (Figure 1A). We used this method
to screen A3G point mutants and identified W94 and
W127 as critical residues for HMM assembly. These two
amino acids have been the object of previous studies that
have focused on RNA binding, protein oligomerization
and packaging of A3G into HIV-1 virions. In agreement
with previous work, we found that both mutants
associated much less efficiently with various RNAs
(Figure 1D) (17,22,24,54,55).

Although W94A or W127A substitutions are known to
have detrimental effects on HIV-1 virion packaging, we
were surprised to see that the packaging of these mutants
into MoMLV and HIV[p8.9] was largely unaffected
(Figure 2B and C). We do not fully understand why
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HIV[p8.9] did not also suffer from the same packaging
defects as HIVAVif because both viruses express identical
Gag NC sequences. HIV[p8.9] does however contain
numerous non-HIV elements in its genome that we

believe were responsible for rescuing the packaging
defect. Further studies are required to identify the deter-
minants that govern the packaging of A3G into MoMLV
and HIV[p8.9].
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Figure 7. Retroviral restriction by A3G requires RNA but not a protein co-factor. (A) Cropped field from the homology model of the head-to-head
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the monomers is shown, W94 (yellow); W127 (pink). (B) Lysates of 293T cells transfected with the W94A/W127A mutant resolved by non-denaturing
velocity sedimentation. (C) Evaluation of the RNA-binding properties of the W94A/W127A mutant. (D and E) Viruses for the complementation
assays were produced by co-transfecting a total of 80 ng of APOBEC expression plasmids (40 ng each) for MOMLYV restrictions assays, or 150 ng for
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Perhaps the most controversial part of this study was
the finding that A3G’s deaminase activity had little or no
detectable impact on LRT accumulation and proviral in-
tegration for all three viruses tested. Even MoMLV
progeny virus release was unaffected by the inactivation
of the catalytic activity of the W94A mutant. These results
do not however mean that A3G-mutated viruses are in-
fectious; they are most likely highly compromised in their
replicative fitness. But yet again, it is well documented that
the infected cells of HIV-1 patients contain multiple copies
of integrated virus that can potentially recombine and
complement each other’s function (56-61). In a similar
manner, sublethally mutated proteins from one provirus

could complement the function of lethally mutated
proteins from another (61-63). This therefore raises ques-
tions about long-term protection that is actually conferred
by hypermutation during the course of a natural retroviral
infection.

Although the deaminase activity of the W94A and
WI127A mutants did not impair the early stages of
HIVAVif or HIV[p8.9] infection, it reduced the infection
levels of MoMLV by ~50-60% (Figures 2E and F and
6B). Infection levels measured in our single-round assays
reflect the number of target cells expressing a reporter
protein (eGFP) driven by the promoter of the integrated
provirus. Reporter gene expression is only possible if the
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provirus has successfully integrated into the target
genome. Apparent antiretroviral activity in these systems
is therefore a reflection that processes such as eGFP
mRNA expression, splicing, translation and protein fluor-
escence have been affected by the mutations. In the case of
HIVAVif and HIV[p8.9], eGFP is expressed from a
monocistronic mMRNA driven by either the LTR
promoter (HIVAVif) or an internal SFFV promoter
(HIV[p8.9]). In MoMLYV, however, eGFP is expressed as
a fusion protein with Env. Upstream of the eGFP coding
sequence are 296 amino acids of the N-terminus of Env.
This sequence contains 72 putative deamination target
sites that can potentially yield 13 termination codons
(Supplementary Table S2). The eGFP coding sequence
within all three viruses is identical and contains only a
single site that can generate a termination codon. We
therefore believe that the reduced apparent infection of
MoMLV by W94A and W127A could be caused in part
by the generation of premature termination codons in the
N-terminal Env segment thereby preventing the expres-
sion of the eGFP reporter protein. Another possibility
that may contribute to explain our observations is that a
portion of deaminated proviral cDNA is degraded before
integration via a uracil DNA glycosylase base excision
pathway (64).

It has been debated whether the E259Q substitution,
which eliminates the proton donor in the catalytic site
required for the deamination process, could affect intrinsic
properties of the A3G protein other than catalytic activity
alone, such as DNA binding for instance. To address this
controversial issue, we compared the effects of the E259Q
mutant with that of the C-terminal domain DNA-binding
mutant R313A (65). We found no differences between the
two mutants in their capacities to assemble into HMM
complexes, restrict HIVAVif infection or inhibit proviral
integration (Supplementary Figure S6). Equally, we did
not find any hypermutated proviral sequences when
HIVAVif was produced with either mutant (data not
shown).

Another important question that emerged from this
study was whether the W94 and W127 residues of A3G
recruit a virion-packaged cofactor required for deamin-
ation-independent viral restriction. To answer this, we
co-expressed the W94A and E259Q mutants and per-
formed retroviral restriction assays. Our hypothesis was
that if a co-factor was involved, association of W94A and
E259Q mutants would improve overall restriction levels.
Our results showed however that restriction was not
restored, therefore weighing against the existence of such
a co-factor (Figure 7D and E). Nonetheless, although
RNA binding is essential for deamination-independent re-
striction, it is not alone sufficient to provide maximum
restriction potential. Specific RNA species that bind to
A3G may be required as supported by the absence of de-
tectable restriction of infection with the RNA-binding
Vpr-A2 fusion protein (Figure 5). Clues to the identity
of these RNAs could be obtained from differential ana-
lyses of the RNA content of HMM and LMM complexes.
Additionally, the RNA-binding affinity of A3G and the
manner by which both its protein domains interact with

RNA may also be of capital importance to prevent retro-
viral cDNA synthesis and integration.

In summary, the current work illustrates the essential
and direct role of RNA in the deamination-independent
restriction of retroviruses by A3G. Proviral DNA synthe-
sis and integration are potently inhibited by processes that
do not require the cytidine deaminase activity of the
protein. Deamination-independent restriction mechanisms
therefore appear to be important contributors in prevent-
ing irreversible and potentially harmful proviral integra-
tion into the host’s genomic DNA. Although abundant
A3G-induced G-to-A mutations had only a minor
impact on restricting the early stages of the infection,
they most likely play a major role in limiting the infectiv-
ity, fitness and spread of progeny retroviruses in physio-
logical conditions.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Tables 1 and 2, Supplementary Figures
1-6, Supplementary Materials and Methods and
Supplementary References [66,67].
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