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The Vif protein of human immunodeficiency virus type 1 (HIV-1) promotes viral replication by downregulation of the cell-en-
coded, antiviral APOBEC3 proteins. These proteins exert their suppressive effects through the inhibition of viral reverse tran-
scription as well as the induction of cytidine deamination within nascent viral cDNA. Importantly, these two effects have not
been characterized in detail in human CD4� T cells, leading to controversies over their possible contributions to viral inhibition
in the natural cell targets of HIV-1 replication. Here we use wild-type and Vif-deficient viruses derived from the CD4� T cells of
multiple donors to examine the consequences of APOBEC3 protein function at natural levels of expression. We demonstrate that
APOBEC3 proteins impart a profound deficiency to reverse transcription from the initial stages of cDNA synthesis, as well as
excessive cytidine deamination (hypermutation) of the DNAs that are synthesized. Experiments using viruses from transfected
cells and a novel method for mapping the 3= termini of cDNAs indicate that the inhibition of reverse transcription is not limited
to a few specific sites, arguing that APOBEC3 proteins impede enzymatic processivity. Detailed analyses of mutation spectra in
viral cDNA strongly imply that one particular APOBEC3 protein, APOBEC3G, provides the bulk of the antiviral phenotype in
CD4� T cells, with the effects of APOBEC3F and APOBEC3D being less significant. Taken together, we conclude that the dual
mechanisms of action of APOBEC3 proteins combine to deliver more effective restriction of HIV-1 than either function would
by itself.

The apolipoprotein B mRNA-editing enzyme catalytic polypep-
tide-like 3 (APOBEC3) proteins are cellular cytidine deami-

nases that have potent anti(retro)viral and antiretrotransposon
functions (1–4). The first family member to be recognized for this
activity, APOBEC3G (A3G), was identified on account of being
the cellular target for the human immunodeficiency virus type 1
(HIV-1) regulatory protein Vif (5), a feature that is also shared by
APOBEC3D (A3D) (6, 7), APOBEC3F (A3F) (8–11) and haplo-
types II, V, and VII of APOBEC3H (A3H) (12–14). In the context
of HIV-1 infection, the current weight of evidence indicates that
A3G may exert the more potent antiviral effect, with A3D, A3F,
and A3H eliciting less pronounced effects, though this continues
to be debated. HIV-1 Vif, together with its cellular cofactor, core
binding factor � (15, 16), binds to these APOBEC3 proteins and
recruits them to a cullin5-elonginB/C ubiquitin ligase complex,
leading to their polyubiquitylation and proteasomal degradation
(17–22). As a consequence, these APOBEC3 proteins are largely
excluded from wild-type HIV-1 particles, their antiviral proper-
ties are essentially averted, and viral infectivity is preserved.

When Vif is absent, A3G, A3D, A3F, and A3H are incorporated
into progeny HIV-1 particles and transferred to target cells in
association with the viral capsid, where they exert their antiviral
effects. Most prominently, because these enzymes are polynucle-
otide cytidine deaminases, they can postsynthetically convert
cytidine residues to uridines in nascent (mostly single-stranded
negative-sense) viral cDNA. Upon fixation, such changes then
register as guanosine-to-adenosine (G-to-A) mutations in the
complementary positive strand of viral cDNA (23–25). Since mu-
tational frequencies can exceed 10% of all G residues, this phe-
nomenon is known as hypermutation. Indeed, mutational loads
of this extent are lethal and preclude the subsequent generation of

functional virus components, a process that therefore shares anal-
ogies with error catastrophe (26).

While it is indisputable that APOBEC3 proteins can impose a
destructive mutational burden upon HIV-1 in the absence of Vif,
it has also been clear that lower levels of cDNA accumulate during
HIV-1 infections in the absence of Vif but in the presence of
APOBEC3 proteins (24, 27–34). It was initially suggested that
U-containing reverse transcripts were recognized by cellular ura-
cil DNA glycosylases (UDGs), leading to uracil removal and DNA
degradation following recognition of abasic sites by cellular endo-
nucleases (35). This mechanism is now considered unlikely for a
variety of reasons. (i) It has been shown that even in the absence of
the cellular UDGs UNG2 and SMUG1, A3G-induced decreases in
viral cDNA accumulation remain (31, 36, 37). (ii) Transfection-
based experiments with catalytically inactive A3G and A3F mu-
tant proteins demonstrate that cytidine deamination is not neces-
sarily required to register an antiviral phenotype (30, 38, 39). (iii)
The extents of mutagenesis detected with HIV-1 stocks generated
in the presence of a panel of A3F/A3G chimeric proteins do not
correlate well with the degrees of viral inhibition (28). (iv) Little or
no DNA editing is associated with the APOBEC3 protein-medi-
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ated inhibition of hepatitis B virus, adeno-associated virus, mouse
mammary tumor virus, or retrotransposons, under some experi-
mental conditions (3, 40–45).

In addition to APOBEC3 proteins reducing the levels of nas-
cent HIV-1 reverse transcripts that accumulate in target cells,
measurements of endogenous reverse transcription (ERT) activity
using purified virus particles (29, 46, 47), as well as reverse trans-
criptase (RT) activity in reconstituted in vitro systems (48), have
each indicated that A3G can inhibit the process of reverse tran-
scription directly. Together with the aforementioned instances
of discordance between DNA editing and antiviral phenotypes,
these observations provide further support for the notion that
APOBEC3 proteins can exert deaminase-independent effects that
contribute to the inhibition of viral infection.

Almost all of the previous work defining the antiviral activities
of APOBEC3 proteins has been carried out using virions gener-
ated from transfected cell lines, raising the objection that the re-
sults may not accurately reflect the physiological situation. More-
over, studies of editing-deficient mutant APOBEC3 proteins
continue to court controversy, with objections being raised over
the potentially broad consequences of the mutations on protein
function, as well as the levels of protein expression being assessed
(30, 39, 49, 50). What has been lacking, therefore, is a detailed
analysis of the editing and nonediting effects of APOBEC3 pro-
teins on HIV-1 virions produced from infected primary human
CD4� T cells. To address this important deficiency, we have uti-
lized the natural, Vif-mediated control of APOBEC3 proteins to
produce virus stocks from primary T cells whose infectivity is or is
not severely inhibited by these proteins. Here, we report the phe-
notypic characterization of these viruses, examining cDNA accu-
mulation and G-to-A editing patterns during virus infection of
primary CD4� T cells and cDNA synthesis in ERT reactions. We
further characterize the effects of A3G on reverse transcription
using ERT reactions by means of a novel assay that identifies the 3=
termini of nascent cDNA. Our findings demonstrate that both
cytidine deamination and the inhibition of reverse transcription
contribute to the antiviral activity of endogenous APOBEC3 pro-
teins in CD4� T cells.

MATERIALS AND METHODS
Plasmid constructs. Expression vectors for wild-type and vif-deficient
HIV-1 (pIIIB and pIIIB �vif, respectively) and the G protein from vesic-
ular stomatitis virus G (VSV-G) have been described before (5, 51). A3G
was expressed using pcDNA3.1 (38).

Cells and virus production. All cell lines and primary cells were main-
tained under standard conditions. Pseudotyped wild-type and �Vif
HIV-1 stocks were initially prepared by cotransfection of 293T cells with
the proviral plasmid and VSV-G expression plasmid at a ratio of 20:1. For
the A3G titration experiment in 293T cells, 50% confluent cultures of
293T cells in 10-cm plates were cotransfected with 10 �g of pIIIB �vif and
various amounts of pcDNA3.1/A3G plasmid, as indicated (ratios refer to
DNA quantities, and transfection cocktails were balanced with
pcDNA3.1). After �18 h, the cells were washed three times with phos-
phate-buffered saline (PBS), and fresh medium was added for a further
24 h, before virus-containing supernatants were harvested.

To generate stocks of wild-type and �Vif virus from primary T cells,
CD4� T cells were isolated from 100 ml of fresh blood collected from
healthy volunteer donors by negative selection using magnetic activated
cell sorting (CD4� T-cell isolation kit II; product number 130-091-155;
Miltenyi Biotec). The A3H genotypes of the donors were determined by a
combination of exon and cDNA sequencing: donors 1 and 2 are I/IV, and
donor 3 is I/III. T cells were then activated by incubation with 20 U/ml

interleukin-2 (IL-2; BD Bioscience) and 5 �g/ml phytohemagglutinin L
(PHA-L; Oxoid) for 48 h. Approximately 20 � 106 cells were challenged
with filtered stocks of pseudotyped virus produced in 293T cells (virus
corresponding to 80 ng p24Gag per 106 cells) by spin infection at 2,000 �
g for 2.5 h at 37°C. The cells were extensively washed and incubated for 24
h before the medium was changed again, and virus-containing superna-
tants were harvested 24 h later. Virus stocks were quantified by an en-
zyme-linked immunosorbent assay (ELISA) for p24Gag content.

Immunoblot analysis. Aliquots (1 ml) of virions corresponding to 10
ng p24Gag were concentrated by centrifugation at 20,000 � g for 1 h at 4°C
in a 2-ml Eppendorf tube through a 300-�l 20% (wt/vol) sucrose cushion
before immunoblot analysis. A3G or viral p24Gag was detected in virion
lysates using a polyclonal rabbit serum to A3G (38) or 24-2 (52), a
p24Gag-specific monoclonal antibody, respectively, secondary antibody
IRDye800CW goat anti-rabbit or IRDye800CW anti-mouse (LI-COR
Biosciences UK Ltd.), and LI-COR Odyssey infrared imaging and quan-
titation.

Viral infections and DNA isolation. Virus infectivity was determined
in single-cycle assays by challenging 105 TZM-bl �-galactosidase (�-Gal)
indicator cells with viruses corresponding to 5 ng p24Gag and measuring
the induced expression of �-Gal activity in cell lysates after �24 h, using a
Galacto-Star system (Applied Biosystems). The average counts of �-ga-
lactosidase activity from two uninfected control cell lysates were sub-
tracted from each sample.

Primary CD4� T-cell infections used for detailed DNA analyses were
initiated by spin infecting 20 � 106 PHA/IL-2-treated cells, obtained from
the same three donors used for viral stock preparation, with stocks corre-
sponding to 40 ng p24Gag, at 2,000 � g for 2.5 h at 4°C. Cells were exten-
sively washed with cold PBS before virus entry was initiated by resuspen-
sion in warm medium. Since viruses produced from the cells of three
independent donors were used to infect fresh cells harvested from the
same three donors, there were nine wild-type and nine �Vif infections.

For quantitative real-time PCR (qPCR) analysis of viral cDNA in tar-
get cells, total DNA was purified using a DNeasy kit from Qiagen and
eluted in a total volume of 50 �l. DNA (2 �l) was analyzed by qPCR, and
the data for each infection were normalized by setting the maximum level
of cDNA to 1. Mean values are provided for all time points for each source
of target cell by averaging values obtained with each of the three challenge
stocks.

Endogenous reverse transcription assays. Viral preparations con-
taining 25 ng of p24Gag were pelleted by centrifugation for 1 h at 20,000 �
g at 4°C through a 300-�l 20% (wt/vol) sucrose cushion. Virions were
resuspended in PBS, 2.5 mM MgCl2, 15 �g/ml melittin, and 1 mM deoxy-
nucleoside triphosphates (dNTPs) and incubated at 37°C. At the specified
time points, aliquots were removed and an equal volume of 2� cell-to-
signal lysis buffer (Ambion) was added. Control reactions without dNTPs
were incubated for the amount of time equivalent to the final time point.
Samples were diluted 1:10 in water before analyzing 2 �l by qPCR (46).

qPCR. Strong stop reverse transcription products were detected using
primers that amplify the region between nucleotides 500 and 635 of the
provirus: oHC64 (5=-TAACTAGGGAACCCACTGC) and oHC65 (5=-G
CTAGAGATTTTCCACACTG) with probe oHC66 (5=-FAM-ACACAAC
AGACGGGCACACACTA-TAMRA, where FAM is 6-carboxyfluorescein
and TAMRA is 6-carboxytetramethylrhodamine) (28). A later product
formed after first-strand transfer was detected using primers that amplify
the region between nucleotides 411 and 635 of the provirus: HIV-FST-F1
(5=-GAGCCCTCAGATCCTGCATAT) and oHC65 with probe oHC66
(53).

Reactions were performed in triplicate in TaqMan universal PCR mas-
ter mix using 900 nM each primer and 250 nM probe. After 10 min at
95°C, reactions were cycled through 15 s at 95°C, followed by 1 min at
60°C for 40 repeats, carried out on an ABI Prism model 7900HT thermal
cycler (Applied Biosystems). The pIIIB �vif vector was diluted into puri-
fied SupT1 cellular DNA to create a series of control samples that were
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used to calculate cDNA copy numbers and confirm the linearity of the
assays.

Single-molecule amplification, analysis of mutations in cDNA, and
statistics. A 500-bp region between nucleotides 9114 and 9613 of the
provirus (nef-R fragment) was sequenced (forward and reverse) following
single-molecule amplification, using two-step limiting-dilution PCR,
from DNA isolated from infected cells in a 96-well plate format (54). The
DNA samples were diluted so that no more than 33% of wells gave a
product (0.4 molecule per well). Initial amplification used outer primers
EKf_Nef_HIV1_IIIB (5=-CAGGTACCTTTAAGACCAATGACT) and
EKr_U5_HIV1_IIIB (5=-TGCTAGAGATTTTCCACACTGACT); 1 �l of
these reaction mixtures was then transferred into a second reaction mix-
ture using primers oKG82 (5=-AGGCAGCTGTAGATCTTAGCCACTT)
and oKG81 (5=-GGTCTGAGGGATCTCTAGTTAC). Products were an-
alyzed by agarose gel electrophoresis, and the products in wells containing
a PCR product were sequenced; any sections of imperfect sequence reads
were eliminated prior to further analysis.

The dinucleotide sequence context for each G-to-A mutation was de-
termined, and the number of available contexts was calculated by multi-
plication of the proportion of each dinucleotide context within the 500-bp
sequence by the number of total G residues sequenced.

To assess the influence of the nucleotide context on G-to-A mutation
rates, chi-square tests on the frequency of surrounding nucleotides were
performed with 3 degrees of freedom. Initially, to look at the effect of
the �1 position, the expectation values were calculated by counting the
frequency of each of A, C, G, and T at the �1 position of every G residue
in the 500-bp sequenced region (140 in total). As the length of the se-
quenced fragment of DNA was relatively small, the assumption of inde-
pendence of nucleotide frequencies within larger motifs is not valid; e.g.,
the probability of finding a 5=-GA dinucleotide is not necessarily equal to
the frequency of G nucleotides multiplied by the frequency of A nucleo-
tides. Thus, the expectation values for nucleotide frequencies at the �2
and �1 positions of 5=-GG and 5=-GA (the target nucleotide is under-
lined) were recalculated by counting the frequency of each of A, C, G, and
T at the �2 and �1 positions solely of the relevant dinucleotide in the
reference sequence.

To determine whether there was a statistically significant correlation
between the percentage of mutated G residues in 5=-GG dinucleotide con-
texts and the total number of mutated G residues in any given sequence,
the Spearman rank correlation coefficient (rS) and the corresponding P
value were determined using Wessa’s free statistics software.

Identification of cDNA 3= termini in ERT reactions. Viral cDNA (i.e.,
extended tRNA primer) was generated as in the ERT time course assays
and purified using Qiagen minielute reaction cleanup columns following
addition of 200 ng of pET28b as carrier DNA. To map viral cDNA 3= ends,
tRNA-cDNA was incubated with terminal transferase enzyme (New Eng-
land BioLabs) in the presence of 1 mM CoCl2, 94 �M dGTP, and 6 �M
ddGTP for 6 h at 37°C. Following heat inactivation of the enzyme, ex-
tended viral tRNA-cDNA was reverse transcribed using Tth DNA poly-
merase (Promega) and the primer 5=-GATCAAGCTTCGTATATCCCCC
CCCCCCCCCCCX, where X is A, G, or T (in equal proportions), to
generate a pure DNA molecule. This product was then used as a template
for PCR, again using Tth DNA polymerase, the same 3= primer, and 5=-T
CAAGTCCCTGTTCGGGCGC (complementary to the 3= end of tRNA-
Lys3) as the 5= primer. PCR products were cloned using a Topo-Clone
system (Invitrogen), and plasmids were isolated and sequenced using an
ABI 3730xl sequencer with BigDye (version 3.1) chemistry.

RESULTS
Vif-deficient HIV-1 produced in primary CD4� T cells is less
infectious than wild-type virus and yields fewer reverse tran-
scripts. A principal objective of this study was to clarify the anti-
viral activities of APOBEC3 proteins in the natural context of
primary human CD4� T cells. To address this definitively, it
would be necessary to knock out individually as well as combina-

torially each of the four APOBEC3 genes (A3D, A3F, A3G, and
A3H) that are expressed in these cells (55, 56) and inhibit HIV-1
infection. Given that this is not technically possible in primary
human T-cell cultures, we exploited the long-established capacity
of the HIV-1 Vif protein to antagonize the activity of these pro-
teins through the induction of proteolysis: for the purpose of this
study, Vif-expressing virus closely approximates APOBEC3 null
(a point that is addressed in greater detail below), whereas Vif-
deficient (�Vif) virus is APOBEC3 positive. We eliminated the
possible contributions of antiviral A3H to these studies by using
donors who do not have the II, V, or VII haplotype (data not
shown). CD4� T cells were purified from the peripheral blood of
three seronegative donors, activated in culture, and challenged
with high-titer pseudotyped stocks of wild-type HIV-1 or HIV-1
�Vif. After extensive cell washing to remove the inocula and 24 h
of further culture, virus stocks were harvested from each culture
and stored for future analyses.

It has previously been shown that Vif-induced degradation of
APOBEC3 proteins results in their exclusion from newly synthe-
sized virions, whereas the absence of Vif allows significant levels of
APOBEC3 proteins to be packaged (19–22, 57). To confirm this
observation in our system, the stocks from all three donors were
analyzed by immunoblotting using an A3G-specific antiserum
(antisera capable of recognizing endogenous levels of encapsi-
dated A3D or A3F are not currently available) (Fig. 1A). As ex-
pected, A3G was readily detected in �Vif virions, with good con-
sistency in levels across the three donors. Low levels of A3G were
also detected in the preparations of wild-type virions, though the
amounts were 10- to 20-fold lower than those seen for the �Vif
virions. Whether this represents only residual packaged A3G or
also includes a contribution from contaminating microvesicles
was not determined. We also measured the relative infectivity of
each stock using single-cycle infection assays and TZM-bl indica-
tor cells (Fig. 1B). Consistent with previous analyses of viruses
from primary T cells (58), the absence of Vif resulted in a 17- to
39-fold (mean, 25 � 12) defect in virus infectivity.

Previous work has established that the inhibition of HIV-1
infection by APOBEC3 proteins correlates with diminished levels
of cDNA accumulation and that these effects are more pro-
nounced as later reverse transcription products are analyzed (27,
29, 30, 46). As noted above, the significance of these effects has
been questioned, in part because much of the work has been per-
formed using cell lines and ectopically expressed proteins. We
therefore used qPCR to evaluate the reverse transcription compe-
tencies of the viruses derived from each donor. First, we examined
the production of cDNA in ERT reactions in which dNTPs were
added to permeabilized virions. Consistent with previous studies
(46), the �Vif/APOBEC3-positive (APOBEC3�) virions pro-
duced �2-fold (mean, 2.1 � 0.6-fold, when averaged over all time
points) less strong stop cDNA (Fig. 1C) and 2- to 10-fold (mean,
5.5 � 3.2 for all time points) less first-strand transfer cDNA (Fig.
1D), a later reverse transcription intermediate, than wild-type vi-
rions.

We next measured reverse transcription phenotypes in infec-
tions of CD4� T cells. Specifically, cells were purified from the
same three donors whose samples had been used for viral produc-
tion, and all six stocks were used to challenge cells from each (i.e.,
nine wild-type and nine �Vif/APOBEC3� infections). DNA was
isolated from each culture over the following 24 h, and strong stop
and first-strand transfer cDNAs were measured using qPCR
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(Fig. 2A and B, respectively). In keeping with both the ERT anal-
ysis (Fig. 1) and previous studies in cell lines (30, 46), the presence
of APOBEC3 proteins resulted in marked decreases in cDNA lev-
els: 2- to 10-fold less for strong stop cDNA (mean, 5.7-fold at 8 h)
and 5- to 15-fold less for first-strand transfer cDNA (mean, 9.3-
fold at 8 h). In sum, HIV-1 particles produced in CD4� T cells in
the presence of natural levels of APOBEC3 proteins but in the
absence of Vif display severe defects in their capacity to synthesize
and accumulate cDNA.

Analysis of APOBEC3G’s effects on reverse transcription
through the mapping of 3= termini of HIV-1 cDNAs. There are
different possibilities to explain the effects of APOBEC3 proteins
on the processivity of HIV-1 reverse transcription. Specifically,
(i) cDNA synthesis could be halted at particular sites, as might be
provoked by the sequence- or structure-specific binding of
APOBEC3 proteins to such sites and the consequent blockade of
reverse transcriptase translocation along the RNA template, or (ii)
APOBEC3 proteins might act with less specificity to impede pro-
cessivity, perhaps via interactions with the reverse transcriptase
enzyme itself, with the RNA, or with both.

To begin to address these questions, we set out to map the 3=
termini of nascent viral cDNAs formed in ERT reactions in the
presence or absence of APOBEC3G. Since PCR-based methods
depend on primers annealing to fixed positions on a template,
these approaches are able to monitor the appearance of viral
cDNA products only of a particular length or greater but are not
able to provide a view of the distribution of individual DNA
lengths in any given sample or at any given time point. We there-
fore developed a novel assay to reveal the exact lengths of cDNA
molecules generated during ERT reactions, based on tailing with
terminal transferase, PCR, cloning, and then sequencing (refer to
Materials and Methods).

To increase cDNA recovery and to assess the profiles of mea-
sured 3= termini in the context of titrated levels of A3G, we turned
to using 293T cells cotransfected with pIIIB �vif and escalating
levels of pcDNA3.1/A3G for virus production. As shown by im-
munoblot analysis of the resulting virion preparations (Fig. 3,
top), pA3G/provirus ratios of between 1:81 and 1:27 (lanes 4 and
5) yield viruses with an A3G content that approximates that of
�Vif virus from primary T cells (lane 2). All six 293T-derived
stocks were then analyzed using ERT reactions, with samples col-
lected over 240 min. The products were first visualized by agarose
gel electrophoresis and ethidium bromide staining (see Fig. S1 in
the supplemental material); as expected and consistent with pre-
vious findings (46), the smear of cDNAs from each reaction re-
flected progressively longer cDNA products at later time points
(e.g., refer to the provirus-only samples, Fig. S1, lanes 3 to 6), and
these became both shorter and less intense as the amounts of A3G
were increased. The levels of strong stop cDNA were also mea-
sured by qPCR, further reconfirming that the presence of A3G in
virions inhibits cDNA synthesis in a general and dose-dependent
fashion (Fig. 3, bottom).

We next used sequencing to determine the exact 3= termini of
	20 cDNAs from all four time points of the provirus-only, 1:27,
and 1:1 sample sets. The results are displayed in Fig. 4, with the
length of each cDNA plotted as the ordinate and its ranking by
length within a sample plotted as the abscissa and with the shortest
cDNA from each sample being the first point (e.g., for the 240-min
sample from the provirus-only reaction, four cDNAs were be-
tween 179 and 181 nucleotides [nt] in length). The results for the
provirus-only samples were as expected and matched those of the
gel-based analysis, in that there were progressively longer reverse
transcripts at later times. Within this sampling, no specific stop
sites for reverse transcription were apparent (which would be seen
as discrete plateaux in these plots). Both of these trends were also
evident within the 1:27 and 1:1 sample sets, and increasing A3G
levels further corresponded with the detection of shorter cDNAs.
Moreover, the presence of A3G (at either dose) failed to induce the
appearance of cDNAs with obviously preferred stop sites, indicat-

FIG 1 Comparison of CD4� T-cell-derived wild-type and Vif-deficient
HIV-1 for APOBEC3G packaging (A), single-cycle infectivity (B), and cDNA
synthesis (C and D). CD4� T cells isolated from three different donors were
infected with wild-type or �Vif HIV-1. The released viral particles were iso-
lated, purified, and analyzed. (A) Wild-type and �Vif HIV-1 virions corre-
sponding to 10 ng p24Gag were analyzed by immunoblotting using antibodies
specific for A3G and p24Gag (loading control). (B) Virion infectivity was de-
termined using TZM-bl reporter cells challenged with wild-type or �Vif vi-
ruses corresponding to 5 ng p24Gag, followed by the measurement of �-galac-
tosidase activity in cell lysates. Background �-galactosidase activity (2,808
counts) from uninfected control cell lysates was subtracted. (C and D) Equiv-
alent amounts of wild-type and �Vif virions (5 ng p24Gag) were used for in
vitro endogenous reverse transcription assays. Total DNA was harvested at the
indicated times, and cDNA levels were measured using qPCR with primer-
probe sets monitoring production of strong stop (C) or first-strand transfer
(D) cDNA. wt, wild type. Statistical analysis was performed applying a 2-sam-
ple, unequal-variance t test: *, P 
 0.05; **, P 
 0.01; ***, P 
 0.001.
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ing that the A3G-mediated inhibition of reverse transcription may
be attributable to a general reduction in processivity, as opposed
to termination or pausing at a low number of specific or selected
sites.

Mutational analysis. As summarized above, a significant body
of previous work has described APOBEC3 protein-mediated C-

to-U hypermutation of nascent viral cDNA in infections with
�Vif virions (1–4, 7–11, 23–25, 59). Previous work has also estab-
lished that different APOBEC3 proteins exhibit various local se-
quence preferences for deamination. Specifically, A3G has a
unique and strong preference for substrates with 5=-CC (minus-
strand sequence, with the edited nucleotide underlined), which
equates to 5=-GG on the plus strand (8, 23, 60, 61), whereas A3F,
A3D, and A3H preferentially target 5=-TC dinucleotides (5=-GA
on the plus strand) (7–10, 62). Accordingly, examination of local
sequence contexts of G-to-A mutations can help identify the caus-
ative APOBEC3 protein(s). We therefore undertook an extensive
sequencing analysis of nascent cDNAs in our primary cell system
(i.e., using the DNA samples analyzed for Fig. 2).

We utilized PCR-mediated single-molecule amplification of
individual cDNAs followed by cloning and sequencing to ensure
that recovered sequences reflected independent viral cDNAs. Se-
quences were obtained from all nine �Vif/APOBEC3� infections
at the 4-, 8-, and 24-h time points, from the wild-type infections at
the 24-h time point, and from the wild-type infections of donor 1’s
cells at 4 h. In total, the numbers of cDNAs analyzed were 117, 115,
and 131 for the 4-, 8-, and 24-h �Vif samples, respectively, and 36
and 101 from the wild-type virus infections at 4 and 24 h, respec-
tively.

As expected, G-to-A plus-strand transition mutations were by
far the most predominant mutation seen in the �Vif and wild-
type infections (Fig. 5A). These changes were distributed through-
out the analyzed 500-bp region, though some clear preferences for
particular sites were evident, as has been previously described (not
shown). At least for the �Vif infections, a significant number of
C-to-T changes were also observed. We attribute this to the rela-

FIG 2 Effect of packaged APOBEC3 proteins on cDNA synthesis in infected CD4� T cells. The six CD4� T-cell-derived virus stocks characterized for Fig. 1 were
used to infect fresh cultures of CD4� T cells from the same three donors (corresponding to the three different graphs). Total DNA was harvested at the indicated
times after infection, and the levels of strong stop (A) or first-strand transfer (B) cDNA were measured using qPCR. Levels of cDNA were normalized to the
amount of total DNA extracted and are shown as proportions of the peak accumulation detected in each set of reactions, and mean values are indicated. For
statistical analysis of the differences in cDNA levels between wild-type and �Vif infections, data available from all donors were combined for each time point and
a 2-sample, unequal-variance t test was carried out. For strong stop cDNA (A), P 
 0.01 at 4 h, P 
 0.001 at 8 h, and P 
 0.01 at 24 h. For first-strand transfer
cDNA (B), P 
 0.001 at 4 h, P 
 0.001 at 8 h, and P 
 0.01 at 24 h.

FIG 3 Inhibition of endogenous reverse transcription by ectopically expressed
APOBEC3G. (Top) Immunoblotting was used to compare wild-type and �Vif
virions derived from infected primary CD4� T cells (lanes 1 and 2, respec-
tively), with virions generated by transfection of 293T cells with pIIIB �vif and
increasing quantities of pcDNA3.1 A3G (lanes 3 to 8, A3G/provirus transfec-
tion ratios of 0:1, 1:81, 1:27, 1:9, 1:3, and 1:1, respectively). (Bottom) Virions
analyzed in lanes 3 to 8 of panel A were assessed in ERT assays. Total DNA was
harvested at the indicated times, and levels of strong stop cDNA were mea-
sured using qPCR.
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tively infrequent deamination events on plus-strand reverse tran-
scripts, but it could also be caused by editing of viral RNA (63).
Noticeably, the mutational spectrum seen in cDNAs recovered
from wild-type samples was skewed toward G-to-A changes and
was therefore very different from the error bias typically reported
for HIV-1 reverse transcriptase (64). Given that the majority of
these changes (156/171) occurred at A3G consensus target sites
(see below), we conclude that the low levels of APOBEC3 protein
that were detected in these virion preparations (Fig. 1A) must have
evaded Vif-mediated suppression and are functional following
entry into target cells.

The mean percentage of total G residues that were mutated in
all sequenced cDNAs from each infection is presented in Fig. 5B
(each point therefore represents multiple PCR amplicons). The
accumulation of mutations was time dependent, rising from 3.5%
of G residues at 4 h to about 10% at 24 h postinfection in the �Vif

virus infections. The temporal accumulation of mutations was
also evident when the percentages of sequences carrying at least
one mutation were depicted for each sample (Fig. 5C), as well as
when all data for each time point were pooled and the sequences
were stratified according to the number of G-to-A mutations
found in each cDNA (Fig. 5D). This was to be expected and serves
to confirm further that APOBEC3-mediated editing of reverse
transcripts occurs postsynthetically (23, 60, 61, 65, 66): that is, the
longer that a given cDNA substrate persists in a newly infected cell,

FIG 4 Impact of APOBEC3G on length of HIV-1 cDNA synthesized by en-
dogenous reverse transcription. Virions characterized for Fig. 3 and generated
by transfection of 293T cells with pcDNA3.1 A3G and pIIIB �vif (0:1, 1:27, and
1:1 ratios) were purified and subjected to ERT reactions. Nucleic acids were
extracted at the indicated times, and cDNA products were tailed, amplified,
cloned, and sequenced. The lengths of between 22 and 46 reverse transcripts
per time point and A3G concentration are shown. cDNA length is plotted on
the ordinate, with the abscissa corresponding to individual cDNAs sorted by
length. Each graph corresponds to one A3G/provirus ratio and demonstrates
progression of reverse transcription over four time points (30, 60, 120, and 240
min).

FIG 5 Analysis of mutational load imposed on HIV-1 cDNA by endogenous
APOBEC3 proteins in CD4� T cells. A 500-nt nef-R fragment was amplified by
limiting dilution, followed by PCR from DNA samples extracted from the 18
independent infections previously described in Fig. 2, and then sequenced. (A)
Distribution of mutation types in wild-type (top) and �Vif (bottom) HIV-1
from all sequences. The total numbers of available nucleotides are indicated.
(B) Percentage of G residues mutated over time for individual wild-type (at 4
h and 24 h) and �Vif (at 4 h, 8 h, and 24 h) infections, with the mean values
indicated. (C) Proportion of sequenced viral cDNAs from wild-type-infected
(at 4 h and 24 h) and �Vif-infected (at 4 h, 8 h, and 24 h) cells carrying at least
one G-to-A mutation, with the mean values indicated. (D) Percentage of se-
quences with the indicated numbers of G-to-A mutations at various time
points in �Vif and wild-type virus infections.
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the greater the opportunity for mutation. These data also demon-
strate, as others have previously, that mutations were not evenly
distributed among the cDNAs from a particular infection but that
they tended to cluster in a subset of cDNAs (Fig. 5B). This was
particularly obvious in cDNAs from wild-type virus infections at
24 h, where �1% of all G residues were mutated (Fig. 5B), but
these mutations were limited to a small number of cDNAs, with
�90% of the analyzed sequences escaping with zero mutations
(Fig. 5D).

To investigate the site preferences for the observed G-to-A mu-
tations, we pooled the sequencing data from all infections (wild
type or �Vif) (Fig. 6A). We initially looked solely at the �1 posi-
tion, as this has previously been reported to have the greatest effect
on APOBEC3 protein site selection (7–10, 23, 60–62). We carried
out a chi-square test of independence of the �1 position, with
expectation values calculated from the reference sequence �1
context of all G residues in the sequenced 500-bp region. As ex-
pected, the identity of the �1 nucleotide was strongly nonran-
domly distributed (P 
 0.0001), with a G residue present (i.e.,
5=-GG) in 88% of cases and an A residue present (i.e., 5=-GA) in
11% of cases (Fig. 6A). We then went on to look at the influence of
the �2 and �1 positions; the identity of the nucleotide at the �2
position was also strongly nonrandomly distributed (P 
 0.0001),
with the trinucleotide 5=-GGG present in 66% of cases, and there
was a strong preference for a T in the �1 position (48% 5=-TGG;
P 
 0.0001). Considering next the 5=-GA dinucleotides, the nu-

cleotide at the �2 position was again predominantly G (70% 5=-
GAG; P 
 0.0001), while that at the �1 position was less well
defined, with a preference for 5=-CG or 5=-TG and a preference
against 5=-GG (P 
 0.0001).

Figure 6A further provides the total numbers of potential ed-
iting sites in terms of each dinucleotide context, which enabled the
percentages of mutagenesis at each context to be calculated. Mu-
tations at 5=-GG were therefore �9 times more frequent than
mutations at 5=-GA in �Vif virus infections and 14 times more
frequent in wild-type infections, with the preferred wider context
at 5=-GG being 5=-TGGG. Because many previous analyses, both
in cells and in vitro (8, 23, 60–62), have defined these motifs as the
dinucleotide/tetranucleotide consensus sites for A3G-mediated
mutagenesis, we have concluded that A3G is the predominant
driver of viral cytidine deamination in cultured primary T cells.
The wider context of mutations occurring at 5=-GA is 5=-YGAG,
though it is not possible to assign the causative APOBEC3 protein
with any degree of confidence. Both A3F and A3D prefer 5=-GA
dinucleotides as the substrates; however, it is also important to
note that �10% of A3G-driven mutations can occur at this dinu-
cleotide, at least in transfected cell studies (8, 23). Since A3G ap-
pears to be so potent in these experiments, it seems that A3G, A3F,
and A3D all contribute to the mutations seen at 5=-GA dinucle-
otides in CD4� T cells.

The conclusion that A3G is the predominant anti-HIV-1
deaminase in T cells is further supported by the analysis shown in
Fig. 6B. Here, the percentage of mutations found at 5=-GG is plot-
ted against the number of mutations per sequenced reverse tran-
script. There is a significant trend for higher fractions of mutations
to appear at non-5=-GG dinucleotides as the total number of mu-
tations increases. In other words, the proportion of mutations at
5=-GG is very high for the initial deamination events (�95%),
implying that A3G is the mediator of the vast majority of initial
APOBEC3 protein-mediated editing. We offer two, nonmutually
exclusive explanations for why this percentage decreases as the
numbers of mutations increase: (i) as A3G-mediated hypermuta-
tion progressively consumes potential 5=-GG substrate sites in an
individual reverse transcript, the enzyme may start to utilize sec-
ondary 5=-GA targets with increasing efficiency, and/or (ii) when
the enzymes that prefer 5=-GA sites (A3D and A3F) have engaged
a given reverse transcript and are operative, the tendency could be
for particularly excessive hypermutation, which would then favor
multiple changes at 5=-GA targets within one cDNA. Our view is
that the former is certainly plausible, particularly as A3G can
deaminate 5=-GA sites, but that the latter, while theoretically pos-
sible, is not yet supported by empirical observation.

DISCUSSION

Despite the substantial effort toward understanding APOBEC3
protein-mediated suppression of HIV-1 infection and its antago-
nism by Vif that has been deployed, very few analyses have been
conducted using primary humans CD4� T cells, the principal site
of virus replication in vivo. In particular, while it is irrefutable that
APOBEC3 proteins cause hypermutation of nascent cDNA, there
was a need to address whether the physiological expression levels
of these proteins also impede reverse transcription, as had been
observed in a number of transfection-based systems, as well as in
vitro. We therefore undertook a detailed analysis of wild-type and
�Vif HIV-1 infections in cultured CD4� T cells obtained from
healthy volunteer donors. By using donors who lack anti-HIV-1

FIG 6 Dinucleotide sequence preferences for G-to-A mutations in HIV-1
cDNA from wild-type- and �Vif-infected CD4� T cells. Sequencing data de-
scribed in Fig. 5 were analyzed for dinucleotide sequences at mutated sites. (A)
Total number and percentage of mutated G residues in all four possible dinu-
cleotide contexts for wild-type (top) and �Vif (bottom) infections. (B) Cor-
relation between the percentage of mutated G residues in the 5=-GG dinucle-
otide context and the total number of mutated G residues per viral sequence.
Each data point represents the average of the percentage of mutations in the
5=-GG context for all cDNAs harboring the same number of G mutations. The
Spearman rank correlation coefficient (rS) and the corresponding P value were
determined for the two variables before averaging of the values.
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alleles of A3H, we presume that the antiviral effects observed in
our analyses are imparted by A3G, A3F, and/or A3D. The data
presented in this study document very clear effects of APOBEC3
proteins both on the accumulation of reverse transcripts and on
the mutagenesis of those cDNAs. We propose that the employ-
ment of dual inhibitory mechanisms helps elaborate a more effec-
tive block to viral infection.

Consistent with earlier work, wild-type viruses are at least 17-
fold (donor 1, 19-fold; donor 2, 17-fold; donor 3, 39-fold) more
infectious than �Vif/APOBEC3� viruses in single-cell assays (Fig.
1B), and this has previously been demonstrated to correspond to
�Vif viruses being unable to replicate in primary T cells. Analyses
of ERT using melittin-permeabilized virions established that �Vif
virions synthesize reverse transcripts less efficiently than wild-type
viruses and that this deficiency is more pronounced as later-stage
replication intermediates are measured (Fig. 1C and D). A polarity
similar to the magnitude of inhibition was observed in multiple
challenges of freshly isolated CD4� T cells (Fig. 2), consistent with
the general model that APOBEC3 proteins impede the processiv-
ity of reverse transcriptase.

To begin to address whether the suppression of reverse trans-
criptase is manifested as stalling, pausing, and/or termination at
preferred sites, sequences, or structures within the viral genomic
RNA (gRNA) template, we established a novel sequencing-based
assay to define the 3= termini of viral cDNAs synthesized in ERT
reactions. Owing to the sensitivity of cDNA recovery, these exper-
iments were carried out using virus stocks produced from 293T
cells transfected with a �Vif provirus and various doses of an A3G
expression vector (Fig. 3 and 4). The effects of time and A3G dose
were evident, with escalating levels of A3G causing the production
of increasingly shorter cDNAs throughout the time course, sup-
porting the notion that the elongation phases of reverse transcrip-
tion are impaired by A3G (46, 48). However, clear hot spots for
preferred 3= termini could not be detected in this data set, with the
ends being relatively well distributed along the strong stop se-
quence. Future efforts will strive to deepen the data sets from these
types of experiments, as well as extend the analyses to virus-in-
fected cells.

Because earlier work showed that tRNA primer placement and
first nucleotide addition are not affected by A3G (46), we consider
two, not necessarily mutually exclusive, molecular mechanisms to
explain the inhibition of reverse transcription by APOBEC3 pro-
teins. (i) Since APOBEC3 proteins are naturally RNA binding
proteins (61, 65, 67–70), they can engage the viral gRNA and po-
tentially block reverse transcriptase progression by steric hin-
drance. In light of the lack of obviously preferred sites of pausing
or termination and the calculated approximately seven A3G mol-
ecules present per virion (71), this model seemingly requires that
APOBEC3 proteins bind throughout the length of the gRNA, as
well as translocate relatively freely from one binding site to an-
other. Indeed, in support of this idea, this behavior has been doc-
umented for the binding of recombinant A3G to single-stranded
DNA in vitro (65, 72, 73). Planned future studies that map
APOBEC3 protein binding sites on viral RNA will help address the
relationship between RNA interactions and effects on reverse
transcription. (ii) APOBEC3 proteins could interact with reverse
transcriptase itself (directly or indirectly) and perturb enzymatic
function. This model is appealing, since relatively few p66-51 re-
verse transcriptase dimers would have to be bound and inhibited,
and is further supported by recent coimmunoprecipitation stud-

ies indicating that A3G can bind to reverse transcriptase in an
RNA-independent manner (74). Future efforts will focus on de-
fining this interaction in greater detail and addressing possible
mechanisms for enzymatic inhibition.

Our sequencing analyses of nascent reverse transcripts af-
forded the opportunity to examine APOBEC3 protein-induced
mutational spectra in the context of natural levels of protein ex-
pression. As discussed above, our data indicate strongly that A3G
is the deaminase responsible for the bulk of HIV-1 cDNA editing
in CD4� T cells and that A3F and A3D play minor roles. This is
inferred from the target site preferences for all mutations (Fig. 6A)
yet is even more apparent when examining mutations in cDNAs
harboring lower numbers of G-to-A changes (Fig. 6B). Indeed,
this conclusion is not unexpected, given that A3G is more highly
expressed than A3F and A3D in T cells (55, 56) and exhibits more
potent HIV-1-inhibitory effects in transfected cell experiments
(6–8, 30, 75).

Sequencing from wild-type virus infections revealed that sig-
nificant levels of G-to-A mutations are seen in the presence of Vif
(Fig. 5A), consistent with the incomplete antagonism of the
APOBEC3 proteins in cultured CD4� T cells (Fig. 1A). It is im-
portant to note that most (�90%) cDNAs recovered from wild-
type infections were unmutated but that when mutations were
present, there were frequently, though not always, several within a
single cDNA (Fig. 5D). This is consistent with studies indicating
that APOBEC3 proteins can translocate and reposition along sin-
gle DNA templates (65, 72). It was also clear that some reverse
transcripts contain just one or two mutations, arguing against the
notion that APOBEC3 proteins can induce only hypermutation
(76). Indeed, we and others have previously suggested that infre-
quent G-to-A mutations driven by APOBEC3 proteins may pro-
vide a source of beneficial viral sequence diversification upon
which selective pressures can act, resulting in viral evolution
(77–80).

In conclusion, this is the first detailed examination of the edit-
ing and nonediting effects of APOBEC3 proteins on HIV-1 in the
context of primary human T cells. We find ample evidence for
both activities and suggest that their combined effects contribute
to the inhibition of infection. The analyses of mutation spectra
indicate that A3G is the dominant anti-HIV-1 protein in T cells,
implying that pharmacologic perturbation of Vif’s regulation of
A3G (rather than of A3F, A3D, or A3H) should be the primary
focus of therapeutic initiatives targeting this area.
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