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APOBEC3G restricts Vif-deficient human immunodeficiency virus type 1 (HIV-1) by deaminating viral
c¢DNA cytosines to uracils. This promutagenic activity is counteracted by HIV-1 Vif, which is a natural
APOBEC3G antagonist. However, we previously reported that Vif-deficient HIV-1 could evolve resistance to
APOBEC3G by a novel mechanism requiring an A200-to-C/T transition mutation and Vpr inactivation. A
pyrimidine at nucleotide 200 in the untranslated leader region contributed to resistance by increasing virus
particle production, which resulted in fewer APOBEC3G molecules per particle. Here we show that the
A200-to-C/T mutation functions posttranscriptionally by inactivating an upstream start codon, which in turn
enables optimal viral mRNA translation from canonical start codons.

Vif-deficient human immunodeficiency type 1 (HIV-1) is
unable to replicate in cells expressing human APOBEC3G
(23). Human APOBEC3G is a DNA cytosine deaminase that
incorporates into Vif-deficient HIV-1 viral particles. Upon
infection of a new cell, APOBEC3G deaminates cytosines to
uracils within nascent viral cDNA, leading to high levels of
viral G-to-A hypermutation and severely attenuated infec-
tivity (12, 15, 23, 29). The HIV-1 Vif protein counteracts
APOBEC3G by preventing its incorporation into viral par-
ticles and triggering its degradation through the proteasome
(3, 13, 14, 16, 17, 19, 24, 25).

We recently reported the isolation and characterization
of three variants of HIV-1,,5 (GenBank accession no.
EU541617) that had evolved a Vif-independent resistance to
APOBEC3G (11). All three resistant isolates had only two
mutations in common: a Vpr-inactivating mutation and a non-
coding A200-to-C/T transversion mutation located in the un-
translated leader region of HIV-1. Importantly, both muta-
tions are required for the resistance phenotype (Fig. 1). Our
prior studies also showed that the A200-to-C/T mutation con-
tributes to APOBEC3G resistance by increasing HIV-1 parti-
cle production. Elevated titers reduced the amount of pack-
aged APOBEC3G to sublethal levels, which helped enable
virus replication (11).

We had noted previously that the A200-to-C/T mutation is
located immediately adjacent to a known interferon-stimulated
response element (ISRE) (26). We therefore sought to deter-
mine whether this mutation created a better binding site for
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interferon-regulated factors or other transcription factors and
thereby increased HIV-1 transcription rates. To test this hy-
pothesis, we made a series of reporter constructs with the
HIV-1 long terminal repeat (LTR) promoter region (nucleo-
tides —455 to 335) upstream of a green fluorescent protein
(GFP) reporter gene (LTR-GFP), transfected 293T cells, and
monitored GFP expression by flow cytometry (11). The con-
structs with C200 or T200 each produced roughly eightfold
more GFP fluorescence than the A200-containing plasmid
(11). The converse mutation was also introduced in the LTR of
an HIV-1 isolate that already has T200 (HIV-1; o;; GenBank
accession no. K02013). As expected, the T200-to-A mutation
in the HIV-1; ,; LTR caused diminished GFP fluorescence
levels (11). Together, our prior data suggested a model in
which the A200-to-C/T mutation increased the level of HIV-1
particle production by increasing LTR-driven transcription
(11).

To directly test whether the A200-to-C/T ISRE is bound
more efficiently by cellular transcription factors, we performed
a series of electrophoretic mobility shift assays by incubating
T-cell nuclear lysates (as prepared in reference 27) with 6-car-
boxyfluorescein (FAM)-labeled HIV-1 ISRE-containing DNA
duplexes (nucleotides 194 to 223 of HIV-1;,5) with A200,
C200, or T200. The samples were separated on an 8% native
acrylamide gel and imaged using an FLA-5000 imaging system
(Fujifilm Life Science). To our surprise, DNA duplexes con-
taining A200 or C200 were shifted equally well by nuclear
extracts, suggesting that this mutation may not enhance tran-
scription factor binding at the HIV-1 ISRE (see Fig. S1 in the
supplemental material). These results led us to consider alter-
native models for how A200-to-C/T increases HIV-1 particle
production.

Specifically, we noted that A200 is the first base of a poten-
tial upstream translation start codon, A200UG. The leader
RNA of most HIV-1 isolates lacks such upstream start codons
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FIG. 1. Replication kinetics of molecular clone-derived viruses with the indicated genotype. As shown previously (11), only molecular clones
containing the A200-to-C/T mutation are able to grow in CEM-SS cells stably expressing APOBEC3G. Dashed lines represent virus replication
on vector-control CEM-SS cells (V2), whereas solid lines represent virus replication on APOBEC3G-expressing cells (G1 and G2). Vif" virus
replicated readily on both the vector and APOBEC3G-expressing cell lines used here (11, 21; data not shown).

(2). Since translation of HIV-1 mRNASs occurs in part via a
ribosome scanning mechanism (6, 18, 22), this upstream
A200UG could result in early translation initiation and termi-
nation before the ribosome has a chance to reach the proper
viral open reading frame (ORF) start codons (Fig. 2A). Such a
possibility has been documented previously for HIV-1, where
the introduction of an optimal AUG at position 239 signifi-
cantly decreased HIV-1 protein expression (6). Therefore,
since the A200-to-C/T mutation eliminates a potential up-
stream translation start codon, it is possible that its effect on
HIV-1 particle production is due to increased translation and
not transcription. To differentiate between these two possibil-
ities, we used quantitative reverse transcription-PCR (RT-
PCR) to measure the levels of HIV-1 transcripts from 293T
cells transfected with proviral plasmids containing A200, C200,
or T200. While the levels of HIV-1 particle production were
markedly higher with viruses containing C200 or T200, the
relative HIV-1 transcript levels were constant (Fig. 2B and C;
and see Fig. S2 in the supplemental material). Similarly, LTR-
GFP reporter constructs with A, T, or C at position 200 showed
no difference in GFP transcript levels by quantitative RT-PCR
(Fig. 3A and C). In contrast, the mean levels of GFP fluores-
cence intensity were approximately threefold higher from con-
structs with a C or T at position 200 (Fig. 3A and B). These
results indicated that A200-to-C/T does not contribute to
APOBEC3G resistance by increasing HIV-1 transcription lev-
els but instead does so by enhancing the efficiency of HIV-1
translation.

If translation truly initiated at A200UG, this would produce
a 41-residue peptide that terminated at the stop codon begin-
ning with U323. To demonstrate that translation can initiate at
A200, we inactivated the predicted stop codon of this upstream
ORF (uORF) by deleting T323 in the LTR-GFP reporter
constructs (Fig. 3A). This event also places the predicted
uOREF in frame with the GFP gene. Therefore, when trans-
fected into 293T cells, the A200AT323 reporter constructs
should produce a GFP fusion protein of 32 kDa (5-kDa uORF
product plus 27-kDa GFP). As expected, anti-GFP immuno-
blots of transfected 293T cell lysates showed that the
A200AT323 reporter constructs produced a GFP fusion pro-
tein of roughly 32 kDa (Fig. 3D). Moreover, flow cytometric
analyses showed that deletion of T323 in the A200 constructs

increased the overall GFP fluorescence to near that of the
C200 or T200 constructs (data not shown). This increase in
GFP fluorescence was not due to a nonspecific effect of the
T323 deletion because no significant change in fluorescence
was seen with C200AT323 or T200AT323 (data not shown).
Furthermore, we also noted that the threefold increase in GFP
fluorescence measured by flow cytometry correlated well with
the anti-GFP band intensities observed by immunoblotting
(Fig. 3D; and see Fig. S3 in the supplemental material). To-
gether, these results indicate that A200-to-C/T elevates HIV-1
particle production by inactivating the A200UG upstream start
codon, which helps ensure optimal translation from the canon-
ical HIV-1 ORF start codons.

We were originally struck by the fact that three independent
APOBEC3G resistance mutations occurred at the same nucle-
otide (11). Together with the fact that almost all HIV-1 isolates
already have a pyrimidine at position 200 (www.hiv.lanl.gov),
we questioned whether the origin of A200-to-C/T was nonran-
dom and possibly even templated. All retroviruses, including
HIV-1, use a cellular tRNA to prime minus-strand strong-stop
DNA synthesis during RT (reviewed in reference 10). Plus-
strand strong-stop DNA synthesis is primed by the polypurine
track, and it is thought to terminate when reverse transcriptase
stalls at the conserved 1-methyladenine 58 (1-mAS58) in the
tRNA. In fact, 1-mAS58 has been proposed to serve as a stop
signal for reverse transcriptase (20). However, it has been
argued previously that synthesis does not always stop at
1-mAS58 but instead occasionally terminates at the second
modified base in the tRNA, pseudouridine 55 (y55) (28). Thus,
since position 200 is located immediately downstream of the
primer biding site, it could potentially be templated by 1-mAS8
in the tRNA should plus-strand strong-stop DNA synthesis go
beyond 1-mAS8 (Fig. 4A). Such a scenario might explain the
emergence of T200, but it is hard to comprehend how a
1-methyladenine would template C200 without invoking non-
canonical base-pairing schemes.

To determine whether the tRNA is capable of templating
the insertion of T200 (or C200), we sequenced HIV-1 provi-
ruses that had undergone approximately one round of replica-
tion. Such tRNA-templated directional evolution has been
demonstrated for natural and man-made HIV-1 variants with
an altered primer-binding site (4, 5). If the tRNA does indeed
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FIG. 2. A200-to-C/T increases virus particle production by enhanc-
ing HIV-1 translation. (A) Schematic of the HIV-1 LTR and the gag
OREF. For simplicity, only the gag ORF is shown. The region encom-
passing position 200 is blown up to illustrate the potential uUORF
initiated from A200TG (i.e., AUG in the viral mRNA). The HIV-1
primer-binding site (PBS) is also illustrated. It should be noted that
A200UG is out of frame with gag and that read-through translation of
the stop codon U323AG is unlikely. Nucleotide numbers are the same
as GenBank accession no. EU541617, with +1 representing the tran-
scription start site. (B) Relative titers of molecular clone-derived vi-
ruses with the indicated nucleotide at position 200 produced from
293T cells. Infectious titers were determined by infecting reporter cells
(CEM-GFP), which express the GFP gene under the control of the
HIV-1 promoter, and infectivity levels were determined by flow cy-
tometry (e.g., see references 9 and 11). The titer of the A200 virus was
normalized to 1, and each histogram bar shows the mean and standard
error of two independently derived supernatants. (C) Relative tran-
script levels of molecular clones with the indicated nucleotide at po-
sition 200. Transcript levels were measured using a Roche Light Cy-
cler-based quantitative RT-PCR assay. Total RNA was extracted from
the corresponding virus-producing 293T cells in panel B and reverse
transcribed into cDNA. HIV-1 ¢cDNA was amplified using primers
5'-CATGAAAGCGAAAGGGAAAC and 5'-TTTGCTGGTCCTTT
CCAAAC and detected using Roche Universal Probe 56 (5'-TGCTG
TCC). This primer and probe set is specific to the untranslated leader
and pol regions, respectively, and they flank splice junctions. To correct
for variations in RNA recovery, HIV-1 transcript levels were normal-
ized to those of the hypoxanthine phosphoribosyltransferase gene
amplified with primers 5'-TGACCTTGATTTATTTTGCATACC and
5'-CGAGCAAGACGTTCAGTCCT and detected using Roche Uni-
versal Probe 73 (5'-GCTGAGGA). The RNA level of the A200 virus
was normalized to 1, and each histogram bar represents the mean and
standard error of two independent experiments.

template the insertion of C/T200, then singly replicated HIV-1
proviruses should harbor this mutation. We therefore pro-
duced A200-Vif" and A200-Vif~ viruses by 293T transfection
in the presence and absence of APOBEC3G and used these
viruses to infect reporter T cells. To try to limit infection to a
single round, we harvested genomic DNA from the infected
cells 2 days postinfection. We then PCR amplified a portion of
the LTR (including position 200), TOPO cloned the ampli-
cons, and sequenced them using universal primers. We found
that none of the viruses had acquired the A200-to-C/T muta-
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FIG. 3. A200-to-C/T enhances translation of an LTR-GFP reporter
construct. (A) Schematic of the LTR-GFP reporter construct. (B) Rel-
ative GFP fluorescence measured by flow cytometry in 293T cells
transfected with LTR-GFP constructs containing A200, C200, or T200.
To minimize transfection variation, only the GFP-positive cell popu-
lations were used to calculate the mean fluorescence intensity. To
facilitate comparison, the mean GFP fluorescence level of the A200-
containing LTR-GFP reporter construct was normalized to 1. Each
histogram bar represents the mean and standard error of three inde-
pendent experiments. (C) Relative GFP transcript levels produced
from LTR-GFP constructs containing A200, C200, or T200. Transcript
levels were measured as described for Fig. 2C. GFP ¢cDNA was am-
plified using primers 5'-AGAACGGCATCAAGGTGAAC and 5'-T
GCTCAGGTAGTGGTTGTCG and detected using Roche Universal
Probe 74 (5'-CTGCTGCC). To correct for variations in RNA recov-
ery, HIV-1 transcript levels were normalized to those of the hypoxan-
thine phosphoribosyltransferase gene. GFP transcript level of the
A200-containing LTR-GFP reporter construct was normalized to 1,
and each histogram bar represents the mean and standard error of
three independent experiments. (D) Immunoblot showing that trans-
lation can initiate at A200 and proceed through GFP, provided the
uORF stop codon is removed and placed in-frame. An anti-GFP an-
tibody (Covance) was used to detect GFP levels in 293T cells trans-
fected with the indicated LTR-GFP construct. The membrane was
stripped and reprobed with antitubulin (TUB) for a loading control
(Covance). The relative GFP/TUB ratio is shown below each lane, with
the ratio in lane 2 arbitrarily set to 1. The T200 or C200 reactions show
approximately threefold more GFP (lanes 3 to 5). However, when the
uOREF stop codon is inactivated (AT323) and placed in-frame with
GFP, all translated products were observable and the combined ex-
pression levels were similar for all reactions (lanes 6 to 10). Data from
an independent experiment are shown in Fig. S3 in the supplemental
material. NT, nontransfected.
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FIG. 4. C/T200 is not templated by the tRNA during plus-strand
strong-stop DNA synthesis. (A) Schematic showing how T200 could
potentially be copied from the tRNA during RT if plus-strand strong-
stop DNA synthesis terminates at {55 instead of 1-mAS58. The C200
scenario is not depicted but may occur with alternative base-pairing
schemes. The light gray line represents the DNA, and the black line
represents the RNA. (B) Summary of the base substitution mutations
found in A200-Vif" and A200-Vif~ viruses produced in the presence
and absence of APOBEC3G. At least four independent proviral se-
quences were analyzed for each condition.

tion (Fig. 4B). We wanted to investigate this further by asking
whether A200-to-C/T would emerge after multiple rounds of
virus replication. We therefore analyzed proviral DNA se-
quences from Vif" and Vif~ viruses cultured for 20 days on
APOBEC3G-expressing cells. While neither the Vif" or Vif~
virus had acquired A200-to-C/T, we were surprised to find that
one of the Vif™ viral cultures had instead acquired another
mutation, T201-to-G (Fig. 4B). This base substitution mutation
is particularly interesting because it disrupts the same potential
upstream start codon, and like A200-to-C/T, it probably also
helps optimize HIV-1 translation. Moreover, the fact that T201
mutated to G further shows that plus-strand strong-stop DNA
synthesis does not frequently go beyond 1-mAS58, since T201’s
complementary base in the tRNA is A57 (Fig. 4A). Taken
together, these data indicate that A200-to-C/T is not copied
frequently from the tRNA during RT. Other mechanisms, such
as reverse transcriptase infidelity, likely underlie the formation
of these mutations within the A200TG sequence.

Our studies demonstrate that the A200-to-C/T' mutation con-
tributes to APOBEC3G resistance by eliminating a premature
AUG translation start codon. This event ensures optimal HIV-1
mRNA translation from canonical start codons, increases virus
titers, and ultimately causes a reduction in APOBEC3G packag-
ing. Diminished concentrations of APOBEC3G in virions cause a
corresponding drop in the levels of G-to-A hypermutation from
lethal to sublethal, which helps enable Vif-deficient virus replica-
tion in the presence of APOBEC3G (11). The fact that almost all
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HIV-1 isolates already have a pyrimidine at position 200 and that
they rarely have an upstream start codon strongly suggests that, in
general, premature start codons are unlikely to be tolerated in
vivo. However, the pyrimidine at position 200 may have another
essential viral function because very few isolates have a G at this
position. Finally, our data strongly indicate that any method used
by the virus to diminish APOBEC3G packaging will be advanta-
geous. Although our selection experiments yielded HIV-1 vari-
ants that lowered APOBEC3G packaging by an indirect mecha-
nism that involved enhanced translation initiation, additional
experiments could easily select variants that employ alternative
means to decrease APOBEC3G packaging, such as increased
particle production due to elevated transcription. An extreme
version of such an APOBEC3G avoidance mechanism may al-
ready be used by the related retroviruses human T-cell leukemia
virus, murine leukemia virus, and Mason-Pfizer monkey virus,
which appear to have evolved to simply avoid encapsidation of
APOBECS3 proteins (1, 7, 8).
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