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Abstract

Human APOBEC3G (hA3G) is an innate virus restriction factor that induces
deamination of specific cytidine residues in single-stranded human
immunodeficiency virus type 1 (HIV-1) DNA. Whereas destructive hA3G editing
leads to a profound loss of HIV-1 infectivity, more limited editing could be a
source of adaptation and diversification. Here we show that the presence of
hA3G in T-cells can drive the development of diversity in HIV-1 populations and
that under selection pressure imposed by the nucleotide analog reverse
transcriptase inhibitor 3TC ((-)2’,3-dideoxy-3’-thiacytidine), a single point
mutation that confers 3TC resistance, methionine 184 to isoleucine (M184l),
emerges rapidly and reaches fixation. These results provide strong evidence that
mutation by hA3G is an important source of genetic variation on which natural
selection acts to shape the structure of the viral population and drive the tempo of

HIV-1 evolution.
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The use of combinations of antiretroviral drugs has proven effective in delaying
progression of human immunodeficiency virus type-1 (HIV-1) disease and
prolonging survival; however, the benefits of therapy can be compromised by the
appearance of mutations in the viral proteins targeted by the drugs that confer
resistance (1, 2). The combination of rapid rates of viral replication, poor fidelity
of the virus replicating enzymes (reverse transcriptase [RT] and RNA polymerase
[l) and recombinatory exchanges rapidly produces a swarm of viral genomes
carrying a broad spectrum of mutations (3-10). Admiinistration of a potent
antiretroviral drug would modify the distribution of distinguishable variants by
destabilizing the equilibrium and allowing the selection of genomes that encode a
mutation that confers resistance (11). The speed of this process is contingent
upon the magnitude of the selective advantage given by the mutation, the
abundance of such a mutation within the viral population, and the concentration

of drug at sites of viral replication (2).

The hA3G protein is a naturally expressed host enzyme that deaminates
deoxycytidine to deoxyuridine in the (mostly) minus strand of newly synthesized
HIV-1 DNA; these transition mutations correspond to deoxyguanosine-to-
deoxyadenosine editing of viral plus strands (12-15). The potent antiviral
phenotype of this enzyme is efficiently counteracted by the HIV-1 encoded Vif

protein, which serves to induce the proteasomal degradation of hA3G (16-19).
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While excessive deamination of viral DNA is profoundly deleterious to infectivity
owing to the loss of genetic integrity, an important unanswered question is
whether hA3G-mediated mutagenesis could benefit the virus by generating
genomic diversity that would enable viral populations to adapt to changing
environments (e.g., as imposed by drug treatment or an adaptive immune

response).

High-levels of resistance to the nucleotide analog RT inhibitor 3TC is determined
by a single point mutation, methione 184 to isoleucine (M184l), in the conserved
Tyr-Met-Asp-Asp motif of the catalytic site of RT as the result of a G-to-A change
(AUG-GAT to AUA-GAT) (20-24). The substitution of this single amino acid
interferes with the proper positioning of 3TC within the catalytic site. When 3TC is
used as a single antiretroviral agent, drug-resistant virus outcompetes wild-type
virus in a few weeks (25-27), suggesting that the M1841 mutation preexists in the
viral population. Because hA3G preferentially mutates GpG dinucleotides to ApG
(12, 15, 28, 29), and therefore has the potential to generate the M184| change,
we tested the hypothesis that limited hA3G-mediated editing may enable viral
diversification and accelerate adaptive change in response to strong positive

selection, in this case the influence of 3TC.

To do this, CEM-SS cells, which do not express significant levels of the

APOBECS family proteins, were stably transduced with a hA3G-expressing
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retroviral vector or the corresponding parental vector. Both cultures were
challenged with wild-type HIV-1NL4-3 and maintained continuously without 3TC
or with escalating concentrations of 3TC. Cultures were maintained by
replenishment with fresh cells transduced with the appropriate transgene (Table
1). The virus was able to replicate in presence of hA3G in these experiments
owing to the presence of Vif (30). Supernatant virions were recovered at frequent
intervals and viral sequences in the RT region of po/ were amplified from
individual virion RNAs by RT polymerase chain reaction (PCR) following limiting

dilution, and then sequenced directly (31-35).

The hA3G protein increased the rate at which mutations in the HIV-1 genome
appeared (Table 1). Indeed, the viral population diversity was more pronounced
in CEM-SS cells in the presence of hA3G than the control culture in which HIV-1
remained genetically homogeneous. The maximum genetic diversity within a time
point ranged from 0.038% at day 20 to 0.225% at day 44 with high diversity in the
CEM-8S-hA3G population (range, 0% - 2.0%) and low diversity in the CEM-SS-
control population (range, 0% - 0.5%). Even though most mutations seriously
compromise some facet of viral function and in so doing reduce fitness (36), the
overall rate of virus replication was not appreciably different as measured by
culture supernatant levels of virus (Table 1). As expected, many of the
accumulated mutations were G-to-A changes occurring at GpG sites (14-fold

more relative to the control); and, importantly, the M1841 mutation was clearly
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identified even in the absence of 3TC (Fig. 1, hA3G column). Occasional
hypermutated viral sequences were found, however, suggesting that full-length
copies of a replication incompetent and competent genomic RNA could be
packaged together (7). Thus, despite the high error rate of the HIV-1 replicating
enzymes and the number of rounds of replication that occurred, the genetic

complexity of the viral population was determined to great extent by hA3G.

Inspection of the sequences of viruses grown in the presence of 3TC revealed
striking positive selection for the M1841 change in the presence of hA3G;
specifically, 20 of 24 sequences at days 37 and 44 carried this mutation in hA3G
expressing cells, whereas no such sequences were found in the hA3G-null cells
(Fig. 1). Other amino acid changes that facilitate 3TC resistance (e.g., K64R and
M184V) did not emerge in either culture. Viral diversity in hA3G expressing cells
became limited in the presence of 3TC relative to the drug-free cultures,
reflecting purifying selection (0.225% verses 0.232%, respectively). Interestingly,
there was selection of independent genomes as the M1841 mutation was present
in different variants in the viral population. Despite strong positive selection,
amino acid substitutions that facilitate 3TC resistance were not detected in the

viral population propagated in the absence of hA3G.

HIV-1 is able to overcome the burden of harmful mutations by its high rate of

replication so that there is a reservoir of individual genetic variants within the
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population with potentially beneficial (i.e., fithess-enhancing) mutations that
facilitate adaptation to change. Because even small increases in the mutation
rate can have profound fithess effects, it is postulated that viruses have mutation
rates close to the tolerable error threshold (8). Deviation from the tolerable error
threshold would affect the rate of evolutionary change: for instance, higher
mutation rates lead to the viral genome accumulating deleterious mutations such
that the viral population can be driven to extinction (8). Accordingly, there is much
interest in the development of pharmacologic inhibitors of Vif function that would
de-repress the natural antiviral activity of hA3G and increase the mutation
frequency of HIV-1 above the tolerable error threshold (38). Based on our
findings, however, the use of a Vif protein inhibitor should be approached with
caution; the consequence of establishing an error rate below the tolerable error
threshold in response to these new agents could be a HIV-1 population able to

adapt to new challenges encountered during infection.

Our results provide direct experimental evidence that mutation by hA3G is a
source of genetic variation on which natural selection acts to shape the structure
of the viral population. These data support a model wherein hA3G contributes to
the extent of diversity and the rate of evolution of HIV-1 by influencing the
mutation rate that enable the virus to evolve and adapt to changing conditions
encountered during infection (8-10). Thus, the high rates of evolutionary change

that characterize HIV-1 infection can be influenced not only by the poor fidelity of
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the virus replicating enzymes, but also by the host antiviral factor hA3G. Our
study suggests that hA3G is an important determinant in explaining the
mutational dynamic that underlies the rate of evolutionary change in HIV-1 and

contributes to the pathogenesis of disease.
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Tables and Figure Legends

Table 1. RNA levels and genomic diversity for CEM-SS-hA3G and CEM-SS-
control populations

Cultures were performed in 24-well plates in triplicate and maintained by
replenishment with fresh CEM-SS cells transfected with the appropriate plasmid.
Upon observing HIV-1-induced syncytium formation, the concentration of 3TC in
the cell culture medium was increased 2-fold. The concentrations of 3TC in the
absence of (hA3G (-)) were 0.24 uM (days 20 and 27), 0.48 uM (days 30 and
37), and 0.96 uM (day 44). The concentrations of 3TC in the presence of hA3G
(hA3G (+)) were 0.24 uM (day 20), 0.48 uM (days 27, 30, and 37), and 0.96 uM
(day 44). HIV-1 cDNAs were derived by single genome amplification of cell
culture virion-associated RNA followed by direct sequencing of the PCR-product
DNA to obviate Taqg polymerase-induced nucleotide misincorporation and

recombination and template resampling (31-34).

Figure 1. Highlighter analysis of diversity in the reverse transcriptase
region of the pol/ gene

Highlighter tracings show diversity of the population following infection of CEM-
SS-control and CEM-SS-hA3G cells by a single virus in the presence and
absence of 3TC (+ and -, respectively). The median number of virion RNA RT
sequences per time point was 13 (range, 9-17). Virions were recovered from the

cell supernatant at frequent intervals. Viral sequences in the RT region of pol
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were derived by single genome amplification (31). Days 20, 27, 30, 37 and 44 are
shown. In the presence of hA3G (+), G-to-A changes that conformed to the
predicted motif were distributed in multiple sequences. Hypermutated sequences
conformed to model prediction. The G-té-A change that confers resistance to
3TC is located at nucleotide position 552 (vertical line). All viral sequences were

aligned to HIV-1 wild-type HIV-1NL4-3 (top line).
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Day 44

Day 20 Day 27 Day 30 Day 37
hA3G (-) 3TC (-)
vRNA (copies/ml) 459 x 108 1.69x108  166x108  1.18x107 3.49 x 10°
Total number of mutations 4/9,750 3/7,500 576,750 7/12,750 2/12,750
Mutations per genome 0.29 0.27 0.50 0.39 0.11
hA3G (+) 3TC (-)
VRNA (copies/ml) 8.79x 108 9.12x10%  575x108 1.32x 108 4.95x 108
Total number of mutations 2 /8,250 21/9750 9/12,000 8 /7,500 20/11,250
Mutations per genome 0.17 1.50 0.53 0.73 1.25
hA3G (-) 3TC (+)
VRNA (copies/ml) 5.72x 108 5.50 x 108 1.17 x 108 2.08 x 10’ 6.58 x 10°
Total number of mutations 3/11,250 10 /8,250 1/10,500 1 /12,000 3/9,000
Mutations per genome 0.19 0.83 0.07 0.06 0.23
hA3G (+) 3TC (+)
vRNA (copies/ml) 8.09x 107 7.92x10%8  4.90x 107 1.06 x 108 2.96 x 108
Total number of mutations 12 /8,250 21 /9,000 14 /9,750 21 /8,250 12 /8,250
Mutations per genome 1.00 1.62 1.00 1.75 0.86





