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Abstract: Emergence of human immunodeficiency virus type 1 (HIV-1) drug resistance arises from
mutation fixation in the viral genome during antiretroviral therapy. Primary mutations directly
confer antiviral drug resistance, while secondary mutations arise that do not confer drug resistance.
The A62V amino acid substitution in HIV-1 reverse transcriptase (RT) was observed to be associated
with multi-drug resistance, but is not known to be a resistance-conferring mutation. In particular,
A62V was observed in various multi-dideoxynucleoside resistant (MDR) mutation complexes,
including the Q151M complex (i.e., A62V, V751, F77L, F116Y, and Q151M), and the T69SSS insertion
complex, which has a serine—serine insertion between amino acid positions 69 and 70 (i.e., M41L,
A62V, T69SSS, K70R, and T215Y). However, what selective advantage is conferred to the virus remains
unresolved. In this study, we hypothesized that A62V could influence replication fidelity and viral
fitness with viruses harboring the Q151M and T69SSS MDR mutation complexes. A single-cycle
replication assay and a dual-competition fitness assay were used to assess viral mutant frequency
and viral fitness, respectively. A62V was found to increase the observed lower mutant frequency
identified with each of the viruses harboring the MDR mutation complexes in the single-cycle assay.
Furthermore, A62V was observed to improve viral fitness of replication-competent MDR viruses.
Taken together, these observations indicate an adaptive role of A62V in virus replication fidelity and
viral fitness, which would likely enhance virus persistence during drug-selective pressure.
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1. Introduction

Since the discovery of the human immunodeficiency virus type 1 (HIV-1), the etiological agent of
acquired immunodeficiency syndrome (AIDS), in the early 1980s, approximately 30 million individuals
have died of AIDS, and approximately 36 million are currently infected worldwide. Current treatment
for HIV-1 infection consists of a combination drug therapy (highly-active antiretroviral therapy,
HAART) [1]. HAART typically consists of nucleoside reverse transcriptase inhibitors (NRTIs) [2],
non-nucleoside reverse transcriptase inhibitors (NNRTIs) [3], and protease inhibitors (PIs) or integrase
inhibitors which target key steps of the viral life cycle. HAART dramatically reduced the rate of HIV-1
and AIDS-related morbidity and mortality [4,5]. A key drawback of drug therapy is antiretroviral drug
resistance, which is associated with the acquisition of drug-resistant mutations [6]. The high mutation
rate of HIV-1 (i.e., 3.4 x 107> mutations per target bp per replication cycle) [7] arguably contributes
to the evolution of drug resistance. This high mutation rate can, in principle, lead to the generation
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of viral genomes, each day, which possess every possible mutation within an infected individual,
thus allowing for the selection of drug-resistant mutations from this population [8]. Selection of
virus variants with drug-resistant mutations that confer greater fitness for replication emerge during
selective drug pressure. Fitness is defined as a parameter describing the capacity of an organism
to adapt and replicate in a given environment (reviewed in Reference [9]). Two general types of
mutations associated with drug-resistant phenotypes are (1) primary mutations that confer direct drug
resistance, and (2) secondary mutations that emerge during continued drug-selective pressure [10].
The former types of mutations usually correlate with a decrease in viral fitness, while the latter
may have no discernable phenotype, but could include adaptive mutations that improve fitness.
Latently infected cells can harbor drug-resistant viruses [11,12], which are an obstacle to antiretroviral
therapy. Understanding HIV-1 population dynamics in the context of drug-resistant mutations is
essential to better predict viral disease progression to AIDS, durable antiretroviral drug regimens, and
vaccine development.

HIV-1 reverse transcriptase (RT), which is the enzyme responsible for converting the
single-stranded viral RNA genome into double-stranded DNA, was previously observed to acquire the
A62V amino acid substitution, which is known to be associated with multi-drug resistance but is not a
resistance-conferring mutation [13,14]. In particular, A62V is normally seen in different mutational
arrangements, located mostly on the flexible 33-f34 loop region of the fingers sub-domain of HIV-1 RT,
including the multi-dideoxynucleoside resistant (MDR) Q151M complex (i.e., A62V, V751, F77L, F116Y,
and Q151M) [13,14] and the T69SSS insertion complex, which has a serine-serine insertion between
the amino acid positions 69 and 70 (i.e., M41L, A62V, T69SSS, K70R, and T215Y) [15-17]. Mutational
insertions or deletions in the 33—f34 loop region may confer multi-drug resistance [18]. The Q151M
complex and the T69SSS insertion complex confer resistance to most of the NRTIs currently used
for treatment including didanosine, zalcitabine, stavudine, and zidovudine (AZT), while the Q151M
complex additionally confers resistance to lamivudine and abacavir [17-19]. These MDR complexes
may lead to higher mortality rates, and can be transmitted from mother to child [20,21]. An initial
study reported that the A62V mutation alone increases HIV-1 mutant frequencies, and causes a minor
decrease in virus fitness [22].

In this study, we sought to determine the role of A62V in HIV-1 viral mutagenesis and fitness
in the context of clinically relevant drug-resistant mutations. To do this, we first used a single-cycle
assay to assess the mutant frequency of the HIV-1 MDR complex mutants (i.e., the Q151M complex
and the T69SSS insertion complex) in the presence or absence of the A62V substitution. The inclusion
of the A62V substitution increased the observed lower mutant frequencies with each of the HIV-1
MDR complex mutants. We also introduced these mutations into an HIV-1 NL4-3 infectious molecular
clone, and assessed its impact on viral fitness. Notably, the inclusion of A62V in the context of various
MDR mutation complexes improved viral fitness in the presence of AZT. These observations together
implicate an adaptive role for A62V in enhancing virus persistence during drug-selective pressure.

2. Materials and Methods

2.1. HIV-1 Vectors and Cell Lines

The HIV-1 dual-reporter vector, pNL4-3 MIG, which expresses mCherry and the enhanced green
fluorescent protein (EGFP), was previously described [23,24]. This HIV-1 vector was co-transfected with
a vesicular stomatitis virus G protein (VSV-G) envelope expression plasmid (HCMV-G; kindly provided
by J. Burns, University of California, San Diego, CA, USA), into 293T cells to produce an infectious
vector virus for use in a single-cycle replication assay (Figure 1A). HIV-1 NL4-3 molecular clones with
polymorphisms in the vif gene (a kind gift from E. Arts, Case Western Reserve University, Cleveland,
OH, USA) were used in virus fitness assays as previously described [22,25]. Briefly, the HIV-1 RT
mutants analyzed in this study were inserted into HIV-1 pol, with the 2100-5983 base region from HIV-1
NL4-3 sub-cloned into pCRZ.l—TOPO® (Invitrogen, Carlsbad, CA, USA). Site-directed mutagenesis
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(QuikChange II Site-Directed Mutagenesis; Stratagene, Santa Clara, CA, USA) was performed to
introduce point mutations; the region was sequenced to confirm proper introduction of mutations,
and was then cloned back into the pNL4-3 MIG vector, using Sbfl (2844) and Agel (3486) restriction
enzyme sites (New England Biolabs, Ipswich, MA, USA), or into the NL4-3 molecular clone using
Mscl restriction enzyme sites (2683 and 4545). All clones were sequence-confirmed for orientation and
presence of desired mutations.

Human embryonic kidney (HEK 293T) cells (American Type Culture Collection, Manassas,
VA, USA) were maintained in Dulbecco’s modified Eagle’s medium (DMEM; Cellgro, Manassas,
VA, USA) plus 10% FetalClone III (FC3; Hyclone, Thermo Scientific, Waltham, MA, USA) and 1%
penicillin/streptomycin (Invitrogen, Carlsbad, CA, USA). U373-MAGI-CXCR4 cells were obtained
from Michael Emerman through the National Institutes of Health (NIH) AIDS Reagent Program,
Division of AIDS, NIAID, NIH [26]. U373-MAGI cells were maintained as were the HEK 293T cells,
but also included the addition of 1.0 ug/mL puromycin, 0.1 mg/mL hygromycin B, and 0.2 mg/mL
neomycin. The CEM-EGEFP cell line was obtained from the AIDS Research and Reference Reagent
Program, contributed by J. Corbeil [27]. The CEM cell line was a kind gift from Michael Malim.
The CEM and CEM-EGFP cell lines were maintained in Roswell Park Memorial Institute (RPMI)
medium (Gibco, Life Technologies Invitrogen, Grand Island, NY, USA) plus 10% FC3.
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Figure 1. Assays for measuring human immunodeficiency virus type 1 (HIV-1) mutant frequencies
and replication capacity. (A) Mutant frequency assay. 293T cells were co-transfected with an HIV-1
vector containing the dual-reporter mCherry and enhanced GFP (EGFP) cassette (pNL4-3 MIG) and a
vesicular stomatitis virus G (VSV-G) envelope expression plasmid (pHCMV-G) in order to produce
pseudotyped vector virus. Cell culture supernatants were collected and used to infect permissive
CEM or U373-MAGI cells. Determination of virus mutant frequencies and replication capacities under
zidovudine (AZT)-selective pressure were done using U373-MAGI cells. Relative infectivity and
mutant frequencies were determined by flow cytometry. (B) Dual competition assay. Mutations in
HIV-1 reverse transcriptase (RT) were introduced in an infectious molecular clone (pNL4-3), and were
used to produce infectious virus following transfection of proviral DNA into 293T cells. Mutant and
wild-type (wt) viruses were used to co-infect 5 x 10° permissive CEM-EGFP target cells at a 1:1 ratio,
using a multiplicity of infection (MOI) of 0.005. Infected target cells were maintained for 10 days by
replenishing with fresh media every other day. Cells were then collected, genomic DNA extracted,
and relative amounts of viral nucleic acid quantified by duplex qPCR. Abbreviations: IRES, internal
ribosome entry site; pol, HIV-1 gene consisting of protease, RT, and integrase.
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2.2. Virus Production and Titer Assay

Vector viruses from the NL4-3 MIG vector and infectious viruses from the NL4-3 molecular clone
were produced via transient transfection of HEK 293T cells as previously described [22] (Figure 1B).
Briefly, the polyethylenimine (PEI) method [28] was used to transfect DNA into 2 x 10° 293T cells with
10 ug of vector virus/proviral plasmid DNA, 1 ug of HCMV-G envelope expression plasmid DNA,
and 33 pL of 1 mg/mL PEIL The medium was replaced 18 h post-transfection, and the cell culture
supernatants were collected 48 h post-transfection, before being filtered through a 0.2-um filter.

A tissue culture infectious dose (50%; TCIDs) end-point dilution assay was used to determine
infectious units (IU) of virus per milliliter of cell culture supernatant. Each cell culture supernatant
(for wild-type (wt) and mutant viruses) was serially diluted 10-fold; 100 uL of diluted supernatant was
added to 5 x 10* CEM-EGFP indicator cells in 250 uL of total volume, before being plated in a 96-well
plate, n = 6. The media was replaced every 48 h, and, at day 10, the number of EGFP-positive wells
was determined using fluorescence microscopy. The number of EGFP-positive wells was multiplied
by 1/6 and summed with 0.5 to determine the TCIDsy. The TCIDsq divided by 100 uL was defined
as the equivalent of the IU in each milliliter of supernatant. For example, an MOI of 0.005 could
then be computed by calculating the amount of supernatant with 50 IU (MOI = IU /number of cells;
0.005 x 10,000 cells = 50 IU).

The titer of virus stocks was determined using U373-MAGI cells prior to drug treatment
experiments as previously described [23]. Briefly, a 12-well plate was used to plate 62,500 cells/well
the day before infection. The media was replaced 18 h after plating the cells, and varying amounts
of virus ranging from 1 to 50 uL were added. The media was replaced 24 h post-infection, and cells
were collected 72 h post-infection. The cells were then analyzed by flow cytometry as previously
described [29]. Briefly, the infected target cells were washed in phosphate-buffered saline (PBS) and
resuspended in 200 uL of 2% FC3-PBS. Expression of mCherry and EGFP was analyzed using a BD LSR
1T flow cytometer (BD Biosciences, San Jose, CA, USA). Gates were selected based on a forward scatter
channel and a side scatter channel with a minimum of 10,000 gated cells per sample. The fluorescent
reporter proteins were excited with a blue 488-nm laser and a 561-nm laser, respectively. Flow
cytometry data were analyzed using the FlowJo (v.9.2) software (Ashland, OR, USA). Virus infectivity
was determined by adding all positive quadrants of mCherry-positive (mCherry*) and EGFP-positive
(EGFP™) cells, and was set relative to wt for each experimental replicate.

2.3. Mutant Frequency Analysis by Flow Cytometry

Vector viruses were used to infect 5 x 10* CEM cells via spinoculation for 2 h at 1200x g. Viral
stocks were then titered using CEM cells to maintain a transduction efficiency below 20-30% to limit
the likelihood of co-infection. Experiments were conducted independently three to five times with
six biological replicates. The cells were prepared and analyzed by flow cytometry as described above.
Mutant frequencies were calculated by dividing the sum of the number of cells in the single-positive
populations (i.e., mCherry*, EGFP~ and mCherry—, EGFP") by the total number of infected cells.
The mutant frequencies were then set relative to wt for each experimental replicate.

2.4. Dual-Competition Assay

Infections using RT variants were done in the presence of the isogenic wt NL4-3 clone. In each
head-to-head competition assay, the wt and mutant viruses could be independently quantified using a
gPCR assay based on specific polymorphisms (i.e., 11 synonymous mutations) in the vif gene. Dual
infections of 5 x 10° CEM-EGFP cells were done with a 1:1 ratio of wt:mutant virus at an MOI of 0.005.
The cultures were maintained for 10 days, adding fresh culture media every two days. Each pairwise
competition was done independently three times with four biological replicates per competition.
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2.5. TagMan Duplex gPCR Assay

Analysis of dual-competition experiments was done using a modified duplex qPCR assay as
previously described [25]. Briefly, infected cells were collected on day 10 of the competition assay, and
then resuspended in 200 pL of PBS, before the total genomic DNA was extracted using the ZymoBead™
Genomic DNA Kit (Zymo Research, Irvine, CA, USA), and eluted into a total volume of 35 pL. Next,
5 uL of extracted DNA was subjected to a brief PCR amplification reaction in a 50-pL total-volume
reaction with an outer primer pair—i.e., Vif Out* (5-GCA AAG CTC CTC TGG AAA GGT GAA
GGG-3') and Vif Out™ (5'-CTT CCA CTC CTG CCC AAG TAT CCC-3') primers to amplify the HIV-1
vif gene. Reactions were performed with Platinum PCR Supermix (Invitrogen) under the following
conditions: one cycle at 94 °C for 2 min; 10 cycles at 94 °C for 30 s, 55 °C for 30 s, and 68 °C for 45 s;
and one cycle at 68 °C for 5 min. The reaction was then purified with a GenElute PCR Clean-Up Kit
(Sigma), and was eluted to 35 pL.

A single probe was used in the TagMan qPCR assay to differentiate between the two vif
polymorphisms (i.e., vifA and vifB) as previously described [30]. One common-sense primer sequence
was used for both vifA and vifB variants (vifAB; 5-GGT CTG CAT ACA GGA GAA AGA GAC T-3),
and vifA- and vifB-specific antisense primers were used to differentially quantify the presence of each
sequence. The VifA antisense primer used was 5-AGG GTC TAC TTG TGT GCT ATA TCT CTT TT-3/,
and the vifB antisense primer was 5-~AGG AAG CTT GCA ATA TCT AGC GTT AGC A-3'. The single
probe (5'-6-FAM-CCT CCA TTC TAT GGA GAC TCC CTG ACC-BHQ1-3'), which was used for
both vifA and vifB, was labeled with fluorescein (FAM) and Black Hole Quencher. All amplifications
were done using a BioRad CFX96 Touch Real-Time PCR Detection System (BioRad, Hercules, CA,
USA). Primers were optimized, and were added at a final concentration of 375 nM each, while the
probe was added at a concentration of 250 nM. Next, 1 pL of PCR product was added to 10 pL of
2x iTaq™ Universal Probes Supermix (BioRad), and was adjusted to a 20-uL total reaction volume.
Reaction conditions were as follows: 95 °C for 10 min, 95 °C for 15 s, and 53 °C for 1 min for 40 cycles.
All reactions were performed in triplicate, including a 9-log range in the plasmid DNA template
(i.e., 5 x 107 to 5 x 10! copies), as well as a no-template negative control. The PCR efficiency (E) of each
standard curve (vifA or vifB) was calculated based on the curve slope, E = (10 — 1/s — 1) x 100%, and
the standard curves were confirmed to be within 5%, while the R? of each standard curve was >99%
to maximize sample data confidence. Differences in relative amounts of each clone after appropriate
viral growth were used to identify differences in virus fitness.

2.6. Calculation of Viral Fitness

Fitness differences (WD) were calculated for each wt versus mutant competition assay.
The complementary DNA (cDNA) copy numbers of each of the four biological replicates used
in the experiment were used to calculate the relative viral fitness (d) using the Viral Growth Rate
Calculator web tool (https://indra.mullins.microbiol.washington.edu/vgrc/) [30]. Data from the
three experimental replicates were compiled to determine fitness differences.

2.7. Statistical Analyses

All statistical analyses were done using the GraphPad Prism version 6.0 software (La Jolla, CA,
USA). A one-way ANOVA statistical analysis was performed on the raw data prior to normalization,
in order to determine differences between the wt and mutants for both mutant frequency and viral
fitness. A Tukey’s multiple-comparison post-test was also performed, in order to compare differences
between the wt and each mutant. Linear regression was used to identify R? values.
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3. Results

3.1. Mutant Frequency Analysis of HIV-1 RT Variants

A single-cycle vector assay (Figure 1A) was used to analyze differences in mutant frequency
(Figure 2). In this assay, all four MDR mutants (i.e., Q151M complex with or without A62V, and
the T69SSS insertion complex with or without A62V) were found to have a lower mutant frequency
relative to that of the wt virus in the absence of AZT (Figure 2A). Interestingly, the MDR mutants
without the A62V mutation had the lowest observed mutant frequencies (i.e., roughly half that of
HIV-1 wt), which was significantly different from those of MDR complex mutants, including the A62V
mutation. The observed virus mutant frequency of the A62V mutant alone was the highest (1.25-fold)
of all mutants tested relative to the wt virus, as anticipated based upon previous observations [22].
The changes in mutant frequency of the MDR mutants were then tested in the presence of AZT
(Figure 2B). The mutant frequency of the MDR mutants (except for the T69SSS complex without A62V,
which was significantly lower) was restored to wt levels under the pressure of AZT. The mutant
frequency of virus variants harboring the A62V alone was further increased (i.e., 1.9-fold) in the
presence of AZT relative to the wt virus in the absence of AZT. Of note, wt HIV-1 replication in the
presence of AZT resulted in a 1.26-fold increase in mutant frequency.
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Figure 2. Mutant frequency analysis of multi-drug-resistant HIV-1 mutants in the presence or absence of
A62V. Mutant frequency analysis was performed using the pNL4-3 MIG vector by infecting permissive
target cells prior to analyzing for expression of a pair of marker genes (mCherry and EGFP) by flow
cytometry. Mutant frequencies were calculated by dividing the sum of the number of cells in the
single-positive populations (i.e., mCherry*, EGFP~ and mCherry~, EGFP*) by the total number
of infected cells. The mutant frequencies were then set relative to the no-AZT wt virus for each
experimental replicate. The A62V mutation in HIV-1 RT was analyzed alone or in the presence or
absence of the multi-dideoxynucleoside resistant (MDR) Q15IM complex (i.e., A62V, V75I, F77L,
F116Y, and Q151M) and the T69SSS insertion complex (i.e., M41L, A62V, T69SSS, K70R, and T215Y).
The mutant frequency of the MDR mutants, in the absence of AZT (A) or in the presence of AZT (B).
The standard error of the mean (SEM) is represented by error bars. * p-value < 0.05; ** p-value < 0.01;
*** p-value < 0.001; **** p-value < 0.0001. Lack of statistical significance is denoted by ‘ns’.

3.2. Replication Capacity Analysis of HIV-1 RT Variants

The single-cycle assay was used with normalized virus stocks to measure the expression of EGFP
in infected cells to determine wt or mutant HIV-1 replication capacity (Figure 3), or drug susceptibility
(Figure 4) in the absence or presence of AZT. The number of infected cells, as determined by flow
cytometry, directly represented virus replication [31]. Two of the MDR complex mutants—the Q151M
complex without A62V, and the T69SSS complex without A62V—each had an improved replication
capacity compared to that of the wt virus, with the T69SSS complex without A62V mutant having the
highest increase in replication capacity (Figure 3). In contrast, the two MDR complexes with A62V,
as well as the A62V mutant, had a reduced replication capacity compared to that of wt virus (Figure 3).
The A62V mutant was observed to have the lowest replication capacity of the viruses analyzed.
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Figure 3. Analysis of replication capacity of multi-drug-resistant HIV-1 mutants in the presence
or absence of A62V. Normalized virus stocks were used in the single-cycle assay to determine the
replication capacity of multi-dideoxynucleoside resistant (MDR) HIV-1 vector viruses, the Q151M
complex (i.e.,, A62V, V751, F77L, F116Y, and Q151M) and the T69SSS insertion complex (i.e., M41L, A62V,
T69SSS, K70R, and T215Y), in the presence or absence of A62V. Replication capacity was determined
via the detection of GFP expression by flow cytometry. All replication capacity values were set relative
to wt HIV-1 for each experimental replicate. The standard error of the mean (SEM) is indicated by the
error bars. * p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001.
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Figure 4. Analysis of relative drug susceptibility of multi-drug-resistant HIV-1 mutants in the presence
or absence of A62V. Normalized virus stocks were used in the single-cycle assay to determine the
relative drug susceptibility of the multi-dideoxynucleoside resistant (MDR) HIV-1 Q151M mutant
complex (i.e., A62V, V75I, F77L, F116Y, and Q151M), and the T69SSS insertion complex (i.e., M41L,
A62V, T69SSS, K70R, and T215Y) in the presence or absence of A62V under AZT-selective pressure.
Virus titers were determined by flow cytometry. All drug susceptibility values were set relative to
no-AZT wt HIV-1 for each experimental replicate. The standard error of the mean (SEM) is indicated
by the error bars. **** p-value < 0.0001.

3.3. Drug Susceptibility of HIV-1 RT Variants to AZT

AZT drug susceptibility among the HIV-1 RT variants compared to the wt was analyzed by
determining the ICsg values. The A62V mutant was observed to have the highest susceptibility to
AZT with a 1.76-fold decrease in virus replication relative to that of the wt virus in the absence of
AZT. The two MDR complex mutants without A62V were observed to have the highest level of
drug susceptibility, with the T69SSS insertion complex having the highest fold increase (Figure 4).
The Q151M complex and T69SSS insertion complex mutants with A62V had an AZT drug-susceptibility
phenotype comparable to that of the wt virus.

3.4. Fitness Impact of HIV-1 RT Mutations

To assess the replication fitness of HIV-1 harboring the MDR RT mutants, a real-time TagMan
PCR assay was used to monitor the mutant and parental viruses as previously described [30]. This
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method allowed for the net growth rate of each virus in competition assays to be determined. The net
growth rate difference (d) per day (which was used to determine the fitness cost between the mutant
and its parental virus) was calculated in the absence (Figure 5A) or presence (Figure 5B) of AZT. In the
absence of AZT, the A62V mutant alone had significantly reduced viral replication fitness, while the
T69SSS insertion complex with A62V had a non-statistically significant decrease in fitness (Figure 5A).
The fitness differences of the Q151M complex and T69SSS insertion complex mutants without A62V
were not significant. In the presence of AZT, all MDR mutant complexes, except for the T69SSS
insertion complex without A62V, had a statistically significant increase in virus fitness (Figure 5B).
Predictably, the A62V mutant alone had reduced fitness.
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Figure 5. Dual-competition virus fitness assay of multi-drug-resistant HIV-1 mutants in the presence or
absence of A62V. The net growth rate difference (d) of multi-dideoxynucleoside resistant (MDR) HIV-1
mutants (with or without A62V), in the absence (A) or presence (B) of AZT, was determined using the
difference between the growth rate of wt HIV-1 (vifB) and mutant (vifA), that is, gyis — gvita. To assess
the replication fitness, a real-time TagMan PCR assay was used to monitor and differentiate between
the mutant and parental virus using polymorphisms in the vif gene. All growth difference values
(i.e., panels A,B) were set relative to no-AZT wt HIV-1 (vifB), shown in panel (A). The polymorphisms in
the vif gene had a small fitness impact, as shown in panel (A); this effect was taken into consideration for
all calculations. The wt HIV-1 (vifB) was not directly included in panel (B) due to inability to replicate
it in the presence of AZT. Reported are the means and 95% confidence intervals (CIs) from triplicate
competition experiments. The asterisk (*) indicates a significant difference (p-value < 0.05, calculated
using methods explained elsewhere [30]) relative to the corresponding vif gene polymorphisms (vifA,
mutant virus; vifB, parental virus).

4. Discussion

While the A62V amino acid substitution in HIV-1 RT is known to be associated with multi-drug
resistance, it is not a resistance-conferring mutation, and its appearance remains an open question in the
tield. To investigate this, we tested the hypothesis that A62V provides a selective advantage to the virus
in the context of multi-drug resistance by influencing replication fidelity and fitness. In particular, we
used parallel analyses to look at the relationship between HIV-1 fitness and mutagenesis in the presence
or absence of the RT A62V amino acid substitution. We first found that the A62V mutation alone could
significantly increase viral mutant frequencies (Figure 2) [22], while negatively impacting replication
capacity (Figures 3 and 4) and viral fitness (Figure 5) in the absence or presence of AZT. Both the Q151M
complex and the T69SSS insertion complex share the A62V secondary drug-resistance-associated
point mutation, which is located close to the active polymerization site of HIV-1 RT (Figure 6A,B,
respectively). We observed that MDR mutants without the A62V mutation had the lowest mutant
frequencies, suggesting that these RT variants have higher fidelity (Figure 2A). In the presence of
AZT (Figure 2B), the mutant frequency of all the MDR viruses, except that of the T69SSS insertion



Viruses 2018, 10, 376 90f12

complex without A62V, were restored to that of wt HIV-1 in the absence of AZT. These observations
support the conclusion that the A62V mutation plays an important role in RT fidelity by increasing
mutant frequency (Figure 2), where mutant frequency is higher in the context of MDR complexes in the
absence of AZT (Figure 2A), but highest in virus with the A62V mutation alone in the presence of AZT
(Figure 2B). How A62V influences replication is currently unclear, and will be a topic of future analyses.

The T69SSS insertion complex without A62V was observed to possess the highest replication
capacity. In contrast, the two MDR variant viruses with A62V, along with the virus harboring the A62V
mutant alone, had a lower replication capacity relative to wt HIV-1 (Figure 3). Under AZT-selective
pressure, viruses harboring either the Q151M complex or the T69SSS insertion complex without A62V
had the lowest level of drug susceptibility. In contrast, viruses harboring the Q151M complex or the
T69SSS insertion complex in the context of A62V had replication efficiencies comparable to that of wt
HIV-1 in the absence of a drug when under AZT drug-selective pressure (Figure 4). Taken together,
these data support the conclusion that both MDR variant viruses (i.e., harboring the Q151M complex
and the T69SSS insertion complex mutations), in the context of the A62V amino acid substitution,
had mutant frequencies and replication capacities, when under AZT selective pressure, comparable
to that of the wt virus in the absence of drug-selective pressure. These observations implicate an
interrelationship between HIV-1 fitness and mutation rate [22].

All multi-drug-resistant viruses were observed to have a statistically significant increase in viral
fitness under AZT-selective pressure, except viruses harboring the T69SSS insertion complex without
A62V (Figure 5B). As anticipated, viruses harboring the A62V mutation alone had the most significant
reduction in replication capacity. These observations, together with the observations made of the
relative susceptibility to AZT (Figure 4), indicate that the MDR viruses without A62V analyzed in our
study have reduced AZT drug susceptibility at the expense of replication capacity. This was most
notable with the viruses harboring the T69SSS insertion complex in the absence of the A62V mutation.
As previously reported [32,33], we observed that the fitness of the Q151M complex, in the presence or
absence of the A62V mutation, was not significantly different than that of the wt virus (Figure 5A).
Together, these observations implicate A62V as an adaptive mutation arising via drug pressure.

(A)

Figure 6. Location of resistance-conferring amino acid residues in multi-drug-resistant HIV-1 reverse
transcriptase. A ribbon structure of the covalently trapped catalytic complex of HIV-1 RT [34] with the
multi-dideoxynucleoside resistant (MDR) Q151M complex amino acid residues shown in a close-up
view (A). The MDR T69SSS insertion complex amino acid residues are shown in a close-up view (B).
A portion of the HIV-1 RT p66 subunit is shown with color-coding of subdomains: fingers (blue) and
palm (red). The template and primer DNA strands are shown in light gray. While the p66 subunit
contains the DNA-binding groove and the polymerization active site, the non-catalytic p51 subunit is
not shown [35]. Image obtained from the “Research Collaboratory for Structural Bioinformatics Protein
Data Bank” [36] (Protein Data Bank identifier: 1RTD).
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The replicative capacity of viruses harboring the MDR Q151M complex, in the presence or absence
of the A62V mutation, was observed to be comparable under AZT drug pressure (Figure 5B). However,
viruses harboring the Q15IM complex without A62V had a higher level of drug resistance than
that of viruses possessing the Q151M complex with A62V (Figure 4), which agrees with previous
reports [13,32,37]. Taken together, these observations support the conclusion that the T69SSS insertion
complex does not confer a fitness advantage in the absence of AZT (Figure 5A), but does improve
fitness in the presence of AZT (Figure 5B). This conclusion agrees with previous observations regarding
the increased fitness associated with the T69SSS insertion complex during drug-selective pressure [38].

In summary, the observations made in this study provide the first demonstration that A62V is an
important adaptive mutation in multi-drug-resistant viruses that impacts the interplay of replication
fidelity, virus fitness and drug susceptibility. These data argue in support of the importance of adaptive
mutations that can “piggyback” along with drug-resistant mutations to improve overall viral fitness
during drug-selective pressure. The observations of this study complement previous observations
where MDR viruses were observed to be more fit than the wt virus in the absence of a drug [33].
Differences observed between the findings presented in this study regarding particular phenotypes
compared to those previously reported are likely due to biological differences that can exist among
virus isolates and cell types used for the analyses of virus mutant frequency and viral fitness. These
studies predict that, in general, viral mutation rate and fitness can be influenced by adaptive mutations
that arise during drug-selective pressure.

Author Contributions: ].O.M. assisted in the design of the study, performed the experiments, analyzed the data,
and prepared a draft of the manuscript. L.M.M. designed the study, helped analyze and interpret the data, and
edited the manuscript. All authors read and approved the final manuscript.

Funding: This work was supported by NIH grants R0O1 GM105876 and R01 GM124279. JOM was supported by
NIH grants F30 DE22286 and T32 AI083196 (Institute for Molecular Virology Training Program).

Acknowledgments: We thank Eric Arts (Western University) for reagents and Michael Dapp for technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Chen, L.F; Hoy,].; Lewin, S.R. Ten years of highly active antiretroviral therapy for HIV infection. Med. ]. Aust.
2007, 186, 146-151. [PubMed]

2. Sluis-Cremer, N.; Arion, D.; Parniak, M.A. Molecular mechanisms of HIV-1 resistance to nucleoside reverse
transcriptase inhibitors (NRTIs). Cell. Mol. Life Sci. 2000, 57, 1408-1422. [CrossRef] [PubMed]

3. De Clercq, E. Non-nucleoside reverse transcriptase inhibitors (NNRTIs): Past, present, and future.
Chem. Biodivers. 2004, 1, 44—64. [CrossRef] [PubMed]

4. Detels, R.; Mufioz, A.; McFarlane, G.; Kingsley, L.A.; Margolick, ].B.; Giorgi, J.; Schrager, L.K.; Phair, J.P.
Effectiveness of potent antiretroviral therapy on time to AIDS and death in men with known HIV infection
duration. Multicenter AIDS Cohort Study Investigators. JAMA 1998, 280, 1497-1503. [CrossRef] [PubMed]

5. Murphy, E.L.; Collier, A.C.; Kalish, L.A.; Assmann, S.F,; Para, M.F; Flanigan, T.P.; Kumar, PN.; Mintz, L.;
Wallach, ER.; Nemo, G.J.; et al. Highly active antiretroviral therapy decreases mortality and morbidity in
patients with advanced HIV disease. Ann. Intern. Med. 2001, 135, 17-26. [CrossRef] [PubMed]

6.  Chen, R; Yokoyama, M.; Sato, H.; Reilly, C.; Mansky, L.M. Human immunodeficiency virus mutagenesis
during antiviral therapy: Impact of drug-resistant reverse transcriptase and nucleoside and nonnucleoside
reverse transcriptase inhibitors on human immunodeficiency virus type 1 mutation frequencies. J. Virol.
2005, 79, 12045-12057. [CrossRef] [PubMed]

7. Mansky, L.M.; Temin, H.M. Lower in vivo mutation rate of human immunodeficiency virus type 1 than
predicted from the fidelity of purified reverse transcriptase. J. Virol. 1995, 69, 5087-5094. [PubMed]

8.  Coffin, J. HIV population dynamics in vivo: Implications for genetic variation, pathogenesis, and therapy.
Science 1995, 267, 483-489. [CrossRef] [PubMed]

9.  Domingo, E.; Escarmis, C.; Sevilla, N.; Moya, A.; Elena, S.E; Quer, J.; Novella, I.S.; Holland, J.J. Basic concepts
in RNA virus evolution. FASEB |. 1996, 10, 859-864. [CrossRef] [PubMed]


http://www.ncbi.nlm.nih.gov/pubmed/17309405
http://dx.doi.org/10.1007/PL00000626
http://www.ncbi.nlm.nih.gov/pubmed/11078020
http://dx.doi.org/10.1002/cbdv.200490012
http://www.ncbi.nlm.nih.gov/pubmed/17191775
http://dx.doi.org/10.1001/jama.280.17.1497
http://www.ncbi.nlm.nih.gov/pubmed/9809730
http://dx.doi.org/10.7326/0003-4819-135-1-200107030-00005
http://www.ncbi.nlm.nih.gov/pubmed/11434728
http://dx.doi.org/10.1128/JVI.79.18.12045-12057.2005
http://www.ncbi.nlm.nih.gov/pubmed/16140780
http://www.ncbi.nlm.nih.gov/pubmed/7541846
http://dx.doi.org/10.1126/science.7824947
http://www.ncbi.nlm.nih.gov/pubmed/7824947
http://dx.doi.org/10.1096/fasebj.10.8.8666162
http://www.ncbi.nlm.nih.gov/pubmed/8666162

Viruses 2018, 10, 376 11 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Clavel, F; Race, E.; Mammano, F. HIV drug resistance and viral fitness. Adv. Pharmacol. 2000, 49, 41-66.
[PubMed]

Blankson, J.N.; Persaud, D.; Siliciano, R.F. The challenge of viral reservoirs in HIV-1 infection. Annu. Rev. Med.
2002, 53, 557-593. [CrossRef] [PubMed]

Persaud, D.; Zhou, Y,; Siliciano, ].M.; Siliciano, R.F. Latency in human immunodeficiency virus type 1
infection: No easy answers. J. Virol. 2003, 77, 1659-1665. [CrossRef] [PubMed]

Shirasaka, T.; Kavlick, M.E,; Ueno, T.; Gao, W.Y.; Kojima, E.; Alcaide, M.L.; Chokekijchai, S.; Roy, B.M.;
Arnold, E.; Yarchoan, R. Emergence of human immunodeficiency virus type 1 variants with resistance
to multiple dideoxynucleosides in patients receiving therapy with dideoxynucleosides. Proc. Natl. Acad.
Sci. USA 1995, 92, 2398-2402. [CrossRef] [PubMed]

Shafer, R.W.; Kozal, M.J.; Winters, M.A_; Iversen, A.K.N.; Katzenstein, D.A.; Ragni, M.V.; Meyer, W.A;
Gupta, P; Rasheed, S.; Coombs, R.; et al. Combination therapy with zidovudine and didanosine selects for
drug-resistant human immunodeficiency virus type 1 strains with unique patterns of pol gene mutations.
J. Infect. Dis. 1994, 169, 722-729. [CrossRef] [PubMed]

Matamoros, T.; Franco, S.; Vazquez-Alvarez, B.M.; Mas, A.; Martinez, M.A.; Menendez-Arias, L. Molecular
determinants of multi-nucleoside analogue resistance in HIV-1 reverse transcriptases containing a dipeptide
insertion in the fingers subdomain: Effect of mutations D67N and T215Y on removal of thymidine nucleotide
analogues from blocked DNA primers. J. Biol. Chem. 2004, 279, 24569-24577. [PubMed]

Menendez-Arias, L.; Matamoros, T.; Cases-Gonzalez, C.E. Insertions and deletions in HIV-1 reverse
transcriptase: Consequences for drug resistance and viral fitness. Curr. Pharm. Des. 2006, 12, 1811-1825.
[CrossRef] [PubMed]

Cases-Gonzalez, C.E.; Franco, S.; Martinez, M.A.; Menéndez-arias, L. Mutational patterns associated with
the 69 insertion complex in multi-drug-resistant HIV-1 reverse transcriptase that confer increased excision
activity and high-level resistance to zidovudine. J. Mol. Biol. 2007, 365, 298-309. [CrossRef] [PubMed]

Mas, A.; Parera, M.; Briones, C.; Soriano, V.; Martinez, M.A.; Domingo, E.; Menéndez-Arias, L. Role of a
dipeptide insertion between codons 69 and 70 of HIV-1 reverse transcriptase in the mechanism of AZT
resistance. EMBO J. 2000, 19, 5752-5761. [CrossRef] [PubMed]

Iversen, AK.; Shafer, RW.; Wehrly, K.; Winters, M.A.; Mullins, ]J.I.; Chesebro, B.; Merigan, T.C.
Multidrug-resistant human immunodeficiency virus type 1 strains resulting from combination antiretroviral
therapy. J. Virol. 1996, 70, 1086-1090. [PubMed]

Scherrer, A.U.; von Wyl, V,; Joos, B.; Klimkait, T.; Burgisser, P; Yerly, S.; Boni, ].; Ledergerber, B.; Gunthard, H.F.
Predictors for the emergence of the 2 multi-nucleoside/nucleotide resistance mutations 69 insertion and
Q151M and their impact on clinical outcome in the Swiss HIV cohort study. J. Infect. Dis. 2011, 203, 791-797.
[CrossRef] [PubMed]

Henry, M,; Thuret, L; Solas, C.; Genot, S.; Colson, P.; Tamalet, C. Vertical transmission of multidrug-resistant
Q151IM human immunodeficiency virus type 1 strains. Pediatr. Infect. Dis. ]. 2008, 27, 278-280. [CrossRef]
[PubMed]

Dapp, M.J.; Heineman, R.H.; Mansky, L.M. Interrelationship between HIV-1 fitness and mutation rate.
J. Mol. Biol. 2013, 425, 41-53. [CrossRef] [PubMed]

Rawson, J.M.; Heineman, R.H.; Beach, L.B.; Martin, J.L.; Schnettler, E.K.; Dapp, M.].; Patterson, S.E.;
Mansky, L.M. 5,6-Dihydro-5-aza-2’-deoxycytidine potentiates the anti-HIV-1 activity of ribonucleotide
reductase inhibitors. Bioorg. Med. Chem. 2013, 21, 7222-7228. [CrossRef] [PubMed]

Rawson, ].M.; Clouser, C.L.; Mansky, L.M. Rapid Determination of HIV-1 Mutant Frequencies and Mutation
Spectra Using an mCherry /EGFP Dual-Reporter Viral Vector. Methods Mol. Biol. 2016, 1354, 71-88. [PubMed]
Anastassopoulou, C.G.; Marozsan, A.J.; Matet, A.; Snyder, A.D.; Arts, E.J.; Kuhmann, S.E.; Moore, J.P. Escape
of HIV-1 from a small molecule CCR5 inhibitor is not associated with a fitness loss. PLoS Pathog. 2007, 3, e79.
[CrossRef] [PubMed]

Vodicka, M.A.; Goh, W.C.; Wu, L.I; Rogel, M.E; Bartz, S.R.; Schweickart, V.L.; Raport, C.J.; Emerman, M.
Indicator cell lines for detection of primary strains of human and simian immunodeficiency viruses. Virology
1997, 233, 193-198. [CrossRef] [PubMed]

Gervaix, A.; West, D.; Leoni, L.M.; Richman, D.D.; Wong-Staal, F.; Corbeil, J. A new reporter cell line to
monitor HIV infection and drug susceptibility in vitro. Proc. Natl. Acad. Sci. USA 1997, 94, 4653-4658.
[CrossRef] [PubMed]


http://www.ncbi.nlm.nih.gov/pubmed/11013760
http://dx.doi.org/10.1146/annurev.med.53.082901.104024
http://www.ncbi.nlm.nih.gov/pubmed/11818490
http://dx.doi.org/10.1128/JVI.77.3.1659-1665.2003
http://www.ncbi.nlm.nih.gov/pubmed/12525599
http://dx.doi.org/10.1073/pnas.92.6.2398
http://www.ncbi.nlm.nih.gov/pubmed/7534421
http://dx.doi.org/10.1093/infdis/169.4.722
http://www.ncbi.nlm.nih.gov/pubmed/8133086
http://www.ncbi.nlm.nih.gov/pubmed/15047690
http://dx.doi.org/10.2174/138161206776873608
http://www.ncbi.nlm.nih.gov/pubmed/16724949
http://dx.doi.org/10.1016/j.jmb.2006.09.073
http://www.ncbi.nlm.nih.gov/pubmed/17070543
http://dx.doi.org/10.1093/emboj/19.21.5752
http://www.ncbi.nlm.nih.gov/pubmed/11060026
http://www.ncbi.nlm.nih.gov/pubmed/8551567
http://dx.doi.org/10.1093/infdis/jiq130
http://www.ncbi.nlm.nih.gov/pubmed/21285456
http://dx.doi.org/10.1097/INF.0b013e31815db4c6
http://www.ncbi.nlm.nih.gov/pubmed/18277921
http://dx.doi.org/10.1016/j.jmb.2012.10.009
http://www.ncbi.nlm.nih.gov/pubmed/23084856
http://dx.doi.org/10.1016/j.bmc.2013.08.023
http://www.ncbi.nlm.nih.gov/pubmed/24120088
http://www.ncbi.nlm.nih.gov/pubmed/26714706
http://dx.doi.org/10.1371/journal.ppat.0030079
http://www.ncbi.nlm.nih.gov/pubmed/17542646
http://dx.doi.org/10.1006/viro.1997.8606
http://www.ncbi.nlm.nih.gov/pubmed/9201229
http://dx.doi.org/10.1073/pnas.94.9.4653
http://www.ncbi.nlm.nih.gov/pubmed/9114046

Viruses 2018, 10, 376 12 of 12

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Boussif, O.; Lezoualc’h, E; Zanta, M.A.; Mergny, M.D.; Scherman, D.; Demeneix, B.; Behr, J.P. A versatile
vector for gene and oligonucleotide transfer into cells in culture and in vivo: Polyethylenimine. Proc. Natl.
Acad. Sci. USA 1995, 92, 7297-7301. [CrossRef] [PubMed]

Dapp, M.J.; Bonnac, L.; Patterson, S.E.; Mansky, L.M. Discovery of novel ribonucleoside analogs with activity
against human immunodeficiency virus type 1. J. Virol. 2014, 88, 354-363. [CrossRef] [PubMed]

Liu, Y;; Holte, S.; Rao, U.; McClure, J.; Konopa, P.; Swain, J.V.; Lanxon-Cookson, E.; Kim, M.; Chen, L.;
Mullins, J.I. A sensitive real-time PCR based assay to estimate the impact of amino acid substitutions on
the competitive replication fitness of human immunodeficiency virus type 1 in cell culture. J. Virol. Methods
2013, 189, 157-166. [CrossRef] [PubMed]

Zhang, H.; Zhou, Y.; Alcock, C.; Kiefer, T.; Monie, D.; Siliciano, J.; Li, Q.; Pham, P.; Cofrancesco, J.;
Persaud, D.; et al. Novel single-cell-level phenotypic assay for residual drug susceptibility and reduced
replication capacity of drug-resistant human immunodeficiency virus type 1. J. Virol. 2004, 78, 1718-1729.
[CrossRef] [PubMed]

Maeda, Y.; Venzon, D.J.; Mitsuya, H. Altered drug sensitivity, fitness, and evolution of human
immunodeficiency virus type 1 with pol gene mutations conferring multi-dideoxynucleoside resistance.
J. Infect. Dis. 1998, 177, 1207-1213. [CrossRef] [PubMed]

Kosalaraksa, P; Kavlick, M.F; Maroun, V., Le, R,; Mitsuya, H. Comparative fitness of
multi-dideoxynucleoside-resistant human immunodeficiency virus type 1 (HIV-1) in an In vitro competitive
HIV-1 replication assay. J. Virol. 1999, 73, 5356-5363. [PubMed]

Huang, H.; Chopra, R.; Verdine, G.L.; Harrison, S.C. Structure of a covalently trapped catalytic complex
of HIV-1 reverse transcriptase: Implications for drug resistance. Science 1998, 282, 1669-1675. [CrossRef]
[PubMed]

Sarafianos, S.G.; Marchand, B.; Das, K.; Himmel, D.M.; Parniak, M.A.; Hughes, S.H.; Arnold, E. Structure and
function of HIV-1 reverse transcriptase: Molecular mechanisms of polymerization and inhibition. J. Mol. Biol.
2009, 385, 693-713. [CrossRef] [PubMed]

Berman, H.M.; Westbrook, ].; Feng, Z.; Gilliland, G.; Bhat, T.N.; Weissig, H.; Shindyalov, LN.; Bourne, PE.
The Protein Data Bank. Nucleic Acids Res. 2000, 28, 235-242. [CrossRef] [PubMed]

Ueno, T.; Shirasaka, T.; Mitsuya, H. Enzymatic characterization of human immunodeficiency virus type 1
reverse transcriptase resistant to multiple 2',3'-dideoxynucleoside 5'-triphosphates. J. Biol. Chem. 1995, 270,
23605-23611. [CrossRef] [PubMed]

Quinones-Mateu, MLE.; Tadele, M.; Parera, M.; Mas, A.; Weber, J.; Rangel, H.R.; Chakraborty, B.; Clotet, B.;
Domingo, E.; Menendez-Arias, L.; et al. Insertions in the reverse transcriptase increase both drug resistance
and viral fitness in a human immunodeficiency virus type 1 isolate harboring the multi-nucleoside reverse
transcriptase inhibitor resistance 69 insertion complex mutation. J. Virol. 2002, 76, 10546-10552. [CrossRef]
[PubMed]

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1073/pnas.92.16.7297
http://www.ncbi.nlm.nih.gov/pubmed/7638184
http://dx.doi.org/10.1128/JVI.02444-13
http://www.ncbi.nlm.nih.gov/pubmed/24155391
http://dx.doi.org/10.1016/j.jviromet.2012.10.016
http://www.ncbi.nlm.nih.gov/pubmed/23201292
http://dx.doi.org/10.1128/JVI.78.4.1718-1729.2004
http://www.ncbi.nlm.nih.gov/pubmed/14747537
http://dx.doi.org/10.1086/515282
http://www.ncbi.nlm.nih.gov/pubmed/9593005
http://www.ncbi.nlm.nih.gov/pubmed/10364282
http://dx.doi.org/10.1126/science.282.5394.1669
http://www.ncbi.nlm.nih.gov/pubmed/9831551
http://dx.doi.org/10.1016/j.jmb.2008.10.071
http://www.ncbi.nlm.nih.gov/pubmed/19022262
http://dx.doi.org/10.1093/nar/28.1.235
http://www.ncbi.nlm.nih.gov/pubmed/10592235
http://dx.doi.org/10.1074/jbc.270.40.23605
http://www.ncbi.nlm.nih.gov/pubmed/7559526
http://dx.doi.org/10.1128/JVI.76.20.10546-10552.2002
http://www.ncbi.nlm.nih.gov/pubmed/12239335
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	HIV-1 Vectors and Cell Lines 
	Virus Production and Titer Assay 
	Mutant Frequency Analysis by Flow Cytometry 
	Dual-Competition Assay 
	TaqMan Duplex qPCR Assay 
	Calculation of Viral Fitness 
	Statistical Analyses 

	Results 
	Mutant Frequency Analysis of HIV-1 RT Variants 
	Replication Capacity Analysis of HIV-1 RT Variants 
	Drug Susceptibility of HIV-1 RT Variants to AZT 
	Fitness Impact of HIV-1 RT Mutations 

	Discussion 
	References

