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Abstract

Differences in replication fidelity, as well as mutator and antimutator strains, suggest that virus
mutation rates are heritable and prone to natural selection. Human immunodeficiency virus type 1
(HIV-1) has many distinct advantages for the study of mutation rate optimization given the wealth
of structural and biochemical data on HIV-1 reverse transcriptase (RT) and mutants. In this study,
we conducted parallel analyses of mutation rate and viral fitness. In particular, a panel of 10 RT
mutants — most having drug resistance phenotypes — were analyzed for their effects on viral
fidelity and fitness. Fidelity differences were measured using single-cycle vector assays, while
fitness differences were identified using ex vivo head-to-head competition assays. As anticipated,
virus mutants possessing either higher or lower fidelity had a corresponding loss in fitness. While
the virus panel was not chosen randomly, it is interesting that it included more viruses possessing
a mutator phenotype rather than viruses possessing an antimutator phenotype. These observations
provide the first description of an interrelationship between HIV-1 fitness and mutation rate and
support the conclusion that mutator and antimutator phenotypes correlate with reduced viral
fitness. In addition, the findings here help support a model in which fidelity comes at a cost of
replication kinetics, and may help explain why HIV-1 and RNA viruses maintain replication
fidelity near the extinction threshold.
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Introduction

Mutation rates among viruses and other microbes range between 1.1 x 1073 - 5.0 x 10710
mutations per site per generation. Much of this range can be explained by an inverse

© 2012 Elsevier Ltd. All rights reserved.

"Corresponding Author: Louis M. Mansky, Institute for Molecular Virology, University of Minnesota, 18-242 Moos Tower, 515
Delaware St. SE, Minneapolis, MN 55455, mansky@umn.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our

customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of

the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Dapp et al.

Page 2

relationship between mutation rate and genome size. DNA-based microbes, for example,
possess a near-constant mutation rate (0.003-0.004 mutations/genome/generation) over a
genome size of 10,000 base pairs. However, RNA viruses mutate at a considerably higher
rate (10-100 fold) than DNA viruses of comparable size.. The observed high mutation rates
of RNA viruses makes them convenient model systems to investigate selection pressures on
the viral mutation rate.

Human immunodeficiency virus type 1 (HIV-1) has a high mutation rate, determined to be
1.2 - 3.4 x 107> mutations per target base per round of replication. Many of these mutations
are deleterious or lethal, and therefore have limited long-term contribution to genetic
diversity. In general, the high mutation rate of RNA viruses has been hypothesized to push
the virus to the brink of either error catastrophe or extinction 12, In fact, drugs and host
proteins that increase the HIV-1 mutation rate possess antiviral activity.

The high mutation rate of HIV-1 is often thought to be important for adaptation, including
the ability infect new host cells and the emergence antiviral drug resistance. Mutator
phenotypes have been found in bacteria and Iytic RNA viruses 31, as well as HIV-1. They
commonly have an advantage in new or fluctuating environments. Mutations that increase
mutation rate can become associated with adaptive changes and therefore ‘hitchhike’ to a
greater frequency within a population. Experimental data on selection for a high mutation
rate in viruses is limited. Studies in vesicular stomatitis virus (VSV) and HIV-1 found that
anti-mutator strains did not impede the ability of these viruses to adapt to novel
environments or to develop drug resistance. On the other hand, a poliovirus variant with a
viral polymerase possessing 3 times higher fidelity than wt was far less virulent in mice,
suggesting a reduced ability for virus adaptation. HIV-1 adaptation may be important for
avoidance from the host immune response that allows viral replication in long-term non-
progressors. To date, studies of the differences in the relationship of mutation rate and
phenotypoic variation among retroviruses and RNA viruses to that of DNA viruses are
limited 9,

An alternative explanation is that the high mutation rate of HIV-1 is due to some level of
genetic constraint. RNA-dependent RNA polymerases of RNA viruses, as well as HIV-1
reverse transcriptase (RT), lack intrinsic 3'-to-5" proofreading activity. Nonetheless, there is
a wide range of mutation rates across RNA and retroviruses 3. The mutation rates of these
viruses can be elevated by drugs that either increase mutation rate or terminate polymerase
extension with 2,3’ -dideoxynucleoside analogues. Drug resistant variants have been found
to have lower mutation rates in RNA viruses 46 as well as in HIV-1.

If HIV-1 has the ability to evolve to a lower mutation rate, increasing replication fidelity is
likely limited by polymerase kinetics or processivity. Evidence with VSV anti-mutator
strains suggest that direct fitness costs are imposed as measured by viral replication 2°. A
meta-analysis approach combining eleven previous studies found that the HIV-1 mutation
rate correlated with the biochemical parameter ke, i.€., the rate at which a polymerase
extends past a terminal base mispair 6. This and other studies suggest that polymerase
fidelity is intrinsically linked to replication rate — that is, more energy and/or time for base
recognition, nucleotide synthesis, and/or polymerase translocation is required for the
polymerase to incorporate the correct base. According to this model, the higher mutation
rate of RNA viruses and retroviruses may be due to a relatively greater cost to the virus in
increasing replication fidelity. To date, it is unclear how generally applicable the link
between polymerase fidelity and replication rate may be among RNA viruses and
retroviruses.
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HIV-1 provides a powerful system for the study of constraints on the viral mutation rate. In
this study, a library of ten HIV-1 mutants with varying fidelity (mainly amino acid
substitutions in HIVV-1 RT that confer drug resistance to nucleoside RT inhibitors) was used
to investigate the relationship of mutation rate to viral fitness. Most of the RT variants are
not only clinically relevant, but define a range in viral fidelity that maintains viral
infectivity. By measuring mutation rate and fitness of HIV-1 under near identical conditions,
a cost of replication fidelity was identified. Viruses with both higher and lower mutation
rates — relative to wt — led to reductions in viral fitness, suggesting that wt HIVV-1 may be
close to an optimum. These studies provide the first demonstration of the relationship
between HIV-1 mutation rate and viral fitness and aid in gaining greater insight into their
interaction.

In the present study, a panel of ten viruses encoding RT variants was generated to test the
hypothesis that both lower and higher mutation rates reduce HIV-1 fitness below that of wt
(Fig. 1a—b). Of these ten mutants, eight confer resistance to one or more clinically approved
nucleoside reverse transcriptase inhibitors (NRTIs), while the remaining two (i.e., Y115A
and VV148l) have the largest magnitude impact on HIV-1 fidelity (Fig. 5 and Table S1).
Table S1 provides a comprehensive summary of previous fitness, processivity, and fidelity
measures for each mutant. Although there is some general agreement regarding the findings
with any particular RT variant, the phenotypic measurements of the RT mutants vary greatly
between studies, which is likely due to discrepancies in reagents, assays, and laboratories.
Additionally, the table includes viruses with RT variants having previously uncharacterized
fitness and/or mutation rates. In order to investigate the potential interrelationship between
viral fitness and mutation rate, direct parallel comparisons of fitness and mutation rate were
conducted here in this study under standardized experimental conditions.

Drug-resistance conferring substitutions in HIV-1 RT influence the fidelity of replication

A single-cycle vector assay was used to measure differences in HIV-1 mutant frequency
relative to the NL4-3 wt reference strain. This assay uses flow cytometry analysis to score
target cells for expression of a pair of marker genes (Fig. 1a). Cells expressing only one of
the two marker genes are interpreted as being infected yet harboring a mutated virus. This
assay increases the ability of identifying mutations that arise during HIV-1 replication. Since
the marker genes have not been exhaustively studied to determine precisely the target bases
that result in a scorable phenotypic difference, the changes in mutation rate that can be
determined are analyzed relative to that of the wt HIV-1 reference vector. This dual reporter
system has been previously established to quantify increased mutational load in the presence
of known viral mutagens (i.e. 5-azacytidine, decitabine, and APOBEC3G), and validated by
sequencing analysis.

In parallel analyses, each HIV-1 vector harboring a RT variant was used to transduce the
CEM T-cell line. The results from the single-cycle assay predictably led to the grouping of
the RT variant viruses into 3 main categories: 1) mutant frequency higher than wt; 2) mutant
frequency lower than wt; 3) mutant frequency comparable to wt virus. Three of the RT
variant viruses (i.e., A62V, Y115F/A) had a higher mutant frequency than wt, six had a
lower mutant frequency (i.e., K65R, V1481, M1841/V, K65R/M184V, and L74V/Y115F/
M184V), and one RT variant (L74V) was found to have comparable mutant frequency to wt
(Fig. 2 and Table S1). These results are generally consistent with previous work, though
there are some inconsistencies noted (see supplementary material).
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Drug-resistant conferring substitution mutations in HIV-1 RT reduce viral fitness

In order to assess the fitness of the panel of RT variant viruses under investigation, each
virus was subjected to a head-to-head competition assay against wt (Fig. 1b). This assay was
performed in a close derivative of CEM (i.e., CEM-GFP), so we could measure fitness and
fidelity under similar cellular conditions. Viral stocks were titered on CEM-GFP cells to
determine infectious unit equivalents of mutant and wt virus. Each assay was initiated with a
1:1 ratio of wt and mutant virus and passaged for 10 days before quantification of each clone
by gPCR. The low MOI used in these assays (i.e., 0.0001) and the limited number of
replication cycles during the assay is expected to minimize the likelihood of recombination.

A significant decrease in viral fitness relative to wt virus was observed for 5 variants (i.e.,
K65R, Y115A, V1481, M184l, and K65R/M184V) (Fig. 3). Three of the other variants
analyzed (i.e., A62V, Y115F, and M184V) appeared to have somewhat lower fitness (i.e.,
18%—-43% less fit than wt, Table S2), but these and the remaining 2 mutant viruses were not
significantly different than wt. In control experiments, wt virus competed against a wt
reference strain showed no discernable fitness differences (Fig. 3 and Table S2).

Interconnection between HIV-1 fitness and mutation rate

An optimality model for the HIV-1 mutation rate in a constant environment would suggest
that RT variant viruses with higher or lower mutation rates would be associated with
reduced fitness. To investigate this, mutant viruses were grouped by their fidelity relative to
wt and the relationship between fitness and fidelity was analyzed by Pearson’s correlation
and linear regression. Analysis of the 6 RT variant viruses with lower mutation rate than wt,
along with L74V (which has no effect on mutation rate) and the wt reference strain,
demonstrated a significant correlation between lower mutation rates and lower fitness (two-
tailed Pearson correlation coefficient r = 0.903, P value = 0.0022, Fig. 4a). These same
analyses were performed without wt to confirm that the correlation was not driven merely
by a high fitness of wt RT and low fitness of mutants; the pattern was unchanged (two-tailed
Pearson correlation coefficient r = .9244, P value = 0.0028). Exclusion of the K65R/M184V
and L74V/Y115F/M184V mutants, to avoid retesting of the same mutations in a different
genetic background, also did not affect results (two-tailed Pearson correlation coefficient r =
0.980, P value = 0.0032). These analyses support the conclusion that there is a fitness cost to
high fidelity.

The effect of viral variants with higher mutation rates (including L74V) were next tested for
their effect on fitness. Inclusion of wt into analysis resulted in a significant correlation (two-
tailed Pearson correlation coefficient r = —0.945, P value = 0.0152, Fig. 4b). This correlation
was no longer significant after removal of wt from the analysis (two-tailed Pearson
correlation coefficient r = —-0.948, P value = 0.0518). Taken together, while the total number
of mutants in this study with a high mutation rate is relatively small, the results from our
analysis suggest that the wt virus has a mutation rate near the optimum, at least under these
culture conditions, and in the absence of strong adaptive pressures.

Discussion

In this study, the relationship between HIV-1 fitness and mutation rate was investigated in
parallel analyses. Advantages to performing this analysis with HIV-1 include its high
mutation rate (which has clinical implications) and the wealth of data published on HIV-1
RT - including /n vitro biochemical measurements (i.e., fidelity and processivity) as well as
many measurements of viral fitness (Fig. 5 and Table S1). While these previous
measurements have clearly enhanced the field, there are significant advantages to using a
single data set from parallel analyses to explore the interaction between fitness and mutation
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rate. For instance, the fitness assay methodology used here in this study (i.e., direct ex vivo
competition measurements) is more accurate than /7 vitro studies of catalytic rates; the rate
of polymerization during viral replication may not always be a limiting factor to viral
reproductive rate 56. Most importantly, the parallel analyses allow for more direct
comparisons between fitness and mutation rate, which is important for deciphering the
relationships between these two important biological properties.

There is evidence supporting at least three evolutionary factors that govern mutation rate. A
low mutation rate may reduce the rate of adaptation (though this will be the limiting factor
for adaptation only under certain conditions). A high mutation rate can cause an increase in
mutational load in the population, or decrease individual fitness by causing lethal mutations
in progeny. Finally, there may be physiological limits on polymerase extension as fidelity is
improved. The first of these forces varies greatly as adaptive conditions change; but if the
latter two dominate, a relatively stable and optimal fidelity may exist.

As demonstrated in this study, a decrease in mutation rate (i.e., increased replication fidelity)
comes at a cost to viral fitness (Fig. 4a). This observation is consistent with a recent meta-
analysis of HIV-1, in which an inverse correlation between the enzymatic incorporation rate
Keat T and viral fidelity was shown, suggesting that the fitness cost of increased fidelity is
tied to energetic constraints of nucleotide synthesis ®6. Such a fidelity-cost model has been
postulated by enzymologists over the past few decades to explain the impaired enzyme
kinetic observations of antimutator polymerases of the DNA bacteriophage T4. Similar
biochemical studies with HIV-1 mutants support this model summarized by the correlation
between increased fidelity and impaired enzyme processivity — a biochemical measure for
how long a polymerase is able to engage and extend an oligonucleotide before the complex
dissociates (Table S1). Additionally, steady-state and pre-steady state biochemical kinetics
assays have been performed on some of the RT mutants discussed. These assays measure
binding affinities (Kysand Ky respectively) and catalytic turnover rates (Aarand Kpo
respectively) for both wt and mutant polymerases. These parameters can then be used to
calculate relative polymerase efficiencies for misinsertion (catalytic efficiency of incorrect
nucleotide incorporatoin) and mismatch-extension (catalytic efficiency of correct nucleotide
synthesis downstream a mismatched primer-template). Several independent enzyme kinetics
analyses found that K65R mutants had decreased misinsertion and mismatch-extension
efficiencies along with a compromised ability to utilize natural nucleotide substrates. These
studies have also been performed on M1841/V mutants and the findings follow a similar
theme, although the effect size is greater. Specifically, measurements for M184I show an
increased misinsertion fidelity relative to M184V, while both mutants suffer processivity
defects and impaired nucleotide incorporation efficiencies (Table S1 and 8). These
biochemical studies lend additional mechanistic support that strengthen the HIV-1 fidelity-
fitness cost model invoked by our study and others (Fig. 4A and °6). Additional studies with
RNA-dependent RNA polymerases also support this model. If the cost of increased fidelity
is greater in RNA viruses, this might explain the lower fidelity of these viruses overall, even
in the absence of a strict constraint.

The proposed fidelity-fitness cost model implies a lower limit to RNA virus mutation rates;
therefore, by extension, RNA virus populations likely balance the fitness gains associated
with increased replication speed against the fitness costs associated with the inherent loss in
fidelity. This interplay may have driven such viral populations to exist near the ‘extinction
threshold” — a theoretical transitory phase that, once surpassed by excessive mutational load,
initiates a catastrophic meltdown of genomic stability. Existence near this threshold may be
tolerated by RNA virus populations because they are structured to limit increased mutation
rates through (i) large population sizes that tolerate forward and reversion mutations at the
vast majority of nucleotide positions and (ii) diminished fitness effects as mutations
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accumulate, i.e., positive epistasis. A detailed analysis of RT mutant behavior during single-
cycle reverse transcription events would likely be informative; our results cannot distinguish
between, for example, longer generation time and a decreased rate of successful infection.

Our findings also suggest that higher mutation rates were associated with lower fitness (Fig.
4b). Some studies have found mutator strains to have higher fitness under conditions where
adaptation was important. However, when adaptation is less important, mutators are
generally at a disadvantage. In addition, numerous studies have shown that viral mutagens
(i.e., 5-azacytosine and ribavirin) and the APOBEC3 host proteins can reduce infectivity of
HIV-1 and other RNA viruses. This current study with HIV-1 supports the general notion
that even relatively small increases to the mutation rates of RNA viruses and retroviruses
decrease fitness, reinforcing the promise of lethal mutagenesis as an antiviral intervention
strategy. Additionally, of the RT mutants found to increase HIVV-1 mutation rates, Y115A/F
have been biochemically interrogated for their effects on misinsertion and mismatch-
extension efficiencies, as described above. Mutations at this position decrease fidelity
measures, while Y115A seems to also suffer greater processivity defects (Table S1).

Much of our mutation rate data is in good agreement with previously published studies using
various methodologies (Table S1 and Fig. 2). For example, the measured mutation rates for
the K65R, L74V, Y115A, V148I, M184l, and M184V RT variants generally coincided with
previous findings. Detailed analysis of the HIV-1 mutation rate using the /acZa gene as a
mutation target led to similar but not identical determinations. In the current study, a more
qualitative assay was utilized with a mutation target that has not been as extensively
characterized. One limitation of this is not being able to calculate mutation rates with high
precision. Nonetheless, this assay provides an appropriate surrogate measure of relative
differences in mutation rate, as has been previously validated.

Of the four remaining RT variants analyzed in this study, A62V and K65R/M184V have, to
our knowledge, never been analyzed for their influence on the HIV-1 mutation rate, while
minor discrepancies were noted with Y115F and L74V/Y115F/M184V (Fig. 2 versus Table
S1). The Y115F RT mutant had previously been shown to slightly decrease viral fidelity, but
these trends were not found to be significant; in this study this RT variant was shown to
have a 20% (1.2-fold) higher mutant frequency (Fig. 2 and Table S1). Previous analysis of
the triple mutant L74V/Y115F/M184V showed an almost 2-fold increase in frameshift
mutations 3°, while current analysis revealed a 30% (1.3-fold) decrease in mutant frequency
(Fig. 2 and Table S1). This discrepancy is likely due to the inherent differences between
mutation assays. For instance, the previously published /in vivo single-cycle frameshift assay
measures the effect of an RT variant to cause frameshifts at a poly-thymidine tract 3. The
fidelity assay used in this study, however, provides a more global analysis of both
substitution mutations as well as frameshift mutations.

While many of our analyses of HIV-1 fitness among the RT variant viruses are consistent
with previous observations, there were discrepancies (Fig. 3 and Table S1). These
differences can be attributed to either: 1) the type of fitness assay (i.e., parallel growth
versus single-cycle versus dual competition versus in vivo reversion); 2) the end-point assay
measure and its representation (i.e., p24 capsid levels versus viral copy humber and percent
difference versus fold difference); and 3) the type of reagents used (i.e., molecular clones
versus cloned patient samples and cell lines versus primary cells). Although there is no
consensus fitness assay in the field, several labs have popularized the co-culturing dual
competition assay as a sensitive and internally controlled assay.

Of the ten HIV-1 RT variant viruses that were analyzed in the dual competition assay, seven
had been previously assayed for their effects on viral fitness (Fig. 5, Table S1). The fitness
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difference measures of these 7 mutants (i.e., A62V, K65R, L74V, Y115A, M1841, M184V,
and K65R/M184V) were generally similar to previously reported ranges (Fig. 3 and Table
S1). Two minor discrepancies were L74V and M184V. The fitness analysis in this study
indicated that L74V had no difference from wt (Fig. 3), while 3 of 5 previous studies found
a subtle, 11% to 2-fold, defect to viral fitness (Table S1). The current analysis revealed that
the M184V mutant had an insignificant 1.4-fold decrease in viral fitness, while 7 of 8
previous studies found this variant’s fitness loss to range from 4% to 14-fold relative to wt
(Table S1). These inconsistencies may be explained by any number of the aforementioned
differences among fitness assays. It is also possible that certain cell types, especially with
low dNTP pool concentrations, may exacerbate subtle replication defects. It may be that the
CEM cell line, chosen to limit variability when comparing RT variant measures between the
two assays, minimizes fitness differences present in other cell types.

In summary, the data presented in this study support a relatively simple optimality model for
the HIV-1 mutation rate, in which extreme high and low mutation rates are selected against.
While this mutational optimum may depend on the niche (e.g., transmission event, virus
spread in the lymph node), and may be easily disrupted in the presence of novel adaptive
conditions, it is interesting that in this study the mutational optimum was near that of the
reference wt strain. In summary, this is the first study to directly compare fidelity and fitness
measures in HIV-1, and the first description of an interrelationship between HIV-1 fitness
and mutation rate.

Materials and Methods

Plasmid constructs and cell lines

The HIV-1 vector pHIG, used in the mutant frequency assays, has been previously
described 13. Briefly, a ~2.0-kbp dual reporter cassette composed of the murine heat stable
antigen CD24 (HSA), an internal ribosome entry site (IRES), and enhanced green
fluorescent protein (eGFP) was placed in-frame and 3" to the NL4-3 nefstart codon. The
original vector pNL4-3.HSA.R+.E- was obtained from the AIDS Research and Reference
Reagent Program (Division of AIDS, NIAID, NIH, Germantown, MD) and contributed by
N. Landau 5. The HIV-1 NL4-3 molecular clones used in the fitness assays were a kind gift
from E. Arts and described here 0. To generate the 10 drug-resistance mutants in HIV-1
pol, the 2100-5983 region was subcloned into pCR®2.1-TOPO® (Invitrogen). Site-directed
mutagenesis was performed to introduce point mutations using site-directed mutagenesis
(QuickChange Il Site-Directed Mutagenesis, Stratagene Santa Clara, CA). Correct clones
were confirmed by sequencing analysis and cloned back into the pHIG vector, using Sbhfl
(2844) and Agel (3486) restriction enzymes (New England Biolabs, NEB, Ipswich, MA); or
back into the NL4-3 molecular clone using Mscl sites (2683 and 4545). Inserts were, again,
sequenced confirmed for orientation and quality.

The G glycoprotein of vesicular stomatitis virus (VSV-G) envelope expression plasmid
HCMV-G was used to pseudotype virions and was a kind gift from J. Burns (University of
California, San Diego). The phycoerythrin (PE)-conjugated antibody to HSA (anti-CD24)
was purchased form BD Pharmingen (San Diego, CA). The human embryonic kidney (HEK
293T) cell line was purchased from ATCC (Manassas, VA) and maintained in Cellgro
DMEM (Manassas, VA) plus 10% HyCLone FetalClone 111 (FC3; Thermo-Scientific). The
CEM-GFP cell line was obtained from the AIDS Research and Reference Reagent Program
(Division of AIDS, NIAID, NIH, Germantown, MD), contributed by J. Corbeil 61, The CEM
cell line was a kind gift from M. Malim. Both CEM and CEM-GFP lines were maintained in
RPMI (Gibco, Life Technologies Invitrogen, Grand Island, NY) plus 10% FC3.
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Virus production and virus titer assays

Both the pHIG vector virus and the NL4-3 molecular clones were produced by transfection
of HEK 293T cells. The calcium phosphate method was used to transfect 2 x 10 cells with
20 ug plasmid viral DNA and 2.5 ug plasmid HCMV-G envelop. Viral supernatants were
collected 48 h post-transfection and passed through 0.2-um filter. To determine infectious
units (1U) of virus per mL supernatant the tissue culture infectious dose (50% TCIDsg) end-
point dilution assays was used. For each wildtype (wt) and mutant virus stock, 100 uL of 10-
fold serial diluted supernatant was added to 50,000 CEM-GFP indicator cells in 250 uL total
volume of a 96-well plate. Each dilution series consisted of n=6. Cells were maintained
every other day for 10 days. At day 10, the number of GFP-positive wells was determined
by visual inspection. To calculate the TCIDsg, the number of GFP-positive wells was
multiplied by 1/6 and summed with 0.5; 10 to the negative power of this sum is the TCIDsgy,
and the TCIDsq divided by 0.1 mL (100 uL added at each dilution) is the number of 1U in
each mL of supernatant. An MOI of 0.0001 can then be computed by calculating the amount
of supernatant with 50 IU (MOI = 1U/# of cells; 0.0001 x 500,000 cells = 50 1U).

Mutant frequency analysis by flow cytometry

Vector virus, both wt and the panel of 10 RT variants, was used to transduce 50,000 CEM
cells by 2 h spinoculation at 1200 x g. Each experimental replicate consisted of 4 to 6
biological replicates. Viral stocks were titered on the CEM line to maintain 15-30%
transduction efficiency. This range of infection ensures an MOI of less than 1 to reduce the
probability of co-infection but also was not low enough to be subject to background anti-
HSA staining (see below). Cells were prepared and stained as previously described 13,
Briefly, 48 h post-transduction, cells were resuspended in 75 uL PBS/2% FC3 with 1:250
anti-HSA-PE and incubated for 20-min at 4 °C. Cells were then washed with 1 mL PBS/2%
FC3 and finally resuspended in 200 uL PBS/2% FC3 for flow cytometry analysis. Cells
were analyzed with a FACScan (BD Biosciences). Gates were chosen based on live cell
morphology of forward scatter channel (FSC) and side scatter channel (SSC) of 10,000 cells.
Excitation with the 488 nm Argon laser provided detection of GFP emission at 507 nm in
fluorescence channel 1 (FL-1), and detection of PE-anti-HSA at 578 nm in fluorescence
channel 2 (FL-2). Compensation was set based on single-color controls to eliminate
spillover and re-verified based on the geometric mean of the single-color positive to
negative-detected populations. All flow cytometry data was analyzed by FlowJo software v
9.2 (Ashland, OR). Mutant frequency calculations were determined from the percentage of
target cells expressing a single reporter gene relative to the percentage of total infected cells
(i.e., [HSA+/GFP-] plus %[HSA-/GFP+] divided by the % of total infected cells). Mutant
frequencies were set relative to wt for each experimental replicate.

Dual competition assay

Each of the 10 RT variants was replicated in the presence of the isogenic wt NL4-3 clone. In
each head-to-head competition assay, the wt and RT mutant virus clone can be
independently quantified by qPCR based on probes designed to a specific region in v/,
either the wt subtype B consensus denoted as vifA or the same region consisting of 11
synonymous point mutations denoted as vifB. Briefly, 5 x 10° CEM-GFP cells were
infected with a 1:1 ratio of wt to RT mutant virus at an MOI of 0.0001. Virus growth was
maintained for 10 days, while cells were split and fresh culture media replenished every 2
days. Each pair-wise competition was repeated 3 independent times consisting of 4
biological replicates.
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TagMan Duplex gPCR assay

Competition experiments were analyzed using a duplex gPCR assay with modifications
from here %0, At day 10 in the competition assay, cells were collected and resuspended in
200 uL PBS. Total genomic DNA was extracted using the Roche High Pure PCR Template
Preparation Kit (Roche Applied Science) and eluted into 50 uL total volume. First, 5 uL of
extracted DNA were subjected to a brief, external PCR amplification reaction in 50 uL,
using VifOut+ (5"-GCA AAG CTC CTC TGG AAA GGT GAA GGG-3) and VifOout-
(5’-CTT CCA CTC CTG CCC AAG TAT CCC-3") primers. Reactions were performed
with Platinum PCR Supermix (Invitrogen) under the following cycling conditions: 1 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 1 cycle
at 68° C for 5 min. The reaction was then purified with GenElute PCR Clean-Up Kit
(Sigma) and eluted into 35 uL.

The TagMan assay utilized probes to differentiate between the two forms of the NL4-3
backbone (vifA and vifB). The vifA probe sequence was 5 -AGG ATC TCT ACA GTA
CTT GGC ACT AGC A-3” and vifB probe sequence was 5'-AGG AAG CTT GCA ATA
TCT AGC GTT AGC A-3". The probes were labeled with Cy5 and Black Hole Quencher 2
(vifA) and FAM and Black Hole Quencher 1 (vifB) at 5’- and 3’-ends, respectively. The
reactions were run on a BioRad CFX96 Touch Real-Time PCR Detection System (BioRad).
For the duplex gPCR reaction, the forward primer was Vifin+ (5 -GAA AGA GAC TGG
CAT TTG GGT CAG GG-3") and reverse primer was VifIn- (5-GTC TTC TGG GGC
TTG TTC CAT CTG TCC-3"). Primers were optimized and added at a final concentration
of 375 nM each, while vifA probe added at 250nM and vifB probe added at 125nM. To this,
2 uL of PCR product from above, was added to the primer/probe in 10X TagMan® Gene
Expression Master Mix (Applied Biosystems) to a 20 uL total reaction. Reaction conditions
were: 95 °C for 10 min, the 95 °C for 15 s and 53°C for 1 min for 40 cycles. All reactions
were performed in duplicate, including a 9-log range in plasmid DNA template (5 x 10° to 5
x 10! copies), as well as a negative control (no-template). The PCR efficiency, £, of each
standard curve (VifA or vifB) was calculated based on the curves slope, £= (1071/5-1) x
100%. To maximize sample data confidence, £ of VifA and VifB standard curves were
within 5% and R? of each standard curve was >99%. Because the competing strains were
added at an equal ratio, differences in relative amounts of each clone after appropriate viral
growth were used to calculate fitness differences. Co-cultured viral clones were quantified
using duplex gPCR, which relies on mutant- and wt-specific probes to specifically
differentiate the two strains. This assay was both specific and sensitive over a 6-log range in
viral copy numbers, well within the range of viral detection (Fig. S1).

Calculation of viral fitness

Fitness differences (Wp) were calculated for each wt versus RT mutant co-culturing
competition assay. For each of the 4 biological replicates, the frequency of the mutant strain
was calculated as follows [mutant copy #/(mutant copy # + wt copy #)]. This frequency is
then arcsine transformed [arcsine (Ymutant frequency)] to convert the proportional data to a
normal distribution. Next, the mean of the arcsine transformed data is calculated and
untransformed by squaring the sine of each mean. Data from the 3 experimental replicates
were compiled to show the fitness differences.

Statistical analyses

All statistical analysis and graphical representation was done using GraphPad Prism version
5.0 (La Jolla, CA). A one-way ANOVA was used to determine differences between wt
HIV-1 and the 10 RT mutants for both mutant frequency and fitness. Relative mutant
frequency differences were analyzed by first log transforming the data. A Dunnett’s multiple
comparison post-hoc test was used to compare differences between wt and each mutant RT
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measure. A two-tailed Pearson’s coefficient of correlation was used on the mutant frequency

an

d fitness measures to determine the chance that there was zero correlation between the

parameters. An analysis by the nonparametric two-tailed Spearmen’s rank correlation,
robust to the effect of outliers, had similar results and is generally not reported. Linear
regression was used to identify R-squared values.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Experimental approach

Measurement of A) viral fidelity and B) viral fitness, among panel of 10 HIVV-1 RT mutants.
A) An HIV-1 vector (pHIG) sensitive to changes in fidelity was manipulated to consist of
NL4-3 wt or one of ten RT mutants. Each of these vectors was co-transfected with a VSV-G
envelope expression plasmid into a producer cell line. Cell culture supernatants were
collected, filtered to remove cellular debris, and titered for downstream application. Viral
equivalents were used to transduce CEM target cells to calculate relative mutant frequencies
by flow cytometry analysis. B) The same 10 RT mutants were introduced into the NL4-3
molecular clone. Together with wt, these clones were generated and titered, as described
above. Each of the mutant viruses was competed against wt by infecting 5 x 10° CEM-GFP
target cells at an equal MOI of 0.0001 (i.e., 50 infected cells). Virus was passaged every
other day, for ten days, and then relative amounts of viral nucleic acid were quantified by
duplex gPCR. The RT point mutations listed in bold text are nucleoside RT inhibitor
mutations. Abbreviations: HSA, murine heat stable antigen; IRES, internal ribosome entry
site; GFP, green fluorescence protein; VSV-G, vesicular stomatitis virus-glycoprotein; FL1-
H, fluorescence channel 1, height of intensity; FL2-H, fluorescence channel 2, height of
intensity; pol, HIV-1 gene consisting of protease, RT, and integrase; MOI = multiplicity of
infection; gPCR, quantitative PCR.
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Figure 2. HIV-1 RT mutantsinfluence virus mutant frequencies

Each of the 10 RT mutants was measured for differences in fidelity relative to the wt
reference strain. Mutants are displayed in ascending order of their RT position. Mutant
frequencies were calculated relative to wt and are depicted on log-scale. The actual
measurements are listed in the adjacent column. Values represent at least 4 biological
replicates that were experimentally repeated 4 to 8 times. SD is standard deviation and
represented by error bars. * P value < 0.05; ** P value < 0.01; *** P value < 0.001.
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Figure 3. Impact of HIV-1 RT mutantson viral fitness

Each of the 10 RT mutants, and a wt control, was passaged with a wt reference strain in a
head-to-head competition assay. Mutants are assembled by RT position, and respective
fitness differences (Wp) are displayed on a log-scale. Asterisk symbols denote level of
significance with numerical values along horizontal line showing fold difference from wit.
Error bars represent SEM, standard error of the mean. * P value < 0.05; ** P value < 0.01;
*** P value < 0.001.
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Figure 4. Correlativeinfluence of HIV-1 RT variants on both virus mutant frequency and fitness
Assembly of RT mutants that have A) higher, or B) lower, fidelity relative to wt and the
corresponding fitness difference measurements. L74V and wt are included in both panel A)
and B). Lines represent the linear regression calculated from best-fit values. Dashed lines are
95% confidence intervals of best-fit line. Error bars represent SEM, standard error of the
mean.
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Figure5. Locations of amino acid residuesin HIV-1 rever setranscriptase (RT) associated with
drug resistance and/or enzyme fidelity

A ribbon diagram of HIV-1 RT is shown in side-view (A) or head-on (B) view of the
catalytic domain, with interlaid primer:template DNAs, including a space-filling of amino
acid residues investigated in this study. HIV-1 RT subdomains are indicated, and amino acid
residues investigated in this study are represented as space-filled and are color-coded to
indicate phenotype. Red denotes primary drug-resistant mutation site; blue denotes
secondary drug-resistant mutation site; green denotes non-drug-resistant site. The yellow
molecule depicts a dideoxynucleotide at the polymerase active site. Image adapted from of
Huang, H. et a/%6 and created with Protein Workshop software 9. Image obtained from the
Research Collaboratory for Structural Bioinformatics (RCSB) Protein Data Bank (PDB) %;
IPDB ID: 1RTD.
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