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The development of antiviral drug resistance is an important problem in the treatment of human immu-
nodeficiency virus type 1 (HIV-1) infection. Potent antiretroviral therapy is currently used for treatment, and
typically consists of at least two reverse transcriptase (RT) inhibitors. We have previously reported that both
drugs and drug-resistant RT mutants can increase virus mutation frequencies. To further assess the contri-
butions of nucleoside RT inhibitors (NRTIs), nonnucleoside RT inhibitors (NNRTIs), and drug-resistant RTs
to HIV mutagenesis, a new high-throughput assay system was developed. This assay system was designed to
specifically detect frameshift mutations in the luciferase gene in a single virus replication cycle. New drug-
resistant RTs were identified that significantly altered virus mutation frequencies. Consistent with our previ-
ous observations of NRTIs, abacavir, stavudine, and zalcitabine increased HIV-1 mutation frequencies, sup-
porting the general hypothesis that the NRTIs currently used in antiviral drug therapy increase virus mutation
frequencies. Interestingly, similar observations were made with NNRTIs. This is the first report to show that
NNRTIs can influence virus mutation frequencies. NNRTI combinations, NRTI-NNRTI combinations, and
combinations of drug and drug-resistant RTs led to significant changes in the virus mutation frequencies
compared to virus replication of drug-resistant virus in the absence of drug or wild-type virus in the presence
of drug. This indicates that combinations of RT drugs or drugs and drug-resistant virus created during the
evolution of drug resistance can act together to increase HIV-1 mutation frequencies, which would have
important implications for drug therapy regimens. Finally, the influence of drug-resistant RT mutants from
CRF01_AE viruses on HIV-1 mutation frequencies was analyzed and it was found that only a highly drug
resistant RT led to altered virus mutation frequencies. The results further suggest that high-level drug-
resistant RT can significantly influence virus mutation frequencies. A structural model that explains the

mutation frequency data is discussed.

Potent antiretroviral therapy of human immunodeficiency
virus type 1 (HIV-1) infection with antiretroviral drugs consists
of nucleoside RT inhibitors (NRTIs), nonnucleoside RT in-
hibitors (NNRTIs), and protease inhibitors. Antiretroviral
drugs have been previously shown to influence HIV-1 mutation
frequencies and the HIV-1 mutation rate. The first study of the
impact of drugs on HIV-1 mutation frequencies was investi-
gating how the NRTIs 3’-azido-3'-deoxythymidine (zidovu-
dine) and (—)2’,3'-dideoxy-3'-thiacytidine (lamivudine) influ-
ence HIV-1 mutation frequencies (24). These analyses used
the lacZao peptide gene as a mutation target that has been used
in previous mutation rate studies of HIV-1.

Zidovudine increased the HIV-1 mutation frequency by 7.6-
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fold in a single round of replication, while lamivudine led to a
3.4-fold increase in virus mutation frequency. How NRTIs
increase HIV-1 mutagenesis is presently not known, but the
NRTIs currently used in therapy may have a similar mecha-
nism to influence HIV-1 mutation frequencies. This is sup-
ported by the observation that HIV-1 mutation frequencies
increased in an additive manner during virus replication in the
presence of two NRTIs (i.e., zidovudine and lamivudine,
zidovudine and dideoxyinosine, and lamivudine and dideoxyi-
nosine) (23).

Zidovudine-resistant RT was also found to increase the virus
mutation frequency by 4.3-fold, but the replication of lamivu-
dine-resistant HIV-1 had no significant influence on the mu-
tation frequency (24). Furthermore, it was observed that only
high-level zidovudine-resistant RT mutants could influence the
in vivo mutation frequency, such as those containing mutations
M41L/T215Y and M41L/D67N/K70R/T215Y. These observa-
tions suggested that when virus replication occurs in the pres-
ence of suboptimal concentrations of drug, drug-resistant virus
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is selected and that replication of drug-resistant virus in the
presence of drug could further increase the virus mutation rate.

To test this hypothesis, the combined effects of drug and
drug-resistant virus were investigated (26). It was found that
replication of zidovudine-resistant virus in the presence of
zidovudine led to a multiplicative 24-fold increase in the virus
mutation frequency compared to that observed with wild-type
virus in the absence of drug. In addition, it was found that
replication of a zidovudine/lamivudine dual-resistant virus in
the presence of both zidovudine and lamivudine also led to a
multiplicative 22.5-fold increase in the virus mutation fre-
quency. These results indicated that when drug failure occurs
due to the evolution of drug resistance, replication of the
drug-resistant virus in the presence of drug could significantly
increase HIV-1 mutagenesis.

Previous in vitro studies using purified HIV-1 RT showed
that single base substitutions and single base frameshift muta-
tions were predominant mutations in the HIV-1 mutational
spectrum and were nonrandomly distributed (3). Most of these
mutations were found at mutation hot spots, typically ho-
mopolymeric runs. It was observed that many single base sub-
stitutions occurred at either the 5" end or the 3’ end of ho-
mopolymeric runs, indicating many single base substitutions, as
well as frameshift mutations, are initiated by template-primer
slippage (3, 4). Consistent with these observations, the ho-
mopolymeric runs were found to be hot spots for spleen ne-
crosis virus RT to initiate frameshift mutations (most common
mutations were +1 and —1) in a single round of viral replica-
tion (7). The mutation rate for runs of T’s was the highest
compared to rates for runs of A’s, C’s, and G’s.

Moreover, the analysis of the HIV-1 mutation rate in a
single round of replication also demonstrated that both base
substitutions and frameshift mutations were common muta-
tions during HIV-1 reverse transcription; the most common
frameshift mutations were +1 mutations at a run of T’s (28).
Further study of mutations in HIV-1 proviruses following
treatment with antiretroviral drugs showed that the mutation
spectra of HIV-1 after drug treatment was comparable to the
spectrum of mutants observed in the absence of drugs, indi-
cating that the mechanisms by which mutations occurred were
similar but that the rate had increased (24).

In order to extend our current knowledge of how antiretro-
viral drugs and drug-resistant RTs influence HIV-1 mutation
frequencies, a new high-throughput assay system using the luc
gene as a mutational target was developed to measure HIV-1
mutation frequencies based on previous observations (3, 4, 7,
24, 28). Using this new assay system several issues were ad-
dressed. First, specific mutations in HIV-1 RT that conferred
resistance to antiretroviral drugs were tested to determine if
they could influence the rate of HIV-1 mutation. Second, the
hypothesis that the NRTIs currently used in drug therapy
could increase HIV-1 mutation frequencies was tested. Third,
it was tested whether NNRTTIs could influence HIV-1 mutation
frequencies. Fourth, the combined effects of drugs and of drugs
and drug-resistant RTs on virus mutation frequencies were
found to alter HIV-1 mutation frequencies. Finally, it was
observed that high-level drug-resistant RT mutants from
CRF01_AE viruses could significantly influence HIV-1 muta-
tion frequencies.
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MATERIALS AND METHODS

Retroviral vectors and expression plasmids. HIV-SVLuc8T was developed to
measure the reversion mutation rate of HIV-1 using a mutated /uc gene as the
reporter. This vector was designed to specifically detect frameshift mutations in
the luciferase gene in a single virus replication cycle. Eight T residues were
inserted after the luc gene start codon by two-step PCR mutagenesis using the
pGL3 control vector as the template. This insertion causes the complete loss of
luciferase activity due to the loss of the open reading frame. A 1.5-kb deletion
(from the Sall to Nhel sites) within the open reading frame of the env gene was
made in the HIV vector KP97 (graciously provided by Michael Emerman, Fred
Hutchinson Cancer Research Center, Seattle, Wash.), which is an HIV vector
derivative of pBRU2 with a 3.1-kb deletion (Sphl to Bgll) of the gag and pol
genes. This env deletion was replaced with a 1.9-kb Xhol to Xbal fragment from
pGL3, which contains the simian virus 40 promoter and the mutated luc gene
(Fig. 1A).

The HIV-1 gag-pol expression plasmid used was pSVgagpol-rre-MPMV, which
has been described previously (27). This expression vector contains the simian
virus 40 promoter driving expression of the HIV-1 gag-pol genes. The vector used
for expression of vesicular stomatitis virus glycoprotein envelope, pHCMV-G,
was obtained J. Burns (University of California at San Diego, San Diego, CA).
To be packaged into virus particles, HIV-SVLuc8T was complemented in trans
with the HIV-1 gag-pol expression plasmid and pseudotyped with the vesicular
stomatitis virus G envelope expression plasmid.

The HIV-1 RT mutants (subtype B) analyzed in these experiments were
constructed by introducing mutations coding for RT amino acid substitutions
into pSVgagpol-rre-MPMV by site-directed mutagenesis (Quick Change, Strat-
agene, La Jolla, CA). The helper vectors containing HIV-1 CRF01_AE RT
variants were created by deletion of full-length CRFO1_AE clones (p93JP-NH1
and its variants). The mutant RT genes confer different levels of NRTI resistance
in the genetic backbone of 93JP-NH1 virus (38). A 2.4-kb deletion was made in
each of the full-length CRF01_AE clones between the two Avrll sites. This
deletion removed the vpr, tat, and env genes of CRFO1_AE, so that these gene
products will be supplied by the other plasmid constructs.

Cell culture and antiretroviral drugs. 293T cells were maintained in Dulbec-
co’s modified Eagle’s medium (GIBCO BRL, Gaithersburg, MD), supplemented
with 10% of fetal clone III serum (HyClone, Logan, UT). MAGI cells were
maintained in Dulbecco’s modified Eagle’s medium supplemented with 10% of
fetal clone IIT serum, G418 (0.2 mg/ml), and hygromycin (0.1 mg/ml). Virus-
infected cells were scored by staining MAGI cells with 5-bromo-4-chloro-3-
indolyl-B-p-galactopyranoside (X-Gal).

Antiretroviral drugs were obtained from the National Institutes of Health
AIDS Research Reagents Program (Bethesda, MD) except for lamivudine,
which was purchased from Sigma (St. Louis, MO).

Transfections and infections. The experimental protocol developed to obtain a
single round of HIV-1 vector replication is shown in Fig. 1B, and described in detail
elsewhere (28). Briefly, HIV-SVLuc8T (9.5 pg) was cotransfected with pSVgagpol-
rre-MPMV (9.5 pg) and vesicular stomatitis virus G (1 pg) into 293T cells in a
100-mm petri dish using the calcium phosphate precipitation method. Viruses were
harvested 48 h posttransfection and concentrated using a Centricon Plus-20 filter
(Millipore, Billerica, MA). For infections, concentrated virus was mixed with Poly-
brene (8 wg/ml) (Sigma, St. Louis, MO) and the virus-Polybrene mixture was used
to infect two sets of fresh MAGI target cells (2.5 X 10° cells per dish). After 24 h,
cells were washed once with phosphate-buffered saline (GIBCO BRL), and fresh
medium was added. The cells were then incubated at 37C for an additional 48 h.
Supernatants were removed, and one set of cells was used to perform the MAGI
assay to determine virus titer (17). The other set of cells was lysed and used for the
luciferase assay to detect the restored luciferase activity (Fig. 1B). Cell numbers at
the time of these assays were typically 5 X 10° to 10 X 10° cells.

Reversion mutation detection. Mutations that restored luciferase activity were
determined in MAGI cells, which were treated or not with antiretroviral drugs.
Drug treatments were typically done by maintaining MAGI target cells in me-
dium supplemented with drug at the 50% inhibitory concentration (ICs,) from
2 h prior to infection and until 24 h after infection. Seventy-two hours postin-
fection, infected MAGI cells were counted using the trypan blue dye exclusion
method, harvested, and lysed in 1X luciferase assay lysis buffer (25 mM Tris-
phosphate [pH 7.8], 2 mM dithiothreitol, 2 mM 1,2-diaminocyclohexane-
N'.N',N',N'-tetracetic acid, 10% glycerol, 1% Triton X-100). Luciferase activity
was quantified using the Promega Luciferase Assay System (Promega, Madison,
‘WI). Mutation frequencies were calculated based on luciferase activity reading,
viral titer, and cell numbers. The relative mutation frequency of wild-type viruses
that were not treated with drug was defined as 1. The equation used to calculate
the relative mutation frequencies (RMF) is RMF = {[(number of cells with no
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FIG. 1. Assay system used for analysis of virus mutation frequencies. (A) Schematic representation of the HIV-1 vector used to analyze HIV-1
mutation frequencies. The proviral DNA form of the vector is shown. The large rectangular boxes are long terminal repeats, which include U3,
R, and U5. The simian virus 40 promoter (SV40), luc gene, and luc gene start codon are indicated. (B) Single round of replication assay for
mutation frequencies. Virus-producing cells were transfected with HIV-1 reporter vector and helper plasmids, and the viruses produced were
concentrated and used to infect fresh MAGI cells. The MAGI assay and luciferase assay were used to determine the reverse mutation frequencies.

drug treatment/number of cells with drug treatment) X luciferase reading of
drug-treated cells]/luciferase reading of cells with no drug treatment} X (viral
titer of virus with no drug treatment/viral titer of drug-treated virus).

Determination of 50% inhibitory concentrations. The MAGI assay was used to
determine the ICs value for each drug. Briefly, 2.5 X 10° fresh MAGI target
cells were treated with antiretroviral drug at different concentrations 2 h prior to
infection and continued until 24 h postinfection. Virus-Polybrene mixture was
diluted to 1:1,000 and used to infect MAGI target cells. Seventy-two hours
postinfection, infected MAGI cells were stained with X-Gal and positive blue
cells were counted to determine virus titer at each concentration. The virus titer
was plotted as a function of the drug concentration used, generating linear curves
for all the drugs. ICs, values for each drug were calculated based on the linear
plots (Fig. 2).

Analysis of mutation spectra. Cellular DNA was prepared from 10° cells
infected by wild-type HIV-1 in the absence of drug. Following infection, the
infected MAGI cells were washed once with phosphate-buffered saline,
trypsinized and lysed in 500 pl of PCR lysis buffer (50 mM KCl, 10 mM Tris, pH
8.3, 1.8 mM MgCl,, 0.45% IGEPAL CA-630, 0.45% Tween 20). The cell lysate
was treated with 3 pl of proteinase K (20 mg/ml) (Roche, Indianapolis, IN) at
50°C for 1 h. The 5’ end of the luc gene was amplified from cell lysate using
nested PCR. The PCR products were then cloned into pCR2.1 TA cloning vector
(Invitrogen, Calsbad, CA). The plasmid DNAs were isolated and sequenced.

Statistical analysis. To investigate the effects of antiretroviral drugs and RT
variants on mutation frequency, we fit a linear model to the normalized loga-
rithms of the fold changes relative to the wild type. Normalization was conducted
as described above. The model pooled data from all experiments and replicates
to estimate effects for each drug and RT variant in addition to all estimable
interactions. The model supposes that assay variability is constant across all condi-
tions and replicates, an assumption that is consistent with the data. The model has

a term for all drugs and RT variants in addition to interactions. Standard diagnostic
techniques failed to reveal any major shortcomings of the model. Ninety-five percent
confidence intervals for all fold changes were constructed by sampling parameters
from their joint sampling distribution and then transforming the parameters (i.e.,
exponentiating) to obtain samples from the joint sampling distribution of the fold
changes. We summarize the results with the upper and lower endpoints of these
intervals in addition to the estimate of the fold change.

Structural analysis. To investigate the initial binding sites of deoxynucleoside
triphosphates and NRTIs with HIV-1 RT, we used the crystal structure of the
RT-template-primer complex at a resolution of 3.1A from the Protein Data Bank
(PDB code IN5Y) (37) as a template for substrate docking simulations. This
structure represents an open configuration at the posttranslocation stage during
the catalytic cycle of RT, which theoretically is competent for binding of the
incoming-substrate. The template was docking with deoxynucleoside triphos-
phate and deoxynucleoside triphosphate analogs by using the automated ligand
docking program AS_Dock (Ryoka Systems Inc., Chiba, Japan) operated in the
Molecular Operating Environment. The precision of docking results with the
AS_Dock is generally equivalent to the experimental error (i.e., a few ang-
stroms). In fact, a result of dTTP docking with the AS_Dock at the catalytic site
in an RT closed configuration had a root-mean-square deviation of ~1.6 A
compared to that determined by x-ray crystallography (IRTD) (11), which was
the range within the resolution of the crystal structure.

RESULTS

Development of a new high-throughput assay system to
measure HIV-1 mutation frequencies. Previous studies of
HIV-1 mutation frequencies used the lacZa gene as a reporter
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gene (28). However, using this system is laborious and time-
consuming. In order to more rapidly assess the ability of drugs
and/or drug-resistant RTs to influence HIV-1 mutation fre-
quencies, a new high-throughput assay system was developed.
This system was designed to be a reversion assay that would
specifically detect frameshift mutations in the luciferase re-
porter gene in a single round of replication (3, 4, 7, 24, 28) (Fig.
1).

The HIV-1 vector developed contained a mutated luc gene,
which was inserted into the env gene. Specifically, eight T
residues were inserted after the start codon of the luc gene
(Fig. 1A). To be packaged into virus particles, the vector was
complemented in #rans with an HIV-1 gag-pol expression plas-
mid and a vesicular stomatitis virus glycoprotein envelope ex-
pression plasmid. Vector virus produced from 293T cells was
used to infect fresh MAGI target cells (Fig. 1B). Reversion
mutations were detected by measuring the restored luciferase
activity in the infected MAGI cells, which were either un-
treated or treated with antiretroviral drug. The relative muta-
tion frequency of wild-type virus was defined as 1. The relative
mutation frequencies of viruses treated with antiretroviral
drugs and of viruses expressing drug-resistant RT variants were
compared to this value (Materials and Methods).

Several approaches were used to validate this assay system.
First, a control HIV-1 vector was constructed in which two T
residues were inserted after the ATG of the luc gene. A mu-
tation hot spot has been defined as a homopolymeric run of
three or more nucleotides (3, 7). Therefore, the reversion
mutations that occurred in this 2T vector was expected to be
much lower than that when the 8T vector was used. As ex-
pected, significantly lower reversion mutations were observed
when the 2T vector was used (data not shown), providing
indirect evidence that the observed reversion mutations oc-
curred during the reverse transcription process. Second, anal-
ysis of the mutation spectra at the hot spot revealed plus one,
minus two, and minus one frameshift mutations. In addition, a
G-to-T base substitution was also observed (Table 1). This
G-to-T mutation was located at the 3’ end of the run of T’s,
indicating that this mutation was likely initiated by dislocation
mutagenesis (4).

The mutation frequency calculated from this analysis, 4.4 X
1072 mutations/cycle/base pair, is consistent with the previ-
ously determined HIV-1 frameshift mutation rate in a ho-
mopolymeic sequence, which is on the order of 1073 (3, 28).
Because only the +1 and —2 mutations can restore luciferase
activity in this assay system, the relative mutation frequency of
1 correlates to 2.2 X 10~* mutations/cycle/base pair. Based on
the statistical analysis of data pooled from all control experi-
ments, mutation frequencies are similar among all replicates,
indicating that the calculated mutation frequency is represen-
tative.

Third, a control vector was constructed in which nine T
residues were inserted after the start codon of the luc gene.
This vector was designed to test whether the insertion of three
amino acids would affect luciferase expression. The results
revealed that the insertion of three amino acids did not signif-
icantly influence luciferase expression (data not shown).
Fourth, it was observed that the detection of luciferase activity
caused by reversion mutations was in the linear detection
range (data not shown). Dilution of the cell lysate used in the
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luciferase assay resulted in a luciferase reading in the linear
detection range even at high dilution points. Moreover, when
the infected cell number used in the luciferase assay was in-
creased, luciferase activity increased in a linear manner (data
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FIG. 2. Drug susceptibility assays. (A) Determination of ICs, values. Data from three independent experiments are shown. Virus titers from
drug-treated cells are shown relative to virus titer from untreated cells (set at 100%). The absolute virus titer from untreated cells was 8.2 X 10°
* 3.5 X 10° infected cells/ml of cell-free virus stock. The ICs, value for lamivudine was determined previously (24). ABC, abacavir; D4T, stavudine;
ddC, zalcitabine; EFV, efavirenz; NVP, nevirapine. (B) Effects of drug combinations on virus titers. The concentrations of individual drugs used
in the following experiments were chosen based on the effects of the individual drugs and combined drugs on virus infectivity. Data from three
independent experiments are shown. Virus titers from drug-treated cells are shown relative to the virus titer from untreated cells (set at 100%).
The absolute virus titer from untreated cells was 11.5 X 10° = 1.6 X 10° infected cells/ml of cell-free virus stock.

not shown), indicating that the increase in luciferase activity
was correlated with the increase in reversion mutations that
occurred during HIV-1 replication. No luciferase expression
was detected in transfected cells (data not shown), indicating
that the rate of reversion was very low and did not significantly
contribute to the reversion frequencies observed in infected
cells.

Finally, the influence of zidovudine and zidovudine-resistant
RT on virus mutation frequencies was examined using this
system. As shown in Table 2, zidovudine led to a 2.6-fold
increase in virus mutation frequency and a zidovudine-resis-
tant RT increased the virus mutation frequency by 2.2-fold.
Replication of zidovudine-resistant virus in the presence of
zidovudine led to a 6.5-fold increase in virus mutation frequen-
cies. In comparison, it was reported that zidovudine increased
the rate of +1 frameshift mutations at the run of T’s in the
lacZo gene by twofold (24). These data provide further evi-
dence that this new assay system behaves in a predictable

manner based on previously published data using the lacZa
gene as a mutation target (24, 26) (Table 2).

Influence of drug-resistant RT mutants on HIV-1 mutation
frequencies. In order to analyze the effects of antiretroviral
drugs on virus mutation frequencies, the ICs, values for each

TABLE 1. Analysis of mutation spectra

Mutational No. of Mutant frequency”
class mutants/total (1073)
+1 1/116 1.1
-2 1/116 1.1
-1 1/116 1.1
G-to-T 1/116 1.1
Total 4/116 4.4

“ Mutant frequency is in units of mutations/bp/cycle. The average number of
relative light units for control experiments (virus replication in the presence of
wild-type RT) was 6.1 X 10% + 35.



12050 CHEN ET AL.

TABLE 2. Influence of zidovudine and zidovudine-resistant reverse
transcriptase on HIV-1 mutant frequencies®

Avg relative mutation

Drug RT variant frequency”
luc lacZo
None Wild type RT 1 1
Zidovudine 2.6 0.4 7.6
None Zidovudine resistant RT¢ 22=*0.5 43
Zidovudine 6.5+ 0.3 24

“ Data represent the average of three independent experiments. The average
number of relative light units detected from infected cells for virus replication in
wild-type RT was 7.0 X 10? =+ 45.

® Data were obtained by using the luc gene or lacZa (26) as the mutation
target.

¢ The resistant RT variant contained the mutations M41L, D67N, K70R, and
T215Y.

drug were first determined (Fig. 2A). Typically, cells were
treated at the ICs, concentration of each drug to determine
their influence on virus mutation frequencies. Previous studies
have shown that HIV-1 replication with zidovudine-resistant
RTs increased the mutation rate by as much as 4.3-fold, while
replication of HIV-1 with a lamivudine-resistant RT had no
significant influence on the mutation rate (24).

It was observed that only high-level zidovudine-resistant RT
variants could influence the in vivo mutation rate (i.e., those
containing the mutations M41L/T215Y and M41L/D67N/
K70R/T215Y) (24). Moreover, it was found that combined
drugs and drug-resistant RTs could further increase virus mu-
tation frequencies (24-26). To further examine if virus muta-
tion frequencies are influenced by drug-resistant RT variants
in the presence of drugs, a series of drug-resistant RT mutants
were analyzed (1, 10, 12, 20, 31, 33, 45). The mutant enzyme
V75T confers resistance to the drug stavudine; Y115F confers
resistance to abacavir; L74V/Y115F/M184V confers high-level
resistance to abacavir and mild resistance to zalcitadine;
G190A, Y318F, and K103N/Y318F confer resistance to the
drugs efavirenz and nevirapine; and K103N is the most fre-
quently observed mutation in patients treated with drug com-
bination therapy, which includes efavirenz.

V75T was previously observed as a novel resistance muta-
tion in cell cultures treated with stavudine. It was observed that
the effect of V75T relative to wild-type RT was close to being
statistically significant (P = 0.06). The amino acid residues that
interact with the incoming deoxynucleoside triphosphate and
form the deoxynucleoside triphosphate-binding site have been
identified in structural studies. One substitution in the de-
oxynucleoside triphosphate binding site, Y115A, has been pre-
viously reported to decrease fidelity by a factor of 4 using the
lacZo gene (14). We previously observed that the Y115A RT
variant significantly increased (2.3-fold) virus mutation fre-
quencies using one round of HIV-1 vector replication (25).
Moreover, the Y115F and Y115V RT variants were found in
lacZo cell-free fidelity assays to have slightly lower error rates
than that of wild-type RT (6). In this study, we found that the
Y115F RT mutant increased virus mutation frequency by only
1.20-fold, which is not significantly different from wild-type RT
(Table 3) (see also below).

Cell culture selection of resistant mutants has shown that
multiple mutations were required to create high levels of re-
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sistance to abacavir. One mutant, L74V/Y115F/M184V, was
isolated during an in vitro passage experiment. This mutant
showed a 10-fold increase in ICy, of abacavir, while it had a
4-fold decrease in susceptibility to zalcitabine (45). We ob-
served that the L74V/Y115F/M184V RT mutations led to a
1.91-fold increase in HIV-1 mutation frequency and this in-
crease is statistically significant.

Crystallographic analyses of HIV-1 RT and nonnucleoside
RT inhibitor complexes have suggested that all NNRTIs oc-
cupy a hydrophobic binding pocket that is located in the palm
subdomain of p66 and proximal to the polymerase active site
(8, 34, 40, 41). NNRTT resistance is associated with mutations
within the NNRTI binding pocket. Three single NNRTI-resis-
tant RT mutations, K103N, G190A, and Y318F, which are all
located in the NNRTI binding pocket, and one double muta-
tion, K103N/Y318F, were tested to determine their influence
on virus mutation frequencies. Clinically, the K103N mutation
is the most frequently observed mutation in patients treated
with efavirenz-containing therapies (1). The G190A mutation
is also observed in patients treated with NNRTIs (12). The
Y318F mutation is also associated with a decrease in suscep-
tibility to NNRTIs, and viruses containing both Y318F and
K103N have higher levels of drug resistance (10). As indicated
in Table 3, the single RT variants K103N and G190A did not
have a statistically significant impact. However, the Y318F and
K103N/Y318F RT variants significantly decreased HIV-1 mu-
tation frequencies, the latter quite substantially.

Influence of NRTIs and NRTI-resistant RT variants on vi-
rus mutation frequencies. Previous studies using the lacZa
gene as a mutational target have indicated that NRTIs could
increase virus mutation frequencies (23, 24, 26). Zidovudine
increased the HIV-1 mutation rate by as much as 7.6-fold (0.4
wM) in a single round of replication, while lamivudine in-
creased the virus mutation rate by as much as 3.4-fold (0.3 pM)
(26). A dose-dependent relationship between increased drug
concentration and increased virus mutation frequencies has
been reported for zidovudine, lamivudine, and dideoxyinosine
(23, 26, 27). The maximum increase in virus mutation frequen-
cies in the presence of dideoxyinosine was sixfold higher than
the virus mutation frequency observed during replication in the
absence of drug (23).

To further investigate the impact of NRTIs on HIV-1 mu-
tation frequencies, virus mutation frequencies were deter-
mined in the presence of other NRTIs (i.e., abacavir, stavu-
dine, and zalcitabine) at ICs, concentrations. Like the other
NRTIs studied previously, abacavir and stavudine led to 2.1-
fold and 3.5-fold increases in virus mutation frequencies, re-
spectively, and these effects are statistically significant. Unex-
pectedly, the dCTP analog zalcitabine only increased HIV-1
mutation frequencies by 1.36-fold at its ICs,, concentration and
was not statistically significant (Table 3). Based on this obser-
vation, we also tested lamivudine at its IC;, concentration and
found that it led to a 1.20-fold increase (not significant differ-
ent from no drug). At the IC,, concentrations of zalcitabine
and lamivudine, virus mutation frequencies increased by 2.21-
and 2.13-fold, respectively (Table 3), indicating that higher
concentrations of zalcitabine and lamivudine are needed for
these drugs to significantly influence HIV-1 mutation frequen-
cies. This indicates that increased virus mutation frequencies
occur when drug concentrations increase.
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TABLE 3. Influence of HIV-1 RT variants, NRTIs, and NNRTIs on virus mutation frequencies

Class and RT variant

Avg relative

a
Drug” (conen, M) mutation frequency”

Drug-resistant RT variants®
Wild type
V75T
Y115F
L74V/Y115F/M184V
K103N
G190A
Y318F
K103N/Y318F

NRTIs and NRTI-resistant RT variants?
Wild type
Y115F
L74V/Y115F/M184V
Wild type
V75T
Wild type
L74V/Y115F/M184V
Wild type

Wild type

NNRTIs and NNRTI-resistant RT variants®
Wild type
G190A
Y318F
K103N/Y318F
Wild type
G190A
Y318F
NNRTI and NNRTI combinations”
Wild type

Y318F
NRTI, NNRTI, and drug-resistant RT variants®

Wild type

K103N

1
0.62, 0.80, 1.02
0.85, 1.20, 1.73
1.50, 1.91, 2.44
0.89, 1.09, 1.31
0.53, 0.83, 1.41
0.60, 0.74, 0.91
0.33, 0.46, 0.66
ABC 1.68, 2.14, 2.72
ABC 2.15, 3.01, 4.24
ABC 2.77,3.91, 5.47
44T 2.60, 3.46, 4.72
d4T 1.21, 1.65, 2.18
ddC 0.95, 1.36, 1.89
ddC 2.37,3.39, 478
3TC 0.84, 1.20, 1.70
ddC (15) 0.95, 1.36, 1.89
ddC (25) 1.98, 221, 2.43
3TC (1) 0.84, 1.20, 1.70
3TC (2) 1.82,2.13, 2.41
EFV 2.25,2.69, 3.18
EFV 225,3.22, 454
EFV 1.70, 2.43, 3.43
EFV 1.05, 1.47, 2.07
NPV 2.56, 3.12, 3.80
NPV 1.88, 2.63, 3.73
NPV 2.21,3.09, 445
EFV (40) 0.98, 1.37, 1.93
NPV (100) 1.85,2.62, 3.76
EFV & NPV 0.82, 2.71, 9.15
EFV 0.95, 1.36, 1.93
NPV 1.80, 2.64, 3.83
EFV & NPV 0.56, 2.01, 6.99
EFV (80) 2.25,2.69, 3.18
d4T (140) 2.60, 3.48, 4.72
3TC (1) 0.84, 1.20, 1.70
EFV (80) & d4T (140) 7.28,9.33, 11.82
EFV (80) & 3TC (1) 259, 3.64, 5.21
EFV (80) 2.03, 2.83, 3.97
d4T (140) 478, 7.4, 11.96
3TC (1) 0.67, 0.97, 1.37
EFV (80) & d4T (140) 8.28, 10.75, 12.53
EFV (80) & 3TC (1) 1.44, 440, 13.11

“ ABC, abacavir; d4T, stavudine; ddC, zalcitabine; 3TC, lamivudine; EFV, efavivenz; NPV, nevirapine.

® The estimated fold change (middle value) and the endpoints of the 95% confidence intervals for the fold changes are shown.

¢ The average luciferase reading for virus replication in the presence of wild-type RT was 5.5 X 10% =+ 25.

@ The influence of NRTI and NRTI-resistant RTs on HIV-1 mutant frequencies. The average luciferase reading for virus replication in the presence of wild-type RT

was 5.8 X 10% = 26.

¢ The influence of NNRTI and NNRTI-resistant RTs on HIV-1 mutant frequencies. The average luciferase reading for virus replication in the presence of wild-type

RT 5.9 X 10? = 32.

/The influence of EFV and NPV combination and drug-resistant RT on HIV-1 mutant frequencies. Data represent the average of three to twelve independent
experiments. The average luciferase reading for virus replication in the presence of wild-type RT was 5.7 X 10% =+ 33.
& The effects of combinations of NRTI and NNRTI and drug-resistant RT on HIV-1 mutant frequencies. The average luciferase reading for virus replication in the

presence of wild-type RT was 5.9 X 10% = 34.

It has been shown that both RT variants and drugs together
could increase virus mutation frequencies (24, 26). To further
test this, selected NRTIs and drug-resistant RT variants were
analyzed for their influence on virus mutation frequencies.
Mutant viruses containing either the Y115F or the L74V/

Y115F/M184V RT mutations were grown in the presence of
abacavir at its ICs, concentration. Both mutations were asso-
ciated with a statistically significant increase in virus mutation
frequencies compared to those observed during virus replica-
tion with the wild-type RT in the presence of abacavir (Table
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3). Interestingly, it was also observed that HIV-1 replication
with the L74V/Y115F/M184V RT variant in the presence of
zalcitabine significantly influenced HIV-1 mutation frequen-
cies compared to that observed during virus replication with
wild-type RT in the presence of zalcitabine (3.39-fold versus
1.36-fold). Similarly, in the presence of stavudine, the V75T
RT variant affected virus mutation frequencies compared to
wild-type RT (3.46-fold versus 1.65-fold) (Table 3).

Influence of NNRTIs and NNRTI-resistant RT variants on
virus mutation frequencies. NNRTIs inhibit reverse transcrip-
tion by binding to a hydrophobic pocket that is proximal to the
active site of HIV-1 RT (8, 18, 34, 35, 40, 41, 43). Three
NNRTISs are currently used for treatment of HIV-1 as part of
combination antiretroviral therapy (39). Nothing is known
about how NNRTIs affect HIV-1 mutation frequencies.

In this study, efavirenz and nevirapine and NNRTI-resistant
RT variants were used to investigate how NNRTIs and
NNRTI-resistant RT variants influence HIV-1 mutation fre-
quencies. We found that efavirenz and nevirapine could in-
crease HIV-1 mutation frequencies by 2.69 and 3.12-fold, re-
spectively, and that these increases are statistically significant.
This is the first report of NNRTIs being able to influence
(increase) HIV-1 mutation frequencies. This observation sur-
prisingly suggests that both NRTIs and NNRTIs have a similar
influence on HIV-1 mutation frequencies (Table 3).

To determine the effects of NNRTI-resistant mutants on
HIV-1 mutation, virus replication with NNRTI-resistant RT
mutants was analyzed in the presence of these drugs. As shown
in Table 3, the G190A and Y318F RT variants did not influ-
ence HIV-1 mutation frequencies compared to virus replica-
tion with wild-type RT in the presence of drug. The K103N/
Y318F mutant led to an approximately 1.47-fold increase in
the virus mutation frequencies in the presence of drugs com-
pared to the 2.69-fold increase observed during virus replica-
tion with the wild-type RT in the presence of drugs.

Influence of combined drugs and HIV-1 RT variants on
virus mutation frequencies. Potent antiretroviral therapy reg-
imens typically include drugs from two of the three classes of
antiretroviral drugs (NRTIs, NNRTIs, and protease inhibi-
tors). Four two-NRTI combinations are typically used in anti-
retroviral therapy, i.e., zidovudine plus lamivudine, zidovudine
plus dideoxyinosine, stavudine plus dideoxyinosine, and stavu-
dine plus lamivudine (39). It has been reported that an additive
increase in virus mutation frequencies was observed during
virus replication in the presence of NRTI combinations (i.e.,
zidovudine plus dideoxyinosine, zidovudine plus lamivudine,
and lamivudine plus dideoxyinosine) (23).

In this study, various combinations of drugs (NNRTI plus
NNRTI and NNRTI plus NRTI) were studied for their ability
to act together to influence HIV-1 mutation frequencies during
virus replication. First, the drug combination of efavirenz plus
nevirapine (NNRTI plus NNRTI) was tested. Based upon the
effects of the individual drugs and combined drugs on virus
infectivity (Fig. 2A and B) and a lack of cytotoxicity (data not
shown), an efavirenz concentration of 40 wM was used along
with a nevirapine concentration of 100 pM. For each drug
alone, these concentrations inhibited virus replication by one-
fourth. It was observed that efavirenz and nevirapine together
led to an increase in the virus mutation frequency of 2.71-fold,
while virus replication in the presence of efavirenz or nevirap-
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ine alone led to 1.37-fold and 2.62-fold increases in the virus
mutation frequencies, respectively (Table 3).

The clinically used drug combinations of NNRTI and NRTI
were then analyzed, which included efavirenz plus stavudine
and efavirenz plus lamivudine. The 80 uM concentration of
efavirenz was used in combination with 140 wM of stavudine or
1 uM of lamivudine, based upon the effects of the individual
drugs and combined drugs on virus infectivity (Fig. 2A and B)
and a lack of cytotoxicity (data not shown). As shown in Table
3, efavirenz and stavudine together could increase the HIV-1
mutation frequency by 9.33-fold, while virus replication in the
presence of efavirenz or stavudine alone led to 2.69-fold and
3.46-fold increases in the virus mutation frequencies, respec-
tively. Interestingly, the virus mutation frequency was only
increased by 3.64-fold during virus replication in the presence
of both efavirenz and lamivudine, which is not significantly
different from the virus mutation frequency caused by efa-
virenz alone (Table 3). This suggests that the concentration of
lamivudine was low enough to not significantly affect virus
mutation frequencies.

Since there are HIV-1-infected individuals undergoing anti-
viral therapy who harbor viruses with drug resistance muta-
tions, the effects of drug-resistant mutants and combined drugs
on HIV-1 mutation frequencies were analyzed. It has been
shown that the K103N mutant can emerge in patients treated
with efavirenz-containing therapy (1), and the Y318F mutant
was associated with a decrease in susceptibility to all NNRTIs
(10). Therefore, the abilities of K103N and Y318F to affect the
virus mutation frequencies in the presence of combined drugs
were tested. In the presence of combined drugs, the K103N
mutant did not have a significant influence on virus mutation
frequencies compared with the mutation frequency observed
for virus replication with wild-type RT in the presence of drugs
except for the combination of efavirenz and stavudine, and
stavudine alone (Table 3). Furthermore, virus replication with
the Y318F RT variant in the presence of both efavirenz and
nevirapine did not have a significant influence on HIV-1 mu-
tation frequencies compared to virus replication with wild-type
RT in the presence of both efavirenz and nevirapine (Table 3).

Influence of CRF01_AE drug-resistant RT variants on virus
mutation frequencies. HIV-1 is classified into groups and sub-
types based on sequences within the gag and env genes. Three
separate groups, M (main), O (outlier), and N (non-M, non-
0), exist. The most prevalent strains belong to group M. Group
M also contains at least nine distinct subtypes or clades (A to
D, F to H, and J and K), as well as several circulating recom-
binant forms (i.e., CRFO1_AE virus) (22, 36). Much of our
current understanding of HIV-1 drug resistance is derived
from the studies of subtype B virus, which is the major subtype
that circulates in North America and Europe. However, other
subtypes, such as A, C, and E, are rapidly expanding world-
wide. These variants may differ in rates of transmission, ability
to cause progression to AIDS, and drug resistance profiles
compared to subtype B virus (9, 15). Recently, the analysis of
drug resistance profiles of recombinant RTs from subtypes
CRFO01_AE, B, and C demonstrated that each of these RTs
possessed similar baseline sensitivity to NRTIs and NNRTIs
(32).

To assess the influence of CRFO1_AE mutants on HIV-1
mutation frequencies, a CRF01_AE molecular clone was used.
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TABLE 4. Influence of HIV-1 CRFO1_AE RT variants on virus mutation frequencies
Avg relative
RT variant Mutation(s)” Drug resistance phenotype” mutation
frequency®
93JP-NH1 None None 1
CRFO01_AE mt-1 M41L, L210W, T215Y AZT (mild) 0.80, 0.88, 0.96
CRF01_AE mt-2 Insertion” 3TC (weak) 0.68, 0.92, 1.16
CRFO01_AE mt-5 Insertion + AZT* AZT (high), 3TC (mild), d4T (weak), ddI (weak) 0.76, 0.86, 0.96
CRF01_AE mt-6 Insertion? + AZT¢ + T691 AZT (high), 3TC (high), d4T (mild), ddI (mild), ddC (weak) 0.81, 0.87, 0.93
CRF01_AE mt-7 Insertion? + AZT® + T691 AZT (high), 3TC (high), d4T (mild), ddI (mild), ddC (weak) 0.59, 0.69, 0.79

and others’

“ The insertion is an 11-amino-acid insertion located between codons 67 and 68 in the B3—B4 loop coding region of the RT gene.

» See Table 3, footnote a.

¢ Endpoints of 95% confidence intervals and the sample mean are presented. The average number of relative light units for virus replication in the presence of

wild-type RT was 6.3 X 102 + 38,

4 Reverse transcriptase variants had an 11-amino-acid insertion between codons 67 and 68 in the B3-B4 loop coding region. The amino acid insertion was

NIHGGRDQGPA.

¢ Reverse transcriptase variants with the zidovudine (AZT) resistance mutations M41L, D67N, K70R, L210W, and T215Y.
/The other mutations in reverse transcriptase included D6E, K39E, E43K, T69I, G196E, T200R, and L228R.

This molecular clone was constructed from the 93JP-NH1 virus
isolate (p93JP-NH1). Based upon previous studies, RT vari-
ants that confer multiple-drug resistance were introduced by
site-directed mutagenesis (38). All CRFO1_AE RT variants
except CRFO1_AE-mtl have a B3-B4-loop-insertion mutation
at a similar position seen in subtype B viruses with multiple
NRTI resistance. The HIV-1 isolates with the insertion muta-
tion predominated in a patient treated with multiple NRTIs.
The RT variants and their drug resistance profiles are listed in
Table 4. As shown in Table 4, the p93JP-NH1 RT influenced
the virus mutation frequencies at a level comparable to wild-
type subtype B RT. Only one CRF01_AE mutation that con-
fers high levels of multi-nucleoside analog drug resistance had
a significant influence on HIV-1 mutation frequencies (i.e.,
CRFO01_AE mt-7).

Structural analysis. To help determine the underlying mo-
lecular mechanisms by which drugs and drug resistance muta-
tions alter the mutation frequency of HIV-1 subtype B and
CRFO01_A/E, we have conducted structural analyses by inte-
grating HIV-1 RT structure-function information into the fol-
lowing two basic models for mutation. One basic model ex-
plains how misalignments of the primer-template are initiated,
in which nucleotide misinsertion into the catalytic site plays a
key role in inducing template-primer slippage for —1, —2, and
+1 frameshift mutations and dislocation mutagenesis of HIV-1
RT (5). Studies of frameshift error rates with various poly-
merases, including HIV-1 RT, have supported this model (19).
The other model explains how high levels of DNA replication
fidelity are generated during the catalytic cycle of the various
polymerases, in which there are at least two critical check
points for the nucleotide selection in the early phase: check of
base pair geometry at initial binding of substrate and check of
steric hindrance during finger-domain rotation that locates the
substrate at the catalytic site (19). Although the previous struc-
tural (11, 37) and kinetic (16, 35) studies with HIV-1 RT are
consistent with this induced-fit model, the initial substrate
binding site on RT to evaluate nucleotide selection fidelity
remains to be determined.

To assess the initial binding site of deoxynucleoside triphos-
phates or NRTIs with HIV-1 RT, we have conducted comput-
er-assisted docking simulations by using the crystal structure of

the RT-template-primer complex (PDB code IN5Y) (37) as a
template for nucleotide docking. The crystal structure repre-
sents a fingers-open configuration at the posttranslocation
stage during the catalytic cycle of RT, which is theoretically
competent for de novo substrate binding. As shown in Fig. 3,
dATP, which is the complementary substrate for the INSY
template DNA, was predicted to bind the site along the 33-p4
loops of the p66 fingers subdomain. Other deoxynucleoside
triphosphate and deoxynucleoside triphosphate analogs such
as zidovudine triphosphate and stavudine triphosphate shared
the same binding site with the dATP (data not shown). Inter-
estingly, the predicted initial binding position of the nucleo-
tides was distinct from the position of dTTP at the catalytic site
in the RT crystal structure of the fingers-closed configuration
(11) and is consistent with the position to initiate effectively the
base pair formation and fingers rotation in the induced-fit
model. The position was also in agreement with the biochem-
ical mode of NRTI inhibition, competitive inhibition, shown by
kinetics studies. Furthermore, the position was analogous to
that of other polymerases determined by x-ray crystallography
(13, 21, 44, 40).

In the crystal structure, positively charged amino acids are
responsible for the initial binding of substrates (13, 21, 44, 46).
Consistently, K65 and R72 in the 33 and B4 loops of HIV-1 RT
correspond to those amino acids that are interacting with the
deoxynucleoside triphosphate. The NRTI docking model with
the information of the NNRTI binding site (18, 43) and the two
basic models described above help explain the changes in mu-
tation frequencies observed in the present study and in previ-
ous studies (25).

DISCUSSION

Previous studies using the lacZa peptide gene as a mutation
target have indicated that both antiretroviral drugs and drug-
resistant RTs can increase HIV-1 mutation frequencies (24—
26). In this study, we have analyzed virus mutation frequencies
in a single round of replication with an HIV-1 vector contain-
ing the luc gene. This vector was designed to specifically detect
frameshift mutations based on previous in vitro and in vivo
studies (3, 4, 7, 24, 28). The advantages of this new high-
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FIG. 3. Structural model of the active site of the HIV-1 reverse transcriptase p66 subunit open configuration with newly bound dATP, primer,
and template. The three-dimensional model that simulates de novo substrate binding to RT at the posttranslocation stage during the catalytic cycle
was constructed by docking dATP onto the crystal structure (PDB code 1N5Y) (37) by using the molecular operating environment. The incoming
dATP (blue sticks) in the open ternary complex is bound to the initial binding site along the 33-B4 loops in the p66 fingers subdomain. The ribbon
represents the backbone of HIV-1 RT. The DNA template and primer are shown in magenta sticks and green sticks, respectively. The NRTI
resistance mutations and NNRTI resistance mutations analyzed in this study are shown in pink and orange, respectively. A dotted cyan circle
indicates the site for NNRTI binding (18, 43). The cyan arrow indicates the rotation of the fingers subdomain following substrate incorporation

at the catalytic site of the enzyme (11).

throughput assay system are that it allows the rapid assessment
of the influence of drugs and drug-resistant RT variants on
HIV-1 mutation frequencies and the sensitivity of the lucif-
erase assay allows detection of reversion mutations in relatively
small samples.

The virus mutation frequencies measured are representative
based on previous observations made of frameshift mutations
created in the presence and absence of drugs or drug-resistant
HIV-1 using lacZa (26) and provide a good model for identi-
fying mutations that occur during virus replication. However,
in certain instances, this new assay may underestimate muta-
tion frequency change because this HIV-1 vector was designed
to detect only frameshift mutations and not the entire spectra
of mutations. One case in point is when the influence of
zidovudine and zidovudine-resistant RT mutants on virus mu-
tation frequencies was compared. In this comparison, zidovu-
dine and zidovudine-resistant RT led to a lower mutation
frequency using luc versus the lacZa reporter (Table 2), indi-
cating that there was an underestimate of the effects of drugs
and drug-resistant RTs on virus mutation frequencies. How-

ever, this new system can quickly assess the influence of drugs
and drug-resistant RT mutations on HIV-1 mutation frequen-
cies during virus replication that could subsequently be ana-
lyzed in greater detail using the lacZa system.
Drug-resistant RTs influence HIV-1 mutation frequencies.
Several drug-resistant RT variants were observed to signifi-
cantly alter HIV-1 mutation frequencies. First, the RT variant
L74V/Y115F/M184V, which confers high resistance to aba-
cavir, led to a significant increase in virus mutation frequen-
cies, which is in contrast to the individual mutations, which do
not lead to significant differences compared to wild-type RT.
Second, the NNRTI-resistant RT variants Y318F and K103N/
Y318F led to significant decreases in virus mutation frequen-
cies. This is the first report that NNRTI-resistant RT can alter
HIV mutation frequencies. Third, the CRF01_AE RT variant
CRF01_AE mt-7, which confers high levels of multi-nucleoside
analog drug resistance, led to a significant decrease in virus
mutation frequencies. Our previous work found that only high-
level zidovudine-resistant RT variants could influence the in
vivo mutation rate. Therefore, our data suggests that increased
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drug resistance correlates with altered virus mutation frequen-
cies.

It is not clear how the mutations that confer NNRTT resis-
tance influence virus mutation frequencies. These residues are
located within the hydrophobic NNRTI-binding pocket, which
could cause conformational changes in the pocket. Therefore,
it is possible that NNRTI-resistant RT mutants could indirectly
affect the conformation of the HIV-1 RT active site and sub-
sequently influence HIV-1 mutation frequencies. Biochemical
studies of how NNRTI-resistant RT mutants influence misin-
corporation, mismatch extension, and processivity of RT would
also help us to understand how NNRTI-resistant RTs affect
viral mutagenesis.

NRTIs and NNRTIs can increase HIV-1 mutation frequen-
cies. The observation that abacavir, stavudine, and zalcitabine
influence HIV-1 mutation frequencies indicates that the ap-
proved NRTIs currently used in drug therapy can increase
virus mutation frequencies. Current studies are being directed
at understanding the molecular basis for how NRTIs influence
HIV-1 mutagenesis. These data suggest that NNRTIs and NRTIs
have similar effects on HIV-1 mutagenesis. The mechanism by
which NNRTIs increase HIV-1 mutation frequencies is pres-
ently unknown. One hypothesis is that the conformational change
caused by NNRTTIs binding noncatalytically to RT may affect
enzyme fidelity.

Crystallographic studies have shown that NNRTIs cause a
repositioning of the three-stranded B-sheet in the p66 subunit
(containing the catalytic aspartic acid residues 110, 185, and
186), and there is a striking similarity between the actual con-
formations of the three-stranded B-sheet in the drug-bound
p66 conformation and in the inactive p51 conformation (8).
This suggests that the NNRTIs inhibit HIV-1 RT by locking
the active catalytic site in an inactive conformation, reminis-
cent of the conformation observed in the inactive p5S1 subunit
(8). This conformational change has a dramatic effect on the
rate of the chemical step (transfer of deoxynucleoside mono-
phosphate to the end of the primer molecule) of polymeriza-
tion (35). Hence, the conformational change of the RT active
site caused by NNRTIs could influence either nucleotide se-
lectivity or RT processivity, which would lead to lower fidelity
of NNRTI-bound RT compared to wild-type RT.

The effects of combined drugs (NNRTI plus NNRTI) on
HIV-1 mutation frequencies were analyzed. In general, the
virus mutation frequencies observed in the presence of com-
bined drugs were significantly increased compared to that ob-
served in the presence of the individual drugs. This indicates
that these two NNRTTs can act together in an additive manner
to further increase HIV-1 mutation frequencies. The clinical
use of drug combinations of NNRTI plus NRTI, such as efa-
virenz plus stavudine or efavirenz plus lamivudine, were also
examined and found to act together in an additive manner.
This is the first report which shows that an NRTI-NNRTI
combination could further increase HIV-1 mutation frequen-
cies. Given that potent antiretroviral therapy typically includes
two or three RT inhibitors, the combined effects of RT inhib-
itors on HIV-1 mutation frequencies may be clinically relevant.

Potential mechanisms for NRTI resistance mutations and
NRTI-mediated changes in HIV-1 mutation frequency. First,
the docking model in Fig. 3 predicts that mutations near the
B3-B4 loop alter the base pair geometry upon initial substrate
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binding, leading to changes in the frequency of correct sub-
strate incorporation at the catalytic site. Thus, NRTI resistance
mutations on the fingers subdomain that had evolved to play
roles in better rejection of incorrect substrate will generally
decrease the frequency of misinsertion and thereby frameshift
mutation, as observed in this study (Table 3 and Fig. 3, V75T)
and previous studies (25). The L74V mutation on the 33-B4
loop is unique in that it causes virus hypersensitivity to zidovu-
dine (42). Such a mutation may decrease the fidelity of geo-
metric selection of the correct substrate, leading to an increase
in mutation frequency.

Second, the model predicts that mutations along the inter-
face of the palm subdomain of RT alter the nature of steric
hindrance during the movement of the fingers and subsequent
proper positioning of substrate at the catalytic site, resulting in
an altered mutation frequency. For example, the Y115A mu-
tations will induce less restricted rotation of the fingers sub-
domain because of the loss of the aromatic ring and the
hydroxyl group at the side chain of the phenylalanine, respec-
tively, leading to an increase in the probability of misinsertion-
mediated mutations, as was observed in the previous study
(25). Third, mutations around the catalytic site that reduce the
rate of polymerization will cause increased susceptibility to the
ATP-mediated excision reaction for the removal of a residue at
the primer 3’ end (29, 30), leading to an increase in fidelity of
DNA replication.

The docking model also explains why various NRTIs can
increase HIV-1 mutation frequencies. The experimental con-
ditions used in the present studies result in relatively high
concentrations of the intracellular triphosphate form of the
NRTI (NRTI-triphosphate), which is a potent competitive in-
hibitor of deoxynucleoside triphosphate as suggested in both
the present and previous studies. This in turn will result in the
reduction of frequency in correct deoxynucleoside triphos-
phate incorporation into the catalytic site, provided that the
NRTI-triphosphate-template geometry is similar to that of the
correct deoxynucleoside triphosphate-template base pair, lead-
ing to an increase in misinsertion and frameshift mutation
frequencies. For example, abacavir-triphosphate, as a dGTP
analogue, will become a competitor of the correct substrate
dATP in the present system, because abacavir-triphosphate
has structural similarity to dATP in that it has a purine base, as
dATP has. Similarly, stavudine triphosphate will become a
competitor of dATP incorporation, because the stavudine
triphosphate can make two hydrogen bonds with the T tem-
plate after initial binding. However, dCTP analogs such as
lamivudine and zalcitabine will be less efficient competitors
because of the lack of favorable hydrogen bond formation with
thymidine and because of the similarity of base structure. This
differential competition for each NRTI-triphosphate in turn
will lead to the differential reduction in frequency of correct
substrate (dATP) incorporation into the catalytic site, leading
to a differential increase in mutation frequency, as seen in the
present study (Table 3).

Potential mechanisms for NNRTI and NNRTI resistance
mutation-mediated changes in HIV-1 mutation frequency. The
induced-fit model and the activity of ATP-mediated excision
(29, 30) suggest a potential mechanism to explain the NNRTI-
mediated increase in mutation frequency. NNRTIs, as alloste-
ric inhibitors of RT activity, inhibit the above ATP-mediated
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excision reaction, probably by locking the structure of the RT
active center and inhibiting ATP binding to RT (2). Therefore
it is possible that the binding of an NNRTI to RT suppresses
ATP binding to RT, leading to suppression of ATP-mediated
RT changes for increasing the fidelity of substrate selection,
such as in the excision reaction. This in turn will increase
misinsertion-mediated mutation frequencies. On the other
hand, NNRTTI resistance mutations will reverse the suppres-
sion effects of NNRTTI in a resistance level-dependent manner,
which will partially restore the ATP-binding activity and its
function for higher fidelity (as observed in Table 3). Further
studies using this newly developed high-throughput assay along
with structure-function analysis of HIV-1 RT will help in our
understanding of what influences HIV-1 mutagenesis in cells.
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