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ABSTRACT: We recently reported that zidovudine (AZT) selected for the Q509L mutation in the ribonuclease
H (RNase H) domain of HIV-1 reverse transcriptase (RT), which increases resistance to AZT in combination
with the thymidine analogue mutations D67N, K70R, and T215F. In the current study, we have defined
the mechanism by which Q509L confers AZT resistance by performing in-depth biochemical analyses of
wild type, D67N/K70R/T215F and D67N/K70R/T215F/Q509L HIV-1 RT. Our results show that Q509L
increases AZT-monophosphate (AZT-MP) excision activity of RT on RNA/DNA template/primers (T/
Ps) but not DNA/DNA T/Ps. This increase in excision activity on the RNA/DNA T/P is due to Q509L
decreasing a secondary RNase H cleavage event that reduces the RNA/DNA duplex length to 10 nucleotides
and significantly impairs the enzyme’s ability to excise the chain-terminating nucleotide. Presteady-state
kinetic analyses indicate that Q509L does not affect initial rates of the polymerase-directed RNase H
activity but only polymerase-independent cleavages that occur after a T/P dissociation event. Furthermore,
competition binding assays suggest that Q509L decreases the affinity of the enzyme to bind T/P with
duplex lengths less than 18 nucleotides in the polymerase-independent RNase H cleavage mode, while
not affecting the enzyme’s affinity to bind the same T/P in an AZT-MP excision competent mode. Taken
together, this study provides the first mechanistic insights into how a mutation in the RNase H domain of
RT increases AZT resistance and highlights how the polymerase and RNase H domains of RT function
in concert to confer drug resistance.

HIV-1 reverse transcriptase (RT1) catalyzes the conversion
of the viral RNA genome into double-stranded DNA through
its DNA polymerase and ribonuclease H (RNase H) activi-
ties. RT is a heterodimer consisting of a catalytically active
66 kDa subunit containing DNA polymerase, connection and
RNase H domains, and a 51 kDa subunit that contains only
the DNA polymerase and connection domains (1). Because
of its essential role in HIV-1 replication, RT is a primary
target for antiretroviral drug development and two therapeutic
classes of RT inhibitors (RTIs) have been approved for the

treatment of HIV-1 infection. These include the nucleoside
RT inhibitors (NRTI) and the nonnucleoside RT inhibitors
(NNRTI). All NRTI, including zidovudine (AZT), lack a 3′-
hydroxyl group on the ribose pseudosugar. Once metabolized
by host cell kinases to their active triphosphate (TP) forms,
the NRTI-TP act as chain-terminators of viral DNA synthesis.
Although antiretroviral therapies that include NRTI have
profoundly reduced morbidity and mortality from HIV-1
infection, their long-term efficacy is limited by the selection
of drug-resistant variants of HIV-1.

Mutations known to confer resistance to NRTIs have been
identified by in Vitro passage experiments and from viral
isolates or sequences amplified from patients experiencing
virologic failure on RTI therapy. All of the RTI mutations
included in the most widely used resistance tables, such as
that from the International AIDS Society-U.S.A. expert panel
(2), map to the DNA polymerase domain of HIV-1 RT.
However, most genotypic assays do not analyze the con-
nection and RNase H domains of RT, despite the fact that
these regions contain key residues that are essential for RT
structure-function. Recently, however, compelling evidence
has emerged that implicates mutations in the RNase H
domain of RT in NRTI resistance. For example, Nikolenko
et al. demonstrated that the mutations H539N and D549N
in the RNase domain significantly increase AZT resistance
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alone and in combination with thymidine analogue mutation
(TAMs) (3). H539N and D549N, however, have not been
reported to be selected by AZT (4). More recently, we carried
out in Vitro selections of HIV-1 with AZT and examined
the entire coding sequence of RT for the emergence of
resistance-related mutations (5). This study identified two
novel mutations in the connection domain (A371V) and
RNase H domain (Q509L) of RT that were selected in
combination with D67N, K70R, and T215F. Site-directed
mutagenesis studies demonstrated that Q509L increased AZT
resistance 7.4-fold when combined with D67N, K70R, and
T215F. By comparison, A371V in combination with the same
TAMs did not augment AZT resistance, although high-level
AZT resistance was observed with viruses containing D67N,
K70R, T215F, A371V, and Q509L (5).

The molecular mechanisms by which TAMs confer AZT
resistance have been well defined (see refs 6 and 7 for recent
reviews). By contrast, the biochemical mechanisms by which
mutations outside of the DNA polymerase domain of RT
augment AZT resistance have not been thoroughly evaluated.
Recent studies by our group and other groups have inves-
tigated novel RTI resistance mutations in the connection
domain of HIV-1 RT (8-11). To our knowledge, no studies
have investigated the mechanism(s) by which mutations in
the RNase H domain of RT confer drug resistance. In the
current study, we sought to address this issue by determining
the mechanism(s) by which Q509L in HIV-1 RT increases
AZT resistance when combined with D67N, K70R, and
T215F.

EXPERIMENTAL PROCEDURES

Reagents. Wild type (WT) and mutant HIV-1 RTs were
constructed, overexpressed in bacteria, and purified to
homogeneity, as reported previously (12, 13). The protein
concentration of the purified enzymes was determined
spectrophotometrically at 280 nm using an extinction coef-
ficient (ε280) of 260450 M-1 cm-1, and by Bradford protein
assays (Sigma-Aldrich, St. Louis, MO). The RNA- and
DNA-dependent DNA polymerase activities of the purified
WT and mutant enzymes were essentially identical (data not
shown). 3′-Azido-2′,3′-dideoxythymidine triphosphate (AZT-
TP) was purchased from TriLink Biotechnologies (San
Diego, CA). [3H]dTTP and dNTPs were purchased from GE
Healthcare, and [γ-32P]ATP was acquired from PerkinElmer
Life Sciences. RNA and DNA oligonucleotides were syn-
thesized by IDT (Coralville, IA).

Inhibition of WT and Mutant RT by AZT-TP. Fixed time
point assays were used to determine HIV-1 RT-associated
RNA-dependent DNA polymerase activity, as reported
previously (14). Briefly, reactions were carried out in 50 mM
Tris-HCl at pH 7.5 (37 °C), 50 mM KCl, 10 mM MgCl2,
600 nM of poly(rA)-oligo(dT)18 (the oligo(dT)18 primer was
biotinylated on the 5′-end), 25 µM [3H]TTP, and variable
concentrations of AZT-TP (0-500 nM). Reactions were
initiated by the addition of 25 nM of RT, incubated for 20
min at 37 °C and then quenched with 0.5 M EDTA.
Streptavidin Scintillation Proximity Assay beads (GE Health-
care, Piscataway, NJ) were then added to each reaction, and
the extent of radionucleotide incorporation was determined
by scintillation spectrometry using a 1450 Microbeta Liquid
Scintillation Counter (Perkin-Elmer, Waltham, MA).

AZT-monophosphate (AZT-MP) Excision Assays. A 26
nucleotide DNA primer (P; 5′-CCTGTTCGGGCGCCACT-
GCTAGAGAT-3′) was 5′-radiolabeled with [γ-32P]ATP and
chain-terminated with AZT-MP to generate PAZT as reported
previously (15, 16). PAZT was then annealed to either a 35
nucleotide DNA (TDNA; 5′-AGAATGGAAAATCTCTAG-
CAGTGG CGCCCGAACAG-3′) or RNA (TRNA: 5′-A-
GAAUGGAAAAUCUCUAGCAGUGGCGCCCG AACAG-
3′) template. ATP-mediated AZT-MP excision assays were
carried out by first incubating 20 nM TRNA/PAZT or TDNA/
PAZT with varying concentrations of ATP, 10 mM MgCl2, 1
µM dTTP, and 10 µM ddCTP in a buffer containing 50 mM
Tris-HCl (pH 7.5) and 50 mM KCl. Reactions were initiated
by the addition of 200 nM WT or mutant RT. Aliquots were
removed at defined times, quenched with sample loading
buffer (98% deionized formamide, 1 mg/mL each of bro-
mophenol blue and xylenecyanol), denatured at 95 °C for 8
min, and then the product was resolved from substrate by
denaturing polyacylamide gel electrophoresis and analyzed,
as reported previously (15, 16). Excision assays using the
PAZT primer annealed to a series of 3′-recessed templates were
also carried out as described previously (17).

Assay for RT RNase H ActiVity. WT and mutant RT RNase
H activity was evaluated using the same AZT-MP chain-
terminated RNA/DNA T/P substrate described above, except
that the 5′-end of the RNA was 32P-end-labeled. Assays were
carried out using 20 nM TRNA/PAZT, 0.3 mM ATP, and 10
mM MgCl2 in a buffer containing 50 mM Tris-HCl (pH 7.5)
and 50 mM KCl. Reactions were initiated by the addition
of 200 nM WT or mutant HIV-1 RT. Aliquots were removed,
quenched at varying times, and analyzed as described above.

Polyacrylamide Gel Electrophoresis Analysis of RT Po-
lymerization Products Formed under Continuous DNA
Polymerization Conditions. Heteropolymeric RNA-dependent
or DNA-dependent DNA polymerase T/Ps were prepared as
reported previously (18, 19). DNA polymerization reactions
were carried out by incubating 20 nM heteropolymeric T/P
complex with 1 µM concentration of each dNTP, 2 µM of
AZT-TP, 3 mM ATP, and 10 mM MgCl2 in buffer containing
50 mM Tris-HCl (pH 7.5) and 50 mM KCl. Reactions were
initiated by the addition of 200 nM WT or mutant RT. After
defined incubation periods, aliquots were removed from the
reaction tube and quenched with equal volumes of gel
loading dye. Products were separated by denaturing gel
electrophoresis and quantified, as described above.

Presteady-State Kinetic Analyses of RNase H CleaVage.
Transient kinetic analyses were used to determine the initial
rates of WT and mutant RT RNase H activity. All reactions
described below were carried out using an RQF-3 Rapid
Quench Instrument (Kintek Corporation, Clarence, PA). A
20 µL solution of 40 nM of TRNA/PAZT and 400 nM WT or
mutant RT in 50 mM Tris-HCl (pH7.5), 50 mM KCl, and 2
mM EDTA was rapidly mixed with a 20 µL solution of 50
mM Tris-HCl (pH 7.5) and 50 mM KCl containing 22 mM
MgCl2. The final concentrations of RT, T/P, and MgCl2 in
the reaction were 200 nM, 20 nM, and 10 mM, respectively.
Reactions were quenched by mixing with 50 µL of 50 mM
EDTA at times ranging from 17.5 ms to 30 s. Products were
separated from substrates and then processed as described
above.

Competition Assays for T/P Binding to WT or Mutant RT.
Competition binding assays were used to evaluate the affinity
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of WT or mutant HIV-1 RT for an TRNA/PAZT T/P that has
a duplex length of 16 nucleotides (TRNA

16/PAZT; see Figure
2C for sequence). Either PAZT or TRNA

16 was 5′-end labeled
with [γ-32P]-ATP prior to T/P annealing to allow detection
of excision or RNase H activity, respectively. WT (200 nM)
or mutant RT was first preincubated at 37 °C with 20 nM
TRNA

16/PAZT in 50 mM Tris-HCl (pH 7.5), 50 mM KCl, and
0.5 mM EDTA for 15 min before the addition of 10.5 mM
MgCl2 and 3 mM ATP, and varying concentrations (0-8
µM) of a nucleic acid trap (TRNA

16/P that was not radioac-
tively labeled or AZT-MP terminated). The residual RNase
H or AZT-MP excision activities were evaluated after 20 or
120 min, respectively. Samples were processed as described
above.

RESULTS

Two distinct mechanisms of HIV-1 resistance to NRTIs
have been described (6, 7). The mutations K65R, K70E,
L74V, Q151 M, and M184V increase the selectivity of RT
for incorporation of the natural dNTP substrate versus the
NRTI-triphosphate (NRTI-TP) (16, 20-23). By comparison,
TAMs, which include M41L, D67N, K70R, L210W, T215F/
Y, and K219Q/E, increase the ability of HIV-1 RT to excise
a chain-terminating NRTI-monophosphate (NRTI-MP) from
a DNA chain (19, 24). In the experiments described below,
we examined both the discrimination and excision pheno-

types to elucidate the mechanism(s) by which Q509L confers
zidovudine resistance. The enzymes included in this study
were WT RT, D67N/K70R/T215F (AZTR) RT, and AZTR/
Q509L RT.

Incorporation of AZT-TP by WT and Mutant HIV-1 RT.
To determine whether the Q509L mutation affects the ability
of RT to discriminate against the incoming nucleotide
analogue, we determined the concentration of AZT-TP
required to inhibit the incorporation of dTTP into the
homopolymeric poly(rA)-oligo(dT)18 T/P by WT or mutant
enzymes under steady-state assay conditions. The data show
that each of the three recombinant enzymes was equally
sensitive to inhibition by AZT-TP (Table 1), indicating that

FIGURE 1: (A) ATP-mediated excision of AZT-MP from DNA/DNA
T/P by WT and mutant HIV-1 RT at 0.3 mM and 3 mM ATP.
WT, AZTR, and AZTR/Q509L RT are represented by the symbols
0, 3, and O, respectively. Error bars represent standard errors from
2-5 repeated experiments. Some error bars are smaller than the
size of the symbol. (B) ATP-mediated excision of AZT-MP from
RNA/DNA T/P by WT and mutant HIV-1 RT at 0.3 mM and 3
mM ATP. The symbols for all three enzymes are the same as in
(A). Apparent excision rate constants (kexcision; shown in Table 2)
were determined by fitting the excision isotherms to the equation:
[product] ) A[1 - exp(-kexcisiont)], where A represents the
amplitude for product formation.

FIGURE 2: (A) Representative autoradiogram of RNase H activity
of WT and mutant HIV-1 RT during ATP-mediated AZT-MP
excision. The time points in the experiments were 10, 20, 30, 45,
60, 90, 120, 150, and 180 min, respectively. (B) Isotherm for the
rate of appearance of the TRNA

10/PAZT RNase H cleavage product
generated by WT and mutant HIV-1 during ATP-mediated AZT-
MP excision. The intensity of the TRNA

10/PAZT RNase H cleavage
product was determined by densitometric analyses using Bio-Rad
GS525 Molecular Imager FX software. WT, AZTR, and AZTR/
Q509L RT are represented by the symbols 0, 3, and O, respec-
tively. Data was fit to the equation [cleavage product] ) A[1 -
exp(-kRNaseHt)], where A represents the amplitude for product
formation, and kRNaseH is the apparent rate for RNase H cleavage.
Error bars represent standard errors from 3 separate experiments.
(C) Ability of WT and mutant RT to excise AZT-MP on RNA/
DNA T/P with decreasing duplex lengths. The assay incubation
time was 30 min. WT, AZTR, and AZTR/Q509L RT are represented
by black, white, and gray bars, respectively. Error bars represent
standard errors from 3 repeated experiments.

Table 1: Inhibition of WT, AZTR, and AZTR/Q509L HIV-1 RT by
AZT-TP

enzyme IC50 (nM)a fold-resistance (range)b p-valuec

WT 87 ( 12
AZTR 125 ( 16 1.4 (1.2-1.7) 0.11
AZTR/Q509L 113 ( 11 1.3 (1.1-1.6) 0.18

a Reported values are the mean and standard error of 3-6
independent experiments. b Upper and lower limits were determined for
fold-resistance on the basis of standard errors calculated for IC50 values.
c Mutant RT IC50 values were compared to WT IC50 for statistically
significant differences using a two-sided Student’s t-test.
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Q509L does not confer zidovudine resistance via a discrimi-
nation phenotype.

Excision of AZT-MP by WT and Mutant HIV-1 RT from
Chain-Terminated T/Ps. To determine whether Q509L
directly altered the efficiency of AZT-MP excision, we
investigated the ability of WT and mutant RTs to excise
AZT-MP from chain-terminated DNA/DNA and RNA/DNA
T/P at both high (3 mM) and low (0.3 mM) concentrations
of ATP (Figure 1). These experiments allowed the determi-
nation of an apparent rate constant for AZT-MP excision
(kexcision) and also the burst or total concentration of excision
product generated during the reaction (Table 2).

Consistent with prior reports, AZTR RT was more efficient
than WT enzyme in excising AZT-MP from the 3′-end of
theprimeronbothDNA/DNAandRNA/DNAT/P(8,9,15,25).
In comparison with the WT enzyme, the rates of AZT-MP
excision for AZTR RT were increased 2.9- and 4.7-fold at
0.3 mM and 3.0 mM ATP, respectively, on DNA/DNA T/P
and 1.6- and 3.5-fold at 0.3 mM and 3 mM ATP, respec-
tively, on RNA/DNA T/P (Figure 1; Table 2). The efficiency
of AZT-MP excision by AZTR/Q509L RT was identical to
that of the AZTR enzyme on DNA/DNA T/P, and this result
was independent of the ATP concentration used in the assay
(Figure 1A; Table 2). By contrast, differences in AZT-MP
excision between the AZTR and AZTR/Q509L enzymes were
evident on the RNA/DNA T/P at low but not high concen-
trations of ATP (Figure 1B). At 0.3 mM ATP, the AZTR/
Q509L RT was more efficient at excising AZT-MP than the
AZTR enzyme, and this increase in excision efficiency was
driven predominantly by an increase in the burst concentra-
tion and not by an increase in rate (Table 2). At 3 mM ATP,
there was no difference in excision activity between the
AZTR/Q509L and AZTR enzymes.

RNA Template Degradation by WT and Mutant HIV-1 RT
during the AZT-MP Excision Reaction. The data described
above suggested to us that Q509L did not exert a direct effect
on ATP-mediated excision because there was no change in
the rates at which HIV-1 RT unblocked the AZT-MP chain-
terminated primer on either DNA/DNA or RNA/DNA T/P.
Instead, we only observed increased excision on RNA/DNA
T/P at low ATP concentrations where the rates of ATP-
mediated excision are slow (Table 2). Because Nikolenko
et al. hypothesized that mutations that decrease RNase H
activity of RT may increase AZT resistance by limiting RNA
template degradation (3), we next evaluated the RNase H
activity that occurred during the ATP-mediated excision
reaction by WT and mutant RTs, and also determined
whether these cleavage events affected the efficiency of the
excision reaction.

Figure 2A shows autoradiograms of the RNase H products
generated during ATP-mediated excision assays by WT,

AZTR, and AZTR/Q509L RT. In comparison with the other
two enzymes, AZTR/Q509L RT accumulated more cleavage
product with RNA/DNA duplex length of 15 or 16 nucle-
otides. There was also a significant decrease in the rate of
appearance of a cleavage event that reduces the RNA/DNA
duplex length to 10 nucleotides (Figure 2A,B); the apparent
rate constants for this RNase cleavage event were calculated
to be 0.034 min-1, 0.036 min-1, and 0.016 min-1for the WT,
AZTR, and AZTR/Q509L RTs, respectively.

To explore the relationship between the efficiency of AZT-
MP excision and RNase H activity, we next evaluated the
ability of WT and mutant HIV-1 RT to excise AZT-MP from
a chain-terminated DNA primer that was annealed to
different RNA templates that were recessed from the 3′-end,
mimicking the T/P products generated by RNase H cleavage,
as described previously (17). Consistent with our previous
findings ( (17) Figure 2C), these analyses demonstrated that
the efficiency of AZT-MP excision by WT and mutant RT
was severely reduced when the RNA/DNA duplex length
was decreased to 10 nucleotides, the duplex length arising
from the secondary RNase H cleavage event described in
Figure 2A. The finding that Q509L significantly decreases
the formation of this 10 nucleotide duplex provides one
mechanism by which this mutation enhances AZT-MP
excision. It should also be noted that the efficiency of AZT-
MP excision by AZTR/Q509L RT on the 10 nucleotide
duplex was significantly greater than that of either WT or
AZTR enzymes (Figure 2C), indicating a second mechanism
whereby Q509L enhances AZT-MP excision.

CumulatiVe Effect of Q509L in Assays That EValuate
Multiple AZT-TP Incorporation and AZT-MP Excision
EVents. In the experiments described above, we evaluated
the AZT-MP excision and RNase H activity of the WT and
mutant enzymes on a defined (in terms of sequence and
length) T/P. Because both the excision and RNase H
activities of RT are likely affected by nucleic acid sequence
and length, we next evaluated the ability of WT and mutant
enzymes to synthesize DNA in the presence of AZT-TP and
ATP using a long heteropolymeric RNA or DNA template,
corresponding to the HIV-1 sequence used for (s) strong
stopDNAsynthesis,primedwithaDNAoligonucleotide(18,19).
The 173-nucleotide incorporation events needed to produce
the full-length DNA product in this assay system allow for
multiple AZT-TP incorporation and AZT-MP excision events
during the formation of the full-length final product. In the
presence of 3 mM ATP, the AZTR/Q509L was significantly
more efficient than the AZTR enzyme in synthesizing the
full-length product on the RNA/DNA T/P (Figure 3) but not
DNA/DNA T/P (data not shown). These results reinforce
the findings described in Figure 1 and further demonstrate

Table 2: Kinetic Rate Constants for AZT-MP Excision by WT and Mutant HIV-1 RT at 0.3 mM and 3 mM ATPa

0.3 mM ATP 3 mM ATP

DNA/DNA T/P RNA/DNA T/P DNA/DNA T/P RNA/DNA T/P

enzyme burst (nM) kexcision (min-1) burst (nM) kexcision (min-1) burst (nM) kexcision (min-1) burst (nM) kexcision (min-1)

wild type 13.4 ( 4.6 0.021 ( 0.018 7.7 ( 4.1 0.022 ( 0.008 18.6 ( 2.2 0.051 ( 0.012 14.3 ( 1.6 0.031 ( 0.016
AZTR 17.9 ( 1.0 0.060 ( 0.011 12.8 ( 1.2 0.036 ( 0.006 19.1 ( 0.6 0.24 ( 0.09 19.1 ( 0.7 0.109 ( 0.020
AZTR/Q509L 18.1 ( 0.9 0.059 ( 0.005 16.1 ( 0.7 0.032 ( 0.006 19.0 ( 0.2 0.31 ( 0.05 19.0 ( 0.3 0.135 ( 0.013

a Apparent excision rate constants (kexcision) were determined by fitting the excision isotherms in Figure 1 to the equation: [product] ) A[1-
exp(-kexcisiont)], where A represents the amplitude for product formation (i.e., burst). Data is the mean ( standard deviation from 3-4 independent
experiments.
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that the Q509L mutation augments zidovudine resistance on
an RNA/DNA T/P but not a DNA/DNA T/P.

Presteady-State Kinetic Analyses of RNase H CleaVage
by WT and Mutant RT. Our analyses of RNase H activity
(Figure 2) demonstrated that Q509L in RT decreases the
formation of a secondary RNase H cleavage product that
reduces the RNA template to 19 nucleotides (nt) and the
RNA/DNA T/P duplex length to 10 nt. However, these
assays were carried out using AZT-MP excision reaction
conditions, and RNase H cleavage was monitored only in
the minute time range. Thus, these studies did not inform if
Q509L also affected the primary RNase H cleavage event,
which occurs in the millisecond time range, or the sequence
of cleavage and T/P dissociation events that generate the 19
nt RNA product. Accordingly, we used presteady-state
kinetics to evaluate the rates of initial and secondary RNase
H cleavage. The data from these experiments show that the
initial rates of RNase H cleavage were similar for the WT,
AZTR, and AZTR/Q509L enzymes (Figure 4A). However,
as described above, the rate of appearance of the TRNA

10/
PAZT was significantly decreased for AZTR/Q509L RT
compared with the WT and AZTR enzymes (Figure 4B).

It should be noted that in these RNase H assays, the
primary cleavage is polymerase-dependent (i.e., the 3′-end
of the DNA primer resides in the polymerase active site),
but all subsequent cleavages are polymerase-independent (the
3′-end of the primer cannot reside in the polymerase active
site if the enzyme is poised for secondary RNase H cleavage).
Because the RT-nucleic acid binding interactions must be
different between these 2 modes of binding, we next
determined whether RT dissociated from the T/P as it
transitioned from one mode to the other by adding a nucleic
acid trap to the RNase H reaction upon mixing. The results
show that no cleavage products are formed that have RNA/
DNA duplexes less than 15-nt for either the WT RT (Figure
4C) or for the AZTR and AZTR/Q509L enzymes (data not
shown). These data suggest that RT dissociates from TRNA

15/

16/PAZT and that it must rebind to this substrate in a
polymerase-independent, RNase H competent mode to
generate the TRNA

10/PAZT cleavage product.

RT-T/P Dissociation from Polymerase-Dependent and
Polymerase-Independent RNase H CleaVage Binding Modes.
Because RT dissociates and rebinds to TRNA

16/PAZT to
generate TRNA

10/PAZT, we hypothesized that Q509L might
decrease the efficiency of this cleavage by directly affecting
the binding interactions involved. Accordingly, we next
assessed the ability of WT or mutant RTs to bind TRNA

16/
PAZT in an excision-competent mode or polymerase-
independent, RNase H-competent mode by measuring AZT-
MP excision or RNase H cleavage at defined times after the
addition of trap to a preformed RT-T/P complex.

For the RNase H competition binding assays, WT or
mutant RT was preincubated with TRNA

16/PAZT for 15 min
before 10 mM MgCl2 was added to initiate RNase H activity

FIGURE 3: (A) Autoradiogram of steady-state DNA synthesis by
WT and mutant HIV-1 RT in the presence of AZT-TP and 3 mM
ATP. Experiments were carried out as described in Experimental
Procedures. The primer, final product, and AZT-MP chain-
termination sites are indicated. (B) Quantitative evaluation of the
formation of final product in (A) by WT (0), AZTR (3), and AZTR/
Q509L (O) HIV-1 RT. The intensity of the final product was
determined by densiometric analyses using Bio-Rad GS525 Mo-
lecular Imager FX software and is reported as arbitrary units.

FIGURE 4: (A) Representative autoradiogram and isotherm for the
rates of primary polymerase-directed RNase H cleavage by WT
(0), AZTR (3), and AZTR/Q509L (O) HIV-1 RT. Experiments were
carried out as described in Experimental Procedures. Primary
cleavage was determined by densiometric analyses of the full-length
35 nt RNA template band (or RNA/DNA duplex length of 26 nts)
as a function of time (0.035, 0.050, 0.075, 0.15, 0.25, 0.5, 0.75,
and 1 s, respectively). Data was fit to the equation [cleavage
product] ) A[exp(-kRNaseHt)], where A represents the amplitude
for product formation, and kRNaseH is the rate for primary RNase H
cleavage. (B) Representative autoradiogram and isotherm for the
rate of appearance of the final secondary RNase H cleavage product
by WT (0), AZTR (3), and AZTR/Q509L (O) HIV-1 RT. Secondary
cleavage was determined by densiometric analyses of the formation
of TRNA

10/PAZT as a function of time (0.5, 0.75, 1, 2, 4, 8, 16, 20,
and 30 min, respectively). Data was fit to the equation [cleavage
product] ) A[1 - exp(-kRNaseHt)], where A represents the amplitude
for product formation, and kRNaseH is the rate for secondary RNase
H cleavage. (C) Representative autoradiogram of RNase H cleavage
by WT HIV-1 RT in the absence and presence of a nucleic acid
trap. The time points were 0.035 s, 0.050 s, 0.15 s, 1 s, 30 s, 2
min, 4 min, 8 min, and 20 min, respectively. Experiment was carried
out as described in Experimental Procedures.
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as well as varying concentrations of a nucleic acid trap.
Reactions were terminated after 20 min, and the amount of
TRNA

10/ PAZT formed for each trap concentration was com-
pared to a no trap control. The concentrations of trap required
to inhibit 50% of the enzyme’s RNase H activity were
calculated to be 4.5 ( 0.4 µM, 4.2 ( 1.4 µM, and 2.2 ( 0.8
µM trap for the WT, AZTR, and AZTR/Q509L RTs,
respectively (Figure 5). The lower IC50 value for the AZTR/
Q509L RT implies that this enzyme is more sensitive to
inhibition by trap and therefore likely dissociates more
readily from the TRNA

16/PAZT substrate.
For the AZT-MP excision competition binding assays, WT

or mutant RT was preincubated with TRNA
16/PAZT for 15 min

before the reaction was initiated with 3 mM ATP and 10
mM Mg2+, and varying concentrations of trap. Reactions
were terminated after 120 min, and the amount of AZT-MP
excision product for each trap concentration was again
compared to a no trap control. The concentrations of trap
required to inhibit 50% of the enzyme’s excision activity
were calculated to be 47 ( 35 nM, 58 ( 37 nM, and 65 (
20 nM trap for the WT, AZTR, and AZTR/Q509L RTs,
respectively (Figure 5). Since all three enzymes exhibited
similar IC50 values, we must conclude that Q509L does not
affect the binding interaction between RT and TRNA

16/PAZT

when the enzyme is bound in a polymerase- or excision-
competent mode.

DISCUSSION

Recent studies of HIV sequence databases (4, 9, 26) and
genotypic/phenotypic analyses of clinical isolates from
patients failing NRTI therapies (27, 28) have identified
several mutations in the connection domain of HIV-1 RT
that are strongly associated with RTI resistance. Biochemical
studies have demonstrated that these mutations impact NRTI
sensitivity by several distinct mechanisms. For example,
G333D in HIV-1 RT allows the enzyme to effectively
discriminate between the normal substrate dCTP and lami-
vudine-triphosphate (8). It also enhances the ability of RT

containing TAMs and M184V to bind AZT-MP terminated
T/P, thereby restoring ATP-mediated excision of AZT-MP
(8). We and others have also demonstrated that mutations,
such as N348I, may increase AZT resistance by decreasing
RNA template degradation (9, 11). In addition, some of these
mutations may also directly affect the excision activity of
RT by an RNase H independent mechanism (10, 11).

In contrast to the identification of novel resistance muta-
tions in the connection domain of RT, very few mutations
in the RNase H domain have been identified that impact RTI
resistance. This is likely due to the limited availability of
sequence data for this domain from laboratory or clinical
isolates. Recently, however, we carried out in Vitro selections
of HIV-1 with AZT and identified the Q509L mutation in
the RNase H domain of RT that was selected in combination
with D67N, K70R, and T215F (5). Site-directed mutagenesis
studies confirmed the role of this mutation in AZT resistance
(5), and the goal of the current study was to define the
biochemical mechanisms involved.

Our studies demonstrate that the Q509L mutation confers
AZT resistance by increasing the AZT-MP excision activity
of the enzyme via an RNase H-dependent mechanism. By
using a well-defined RNA/DNA T/P, we show that AZTR/
Q509L increases the efficiency of AZT-MP excision by
decreasing the frequency of a secondary RNase H cleavage
event that reduces the RNA/DNA duplex to 10 nts. The
resultant product (TRNA

10/PAZT) serves as an inefficient
substrate for ATP-mediated excision of AZT-MP by RT.
However, even on this T/P, the AZTR/Q509L enzyme has a
significantly better ability to unblock the chain-terminated
primer than WT or AZTR. It should be noted that under our
assay conditions, increased excision was only observed at
0.3 mM ATP and not at 3 mM ATP. This is because at 3
mM ATP, the rate of formation of the TRNA

10/PAZT product
by AZTR RT is much slower (0.03 min-1) than the rate of
AZT-MP excision (0.10 min-1); whereas at 0.3 mM ATP,
the rates of TRNA

10/PAZT product formation and AZT-MP
excision (0.03 min-1) are comparable, allowing competition
between these two distinct activities. Because the Q509L
mutation decreases the rate of TRNA

10/PAZT product formation
(to 0.01 min-1), it favors AZT-MP excision at 0.3 mM ATP.
The fact that the increase in excision efficiency for the AZTR/
Q509L RT, observed in Figure 1B, is driven by an increase
in burst concentration and not rate is entirely consistent with
a model of competition between RNA template degradation
and AZT-MP excision. It is also important to understand
that the kinetics of AZT-MP excision are dependent on
nucleic acid sequence and structure (29), and therefore,
Q509L will likely show a greater effect at positions where
AZT-MP excision is slow. This hypothesis is supported by
the results showing that AZTR/Q509L RT exhibits a signifi-
cant advantage over the AZTR enzyme at 3 mM ATP in
assays that evaluate multiple AZT-TP and AZT-MP excision
events (Figure 3).

We also addressed the mechanism by which Q509L
decreases the RNase H activity of RT. In this regard,
Nikolenko et al. hypothesized that any mutation in RT that
directly decreases the RNase H activity of the enzyme will
increase AZT resistance by preventing RNA template
degradation (3). However, the replication fitness of viruses
with decreased RNase H activities are likely to be compro-
mised due to the important role of this activity in reverse

FIGURE 5: (A) Sensitivity of WT (0), AZTR (3) and AZTR/Q509L
(O) RT to nucleic acid trap when bound to TRNA

16/PAZT in an RNase
H competent mode. The concentration of trap required to inhibit
50% of the RNase H activity of WT, AZTR, and AZTR/Q509L RT
was calculated to be 4.5 ( 0.4 µM, 4.2 ( 1.4 µM, and 2.2 ( 0.8
µM, respectively. (B) Sensitivity of WT (0), AZTR (3), and AZTR/
Q509L (O) RT to nucleic acid trap when bound to TRNA

16/PAZT in
an excision competent mode. The concentration of trap required to
inhibit 50% of the ATP-mediated AZT-MP excision activity of WT,
AZTR, and AZTR/Q509L RT was calculated to be 47 ( 35 nM, 58
( 37 nM, and 65 ( 20 nM, respectively. Data from both
experiments are an average ( standard deviation of at least 2
independent experiments.
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transcription. In our study, we show by transient kinetic
analyses that Q509L does not impact the rates of the initial
polymerase-directed RNase H cleavage, but only polymerase-
independent cleavages that occur after a T/P dissociation
event (Figure 4). By contrast, Delviks-Frankenberry et al.
reported that NRTI-associated mutations in the connection
domain of RT affect both the primary and secondary RNase
H cleavages of RT (10). However, these assays were carried
out under steady-state assay conditions (i.e., [T/P] . [RT])
in which the rate-limiting step of the reaction is T/P
dissociation, and as such, they do not have the ability to
resolve cleavage events that occur in the millisecond time
scale.

In Figure 6, we propose a model, based on our findings,
to explain how Q509L decreases the RNase H activity of
RT. The initial RNase H cleavages reduce the RNA/DNA
duplex to 15 to18 nts in length (Figure 2). Because the
distance between the DNA polymerase and RNase H active
sites is 18 nts (30), RT has to bind the resultant T/P products
in one of two distinct conformations to carry out either
excision or RNase H activity. Thus, after the primary RNase
H cleavages and T/P dissociation event, an equilibrium forms
in which RT binds the T/P in either of these configurations
(Figure 6). Our data show that Q509L selectively decreases
the affinity of RT binding to TRNA

16/PAZT in an RNase H
competent mode but not in an excision competent mode. The
net effect of this is to decrease RNA template degradation
and ultimately favor AZT-MP excision. Ehteshami et al. have
proposed a similar model for the N348I and A360V
connection domain mutations (11).

In conclusion, our data provide evidence that Q509L in
HIV-1 RT confers AZT resistance by affecting the balance
between AZT-MP excision and RNase H activities of RT
on RNA/DNA T/P. Q509L does not appear to directly
decrease the RNase H activity of RT, rather it affects the
enzyme’s ability to bind T/P with short RNA/DNA duplexes
in a polymerase-independent RNase H cleavage mode.
Furthermore, this study, together with other biochemical
studies on NRTI resistance mutations in the connection
domain of RT, clearly demonstrates that the entire RT

molecule functions in concert to confer drug resistance.
Consequently, the inclusion of the C-terminal domains of
RT in clinical genotype and phenotype assays could lead to
a more accurate determination of NRTI drug resistance.
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