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Abstract

Previous biochemical studies have demonstrated that synergy between nonnucleoside reverse
transcriptase (RT) inhibitors (NNRTI) and nucleoside RT inhibitors (NRTIs) is dueto the
NNRTI inhibiting the rate at which HIV-1 RT facilitates ATP-mediated excision of NRTIs from
chain-terminated template/primers (T/P). However, these studies did not take into account the
possible effects of NNRTI on the ribonuclease H (RNase H) activity of RT, despite recent
evidence which suggests an important role for this activity in the NRTI excision phenotype.
Accordingly, in this study we compared the ability of efavirenz to inhibit the incorporation and
excision of zidovudine (AZT) by HIV-1 RT using DNA/DNA and RNA/DNA T/Ps that were
identical in sequence. Whereas |Csp values for the inhibition of AZT-triphosphate incorporation
by efavirenz were essentially similar for both DNA/DNA and RNA/DNA T/P, a19-fold
difference in 1Csp was observed between the AZT-monophosphate excision reactions, with the
RNA/DNA T/P substrate being significantly more sensitive to inhibition. Analysis of the RNase
H cleavage events generated during ATP-mediated excision reactions demonstrated that
efavirenz dramatically increased the rate of appearance of a secondary cleavage product that
decreased the T/P duplex length to only 10 nucleotides. Studies designed to delineate the
relationship between T/P duplex length and efficiency of AZT excision demonstrated that RT
could not efficiently unblock chain-terminated T/P if the RNA/DNA duplex length was less than
12 nucleotides. Taken together, these results highlight an important role for RNase H activity in

the NRTI excision phenotype and in the mechanism of synergy between NNRTI and NRTI.
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Reverse transcriptase (RT) facilitates the conversion of the HIV-1 single stranded RNA genome
into double stranded DNA. HIV-1 RT isamultifunctional enzyme that exhibits RNA-dependent
and DNA-dependent DNA polymerase activity and ribonuclease (RNase) H activity. Because of
itscrucial rolein viral replication, RT isamajor target for chemotherapeutic intervention. To
date, two digtinct groups of RT inhibitors have been approved by the US FDA for the treatment
of HIV-1 infection. These include (i) the nucleoside/nucleotide inhibitors (NRTI) that bind to the
active site of RT and act as competitive inhibitors of DNA polymerization, and (ii) the
nonnucleoside inhibitors (NNRTI) that bind to a non-active site pocket in HIV-1 RT (termed the

NNRTI-binding pocket) and act as allosteric inhibitors of DNA polymerization.

The USA Panel of the International AIDS Society recommends combination therapies
that comprise an NNRT]I or protease inhibitor boosted with low-dose ritonavir, each combined
with two NRTIs for the treatment of adult HIV infection (Hammer et al., 2006). In thisregard,
the efficacy of regimens that include both an NNRTI and NRTIs may be explained, in part, by
the observed synergistic interactions between these two classes of drugs. (Richman et al., 1991;
Chong et al., 1994; Pauwels et a., 1994; Merrill et al., 1996; Borkow et al., 1999; Maga et al.,
2000; King et a., 2002). Biochemical studies designed to address the mechanistic basis of
synergy between NRTIs and NNRTIs have proposed a general mechanism in which the NNRTI
inhibits the ATP-dependent removal of NRTIs from primer termini, thus prolonging the effect of
chain-termination (Borkow et al., 1999; Basavapathruni et al., 2004; Cruchagaet al., 2005). Pre-
steady-state kinetic studies further demonstrated that the NNRTI inhibit the ability of RT to
unblock chain-terminated template/primers (T/P) by negatively affecting both affinity of ATP for

RT and the rate of the chemical step in the excision reaction (Basavapathruni et al., 2004).
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However, these studies were carried out usng DNA/DNA T/P only and, as such, they ignored

the potential contribution of the enzyme's RNase H activity in the NRTI excision phenotype.

Recently, Nikolenko et al (2005) reported that a balance between nucleotide excision and
template RNA degradation plays an important rolein NRTI resistance. This group elegantly
demonstrated that any mutation (and by inference drug) that affects the enzyme’'s RNase H
activity also affectsits ability to excise chain-terminating nucleotides. In thisregard, several
studies have reported that NNRTIs can modulate the RNase H activity of RT (Gopalakrishnan
and Benkovic, 1994; Palaniappan et a., 1995; Shaw-Reid et al., 2005; Hang et al., 2007). In light
of these findings, we were interested to compare and contrast the ability of NNRTIs to inhibit the
ability of RT to unblock chain-terminated primers using both RNA/DNA and DNA/DNA T/P

substrates. The results of these studies are described below.
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Materialsand Methods

Materials. HIV-1 RT was over-expressed as an N-terminal hexa-histidine fusion protein and
purified to homogeneity as described previously (Le Grice et al., 1995). Enzyme concentration
was determined spectrophotometrically at 280 nm using an extinction co-efficient (¢280) of
260,450 M cmt. Efavirenz ((4S)-6-chloro-4-cyclopropylethynyl-4-trifluoromethyl-1,4-
dihydro-benzo[d][1,3] oxazin-2-one) was obtained from the NIH AIDS Research and Reference
Reagent Program. Both RNA and DNA oligonucleotides were synthesized by Integrated DNA
Technologies (Coralville, I1A). AZT-triphosphate (AZT-TP) was purchased from Sierra
Bioresearch (Tuscon, AZ). All other reagents were of the highest quality available and were

used without further purification.

Template/primer (T/P) substrates. All assays were carried out using a 26-nucleotide DNA
primer (pr26: 5 -CCTGTTCGGGCGCCACTGCTAGAGAT-3') annealed to either a 35-
nucleotide RNA template (RNA-T: 5-AGAAUGGAAAAUCUCUAGCAGUGGCGCCCGAA
CAG-3) or to a DNA template that was identical in sequence to the RNA template (DNA-T: 5'-
AGAATGGAAAATCTCTAGCAGTGGCGCCCGAACAG-3'). The pr26 primer was chain-
terminated with AZT-monophosphate (AZT-MP) to generate pr26-AZT, as described previously
(Sluis-Cremer et al., 2005; Sluis-Cremer et al., 2007). Depending on the nature of the assay
(described below), the 5" -end of the DNA primer or RNA template was radioactively labeled

with y-*P-ATP (GE Healthcare, Piscataway, NJ).
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Assays for inhibition of AZT-TP incorporation and AZT-MP excision by HIV-1 RT. Inhibition of
AZT-TPincorporation by efavirenz was determined using a fixed-time assay. Briefly, 200 nM
of HIV-1 RT was pre-incubated with 20 nM T/P (RNA-T/pr26 or DNA-T/pr26) and varying
concentrations of efavirenz (0 to 100 nM) in 50 mM Tris-HCI, pH 7.5 and 50 mM KCI at 37°C
for 5 min. Reactions wereinitiated by the addition of 0.1, 1 or 10 uM AZT-TP and 10 mM
MgCl,. Reactionswere quenched after adefined time (15 s, 1 min or 15 min) by the addition of
an equal volume of sample loading buffer (98% deionized formamide, 10 mM EDTA, and 1
mg/ml each of bromphenol blue and xylene cyanol). Inhibition of AZT-MP excision by
efavirenz was determined using both fixed time and time-course assays. Briefly, 200 nM of
HIV-1 RT was pre-incubated 20 nM T/P (DNA-T/pr26-AZT or RNA-T/pr26-AZT) in 50 mM
Tris-HCI, pH 7.5 and 50 mM KCI and varying concentrations of efavirenz (0 to 500nM) at 37°C
for 5 min. Reactions were initiated by the addition of 3 mM ATP and 10 mM MgCl,. Excision
reactions carried out on the DNA-T/pr26-AZT and RNA-T/pr26-AZT were quenched with an
equal volume of sample loading buffer after 30, 60 or 90 minutes, respectively. Reaction
products were separated using denaturing polyacrylamide gel eectrophoresis and analyzed by
densitometry using a Bio-Rad GS525 Molecular Imager ® FX (Bio-Rad Laboratories, Hercules,
CA). Dataanalyses were carried-out using SigmaPlot 8.02 and/or SigmaStat 3.00 (SPSS Inc.,
Chicago, IL). Statistical significance was determined using the two-sample Student’s t test. The
results demonstrated that the |Cso values for efavirenz calculated at different AZT-TP
concentrations (i.e. 0.1, 1.0 or 10 uM), or time points (15 s, 1 min or 15 min), were similar.
Similarly, 1Csp values calculated for AZT-MP excision from the fixed time assay (from different
time points) or time-course assays were also similar. Accordingly, for inhibition of AZT-TP

incorporation datais reported from 1 min assays that contained 1.0 uM AZT-TP, and for
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inhibition of AZT-MP excision datais reported from a fixed time assay that was carried out for
30 min (Figure 1).

RNase H assays. The effect of efavirenz on RNase H activity was evaluated using the RNA-
T/pr26-AZT T/P that was used in the ATP-mediated excision assays described above. 200 nM
of HIV-1 RT was pre-incubated with 20 nM T/Pin 50 mM Tris-HCI, pH 7.5 and 50 mM KCI
and varying concentrations of efavirenz (0 and 150 nM) at 37°C for 5 min. Reactions were
initiated by the addition of 3 mM ATP and 10 mM MgCl.. Aliguots were removed and quenched

at varying times and analyzed as described above.

Gel mobility shift assays. Gel mobility shift assays were used to evaluate the thermodynamics of
RT-T/Pinteractions. In these assays, the amount of T/P-bound RT present in an equilibrium
solution was assayed by native gel electrophoresis. RT (0 to 10uM total) was equilibrated with
100 nM T/Pin 50 mM Tris-Cl pH 7.5, 50 mM KCI for 15 min as 37°C. Gels were run at room
temperature for 30 min (100 V constant voltage) and quantified as described above.
Discontinuity of sample and gel buffers can cause severe streaking of the bands. To correct for
this, the area of the unshifted band was estimated from the lane containing DNA alone, and the
area between shifted and unshifted bands was counted as the shifted band. The percent DNA-
bound RT was cal culated assuming that the amount of DNA in the shifted band represented a 1:1

complex of RT-T/P.
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Results and Discussion

In this study we compare the ability of the NNRTI efavirenz to inhibit HIV-1 RT
catalyzed incorporation and excision of the NRTI zidovudine (AZT) in reactions carried out on
DNA/DNA and RNA/DNA T/P that are identical in length and sequence. In this regard, previous
detailed biochemical studies designed to delineate the molecular mechanism of synergy between
NRTIs and NNRTIs measured inhibition of NRTI-MP excision on DNA/DNA T/P only
(Basavapathruni et al., 2004). Other studies (Borkow et al., 1999; Odriozola et al., 2003),
evaluated NNRTI-mediated inhibition of NRTI-MP excision on RNA/DNA T/P, but did not
provide a direct comparison with results obtained from complementary DNA/DNA T/P.
Furthermore, none of these studies considered the possible effects of RNase H activity on the
NRTI excision phenotype, despite ample evidence in the literature that this activity was
modulated by NNRTI binding to RT (Gopalakrishnan and Benkovic, 1994; Palaniappan et al.,

1995; Temiz and Bahar, 2002; Shaw-Reid et al., 2005; Hang et al., 2007).

To determine whether efavirenz differentially inhibited the incorporation and/or excision
of AZT by HIV-1 RT on RNA/DNA and DNA/DNA T/Ps, I1Cs values for these reactions were
determined (Figure 1). In all experiments described, the same DNA primer (pr26 or pr26-AZT)
was annealed to DNA or RNA templates (RNA-T or DNA-T) that were identical in length and
sequence (Figure 1A). The ICsy values for efavirenz inhibition of AZT-TP incorporation by HIV-
1 RT were calculated to be 19.6 + 8.5 nM and 10.2 + 4.0 nM for the DNA/DNA and RNA/DNA
T/P, respectively (Figure 1C). The small difference (~1.9-fold) between these values was found

to be statistically not significant. By contrast, the ICspvalues for efavirenz inhibition of AZT-
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MP excision by HIV-1 RT were calculated to be 108.1 + 32.3 nM and 5.8 £ 1.1 nM for the
DNA/DNA and RNA/DNA T/P, respectively (Figure 1B, C). The large (~19-fold) difference
between these valuesis statistically significant (p < 0.005). This large differencein 1Cs value
can not be explained by pre-existing large differencesin the rates of AZT-MP excision from
RNA/DNA or DNA/DNA T/Psin the absence of drug (the apparent rates of AZT-MP excision
were calculated to be 0.067 + 0.005 min™ and 0.045 + 0.002 min™ for DNA/DNA and
RNA/DNA T/P, respectively) or by differences in apparent affinity of RT for the RNA/DNA and
DNA/DNA T/P (Figure 1D, 4A). Studies from the Anderson lab (Spence et al., 1995;
Basavapathruni et al., 2004) and ours (Xiaet a., 2007) have demonstrated communication
between the NNRTI-binding pocket and the DNA polymerase active sitein HIV-1 RT, which
accounts for the inhibition of RT catalyzed nucleotide incorporation and excision reactions on a
DNA/DNA T/P viaaremote effect on the chemical step of these reactions. However, the datain
Figure 1 suggest that additional parameters may also contribute toward the ability of efavirenz to

inhibit NRTI-MP excision on RNA/DNA T/P.

Recent reports have suggested that the NRTI excision phenotype might also be
influenced by the RNase H activity of RT (Nikolenko et a., 2005). In thisregard, several studies
have demonstrated that NNRTIs modulate the enzyme' s RNase H activity. For example, both
Shaw-Reid et al (2005) and Hang et al (2007) showed that this class of drugs can accelerate the
enzyme's 3'-end directed (or DNA polymerase directed) RNase H activity. Accordingly, we
were interested to assess the RNase H cleavage events that occurred during the AZT-MP
excision reaction, and to delineate whether these affected the efficiency of the excision reaction.

Figure 2 shows that efavirenz accelerates HIV-1 RT RNase H cleavage, data which is cons stent

10
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with the Shaw-Reid et al (2005) and Hang et al (2007) studies. Specifically, efavirenz increased
the rate of appearance of a secondary RNase H cleavage event that reduced the RNA/DNA
duplex length to 10 nucleotides (Figure 2A). Interestingly, we also find an inverse relationship
between the efficiency of AZT-MP excision and the appearance of this secondary RNase H
cleavage event in time-course assays carried out in the absence and presence of efavirenz (Figure
2B, C). Shaw-Reid et al (2005) further suggested that the NNRTI (+)4-(1-chloro-1,1-
difluoromethyl)-4-(2-phenyl ethynyl)-6-chloro-2H-3,1-benzoxazin-2-one, an analogue of
efavirenz, in addition to accelerating the rate of RT RNase H activity also altered the specific
RNase H cleavage pattern. However, this analysis was based on data from a single time point
and our data clearly show that the overall RNase H cleavage pattern of RT, including the primary

and secondary cuts, was not affected by efavirenz (Figure 2A).

To define the relationship between the efficiency of NRTI-MP excision and RNase H
activity, we next evaluated the ability of 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,
therefore incrementally decreasing the RNA/DNA duplex length (Figure 3). These data show
that the efficiency of AZT-MP excision (and AZT-TP incorporation) was severely compromised
when the RNA/DNA duplex length was decreased to 12 nucleotides or less (Figure 3). If the
RNA/DNA duplex was reduced to 10 nucleotides — a duplex length consistent with the
secondary RNase H cleavage event described in Figure 2 — RT was essentially unable to carry-
out ATP-mediated AZT-MP excision. Gel mobility shift assays demonstrate that RT exhibits a
decreasein affinity for the RNA/DNA T/P each time the duplex length is decreased (Figure 4).

This decreasein RT-T/P affinity provides a plausible explanation for the observed decrease in

11
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the efficiency of AZT-MP excision (Figure 3). Taken together, these results provide convincing
evidence that the sensitivity of the AZT-MP excision reaction on RNA/DNA T/P to efavirenz
may be explained by the drug-induced accelerated RNase H activity of the enzyme in addition to
effects on the chemistry step of AZT-MP excision reaction. It should be noted that our data also
show that AZT-TP incorporation is affected by decreasing the RNA/DNA duplex length (Figure
3). However, the rate of AZT-TP incorporation is significantly faster than the rate of AZT-MP
excision, (8.78 s* versus 0.54 x 10° s*; Sluis-Cremer, et al., 2005) and therefore we would not
expect the observed increase in the secondary cleavage event that accumulates in a minute time-

scale (see Figure 2) to adversaly affect the 1Cs for incorporation of AZT-TP.

Nikolenko et al (2005) recently proposed that an equilibrium exists between: (i) NRTI
incorporation, NRTI excision and resumption of DNA synthesis; and (ii) degradation of the RNA
template by RNase H activity that leads to dissociation of the template-primer and abrogation of
HIV-1 replication. In this regard, the authors elegantly showed that mutations in the RNase H
domain of RT that reduce RT’'s RNase H activity confer AZT resistance. Our study lends
biochemical support to thismodel and clearly demonstrates that the efficiency of ATP-mediated
excision reactions on RNA/DNA templates can be influenced by the enzyme' s RNase H activity.
However, the datain Figure 3 show that it is not a decrease in the absolute rate of RNase H
activity that will contribute to increased NRTI-MP excision, but a decrease in the rate or
appearance of secondary cleavage events that generate RNA/DNA T/P with duplexes less than

13 nucleotides.

12
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Footnotes:

This study was supported by the NIH (National Institutes of Health) grant RO1 GM 068406-01.
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Figure L egends:

Figurel. Inhibition of RT mediated AZT-TP incorporation and AZT-MP excision on
RNA/DNA and DNA/DNA T/P by efavirenz.

A) Sequences of RNA and DNA templates and DNA primer used in all experiments. In the ATP-
mediated excision assays, the pr26 primer was chain terminated with AZT-MP (designated as Z).
B) Representative gel analysis of AZT-MP excision reaction carried out on RNA/DNA or
DNA/DNA T/P in the absence and presence of varying concentrations of efavirenz (0 to 300
nM).

C) Graph of inhibition of AZT-MP excision by efavirenz on RNA/DNA T/P (o) and DNA/DNA
T/P (*) from datain B. ICs values determined from this isotherm were 11.9 nM and 100.7 nM
for the RNA/DNA and DNA/DNA T/P, respectively.

D) HIV-1 RT AZT-MP excision isotherms from RNA/DNA T/P (o) and DNA/DNA T/P (*) in
the absence of inhibitor. The apparent rates of AZT-MP excision were calculated to be 0.067 +
0.005 min™ and 0.045 + 0.002 min™ for DNA/DNA and RNA/DNA T/P, respectively. The burst
amplitudes (total amount of product excised at an infinite time point) were 84 % and 45 % for
the DNA/DNA and RNA/DNA T/P, respectively.

E) 1Cso values for the inhibition of AZT-TP incorporation and AZT-MP excision by efavirenz
under single turnover conditions. The concentrations of efavirenz used in the incorporation
assays were 5, 10, 20, 30, 50, 100, 150, 250, 500 nM. The concentrations of efavirenz used in
the excision assays were 2, 5, 10, 30, 50 and 100 nM and 25, 50, 100, 150, 200 and 500 nM for
the RNA/DNA and DNA/DNA T/P, respectively. The calculated 1Cs values for incorporation of

AZT-TPwere19.6 + 8.5 nM and 10.2 + 4.0nM for the DNA/DNA and RNA/DNA T/P,
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respectively. The calculated |Csps for ATP-mediated excision of AZT-MP were 108.1 + 32.3
nM and 5.8 + 1.1 nM for the same two substrates respectively. The difference between these two

values was found to be statistically significant (p-value < 0.005).

Figure 2. Efavirenz acceleratesHIV-1 RT RNase H activity.

(A) Autoradiogram of RNase H products generated during ATP-mediated excision assaysin the
absence and presence of efavirenz. Experiments were carried out as described in Materials and
Methods, the 5'-end of the RNA template is radioactively labeled in these experiments. The
primary RNase H cleavage events occur at 17 or 18 nucleotides downstream from the
polymerase, depending on the location of the AZT-MP moiety in the polymerase active site (17
nucleotides if in nucleotide (N)-site; 18 nucleotidesif in priming (P)-site). These cleavages
generate RNA/DNA duplex lengths of 19 and 18 nucleotides, respectively.

(B) Isotherm for the rate of appearance of the 19 nucleotide secondary RNase H cleavage
product generated in the absence () or presence (o) of 150nM efavirenz. The intensity of the 19
nucleotide product was determined by densiometric analyses using Bio-Rad GS525 Molecular
Imager ® FX software, and is reported as arbitrary units.

(C) Isotherm for the rate of ATP-mediated AZT-MP excision carried-out by HIV-1 RT in the

absence (e) or presence (o) of 150nM efavirenz.

Figure 3. Ability of HIV-1 RT toincorporateor excise AZT on RNA/DNA T/P with
decreasing duplex lengths.
Sequences of RNA templates that were annealed to pr26 (for incorporation of AZT-TP) or pr26-

AZT (for excision of AZT-MP) are shown. The RNA/DNA duplex length is highlighted in bold.
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Assays were carried out as described in Materials and Methods. Incorporation and excision
activity on the RNA-T template was assumed as the reference (100%). Statistical differenceis

denoted as** (p < 0.01) and *** (p < 0.001).

Figure4. Mobility gd shift assaysto assess RT-T/P interactions.

A) Representative gel for the binding of RT to RNA-T/pr26-AZT and DNA-T/pr26-AZT.
Assays were carried out as described in Materials and Methods. The bound and free T/P
subgtrates are labeled as RT-T/P-AZT and T/P-AZT, respectively. The concentrations of RT

used in the assay are also indicated.

B) Plots of RT binding to the RNA/DNA T/P substrates with decreasing duplex lengths, as
indicated in Figure 3A. RNA/DNA T/P with a duplex length of 26 nucleotides (¢), 18 nucleotides
(°), 16 nucleotides (A ), 14 nucleotides (A), 12 nucleotides (m), 10 nucleoctides (o), and 8

nucleotides (solid ¢) and 6 nucleotides (0) are shown.
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