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ABSTRACT: Although HIV-1 reverse transcriptase (RT) DNA polymerase and ribonuclease H (RNase H)
activities reside in spatially distinct domains of the enzyme, inhibitors that bind in the RT polymerase
domain can affect RNase H activity. We used both gel assays and a real-time FRET assay to analyze the
impact of three mechanistically distinct RT polymerase inhibitors on RNase H activityin Vitro. The
nucleoside analogue 3′-azido-3′-deoxythymidine triphosphate (AZT-TP) had no effect, whereas the
pyrophosphate analogue phosphonoformate (PFA) inhibited RNase H activity in a concentration-dependent
manner. Nonnucleoside RT inhibitors (NNRTIs) enhanced RNase H catalysis, but the cleavage products
differed substantially for RNA/DNA hybrid substrates of different lengths. A comparison of 61 different
RT crystal structures revealed that NNRTI binding opened the angle between the polymerase and RNase
H domains of the p66 subunit and reduced the relative motion of the thumb and RNase H regions, suggesting
that NNRTI enhancement of RNase H cleavage may result from increased accessibility of the RNase H
active site to the RNA/DNA hybrid duplex. We also examined the effects of combining a diketo acid
(DKA) RNase H inhibitor with various RT polymerase inhibitors on polymerase-independent RNase H
cleavage, RNA-dependent DNA polymerization, and in reverse-transcription assays. Interestingly, although
the NNRTI decreased DKA potency in polymerase-independent RNase H assays, NNRTI/DKA
combinations were synergistic in inhibiting reverse transcription overall, indicating that regimens
incorporating both NNRTI and RNase H inhibitors may be therapeutically beneficial.

Human immunodeficiency virus type 1 (HIV-1)1 reverse
transcriptase (RT) catalyzes the conversion of genomic viral
RNA into double-stranded DNA. This complex process
includes DNA synthesis on both RNA and DNA templates,
nucleic acid strand transfer, and hydrolytic cleavage of the
RNA component of intermediate RNA/DNA reverse tran-
scription hybrids by ribonuclease H (RNase H). Both RT
polymerase and RNase H activities are essential for HIV-1
replication; therefore, RT has proven to be an attractive target
for antiretroviral development. A total of 11 of the currently
approved anti-HIV therapeutics are RT inhibitors, and all
inhibit the DNA polymerase activity. Nucleoside analogue

RT inhibitors (NRTIs) such as 3′-azido-3′-deoxythymidine
(AZT; zidovudine) are polymerase chain terminators that
compete with dNTP substrates for binding to the RT
polymerase active site. Nonnucleoside RT inhibitors (NNR-
TIs) such as efavirenz are allosteric inhibitors that bind in a
distinct hydrophobic pocket near the polymerase active site
and alter RT conformation to reduce DNA synthesis. A third
class of polymerization inhibitors includes phosphonoformic
acid (PFA; foscarnet), an analogue of the pyrophosphate
byproduct of RT-catalyzed nucleotidyl incorporation. Al-
though the antiretroviral activity of PFA has been validated
both in Vitro and in the clinic (1, 2), it is not currently
approved for HIV therapy.

The RT polymerase and RNase H active sites are separated
by more than 60 Å, yet RNase H cleavage can be affected
by alterations in the polymerase domain. Mutations in the
primer grip essential for polynucleotide substrate binding in
either the polymerase domain (3) or in the RNase H domain
(4-6) alter the RNase H cleavage position on RNA/DNA
hybrids. A subset of polymerase domain primer grip residues
(F227, W229, L234, and H235) line the NNRTI-binding
pocket, and two structurally distinct NNRTIs, nevirapine (7)
and a thiobenzimidazolone (TIBO) derivative (8), alter
RNase H cleavage site specificity and rates of the reaction.
Furthermore, mutations associated with NNRTI resistance,
such as Y181C (9, 10) and P236L (11), modify RNase H
cleavage kinetics.
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Recent advances in the development of a fluorescent
resonance energy transfer (FRET) assay have simplified
quantification ofin Vitro RNase H cleavage rates (12). In
the present work, we utilized the FRET assay in conjunction
with gel-based assays to expand on previous studies by
examining the effects of RNA/DNA substrate sequence and
length on the NNRTI enhancement of RNase H cleavage.
We also compared the effects of a variety of RT polymerase
inhibitors, including AZT-TP, PFA, and an efavirenz ana-
logue NNRTI on RNase H cleavage, to investigate the
interplay between RT polymerase and RNase H domains.
Analyses of crystal structures permitted the identification of
conformational changes in RT upon ligand binding. Finally,
we studied the impact of combining polymerase inhibitors
with a diketo acid (DKA) RNase H inhibitor [compound I
(13)] to assess the effects of compound combinations on
polymerase-independent RNase H cleavage, DNA polym-
erization, and in reverse-transcription assays that require the
coordination of multiple catalytic events. Our findings
suggest that suppression of HIV-1 replication is feasible with
RT polymerase/RNase H inhibitor combinations.

EXPERIMENTAL PROCEDURES

Reagents. Buffer components and chemical compounds
were obtained from either Sigma-Aldrich or Ambion, unless
specified. The RNase H inhibitor 4-[5-(benzoylamino)thien-
2-yl]-2,4-dioxobutanoic acid (compound I) was synthesized
as previously described (13). (()4-(1-Chloro-1,1-difluorom-
ethyl)-4-(2-phenylethynyl)-6-chloro-2H-3,1-benzoxazin-2-
one (compound II), an analogue of the NNRTI efavirenz
(EFV), was synthesized according to published methods (14).
These compounds differ in that EFV has a cyclopropyl
methyl group in place of the phenyl group in compound II
and one of the chlorine atoms in compound II is replaced
by fluorine in EFV. AZT-TP was purchased from Sierra
Bioresearch (Tucson, AZ). Solutions of all compounds were
prepared in dimethyl sulfoxide (DMSO, Pierce). [γ-32P]ATP
(Amersham Biosciences) was used to 5′-end label RNA
substrates in standard T4 polynucleotide kinase reactions.

Protein Purification. HIV-1 RT mutants K103N (NNRTI-
resistance mutation) and E89K (foscarnet-resistance muta-
tion) were generated with the QuikChange site-directed
mutagenesis kit (Stratagene). Full-length wild-type and all
mutant RT proteins were expressed inEscherichia coli
BL21(DE3) cells and purified as described previously (13).
In each assay where mutant proteins were used, equivalent
enzymatic activities of each enzyme were added to the
reactions.

RNA-Dependent DNA Polymerase Assays.HIV-1 RT
enzyme (1 nM) was combined with an inhibitor or DMSO
(5%) in the assay buffer (50 mM Tris-HCl at pH 7.8, 1 mM
dithiothreitol, 6 mM MgCl2, 80 mM KCl, 0.2% poly(ethylene
glycol) 8000, and 0.1 mM EGTA), and the mixture was
preincubated for 30 min at room temperature in microtiter
Optiplates (Packard). Reaction mixtures (100µL) were
initiated with a combination of primer-template substrate (10
nM final concentration) and dNTPs (0.6µM dNTPs and 0.75
µM [3H]dGTP). The heterodimeric nucleic acid substrate was
generated by annealing the DNA primer pD500 (5′-biotin-
TTGAAATGACTGCGGTACGGC-3′, Integrated DNA Tech-
nologies) to t500, a 500-nucleotide RNA template created

by in Vitro transcription (13). After incubation for 1 h at 37
°C, reactions were quenched by 10µL of streptavidin
scintillation proximity assay beads (10 mg/mL, Amersham
Biosciences) in 0.5 M EDTA at pH 8. Microtiter plates were
incubated for an additional 10 min at 37°C prior to
quantification via Topcount (Packard).

Polymerase-Independent RNase H CleaVage Assays.RNase
H activity was measured in 50 mM Tris-HCl at pH 7.8, 1
mM dithiothreitol, 6 mM MgCl2, 80 mM KCl, 0.2% poly-
(ethylene glycol) 8000, 0.1 mM EGTA, and 5% DMSO. In
the FRET protocol, compounds were preincubated with 10
nM HIV-1 RT for 10 min at 37°C in black microtiter plates
(Dynex), and 100µL reactions were subsequently initiated
with 250 nM FAM-labeled nucleic acid substrate. Substrates
were all derived from the region surrounding the TAR loop
and bulge, as follows: PAGE-purified fluorescein-labeled
oligonucleotides 5′-GAUCUGAGCCUGGGAGCU-(6-FAM)-
3′ (18-FAM-RNA), 5′-AUCUG AGCCUGGGAGCU-(6-
FAM)-3′ (17-FAM-RNA), 5′-UCUGAGCCUGGGAGCU-
(6-FAM)-3′ (16-FAM-RNA), and 5′-CUGAGCCUGGGA-
GCU-(6-FAM)-3′ (15-FAM-RNA) were each annealed sepa-
rately to the 18-mer DNA oligonucleotide 5′-dabcyl-
AGCTCCCAGGCTCAGATC-3′ (18-DAB-DNA). All sub-
strates were PAGE-purified and were purchased from
TriLink BioTechnologies (San Diego, CA). Kinetic data was
collected at 37°C over 30 min at 485 nM excitation and
520 nM emission wavelengths on a FluoStar Optima plate
reader (BMG Lab Technologies), and results were quantified
using DeltaSoft software (BioMetallics). For all data reported,
the assay was in the linear part of the velocity curve and
substrate consumption was less than 20%.

For the polyacrylamide gel-based protocol, compounds
were preincubated with 10 nM HIV-1 RT for 10 min at 37
°C, and 40µL reactions were subsequently initiated with
250 nM FAM-labeled nucleic acid substrate. Reactions
proceeded for 5-15 min and were quenched with an equal
volume of formamide gel-loading buffer. Substrate and
product oligomers were resolved on a 20% denaturing
polyacrylamide sequencing gel containing 8 M urea in Tris-
borate-EDTA buffer, and results were quantified by Phos-
phorImager analysis (Amersham Biosciences).

In Vitro ReVerse-Transcription Assay.RNase H cleavage,
RNA- and DNA-dependent polymerization, and DNA strand-
transfer activities were all required to generate a signal in
this previously published microtiter scintillation proximity
assay that mimics the process of reverse transcription (15).
The 40-mer PAGE-purified RNA oligonucleotide (Gab-
bRNA, 5′- AGGUGAGUGAGAUGAUAACAAAUUUGC-
GAGCCCCAGAUGC-3′) (15) was purchased from Dhar-
macon Research, while the corresponding 22-mer DNA
oligonucleotide (GabbDNA1, 5′-biotin-GCATCTGGGGC-
TCGCAAATTTG-3′) and 35-mer DNA (GabbDNA2, 5′-
CCCCCCCCCCCCCCCAGGTGAGTGAGATGATAACA-
3′) were purchased from Integrated DNA Technologies. The
heterodimeric nucleic acid substrate was generated by
annealing the biotinylated DNA primer (GabbDNA1) to the
40-mer RNA template (GabbRNA). This primer-template
substrate (30 nM final concentration) was combined with
the acceptor DNA template (GabbDNA2), dNTPs (0.6µM
dNTPs and 0.75µM [3H]dGTP), and an inhibitor or 5%
DMSO in the assay buffer (50 mM Tris-HCl at pH 7.8, 1
mM dithiothreitol, 6 mM MgCl2, 80 mM KCl, 0.2% poly-

1596 Biochemistry, Vol. 44, No. 5, 2005 Shaw-Reid et al.



(ethylene glycol) 8000, and 0.1 mM EGTA). Reaction
mixtures (100µL) were initiated with 5 nM HIV-1 RT
enzyme, and after incubation for 1 h at 37°C, reactions were
quenched by 40µL of 0.5 M EDTA at pH 8. A total of 100
µL of streptavidin scintillation proximity assay beads (10
mg/mL, Amersham Biosciences) was added; plates rested
an additional 10 min at 37°C; and 100µL TBE buffer was
added to each well prior to counting radioactivity via
Topcount (Packard).

RESULTS

Experimental Rationale.Successful reverse transcription
requires two distinct enzymatic activities residing in different
domains of RT, a DNA polymerase activity and an RNase
H activity. Because previous studies had shown that poly-
merase inhibitors can affect RNase H activity, we wanted
to determine whether polymerase inhibitors and RNase H
inhibitors display pharmacological interactions on RT reac-
tions in Vitro. We have approached this question using three
different assays designed to interrogate different subsets of
the enzymatic activities of RT: one assay measures only
the RNA-dependent DNA polymerase activity of RT; a
second assay measures only the polymerization-independent
RNase H activity; and a third assay requires both DNA
polymerase and RNase H activities to generate a signal. As
shown in the following sections, the interaction of an NNRTI
and an RNase H inhibitor produces different results depend-
ing on which subset of activities is measured.

IndiVidual Inhibitor Testing in an RNA-Dependent DNA
Polymerase Assay.We first tested a variety of mechanisti-
cally distinct inhibitors using an RNA-dependent DNA
polymerization assay that does not require RNase H activity.
These studies were conducted with wild-type and mutant
HIV-1 RT forms (Table 1). The thiophene DKA RNase H
inhibitor (compound I) had no effect on polymerization rates
(IC50 > 50 µM), regardless of the presence of mutations.
PFA, a pyrophosphate analogue, was a relatively weak

inhibitor of wild-type RT (IC50 ) 230 nM), and rates were
only marginally affected by the K103N mutation associated
with NNRTI resistance (IC50 ) 420 nM). In contrast, PFA
potency decreased 20-fold against the E89K foscarnet-
resistant enzyme. AZT-TP, an active-site polymerase inhibi-
tor that functions as a chain terminator, moderately inhibited
wild-type RT activity (IC50 ) 190 nM) and was slightly
sensitized (2-fold) by the K103N and E89K mutations distal
to the active site. Compound II, an analogue of the NNRTI
efavirenz, was the most potent polymerization inhibitor tested
(IC50 ) 7 nM). K103N RT showed 13-fold resistance to
compound II in comparison to wild-type RT, confirming that
compound II is a bona fide NNRTI, but the E89K mutation
had little effect on potency of this NNRTI.

IndiVidual Inhibitor Testing in a Polymerase-Independent
RNase H Assay.The same compounds were tested in a
recently described high throughput FRET assay (12) to
determine their effects on HIV-1 RNase H activity. The
substrate for this assay (18-FAM) was composed of a blunt-
end 18-nucleotide hybrid duplex created by annealing a 3′-
fluorescein-labeled heteropolymeric RNA to a complemen-
tary 5′-dabycl-labeled DNA oligonucleotide. Variants were
designed by sequentially truncating the 5′ end of the RNA
strand of the hybrid duplex, while retaining the original 18-
nucleotide 5′-dabycl-labeled DNA oligonucleotide, yielding
17-FAM, 16-FAM, and 15-FAM substrates (Table 2). 18-
FAM and 17-FAM bound to HIV-1 RT 5-7-fold tighter than
the 16-FAM and 15-FAM substrates (Km ) 7-11 nM versus
52-53 nM, respectively). However, the 18-FAM and 17-
FAM substrates also had a slower turnover rate (kcat ) 0.1-
0.2 min-1) in comparison to the 16-FAM (kcat ) 1.0 min-1)
or 15-FAM (kcat ) 0.8 min-1) sequences. Thus, the catalytic
efficiency of all four substrates were essentially equivalent
(kcat/Km ) 2.5-3.2 × 105 M-1 sec-1).

The FRET assay was conducted with all four substrates
to assess the effect of a variety of RT inhibitors on RNase
H cleavage activity (Table 3). The DKA RNase H inhibitor,

Table 1: Inhibition of HIV-1 RNA-Dependent DNA Polymerizationa

a Polymerization reactions were conducted as described in the Experimental Procedures. Values represent the mean and standard deviations of
3-4 independent experiments.
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compound I, showed similar inhibition potencies (IC50 )
2-3.5µM) with each of the substrates, and as expected, the
NRTI AZT-TP had no effect on RNase H cleavage (IC50 >
100 µM). We have previously shown that PFA indirectly
inhibits polymerase-independent RNase H cleavage in gel-
based assays (13). Using the FRET assay, inhibition of
RNase H activity by PFA was observed only with the 18-
FAM substrate (IC50 ) 1.5 µM, Table 3); no inhibition was
observed in assays conducted with the 17-FAM, 16-FAM,
or 15-FAM substrates. When PFA was titrated in FRET
cleavage assays with the 18-FAM substrate and the E89K
mutant, potency was reduced by 6-fold (IC50 ) 9 µM,
Table 3).

The NNRTI (compound II) enhanced RNase H cleavage
as much as 10-fold in assays using the 18-FAM or 17-FAM
substrates (parts A and B of Figure 1), whereas little effect
of compound II was observed in assays using the 16-FAM
or 15-FAM substrates. Enhancement of RNase H activity
by compound II was dose-dependent (Figure 1B). A standard
Michaelis-Menten saturation kinetic model was used to
calculate 50% maximal activation of RNase H cleavage for
the 18-FAM (AC50 ) 20 nM) and 17-FAM (AC50 ) 50 nM)
substrates (Table 3).

Approximately 22-fold higher concentrations of compound
II were required to provide 50% maximal activation with
K103N RT (AC50 ) 440 nM, Table 3) in reaction mixtures
containing 18-FAM, and RNase H cleavage rates were only
marginally enhanced to roughly twice the level noted with

wild-type RT. This finding suggests that the NNRTI must
bind in the hydrophobic pocket of the polymerase domain
to stimulate RNase H activity.

NNRTI Binding Alters RNase H Kinetics and CleaVage-
Site Distribution.To compare the specific cleavage products
generated by catalysis of HIV-1 RNase H with each of the
four FAM-labeled substrates, reaction mixtures were further
analyzed by gel electrophoresis (Figure 2A). With each
substrate, the primary RNase H cleavages were at the 3′
minus-one and minus-four positions (i.e., between C-U and
G-A, respectively; arrows in Table 2). Secondary cleavage
products were also observed at minus-two and minus-three
positions. In the absence of the inhibitor, the relative cleavage
of each substrate (Figure 2A) matched the respective rates
calculated in the FRET assay (Table 2); the substrates
providing the fastest turnover, 16-FAM and 15-FAM, showed
greater conversion to the product in comparison to 18-FAM
and 17-FAM. As expected, AZT-TP had no effect on either
the rate or the distribution of RNA cleavage products.
Although PFA and compound I both inhibited RNase H
cleavage in either FRET or gel-assay formats, the relative
distribution of cleavage products was not affected by binding
of either compound (data not shown).

In contrast, compound II had a significant effect on gel
product band distribution that was dependent on the FAM-
RNA length (Figure 2A). The enhanced degradation of 18-
FAM in the presence of compound II was primarily due to
increased cleavage at minus-four and decreased cleavage at

Table 2: FRET Substrate Sequences, RNase H Cleavage Sites, and Michaelis-Menten Kinetic Parametersa

a Kinetic parameters were derived from direct fit of the FRET cleavage data to the Michaelis-Menten model. Experiments were conducted in
quadruplicate.b Location of cleavage sites, which were determined by the gel-based assay, are shown by arrows. Darker arrows indicate more
concentrated product bands.

Table 3: Effects of Substrate Sequence and Inhibitor Binding on HIV-1 Polymerase-Independent RNase H Cleavage in the FRET Assay

substratea
compound I
IC50 (µM)

PFA
IC50 (µM)

AZT-TP
IC50 (µM)

compound II
wild-type enzyme AC50 (µM)b

compound II
K103N enzyme AC50 (µM)b

18-FAM 2.4( 0.3 1.5( 0.1c >100 0.02( 0.01d 0.4
17-FAM 2.0( 0.5 >25 >100 0.05( 0.02d NDe

16-FAM 2.4( 0.3 >25 >100 >1 NDe

15-FAM 3.5( 0.3 >25 >100 >1 NDe

a Each substrate was tested at 250 nM.b AC50 is defined in the text as the substrate concentration at which velocity is half-maximal.c PFA
potency was reduced 6-fold with foscarnet-resistant mutant E89K RT (IC50 ) 9 µM). d Compound II enhanced RNase H cleavage 7-10-fold with
substrates 18-FAM and 17-FAM.e ND ) Not determined.
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minus-one positions within the first 5 min (Figure 2B), while
that of 17-FAM was due to increased cleavage at all positions
(Figure 2A). Although there was no detectable increase in
the total cleavage rates of 15-FAM (or 16-FAM) upon
introduction of compound II, the relative product distributions
reflected increased cleavage at minus-one and decreased
cleavage at minus-four positions, which effectively balanced
one another (Figure 2C). Similar results were noted in
experiments using 18- and 15-nucleotide RNA substrates
lacking 3′-FAM, suggesting that the fluorophore had no
impact on the observed activities (data not shown).

The effect of NNRTI binding on RNase H cleavage rates
and product distribution was not specific to this series of
fluorescein-labeled substrates derived from the TAR bulge
and loop in the repeat region of the HIV-1 genome. An
increase in RNase H cleavage rate has been observed in gel-
based assays using substrates derived from the polypurine
tract and random segments of gag sequences (data not
shown). In some cases, NNRTI addition altered the cleavage
product distribution in addition to enhancing RNase H
catalysis. For this study, all assays conducted with the FRET

assay were confirmed with similar results from at least one
time point on a gel.

Pharmacological Interactions of Polymerase and RNase
H Inhibitors. Having observed that NNRTI binding in the
RT polymerase domain dramatically affects RNase H activ-
ity, we wondered whether polymerase inhibitors and RNase
H inhibitors might interact pharmacologically. In theory, two
inhibitors can show three different types of pharmacological
interaction: (1) they can work completely independently of
one another (“additive” effect); (2) they can work in a
cooperative way, producing a larger effect than either
inhibitor produces alone (“synergistic” effect); or (3) they
can work against each other, producing a smaller effect than
either inhibitor alone (“antagonistic” effect). To determine
how two compounds interact, they can be titrated together
in an assay and the data modeled by any of several methods.

In the experiments that follow, we have used the Yonet-
ani-Theorell model (16), which is the only technique known
to date that can adequately model the outcome when an
enzyme activator and an enzyme inhibitor are used together.
In this method, activity (defined asV0/Vi) for each concentra-
tion of one inhibitor is plotted as a function of the
concentration of the second inhibitor, thus yielding a series
of lines in which each line represents a single concentration
of one inhibitor. In theV0/Vi versus [i] plots of the Yonetani-
Theorell model, additive compounds are identified by parallel
lines, synergistic compounds are identified by splayed lines
with increasing slope andV0/Vi values greater than one, and
antagonistic compounds were identified by splayed lines with
progressively decreasing slope andV0/Vi values less than one.
In addition, where appropriate, we have confirmed all
conclusions drawn from Yonetani-Theorell analysis using
the Chou-Talalay method (17).

An NNRTI and an RNase H Inhibitor Are Antagonistic in
the RNase H Assay.We tested for pharmacological inter-
actions in the FRET-based RNase H assay by titrating
polymerase and RNase H inhibitors in various combinations
(Figure 3). AZT-TP at concentrations up to 100µM had no
effect on the potency of the diketo acid inhibitor in RNase
H cleavage assays. AZT-TP binding in the polymerase active
site was completely independent of compound I binding in
the RNase H active site, as shown by overlapping lines on
the Yonetani-Theorell plot (Figure 3A). In contrast, PFA
in isolation inhibited RNase H cleavage with the 18-FAM
substrate (IC50 ) 1.5 µM, Table 3). This pyrophosphate
mimic was additive with the DKA inhibitor (Figure 3B), and
the potency of compound I was only marginally affected in
the presence of up to 6.25µM PFA, as shown by parallel
slopes on the Yonetani-Theorell plot.

The Yonetani-Theorell plot of the efavirenz analogue in
combination with compound I was unique (Figure 3C). In
the absence of NNRTI (9), the thiophene DKA inhibited
RNase H cleavage (IC50 ) 2 µM). However, when the DKA
was combined with compound II in the same reaction
mixture, its effective potency decreased dramatically as the
NNRTI enhanced RNase H cleavage. The presence of even
very small quantities of this NNRTI (i.e., 15 nM compound
II) with 2 µM DKA was potent enough to activate RNase
H. RNase H cleavage activation by compound II was
graphically depicted as Yonetani-TheorellV0/Vi values less
than one, and the progressively decreasing slopes on the same

FIGURE 1: Polymerase-independent RNase H cleavage in FRET
assay. (A) Fluorescent signals generated over the time course of
RNase H cleavage reactions conducted with 18-FAM (4 and 2)
or 15-FAM (O andb) substrates in the presence of either DMSO
(4 andO) or 0.125µM compound II (2 andb). (B) Michaelis-
Menten saturation kinetics with all four fluorescein-labeled sub-
strates in the presence of compound II (NNRTI).

HIV-1 RT Polymerase and RNase H Inhibitor Binding Biochemistry, Vol. 44, No. 5, 20051599



plot were used to confirm the antagonism of compounds I
and II (Figure 3C). In sum, NNRTI binding decreased the
potency of the RNase H inhibitor in polymerase-independent
RNase H cleavage reactions.

An NNRTI and an RNase H Inhibitor Are AdditiVe in the
RNA-Dependent RNA Polymerase Assay.The same inhibitor
combinations described above were tested in the RNA-
dependent DNA polymerization assayin Vitro. Yonetani-
Theorell analysis indicated that in each case, combinations
of the polymerase inhibitor (AZT-TP, PFA, or compound

II) with the RNase H inhibitor were additive (parts A-C of
Figure 4, respectively). Compound I in isolation had no effect
on DNA polymerization under these conditions (9 in parts
A-C of Figure 4), and the potencies of each of the
polymerase inhibitors (Table 1) shifted by less than 2-fold
when they were titrated in reaction mixtures containing up
to 10 µM compound I. These findings indicate the absence
of pharmacological interactions between polymerase inhibi-
tors and an RNase H inhibitor when testing only the RT
polymerase activity.

FIGURE 2: Polymerase-independent RNase H cleavage in gel assay. (A) Polyacrylamide gel illustrating cleavage products of all four
fluorescein-labeled substrates. Each substrate (250 nM) was tested in 20 min reactions (i) without enzyme or with 10 nM wild-type RT
enzyme and (ii) no inhibitor (DMSO), (iii) 1µM compound II (NNRTI), or (iv) 50µM AZT-TP. Cleavage products were confirmed by
RNA markers corresponding to the identical sequence and length of expected products as shown in bordering lanes (lanes 1 and 18). (B)
Time course for the accumulation of products generated by RNase H cleavage of 18-FAM in the absence (clear bars) or presence (hatched
bars) of 1µM compound II. Total product (entire bar) is composed of minus-one (17-mer, white bars), minus-two plus minus-three (16-
and 15-mers, gray bars), and minus-four (14-mer, dark bars) band intensities. Measured band intensities typically varied by<25% for
triplicate determinations. (C) Time course for the accumulation of products generated by RNase H cleavage of 15-FAM in the absence
(clear bars) or presence (hatched bars) of 1µM compound II. Total product (entire bar) is composed of minus-one (14-mer, white bars),
minus-two plus minus-three (13- and 12-mers, gray bars), and minus-four (11-mer, dark bars) band intensities. Measured band intensities
typically varied by<25% for triplicate determinations.
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An NNRTI and an RNase H Inhibitor Are Synergistic in
the Full-ReVerse-Transcription Assay.A third in Vitro assay
was conducted to capture the effect of inhibitor combinations
on the coordination of multiple steps required during reverse
transcription: RNA-dependent DNA polymerization, RNase
H cleavage, DNA strand transfer, and DNA-dependent DNA
polymerization (15, 18). Although reverse transcription was
completely eliminated with either the active-site polymerase
(D185N RT) or RNase H (D443N RT) mutants in isolation,

the combination of D185N RT plus D443N RTin trans
completely restored reverse-transcription activity to the
same level as observed with wild-type HIV-1 RT (data not
shown). Compound I, AZT-TP, PFA, and compound II each
inhibited reverse-transcription activity when tested in isola-
tion (IC50 ) 1.2 µM, 47 nM, 200 nM, and 170 nM,
respectively). To assess their impact in combination, synergy
was analyzed with the Yonetani-Theorell model (Figure 5).
In addition, all results were validated by the Chou-Talalay

FIGURE 3: Yonetani-Theorell plots characterizing compound
combinations in the FRET RNase H assay conducted with 250 nM
18-FAM and 10 nM wild-type HIV-1 RT enzyme, as described in
the Experimental Procedures. In all graphs,9 represent the titration
of compound I in the absence of any other compound (i.e., in
isolation). Increasing concentrations of the second inhibitor are
represented (in order) byO, 4, +, ×, ), 0, andb; for clarity, all
concentrations of every compound are not shown on each graph.
Each data point varied by<20% for triplicate determinations. (A)
Compound I (DKA) titrated 2-fold down from 12.5µM in
combination with AZT-TP titrated 2-fold down from 100µM. (B)
Compound I (DKA) titrated 2-fold down from 6.25µM in
combination with PFA (6.25, 1.56, and 0.39µM). (C) Antagonism
between compound I (DKA) titrated 2-fold down from 6.25µM in
combination with compound II (NNRTI) titrated 2-fold down from
0.25 µM.

FIGURE 4: Yonetani-Theorell plots characterizing inhibitor com-
binations in the RNA-dependent DNA polymerase assay conducted
as described in the Experimental Procedures with 30 nM substrate
and 1 nM wild-type HIV-1 RT enzyme. In all graphs,9 represent
the titration of compound I in the absence of other compounds (i.e.,
in isolation). Increasing concentrations of the second inhibitor are
represented (in order) byO, 4, +, ×, ), 0, andb; for clarity, all
concentrations of every compound are not shown on each graph.
Each data point varied by<20% for triplicate determinations. (A)
Compound I (DKA) titrated 2-fold down from 10µM in combina-
tion with AZT-TP titrated 2-fold down from 0.625µM. (B)
Compound I (DKA) titrated 2-fold down from 10µM in combina-
tion with PFA titrated down from 5µM. (C) Compound I (DKA)
titrated 2-fold down from 10µM in combination with compound
II (NNRTI) titrated 2-fold down from 50 nM.
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method based on the combined median-effect principle (data
not shown).

Results shown in parts A-C of Figure 5 indicate that in
each case, combinations of the polymerase inhibitor (AZT-
TP, PFA, or compound II) with the RNase H inhibitor were
synergistic. Although the degree of synergy was dependent
on the concentrations of each inhibitor, increasing slopes on
the Yonetani-Theorell plots and combination indices of
Chou-Talalay modeling (data not shown) agree that potency
enhancements are greater for the RNase H inhibitor tested

in combination with either AZT-TP (Figure 5A) or the
NNRTI (Figure 5C) in comparison to PFA (Figure 5B).
Nevertheless, regardless of the compound class and despite
variable effects of each polymerase inhibitor on RNase H
cleavage activity, high concentrations of either AZT-TP,
PFA, or the NNRTI enhanced the potency of the DKA RNase
H inhibitor in assays requiring the coordinated activities of
both polymerization and RNase H cleavage.

DISCUSSION

Although the multiple enzymatic functions required for
reverse transcription are catalyzed by one protein, HIV-1 RT
has several binding sites that can accommodate inhibitors
from a variety of structural classes. Numerous examples
demonstrate that ligand binding at one polymerase site can
affect the potency of an inhibitor bound to a separate location
in the same polymerase domain (2, 19, 20). Previous studies
also show that combinations of AZT/PFA or AZT/efavirenz
synergistically inhibit HIV-1 RTin Vitro and they inhibit
viral replication without increased toxicity (20-22). In our
study, we attempt to extend this prior work by exploring
the long-range effects of polymerase binding on the inhibition
of RNase H activity. In addition, here, we introduce the first
set of in Vitro data to study the effects of combining the
thiophene DKA RNase H inhibitor (compound I) with RT
polymerase inhibitors in three complementary assay formats.

Inhibitory Effects of AZT Binding Are Independent of
RNase H Inhibition by DKA.FRET and gel-based assays
demonstrate that AZT-TP in isolation has no effect on
polymerase-independent RNase H cleavage (Table 3 and
Figure 2A). As expected, AZT-TP binding does not alter
RNase H cleavage rates or product band distribution (Figure
2A).

Yonetani-Theorell analysis of compound combinations
indicates that binding of AZT-TP in the polymerase active
site does not change the potency of the DKA, which binds
in the RNase H active site in the FRET assay format (Figure
3A). Likewise, DKA binding in the RNase H active site has
no effect on DNA polymerization, either in isolation (Table
1) or in combination with AZT-TP (Figure 4A). Thus, it is
not surprising that combinations of AZT-TP and the DKA
are synergistic in reverse-transcription assays that measure
the concerted actions of RNase H cleavage, polymerization,
and strand-transfer activities (Figure 5A).

Allosteric Effects of PFA Are Substrate-Dependent. PFA
indirectly inhibits RNase H activity in a manner that is
unexpectedly sensitive to substrate composition (Table 3).
To date, we have detected PFA inhibition of RNase H
cleavage with fully duplexed 18-FAM (Table 3) and with a
substrate derived from the gag domain (13) but not with the
other three fluorescein-labeled substrates herein, which
incorporate 5′-truncated RNA oligonucleotides (Table 3).
RNase H cleavage occurs at the same positions with each
of the four FAM substrates (Table 2); therefore, presumably,
the truncated variants (17-FAM, 16-FAM, and 15-FAM)
have fewer protein contacts in the polymerase domain. These
observations suggest that there may be critical contacts
between the RNA/DNA substrate and the PFA-binding site
residues. PFA is efficacious in reducing the viral load in HIV-
infected patients (1, 2); therefore, ourin Vitro results raise
the question of whether it is possible to design an even more

FIGURE 5: Yonetani-Theorell plots characterizing synergy with
inhibitor combinations in the reverse-transcription assay requiring
the coordination of polymerase-dependent RNase H cleavage, strand
transfer, and polymerization. Assays were conducted as described
in the Experimental Procedures with 30 nM substrate and 5 nM
wild-type HIV-1 RT enzyme. In all graphs,9 represent the titration
of compound I in the absence of any other compound (i.e., in
isolation). Increasing concentrations of the second inhibitor are
represented (in order) byO, 4, +, ×, ), 0, andb; for clarity, all
concentrations of every compound are not shown on each graph.
Each data point varied by<20% for triplicate determinations. (A)
Compound I (DKA) titrated 2-fold down from 12.5µM in
combination with AZT-TP titrated 2-fold down from 0.125µM.
(B) Compound I (DKA) titrated 2-fold down from 6.25µM in
combination with PFA titrated down from 10µM. (C) Compound
I (DKA) titrated 2-fold down from 6.25µM in combination with
compound II (NNRTI) titrated 2-fold down from 1.25µM.
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potent compound by synthesizing a PFA mimic that allos-
terically inhibits RNase H cleavage of multiple substrates.

PFA is additive when tested in combination with the DKA
in either the RNase H cleavage or DNA polymerization assay
formats (Figures 3B and 4B). Yonetani-Theorell analysis
indicates that there is mild synergy when the two compounds
are tested in the comprehensive reverse-transcription assay
(Figure 5B). A notable distinction is that three different
substrates are employed in each of the RNase H FRET,
polymerase, and reverse-transcription assay methods. Specif-
ically, during the reverse-transcription assay, a 40-mer
substrate undergoes polymerization and cleavage, thereby
presenting multiple polynucleotide hybrids of varying length
and double-stranded character. Because the potency of PFA
is affected by the substrate length and/or positioning (Table
3), the differences between additivity in FRET (Figure 3B)
versus synergy with compound I in the reverse-transcription
assay (Figure 5B) may be a reflection of the inability of PFA
to inhibit RNase H cleavage on truncated nucleotide strands
that accumulate during the reverse-transcription process.

NNRTIs ActiVate RNase H CleaVage.NNRTIs binding in
the hydrophobic pocket of the HIV-1 RT polymerase domain
indirectly activate RNase H activity in a substrate-dependent
manner. When compound II is added to reaction mixtures
containing the 17-FAM or 18-FAM substrates, a 7-10-fold
increase in the rate is observed (Figure 1B), which can be
attributed to the enhanced accumulation of the minus-four
cleavage product (parts A and B of Figure 2). In contrast,
there is no change in the total rate when the 15-FAM
substrate incubates with the NNRTI because the relative
intensity of the minus-one and minus-four products change
in proportion to one another (Figure 2C), which is not
apparent in the FRET assay. Specificity of the cleavage
product positioning is particularly important for precise
clipping of the tRNA primer and the polypurine tract
sequences during reverse transcription, andin Vitro gel
experiments reveal that these RNase H cleavage sites do not
change in the presence of NNRTIs (data not shown).

RNase H cleavage activation occurs upon the binding of
NNRTIs from a wide range of structural classes, and this
enhancement is dampened in assays conducted with the
NNRTI-resistant K103N RT mutant (Table 3). There is a
direct correlation between NNRTI potency and the level of
activation, although this relationship is not strictly quantita-
tive in Vitro (data not shown). Compound II, the efavirenz
analogue with strong potency in the RT polymerase assay
(IC50 ) 7 nM), stimulates a high level of RNase H cleavage
enhancement (7-fold activation, Figure 1B), while in our
hands, nevirapine is less potent in the polymerase assay (IC50

) 240 nM) and less effective at enhancing RNase H cleavage
(3-fold activation). These results are consistent with the
5-fold increase in RNase H cleavage upon nevirapine binding
shown by Palaniappan et al. (7). They support the hypothesis
that NNRTI binding strength directly influences conforma-
tional mobility and the accessibility of the RNase H active
site for the polynucleotide substrate, despite the fact that these
binding sites are separated by approximately 64 Å [1DLO
(23) and 1HYS (24)]. This enhancement effect can be used
as a signature to supplement identification of compounds
from unique structural classes that display the classical shift
in potency with NNRTI resistance mutations.

NNRTI Binding Correlates with Conformational and
Vibrational Changes in HIV-1 RT.To provide mechanistic
support for thein Vitro catalytic experiments conducted with
NNRTIs, a conformational analysis was conducted with a
set of 61 HIV-1 RT crystal structures culled from the Protein
Data Bank (PDB, (25); in the Supporting Information, Table
A). In comparison to structures without bound ligand [Figure
6A (24)], the RNaseH-NNRTI-polymerase (Pol) angle
increases by approximately 10° (from ∼95° to 105°, Figure
6B) upon binding of NNRTIs from any structural class. There

FIGURE 6: (A) Structure of heterodimeric p66 (blue) and p51
(brown) subunits of HIV-1 RT (PDB accession code 1HYS).
Binding sites of polymerase and RNase H inhibitors are circled on
the p66 subunit. The polymerase active site, NNRTI pocket, and
RNase H active site are designated in p66 by the average center of
the carbon-R (CR) atoms of residues (D110, D185, and D186),
(K103, Y181, F227, and W229), and (D443, E478, and D498),
respectively. The proximity of the RNase H and polymerase active
sites to the NNRTI-binding pocket was determined by measuring
the average distance between the CR atoms. The RNaseH-NNRTI-
Pol angle is defined by intersecting vectors drawn between
NNRTI-RNase H and NNRTI-Pol sites. (B) Correlation between
the ligand surface area versus the RNaseH-NNRTI-Pol angle.
The 61 published structures listed in the Supporting Information,
Table A, included unliganded wild-type RT, enzymes containing
mutations associated with NNRTI resistance, and RT-NNRTI
complexes (b), either with or without bound nucleic acid. Crystal-
lographic resolution and space-group symmetries for each structure
were comparable. Ligands from a variety of structural classes,
including the commercial products efavirenz, nevirapine, and
delavirdine, were all identified as binding in the NNRTI pocket of
the p66 subunit. Nucleic acids were ignored, and the ligand surface
areas of the structures without bound NNRTIs were set trivially to
0 (]).
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is no significant overlap of the RNaseH-NNRTI-Pol angle
for proteins with versus without small molecules bound
(Figure 6B). The distance between the RNase H and
polymerase active sites correlates with the RNaseH-NNRTI-
Pol angle of each structure to confirm that the increase in
the angle upon NNRTI binding is not due to a local
rearrangement of the NNRTI site. This result is consistent
with previous models using more limited data, which describe
the opening of the angle between the fingers and thumb
domain and RNase H movement upon NNRTI binding (23,
26, 27). The expanded angle allows greater accessibility of
polynucleotides and more degrees of freedom in the nucleic
acid binding groove, which in turn could increase both the
catalytic rate and the distribution of products upon RNase
H cleavage.

Essential dynamics results provide additional evidence that
NNRTI binding alters the conformational mobility of RT
(28, 29). The low vibrational modes of the protein demon-

strate that the concerted motion of the p66 thumb has a
wagging motion in the absence of NNRTIs (parts A and B
of Figure 7), which changes to a rocking motion in the
presence of NNRTIs (parts C and D of Figure 7). Because
the RNA/DNA polynucleotide substrate has been shown to
span the binding groove from the polymerase domain, under
the thumb, and across to the RNase H domain (24), the
rocking thumb in HIV1-RT/W would present a lower
entropic barrier to substrate binding in comparison to the
wagging thumb. The rocking motion is more favorable for
polynucleotide binding near the RNase H active site because
of the reduced relative motion of the thumb and RNase H
domains. These results are consistent with previous molecular
dynamics and normal modal analyses of HIV-1 RT con-
ducted with limited sets of structures (26, 30, 31). In concert,
the structural analyses provide a plausible model for the
observed effects of NNRTI binding upon the enhancement
of RNase H activity and inhibition of DNA polymerization.

FIGURE 7: Essential dynamics structural analysis. Seven structures without NNRTI bound (HIV1-RT/WO), including four apo and three
complexed with polynucleotides, were resolved for p66 subunit main-chain residues 2-534 (PDB accession codes 1DLO, 1HQE, 1HVU,
1HYS, 1RTD, 1RTJ, and 2HMI). Seven structures with NNRTI bound (HIV1-RT/W) were resolved for p66 residues 4-534 (PDB accession
codes 1KLM, 1RT1, 1RT2, 1RT6, 1RT7, 1RTH, and 3HVT). Each set of structures was aligned by minimizing the root-mean-square
deviation of the main-chain atoms. The displacement vector from the average structure was calculated, and concerted protein motion was
determined by singular value decomposition of the matrix formed from the displacement vectors (28, 29). Concerted motion of the lowest
global vibrational modes of an HIV-1 RT crystal structure where the atoms are colored according to displacement magnitudes: blue (red)
indicative of small (large) displacements from the global average. Pol, NNRTI, and RNase H sites are encircled with a perspective that is
approximately 180° reversed from Figure 6A. The centralized thumb domain is consistently highlighted in red, and modulation direction
is shown by the yellow arrows. Although it was included in the analyses, the p51 subunit has been omitted for graphical clarity. (A)
Representative crystal structure (PDB accession code 1HYS) of HIV-1 RT without NNRTI (HIV1-RT/WO) in the lowest vibrational mode.
(B) Total of 40 snapshots of HIV1-RT/WO upon excitation of the lowest vibrational mode. (C) Representative crystal structure (PDB
accession code 1KLM) of HIV-1 RT with bound NNRTI (HIV1-RT/W) in the lowest vibrational mode. (D) Total of 40 snapshots of
HIV1-RT/W upon excitation of the lowest vibrational mode.
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Synergy Analysis of DKA and NNRTI Combinations.
Because the NNRTI and DKA compounds have opposite
effects on RNase H cleavagein Vitro, it is intriguing to
explore the outcome when both compounds are simulta-
neously added to the same reaction mixture. The efavirenz
analogue (compound II) activates RNase H cleavage in
isolation; therefore, it is not surprising that it decreases the
potency of the DKA RNase H inhibitor when the two
compounds are combined in FRET cleavage assays (Figure
3C). In contrast, compound II and the DKA are additive
when combined in RT polymerase assays (Figure 4C), which
is similar to polymerase results found with AZT and PFA
(parts A and B of Figure 4). DKA binding to the RNase H
domain has little to no long-range effect on polymerization,
regardless of the binding site or mechanism of action for
the polymerase inhibitor.

When the NNRTI and DKA inhibitors are combined in
the reverse-transcription assay, which requires polymerization
in conjunction with RNase H cleavage, synergy is observed
at high concentrations (Figure 5C). This synergy suggests
that the inhibition of polymerization by NNRTIs either alone
or in conjunction with inhibition of RNase H cleavage by
the DKA can overcome the NNRTI-enhancement effect on
polymerase-independent RNase H cleavage. Because the
magnitude of RNase H cleavage enhancement is directly
related to NNRTI potency (data not shown), it is possible
that the degree of synergy observed in the reverse-transcrip-
tion assay might also shift accordingly. Likewise, a more
potent RNase H inhibitor bound in concert with an NNRTI
could strengthen the synergistic outcome.

There are several possible explanation for the difference
in NNRTI and DKA interactions observed in different assay
formats. First, it is possible that the two compounds do not
bind to the RT protein at the exact same time during reverse
transcription. Binding experiments can be designed to further
explore mutual exclusivity of RNase H and polymerase
inhibitors, and a crystal structure with bound inhibitors would
also shed light on this prospect. Second, a related but distinct
hypothesis is that there may be variations in protein con-
formational mobility or kinetics when RT catalyzes poly-
merase-independent versus -dependent RNase H cleavage,
both of which are utilized in viral replication (32-34).
Additional kinetic parameters such as compound association
and dissociation rate constants and the rates of elongation
versus cleavage can be measured to address this possibility.
A third hypothesis is that during reverse transcription, the
relative rates of RNase H cleavage and DNA strand transfer
are altered in the presence of inhibitors. Strand-transfer assays
conducted with the nucleocapsid chaperone protein may
illuminate this final hypothesis. All in all, reverse transcrip-
tion is a complex process with multiple interdependent steps
that are difficult to mimic accuratelyin Vitro; thus, it will
be important to compare these findings to virological synergy
experiments conducted upon the development of a cell-
penetrant RNase H inhibitor.
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