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Indolopyridones are potent inhibitors of reverse transcriptase
(RT) of the human immunodeficiency virus type 1 (HIV-1).
Although the structure of these compounds differs from estab-
lished nucleoside analogue RT inhibitors (NRTIs), previous
studies suggest that the prototype compound INDOPY-1may
bind in close proximity to the polymerase active site. NRTI-
associated mutations that are clustered around the active site
confer decreased, e.g. M184V and Y115F, or increased, e.g.
K65R, susceptibility to INDOPY-1. Here we have studied the
underlying biochemical mechanism. RT enzymes containing
the isolated mutations M184V and Y115F cause 2–3-fold
increases in IC50 values, while the combination of the two
mutations causes a >15-fold increase. K65R can partially
counteract these effects. Binding studies revealed that the
M184V change reduces the affinity to INDOPY-1, while
Y115F facilitates binding of the natural nucleotide substrate
and the combined effects enhance the ability of the enzyme to
discriminate against the inhibitor. Studies with other strate-
gicmutations at residues Phe-61 andAla-62, as well as the use
of chemically modified templates shed further light on the
putative binding site of the inhibitor and ternary complex
formation. An abasic site residue at position n, i.e. opposite
the 3�-end of the primer, prevents binding of INDOPY-1,
while an abasic site at the adjacent position n�1 has no effect.
Collectively, our findings provide strong evidence to suggest
that INDOPY-1 can compete with natural deoxynucleoside
triphosphates (dNTPs). We therefore propose to refer to
members of this class of compounds as “nucleotide-compet-
ing RT inhibitors” (NcRTIs).

The polymerase active site of the reverse transcriptase (RT)3
enzymeof the human immunodeficiency virus type 1 (HIV-1) is
a target for two classes of approved antiretroviral drugs
referred to as nucleoside analogue RT inhibitors (NRTIs)
and non-nucleoside analogue RT inhibitors (NNRTIs). Once
phosphorylated, NRTIs act as chain-terminators that com-
pete with natural nucleotide substrates while NNRTIs com-
prise a structurally diverse family of compounds that bind to
a hydrophobic pocket near the active site of RT and appear to
affect the chemical step of the reaction and not nucleotide
binding (reviewed in Refs. 1–4).
Indolopyridones represent a newly discovered class of inhib-

itors that interfere with RT function through a mechanism of
action that is distinct from that described for NRTIs and
NNRTIs (5). The prototype compound INDOPY-1 (Fig. 1) has
been shown to be active against NNRTI-resistant HIV strains
(6). INDOPY-1, unlike NNRTIs, but like natural deoxyribo-
nucleoside triphosphates (dNTPs), can bind to and stabilize
RT-DNA/DNA complexes (5). Footprinting experiments and
binding studies revealed that the complex with INDOPY-1 is
trapped in the post-translocational state that likewise allows
dNTP binding. However, in contrast to NRTI or dNTP sub-
strates, binding of INDOPY-1 depends on the chemical nature
of the ultimate base pair at the 3�-end of the primer and not on
the chemical nature of the templated base that is engaged in
classic base pairing. INDOPY-1 binds preferentially following
pyrimidines (thymidines � cytidines).
Steady-state kinetic analysis with homopolymeric substrates

revealed competitive (5), ormixed type (competitive/non-com-
petitive) inhibition (6) with respect to the nucleotide. The non-
nucleosidic compound aphidicolin shows a similar effect on
calf thymus DNA polymerase � and � (7, 8). Together, these
findings suggest that the binding site for indolopyridones and
nucleotide substrates can at least partially overlap. The resist-
ance profile of INDOPY-1 provides further independent evi-
dence for this notion (5, 6). In vitro selection experiments and
phenotypic susceptibility measurements with clinical isolates
and constructs generated by site-directed mutagenesis suggest
thatmostmutations associated with decreased susceptibility to
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INDOPY-1 are clustered around the dNTP binding site. These
mutations include the NRTI-associated change M184V that
confers high level resistance to lamivudine (3TC) and emtricit-
abine (FTC) (3). The combination ofM184V andY115F is asso-
ciated with decreased susceptibility to guanosine analogue aba-
cavir (ABC) (9). Of note, K65R, which is associated with
decreased susceptibility to tenofovir (TFV) (10), confers
increased susceptibility to INDOPY-1 (5, 6). The inhibitor is
generally sensitive against a background of thymidine ana-
logue-associated mutations (TAMs) or NNRTI-associated
mutations, respectively, with the exception of the novel muta-
tion L234F that is located in close proximity to the NNRTI-
binding pocket (11).
M184V and Y115F show relatively moderate 5–8-fold

increases in half-maximal effective concentrations (EC50).
However, the combination of mutations M184V and Y115F
appears to amplify the effects of the individual mutations, and
cause �100 fold increases in the EC50 values when compared
with wild-type HIV-1 (5). Here, we studied the underlying
mechanism. We show that mutant RT enzymes containing
M184V can diminish binding of INDOPY-1, while binding of
the natural dNTP substrate remains largely unchanged. In con-
trast, Y115F increases binding of the natural nucleotide sub-
strate. Thus, the combined properties appear to amplify the
ability of the enzyme to discriminate against the inhibitor. Our
biochemical studies provide strong support for the notion that
the binding sites for INDOPY-1 and the natural dNTP sub-
strate can at least partially overlap, and the mechanism of inhi-
bition is predominantly competitive in nature.

EXPERIMENTAL PROCEDURES

Materials—Heterodimeric (p66/p51) HIV-1 RT enzymes
were expressed in Escherichia coli and purified as previously

described (12). Site-directedmutagenesis was applied to gener-
ate RT mutants of the HXB2 strain using the Stratagene
QuikChange procedure according to themanufacturer’s proto-
col. “WT RT” refers to wild-type enzyme. M184V, K65R,
Y115F, and F61ART enzymes each contain a singlemutation at
the indicated residues and the presence ofmultiplemutations is
indicated likewise. The RT inhibitor indolopyridone-1
(INDOPY-1) was synthesized as described (4), and was
obtained from Tibotec BVBA,Mechelen, Belgium. DNA oligo-
nucleotides used in this study were obtained from Invitrogen.
The long RNA template PBS-250 was synthesized through in
vitro transcription with T7 RNA polymerase (13). Nucleic acid
substrates were 32P-radiolabeled at their 5�-end with
[�-32P]ATP and T4 polynucleotide kinase (Fermentas) (14).
Reactions were allowed to proceed for 1 h at 37 °C. The radio-
labeled material was purified on 12% polyacrylamide gels con-
taining 50 mM Tris-borate pH 8.5, 1 mM EDTA, and 7 M urea.
Oligonucleotide samples were eluted overnight in a buffer con-
taining 500 mM ammonium acetate and 0.1% SDS.
Primer Extension Assay—A 2-fold molar excess of PBS-250

RNA template was hybridized to 50 nM 5�-radiolabeled PBS-28
DNA primer (5�-CTTTCAGGTCCCTGTTCGGGCGCCA-
CTG-3�). DNA/RNAhybrids were formed in a buffer containing
50mMTris-HCl, pH 7.8 and 50mMNaCl. Samples were heated
to 95 °C for 3 min followed by a gradual decrease to room tem-
perature (45min of incubation). The hybridwas then incubated
with 125 nM of RT in a buffer containing 50 mM Tris-HCl, pH
7.8, 50mMNaCl, and 10�M of each of dATP, dTTP, dGTP, and
dCTP. The samples were then incubatedwith 6�M INDOPY-1.
DNA synthesis was initiated by the addition of 6 mM MgCl2 at
37 °C. The reaction was stopped at defined time points (0, 15,
and 30 s, and 1, 2, 5, and 10 min) with formamide-loading dye
containing xylene cyanol and bromphenol blue. Samples were
resolved on an 8% denaturing polyacrylamide gel and analyzed
with a phosphor-imager (Amersham Biosciences) using Quan-
tity One and ImageQuant software. DNA synthesis assays with
the F61A RT mutant used a similar protocol with DNA tem-
plate PBS-57 (5�-GTTCGAACAAATCTCTAGCAGTGGCG-
CCCGAACAGGGACCTGAAAGCGAAAGCTAC-3�). The
RT concentration was increased to 250 nM.
Band Shift Experiments—50 nM of radiolabeled DNA primer

(5�-TTAAAAGAAAAGGGGGGA-3�) was annealed to 3-fold
molar excess of the DNA template (5�-CCTTCCCATCCCCC-
CTTTTCTTTTAAAAAGT-3�) as described above. The
3�-end of the primer was blocked for 30min with 10�M ddTTP
and 500 nM RT in a buffer containing 6 mM MgCl2, 50 mM
Tris-HCl, pH 7.8, and 50 mM NaCl. Increasing concentrations
of INDOPY-1 or dGTP, i.e. the next complementary nucleo-
tide, ranging from 0 to 6 �M, were added, and the complex was
then challenged by adding 4 �g/�l heparin and 1 h incubation
at room temperature. The samples were fractionated through
6% non-denaturing polyacrylamide gels and visualized as
described above. GraphPad Prism software was used to obtain
apparentKdvalues for INDOPY-1, and the nucleotide using the
one-site binding (hyperbola) equation. Similar experiments
were performed with oligonucleotides containing abasic sites,
whereby the DNA primer (5�-TTAAAAGAAAAGGGGGG-
ACT-3�) was annealed to each of the following DNA templates

FIGURE 1. Chemical structure of INDOPY-1. 5-Methyl-1-(4-nitro-
phenyl)-2-oxo-2,5-dihydro-1H-pyrido[3,2-b]indole-3-carbonitrile.
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where the abasic residue is indicated by a line: control template
(5�-CCCTTCCAGTCCCCCCTTTTCTTTTAAAAAGTGG-
CTAAGA-3�), the abasic template at position n (5�-CCCTT-
CC_GTCCCCCCTTTTCTTTTAAAAAGTGGCTAAGA-
3�), and the abasic template at position n�1 (5�-CCCTTC_
AGTCCCCCCTTTTCTTTTAAAAAGTGGCTAAGA-3�).
Filter-based DNA Synthesis Inhibition Assay—61.54 nM

annealed poly(rA)/(dT)20 hybrid duplex was incubated for 30
min at room temperature with 7 nM HIV-1 RT in a buffer con-
taining 50 mM Tris-HCl pH 7.8 and 50 mM NaCl. 500 nM
[3H]dTTP and INDOPY-1 (ranging from 8 nM to 16 �M) were
added to the samples, and the reactionwas initiated by adding 6
mM MgCl2. The samples were then incubated for 2 h at 37 °C,
and the reactionwas quenchedwith the addition of 10% trichlo-
roacetic acid. Samples were then filtered and scintillation anal-
ysiswas used tomeasure the amount of remaining radioactivity.
IC50 values were obtained through analysis with GraphPad
Prism 4.1 software.
Single Nucleotide Incorporation Assay—100 nM of a radiola-

beled DNA primer (5�-TTCTGACTAAAAGGGTCTGAGG-
GAT-3�) was annealed to a 3-fold molar excess of DNA
template (5�-GTAACTAGAGATCCCTCAGACCCTTTTA-
GTCAGAAT-3�) as described above. The hybrid was then
incubated with 500 nM HIV-1 RT and increasing concentra-
tions of INDOPY-1 (0–30 �M) in a buffer of 50 mM Tris-HCl

pH 7.8 and 50 mM NaCl. The reaction was started by adding 6
mM MgCl2, 4 �g/�l of heparin and the next complementary
nucleotide, i.e. dCTP. The two different dCTP concentrations
used were 0.15 �M and 0.50 �M, respectively. Nucleotide incor-
poration was allowed to proceed for 1min at 37 °C before being
stopped by the addition of gel-loading buffer. The samples were
fractionated through a 12% polyacrylamide gel and analyzed as
described above. Normalized inhibition by INDOPY-1 was
plotted using the sigmoidal dose response (variable slope) equa-
tion in GraphPad Prism 4.1 software.

RESULTS

Effects of Mutations M184V, Y115F, and K65R on Inhibition
of DNA Synthesis with INDOPY-1—Initially, we studied
whether the changes in phenotypic susceptibility to INDOPY-1
translate directly in altered biochemical properties of HIV-1
RT. For this purpose, we generated RT enzymes containing
mutations M184V, Y115F, and K65R, as well as the double
mutantM184V/Y115F.We found that the changes in EC50 val-
ues measured in cell-based, phenotypic susceptibility assays
followed consistent trends as changes in 50% inhibitory con-
centrations (IC50) in a cell-free RT assay (Table 1). We meas-
ured inhibition on homopolymeric poly(rA)-(dT)20 primer/
template substrates and observed that enzymes containing
mutationsM184V andY115F showed�2-fold increases in IC50
values. These effects are markedly increased with the M184V/
Y115F double mutant that shows �15-fold increases in IC50
values, which points to a synergistic effect. In contrast, K65R
appears to enhance the inhibitory effects of INDOPY-1, which
is consistent with the hypersusceptible phenotype in thismuta-
tional context.
Inhibitionwas also studied in time course experimentswith a

heteropolymericDNA/RNA substrate that bettermimics phys-
iologically relevant conditions. We have previously reported
that INDOPY-1 increases enzyme pausing following incorpo-
ration of pyrimidines (5). Here we employed the same assay to

assess the effects of mutations
M184V, Y115F, and K65R on RT
pausing and DNA synthesis in the
presence of inhibitor (Fig. 2). The
amount of enzyme was adjusted
such that WT and mutant enzymes
produced the same amount of full-
length product in the absence of
inhibitor. These data show prefer-
ential inhibition following pyrimi-
dines with wild-type HIV-1 RT and
all mutant enzymes used in this
study. We therefore conclude that
the mutant enzymes do not appear
to affect sequence specificity of
INDOPY-1. In the presence of
the inhibitor, enzymes containing
either M184V or Y115F mutations
showed diminished enzyme paus-
ing, which results in higher yields
of the full-length product. The
amount of the full-length product

FIGURE 2. Effect of RT mutations M184V, Y115F, and K65R on INDOPY-1 inhibition of DNA synthesis. DNA
synthesis was observed on a DNA/RNA substrate in the presence of 6 �M INDOPY-1 over a period of time (0 –10
min). The lowest band shows the non-elongated radiolabeled primer and the highest band shows the full-
length DNA product. The mutant RT enzymes studied are indicated on each corresponding panel. Lane C
shows control DNA synthesis with WT RT in the absence of the inhibitor.

TABLE 1
Changes in EC50 and IC50 values for INDOPY-1 against HIV-1 RT
containing M184V, Y115F, and K65R

Mutational
context

Cell-based assay
fold-changea in EC50

b
Cell-free assay

fold-changea in IC50
c

K65R 0.5 0.74 � 0.13
M184V 5.0 2.0 � 0.58
Y115F 7.9 2.5 � 2.6
M184V/Y115F �100 �15

a Values were obtained by comparing mutant enzymes with WT RT.
b EC50 values as previously reported by Jochmans et al. (5).
c Each reported value is the outcome of at least three separate experiments.
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obtained with the M184V/Y115F double mutant in the pres-
ence of inhibitorwas almost identical with that obtained byWT
RT in the absence of the inhibitor. The K65R mutation, when
present against a background of M184V/Y115F, is unable to
counteract the resistance conferring effects of the double
mutant. However, K65R appears to neutralize M184V alone.
INDOPY-1 is as active against theM184V/K65Rdoublemutant
as against WT RT. Together, the biochemical findings are in
good agreement with cell-based susceptibility measurements.
Effects of M184V, Y115F, and K65R Mutations on Complex

Formation with INDOPY-1—We next asked whether differ-
ences in the inhibitory effects of INDOPY-1 correlate with dif-
ferences in inhibitor binding. To address this question, we
employed band shift experiments that allow us to monitor the
stability of RT-primer/template complexes in the presence of
inhibitor and nucleotide substrate, respectively. Like natural
dNTPs (15), INDOPY-1 is capable of stabilizing the RT-DNA/
DNA complex (5). Ternary complexes composed of HIV-1 RT,
a DNA/DNA primer/template, and the nucleotide substrate or
INDOPY-1 are resistant to dissociation in the presence of an
enzyme trap such as heparin. While binary complexes are not
stable under these conditions, ternary complexes with the
nucleotide or the inhibitor can be visualized by non-denaturing
polyacrylamide gel electrophoresis. Ternary, or “Dead-end
complex” formation is therefore a measure for the ability of
INDOPY-1 or the nucleotide to bind to pre-formedRT-primer/
template complexes. Using this assay, we measured apparent
Kd values (Kd(app)) for ligand binding in the context of the var-
ious RT mutants.
WT RT shows similar apparent affinities for INDOPY-1 and

the natural nucleotide substrate dGTP with Kd(app) values of
�100 and 160 nM, respectively (Table 2). Of note, nucleotide
incorporation was prevented through use of a chain-termi-
nated primer (“Experimental Procedures”). The M184V
mutant shows higher values for both the inhibitor (Kd(app) �
620 nM), and the nucleotide substrate (Kd(app) � 270 nM). The
Y115Fmutant shows a different effect. The apparent affinity to
the inhibitor is only slightly decreased, while binding of the
natural nucleotide substrate is enhanced (Kd(app) � 50 nM as
compared with 160 nM with WT RT). These findings suggest
that both mutations together may efficiently discriminate
against the inhibitor through (i) diminished binding of
INDOPY-1 withM184V and (ii) increased binding of the natu-
ral nucleotide substrate with Y115F.

The double mutant M184V/Y115F is severely compromised
with regards to inhibitor binding, while the ability to bind the
natural dGTP substrate is largely maintained (Table 2). The
ratio in selectivity of mutant enzymes versusWTRT provides a
measure for the ability of a givenmutant to discriminate against
the nucleotide substrate solely on the basis of differences in
ligand binding.Our data suggest that discrimination against the
inhibitor is 16-fold increased when the M184V/Y115F double
mutant is compared withWT RT. This effect is much stronger
than as seen with M184V (3.8-fold increase) and Y115F (5.5-
fold) alone. In contrast, the K65R mutant shows enhanced
binding of the inhibitor and diminished binding of dGTP as
compared with WT RT (Table 2), which overall results in
discrimination against the natural nucleotide. Introducing
the K65R mutation against a background of M184V neutral-
izes their individual opposing effects. The M184V/K65R
double mutant shows a small 2.2-fold increase in discrimi-
nation against the inhibitor. However, K65R cannot effi-
ciently counteract the effects of the double M184V/Y115F
mutant. The ability to discriminate against INDOPY-1
remains relatively high with a 7.8-fold increase as compared
with the WT. Collectively, these binding studies are in good
agreement with the inhibition data in both cell-free and cell-
based assays.
Effects of F61A on Both Nucleotide and INDOPY-1 Binding—

The aforementioned findings suggest that differences among
the various mutant enzymes in their ability to bind the natural
nucleotide substrate can affect susceptibility to INDOPY-1.
Enhanced binding for the incoming dNTP in the context of
Y115F correlates with decreased inhibitory effects of
INDOPY-1, while diminished binding for the nucleotide in the
context of K65R correlates with increased inhibitory effects.
However, both mutations also affect inhibitor binding, which
makes it difficult to assess the contribution of the nucleotide
substrate on the observed phenotype. To further address this
problem, we included the F61A mutation in this analysis. The
F61A mutant enzyme is severely compromised with regards to
nucleotide binding while primer/template binding is largely
unaffected. HIV variants containing this mutation do not rep-
licate, and the enzyme shows marked reductions in DNA syn-
thesis (16–19). Here wemonitored DNA synthesis with the RT
mutant in excess over primer/template substrate to generate
reasonable yields of the product (Fig. 3A, left panels). However,
in the presence of INDOPY-1, DNA synthesis is almost com-
pletely blocked with the F61A mutant as the inhibitor causes
strong pausing during the first nucleotide incorporation events
(Fig. 3A, right panels). Equivalent resultswere obtained in filter-
based RT assays (Table 3).
In agreementwith published data (16–18), the natural nucle-

otide substrate fails to form a stable ternary complex with the
F61A mutant (Fig. 3B, left panel). In contrast, INDOPY-1 is
capable of forming stable ternary complex (Fig. 3B, right panel).
The Kd(app) value is comparable withWT RT (Kd(app) � 200 nM
versus 100 nM with WT RT) (Table 2). Thus, the diminished
binding of the nucleotide alone is sufficient to increase the
inhibitory effects of INDOPY-1. Of note, a change at the neigh-
boring residue, i.e. A62V, has been identified among other
mutations in HIV isolates that show decreased susceptibility to

TABLE 2
The apparent Kd value for INDOPY-1 with WT and mutant RT
enzymes

Enzyme
Kd(app)

a Selectivityb
(fold-changec)INDOPY-1 dGTP

nM
WT 97 � 11 156 � 30 0.6
K65R 61 � 8 365 � 39 0.2 (0.3)
M184V 618 � 77 270 � 27 2.3 (3.8)
Y115F 156 � 44 48 � 10 3.3 (5.5)
M184V/Y115F 1201 � 355 124 � 15 9.7 (16)
M184V/K65R 452 � 57 355 � 51 1.3 (2.2)
M184V/Y115F/K65R 1298 � 432 278 � 21 4.7 (7.8)

a Each reported value is the average of at least three separate experiments.
b Selectivity is defined as �Kd(app)INDOPY-1�/�Kd(app)dGTP�.
c Fold-change of selectivity is defined as Mutant Kd ratio/WT Kd ratio.
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INDOPY-1 (5, 6). However, increases in IC50 values for
INDOPY-1 are generally subtle when comparing the A62V
mutant enzyme with WT RT (Table 3).
Effect of the Nucleotide Concentration on Inhibition with

INDOPY-1—The combined data of our mutational analysis
provide strong evidence to suggest that both differences in
nucleotide binding and differences in inhibitor binding can
affect the susceptibility to INDOPY-1. These findings support
the notion of competitive inhibition. If correct, increasing con-
centration of the nucleotide substrate should diminish binding
of INDOPY-1, and, in turn, its inhibitory effects. To address this
issue, we studied single nucleotide incorporation events at dif-
ferent concentrations of the dNTP substrate in the presence of
increasing concentrations of INDOPY-1. DNA synthesis was
initiated in the presence of trap to ensure single turnover con-
ditions (Fig. 4A). Thus, any effects of the nucleotide and/or the
inhibitor on complex dissociation that can complicate the
interpretation of the data, are excluded under these conditions.

The NNRTI nevirapine is not competitive with respect to the
dNTP substrate, and, as expected, the IC50 value for nevirapine
was independent of the nucleotide concentration (data not
shown). In contrast, the IC50 values for INDOPY-1 increased in
accordance with increases in concentrations of the dNTP sub-
strate (Fig. 4B), which is indicative of a competitive mode of
inhibition.
Effect of Abasic Sites in the Template Strand on Binding of

INDOPY-1—The resistance profile and the combined bio-
chemical data that point to a competitive mode of inhibition
suggest that INDOPY-1 may bind in close proximity to the
nucleotide binding site. In an attempt to further define the
binding site for INDOPY-1, we employed chemically modi-
fied template strands with abasic sites at positions n and n�1
(Fig. 5A). Under this nomenclature, template position n lies
opposite the 3�-end of the primer, and position n�1 pairs
with the incoming dNTP (Fig. 5B). The planar structure of
the inhibitor (Fig. 1) points to possible stacking interactions
with the template strand, and the loss of the nucleobase at
these strategic positions may therefore cause deficiencies in
binding. We found that an abasic residue at position n fully
prevents formation of a stable ternary complex with
INDOPY-1, while an abasic site at position n�1 did not show
any significant effect when compared with the unmodified
template. The clear difference suggests that interaction with
the ultimate base pair represents an important structural
requirement for inhibitor binding, while the nucleobase in
the template overhang appears to be dispensable in this
regard.

FIGURE 3. Effect of mutation F61A on INDOPY-1 inhibition of DNA synthe-
sis complex formation. A, DNA synthesis on a DNA/DNA substrate by WT or
F61A mutant RT is monitored in the absence or presence of INDOPY-1 over a
time course (0 –5 min). The lowest band shows the non-elongated radiola-
beled primer, and the highest band shows the full-length DNA product.
B, band shift assays were performed on a DNA/DNA substrate with the F61A
mutant RT. A ternary complex was formed with the addition of a concentra-
tion gradient (0 – 6000 nM) of either dGTP (left panel) or INDOPY-1 (right panel).
Lane 1 represents the negative RT control and lanes 2 and 3 are pre-RT heparin
addition and negative heparin controls, respectively. For obtained Kd(app) val-
ues refer to Table 2.

FIGURE 4. Effect of various dCTP concentrations on inhibition with
INDOPY-1. A, single nucleotide incorporation was monitored in the presence
of increasing concentrations of INDOPY-1 (ranging from 0 to 30 �M) where
INDOPY-1-mediated inhibition is indicated by the disappearance of the n�1
product band. The experiment was performed in the presence of either 0.15
�M dCTP or 0.5 �M dCTP, respectively. Lane 1 shows the pre-RT heparin addi-
tion control. B, logarithmic graph represents normalized percentage of prod-
uct formed plotted as a function of INDOPY-1 concentration under two sep-
arate conditions (variable dCTP concentrations). We obtained an average IC50
value of 6.5 � 4 of three independent experiments at concentrations of 0.15
�M dCTP. IC50 values cannot be accurately determined for higher substrate
concentrations because the reaction is not efficiently blocked under these
conditions. Saturating concentrations of �20 �M of INDOPY-1 can further
limit the accuracy of these measurements.

TABLE 3
IC50 values for INDOPY-1

Enzyme Filter-based IC50
a

nM
WT 843.0 � 131
F61A 19.7 � 12
A62V 1123.0 � 192
F61A/A62V 45.5 � 31

a Each reported value is the average of at least three separate experiments.
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DISCUSSION

INDOPY-1 represents a family of compounds that inhibit
HIV-1 RT through a novel mechanism of action. Previous bio-
chemical studies by our group have shown that INDOPY-1
binds preferentially following incorporation of pyrimidines,

stabilizes the RT-DNA/DNA complex in its post-translocated
state, and blocks DNA synthesis in a reversible manner (5).
While the resistance profile for this inhibitor is unique, changes
in susceptibility to INDOPY-1 have been associated with a
number of mutations that likewise change susceptibility to
NRTIs (5, 6). Here we studied the biochemical phenotypes
associatedwith these changes to provide novel insight into both
mechanisms of resistance, and the binding properties of
INDOPY-1. Key results are visualized against the structure of
HIV-1 RT (Fig. 6).
Decreased Susceptibility to INDOPY-1—M184V and Y115F

have been associated with decreased susceptibility to
INDOPY-1.Met-184 lies in close proximity to the 3�-end of the
primer, while the aromatic side chain of Tyr-115 is in close
proximity of the sugar moiety of the bound dNTP substrate
((20), visualized in Fig. 6). The combination of the two muta-
tions amplifies the subtle effects of the individual mutations in
cell-based and cell-free assays. Thus, these mutations in HIV-1
RT can be directly linked to the resistant phenotype. However,
our data suggest that the contribution of the two mutations is
based on different, yet complementary mechanisms. M184V
diminishes complex formation with the inhibitor, while Y115F
facilitates complex formation with the natural nucleotide sub-
strate. These interlinked mechanisms help to explain the syn-
ergistic effects of the two mutations. The data provide strong
evidence to suggest that the mechanism of resistance is based
on substrate discrimination.

The band shift experiments used
here to study complex formation
provide an indirect measure for
ligand binding. The differences in
Kd(app) values are in good agreement
with enzyme kinetic measurements
that point to decreases inKd andKm
values with the Y115F mutant (21,
22). The Y115F mutation is seen,
infrequently, in conjunction with
M184V in isolates of patients
treated with abacavir (9, 23). How-
ever, Y115F does not appear to fur-
ther diminish the efficiency of
incorporation of the NRTI (21).
Increased Susceptibility to INDOPY-

1—K65R, which emerges under the
selective pressure of tenofovir
(10), confers hypersusceptibility
to INDOPY-1. It is interesting to
note that M184V can increase sus-
ceptibility to tenofovir (24); thus,
the two compounds show inverse
effects with regards to K65R and
M184V and combining tenofovir
and INDOPY-1 in cell culture
affects the selection of resistance.
Under these conditions, tenofovir
selects for K70E (25). The proper-
ties of themutant enzyme are rem-
iniscent of K65R; however, K70E is

FIGURE 5. Effect of the template base on binding of INDOPY-1 to the RT-
DNA/DNA complex. Band shift experiments were performed on templates
containing an abasic residue in the presence of increasing concentrations of
INDOPY-1. The left panel shows complex formation with no abasic sites while
the middle panel shows the abasic residue at position n. The right panel shows
complex formation when the abasic residue is at position n�1. The control C
lane represents the complex formed in the absence of heparin trap.

FIGURE 6. Structural features around the active site of HIV-1 RT that affect binding of INDOPY-1. The view
of the polymerase active site is depicted from two opposing angles. In both panels, the catalytic aspartic acid
residues (Asp-110, Asp-185, and Asp-186) are represented in cyan in contact with the two magnesium ions
present in the active site (blue circles). The nucleic acid template shows positions n, n�1, and n�2 (orange),
while the primer 3�-end is shown in yellow. The magenta residues indicate the incoming dNTP molecule
present at the active site. Residues conferring resistance to INDOPY-1 (Met-184 and Tyr-115) are represented in
red, while hypersusceptible residues Lys-65 and Phe-61 are represented in green. The �3-�4 loop is indicated in
white. Upon nucleotide binding, the fingers close down allowing for Lys-65 to come in close contact with the
�-phosphate of dNTP. The aromatic side-chain of Phe-61 shows stacking interactions with the template at
position n�2.
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severely compromised in regard to viral replication capacity
(26).
We found that K65R shows subtle increases in complex for-

mation with INDOPY-1, and subtle decreases in complex for-
mation with the nucleotide substrate. In essence, this is the
opposite of the results described for the combination ofM184V
and Y115F. Thus, K65R discriminates against the dNTP sub-
strate, which is consistent with an INDOPY-1 hypersusceptible
phenotype. Complex formation with the nucleotide appears to
be an important parameter that affects susceptibility to
INDOPY-1. The F61A mutation provides additional evidence
in support of this notion. This mutation discriminates against
dNTP substrate binding while the INDOPY-1 binding remains
unaffected resulting in a heavily hypersusceptible enzyme.
Ternary Complexes with the Nucleotide Substrate versus

INDOPY-1—The crystal structure of a ternary complex with a
bound dNTP shows the polymerase domain in a closed struc-
ture (20, 27, 28). Prior to nucleotide binding, the �3-�4 hairpin
loop in the fingers subdomain is open to facilitate this step. The
closure of the fingers appears to mediate interactions between
Lys-65 and the �-phosphate of the bound dNTP (29), while the
aromatic side chain of Phe-61 stacks against the nucleobase at
template position n�2 (Ref. 20 and Fig. 6). The loss of these
interactions, in particular the stacking between Phe-61 and
template, appears to selectively destabilize the ternary com-
plex with the nucleotide and not with INDOPY-1. Our stud-
ies with the F61A mutant suggest that the aromatic side
chain of this residue is dispensable for formation of a stable
ternary complex with the inhibitor. These data suggest that
alternative contacts between the inhibitor and the DNA/
DNA substrate provide an anchor to stabilize the complex
with RT. The instability of a ternary complex with a template
containing an abasic lesion opposite the primer terminus
implicates important interactions between INDOPY-1 and
the ultimate base pair. The specificity for pyrimidine resi-
dues at the 3�-end of the primer provides independent sup-
port for this notion; however, structural studies are required
to address this issue in more detail.
Despite these differences in ternary complex formation,

binding of INDOPY-1 and the nucleotide substrate are com-
petitive in nature. Previous studies under steady-state con-
ditions have pointed to competitive or mixed-type inhibi-
tion, respectively (5, 6). In theory, mixed-type inhibitionmay
allow binding of the inhibitor to both binary RT-primer/
template complexes and ternary complexes with the incom-
ing dNTP. However, binding parameters suggested that the
affinity of the inhibitor to ternary complexes is markedly
reduced. In addition, INDOPY-1 stabilizes the product com-
plex following nucleotide incorporation, which, in turn, pre-
vents enzyme dissociation under multiple turnover (steady-
state) conditions. Enzyme kinetics measured under these
conditions can translate in mixed-type or non-competitive
inhibition, although simultaneous binding of substrate and
inhibitor is mutually exclusive (30). To avoid these compli-
cations we studied the inhibitory effects of INDOPY-1 under
single turnover conditions, which indicates competitive
binding, consistent with our previous observations (5).

Together, the data suggest that INDOPY-1 binds in close
proximity to the nucleotide binding site of HIV-1 RT. Mecha-
nisms associated with resistance and hypersusceptibility are
both based on ligand discrimination. These findings along with
complementary biochemical data show that the inhibitor com-
peteswith the natural dNTP substrates. In light of the collective
data, we suggest to refer to members of this family of com-
pounds as “nucleotide-competing RT inhibitors” (NcRTIs) (25,
31, 32). This work demonstrates that small molecules that are
structurally distinct from classic nucleotides or nucleotide ana-
logues can bind in close proximity to the active site of viral
polymerases. This conceptmay be further explored in drug dis-
covery and development efforts.
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