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ABSTRACT: HIV-1 reverse transcriptase (RT) is a hetero-
dimeric enzyme that converts the genomic viral RNA into
proviral DNA. Despite intensive biochemical and structural
studies, direct thermodynamic data regarding RT interactions
with its substrates are still lacking. Here we addressed the
mechanism of action of RT and of non-nucleoside RT
inhibitors (NNRTIs) by isothermal titration calorimetry
(ITC). Using a new incremental-ITC approach, a step-by-
step thermodynamic dissection of the RT polymerization
activity showed that most of the driving force for DNA

HIV-1RT _<

NNRTI ’_

synthesis is provided by initial INTP binding. Surprisingly, thermodynamic and kinetic data led to a reinterpretation of the
mechanism of inhibition of NNRTIs. Binding of NNRTIs to preformed RT/DNA complexes is hindered by a kinetic barrier and
NNRTIs mostly interact with free RT. Once formed, RT/NNRTI complexes bind DNA either in a seemingly polymerase-
competent orientation or form high-affinity dead-end complexes, both RT/NNRTI/DNA complexes being unable to bind the

incoming nucleotide substrate.

B INTRODUCTION

HIV-1 reverse transcriptase (RT) is a multifunctional enzyme
that converts the genomic HIV RNA into proviral DNA by
catalyzing RNA- and DNA-dependent DNA polymerase
reactions in addition to a ribonuclease H (RNase H) activity.
RT is an asymmetric heterodimer composed of p66 and pS1
subunits, both produced by the cleavage of the Gag-Pol
polyprotein by the viral protease. The p66 subunit contains
both enzymatic active sites comprised of a polymerization and
an RNase H domain."” It contains four subdomains termed
“fingers”, “palm”, “thumb”, and “connection” by analogy to a
right hand. To date, RT remains an important target for
antiretroviral therapy since half of the 26 individual agents
licensed for the treatment of HIV-1 infection target the RT
polymerization activity. These drugs are divided into two
classes: (i) nucleoside- and nucleotide-analogue RT inhibitors
(NRTIs), which compete with the natural nucleoside substrate
and act as terminators of DNA synthesis after incorporation
into the primer strand, and (ii) non-nucleoside RT inhibitors
(NNRTIs). Five NNRTIs have been approved for clinical use
by the U.S. Food and Drug Administration: nevirapine,
delviradine, efavirenz, etravirine (TMC 125), and, more
recently, rilpivirine (TMC 278). As revealed by numerous
crystal structures, all NNRTIs target the same hydrophobic
pocket (non-nucleoside inhibitor binding pocket, NNIBP)
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located in the palm domain of the p66 subunit about 10 A from
the polymerase catalytic site.>”°

Steady-state and presteady-state kinetic analyses have been
used to elucidate the mechanism of action of various
NNRTIs,” ™ suggesting that their interaction with RT does
not prevent the dNTP substrate binding but rather dramatically
reduces the rate of ANTP incorporation by interfering with the
chemical step of DNA synthesis. However, recent studies
performed using biophysical approaches have shown that the
precise inhibition mechanism is still ambiguous. For example, a
recent crystal structure of a RT/DNA/nevirapine complex
revealed that the INTP binding pocket is distorted in presence
of the inhibitor, shifting the 3’ end of the DNA primer away
from the polymerase active site,'® casting doubt on the ability
of RT to bind ANTP in this state. In addition, single-molecule
FRET (smFRET) assays showed that RT can slide between
opposite termini on long duplexes and rapidly switches
between two orientations (polymerization- or RNaseH-
competent modes) when it binds polypurine RNA sequences
that are primers for plus-strand synthesis. Flipping and sliding
kinetics are modulated by binding of incoming dNTP and
NNRTIs, which stabilize and destabilize the polymerization-
competent orientation, respectively.'"?
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The enzymatic activities of RT and mechanisms of inhibition
by RT inhibitors have been intensively investigated using
biochemical and structural approaches over the past 30 years.
Several advanced biophysical approaches, such as surface
plasmon resonance,"*™'¢ single molecule techniques,'"'>'”'®
or mass spectrometry'® provided significant and complemen-
tary insights into the understanding of various processes
involving RT. However, somewhat surprisingly, thermody-
namic data regarding RT interactions are still lacking. When
integrated with other experimental methodologies, thermody-
namic data are essential for a complete description of any
binding interaction, revealing forces driving complex formation
and providing insights into mechanisms of action. Thermody-
namic data are also essential for linking structural data with in
silico modeling. In this study we report a detailed thermody-
namic study of DNA polymerization by RT and of the
mechanism of inhibition of NNRTIs using isothermal titration
calorimetry (ITC). ITC is a label-free and true in-solution
technique and is considered the “gold standard” assay for
binding since it directly provides, in one single experiment, the
complete binding profile between two molecules (bindin,
affinity, enthalpy and entropy changes, stoichiometry).”™>
Using a novel “incremental ITC” strategy, the mechanism of
DNA polymerization by RT was dissected step by step through
successive additions in the ITC cell of consecutive RT
substrates. We showed that, by providing a free-energy change
almost similar to that of dNTP hydrolysis, the initial binding
step of an incoming ANTP provides much of the driving force
for DNA synthesis. Interactions between NNRTIs and RT or
RT/DNA complex were also dissected thermodynamically. A
joint processing of the titration curves at different temperatures
together with a kinetic parameter determination was performed
using the kinITC approach recently developed in our
laboratory.”* Unexpectedly, our results clearly show that the
incoming nucleotide is unable to bind the RT/DNA complex in
presence of NNRTI, in contradiction to the current model of
NNRTTI inhibition. In view of these results, we propose a
reinterpretation of the mechanism of inhibition of NNRTIs
highlighting two inhibition pathways. Consequences for the
inhibition of RT by NNRTTI in vivo are discussed.

B RESULTS

Analysis of RT Binding to a DNA Primer-Template.
The first step in DNA polymerization involves binding of RT to
a DNA primer-template. Using ITC microcalorimetry, we first
investigated the binding of RT to a 20-/27-mer primer-
template over the S—30 °C temperature range (Figures S1 and
$2). Our data (Table 1 and Figure 1) show that the RT-DNA
interaction is endothermic (AH > 0) in this temperature range,
with an affinity in the low nanomolar range, in agreement with
available biochemical data.***® The binding is therefore entropy
driven, which might result from the predominance of minor
groove over major groove interactions, leading to the
displacement of ordered cations and water molecules from
DNA by positively charged protein residues.””*” A comparison
with thermodynamic parameters of DNA binding by Taq and
Klenow polymerases®*® shows a similar affinity of all three
enzymes for DNA. However, the entropic contribution to DNA
binding is significantly more favorable in the case of RT,
possibly due to the additional interactions provided by the
RNaseH domain and the pS1 subunit with the DNA minor
groove.”
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Table 1. Thermodynamics of RT/DNA Binding”

temp (°C) AH (kcal-mol™) —TAS (kcal-mol™) Ky (nM)
sb 289 + 0.9 380 + 1.0 70 + 2
10¢ 252 + 1.8 —345 + 1.7 60 + 3
1s° 204 + 1.9 —-30.1 + 1.8 48 + 4
207 161 + 0.1 —26.0 + 02 41 + 4
25¢ 104 + 0.1 —20.5 + 0.1 38 +2
30° 47 +£02 ND ND

“All data were obtained on a ODN20/MATODN27A DNA primer-
template. ND denotes “not determinable” since the Wiseman
parameter ¢ is >1000. “Average values and standard deviations of
two independent experiments. “Average values and standard deviations
of three independent experiments. dAverage values and standard
deviations of four independent experiments.

Interestingly, using our 20-/27-mer DNA sequence, only one
binding configuration was observed (except at S °C where a
minor secondary binding mode was also observed as shown in
Figure S2), presumably the polymerization competent one
according to the following experiments. However, for different
primer-template sequences, two major modes of interactions
were observed (Figure S3), in agreement with single molecules
studies of RT/nucleic acid substrates.'"'>'® Analysis of the
temperature dependence of the binding enthalpy AC, = 0AH/
OT (Figure 1b) reveals a large, nonconstant, negative heat
capacity change (AC, ranging from —0.74 to —1.14
kcal-mol™"-K™" between 5 and 30 °C), similar to the one
observed for the Tag DNA polymerase (—0.73 kcal--
mol™-K™!)*® and for the Klenow fragment (—0.87 to —0.97
kcal-mol™-K™1).*® Because of this large negative heat capacity
change, which is usually considered a hallmark of local folding
coupled to binding*' extrapolation of our data to higher
temperatures shows that the binding enthalpy is 0 at 34 °C
(Figure 1b). According to the van’t Hoff equation (dln K;/dT)
—AH/(RT?), a null AH implies that the binding affinity is at
an extremum at that temperature, which turns out to be a
maximum due to the sign of AC,. Consequently, the optimal
DNA binding affinity is close to the physiological temperature
for the virus.

Following RT Polymerization Step by Step Using
Incremental ITC. In order to follow each step of DNA
elongation, we set up a novel ‘incremental-ITC’ protocol which
enables one to monitor successive chemical reactions in the
sample cell (Figure 2 and Figure S4). After the addition of
DNA into protein in a first ITC experiment, the content of the
cell is kept and the syringe is reloaded with the first incoming
nucleotide substrate. The first round of polymerization is then
followed by running another ITC experiment. After completion
of this reaction, the syringe is loaded again with the second
incoming nucleotide substrate (that should be different from
the previous one) and a third successive ITC experiment is
performed on the same sample to perform a second round of
polymerization. Using this strategy, we could follow up to five
consecutive reactions, including the addition of all four ANTPs.

By using natural INTP nucleotides, one can only observe a
complete round of polymerization (i.e., initial INTP binding,
chemical step, and translocation). However, by first incorporat-
ing a dideoxynucleotide (ddNTP) into the primer strand,
further nucleotide incorporation is prevented, which allows one
to observe the contribution of initial INTP binding alone in
absence of catalysis (Figure 2, ddATP is used in the fourth ITC
experiment, and dGTP initial binding was thus observed in the
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Figure 1. Thermodynamics of RT binding to a DNA primer-template. (a) Sequences of DNA primer-templates used in this study. (b) Temperature
dependence of AH and —TAS for RT binding to a DNA primer-template ODN19/MATODN?27B. The curves are merely the result of a quadratic
fit. At 30 °C, where the Wieseman parameter ¢ is >1000, only the binding enthalpy could be accurately determined.
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Figure 2. Example of incremental-ITC experiment. Five successive experiments were performed at 25 °C on the same sample: addition of (1) DNA
primer-template ODN19/MATODN27B (560 M) into RT (60 4M in the ITC cell), followed by sequential injection of the incoming nucleotides

(2) ACTP, (3) dTTP, (4) ddATP, and (5) dGTP (900 uM).

fifth ITC experiment). Using this approach, it is therefore
possible to obtain the thermodynamic parameters both of
overall nucleotide incorporation reaction (AHpoll AS,,, and
AGPOI) and of nucleotide binding only (AHy;g AGy,g and
AS}ina)- Importantly, the difference between these two sets of
terms yields the thermodynamic parameters for the chemical
reaction and the protein translocation (which are inextricable in
our experiments):

AHcstr = AHPQI - AI_Ibind
Ascstr = ASpol - ASbind
AG(:str = AGpol - AGbind

Incorporation of nucleotides into the DNA template
following incremental-ITC experiments was assessed by mass
spectrometry analysis (Figure SS).

Following formation of the RT/DNA primer-template
complex, series of incremental-ITC experiments were per-
formed with successive additions of dTTP and dATP (Figure
S6), ddTTP and dATP (Figure S7), dTTP, ddATP and dGTP
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(Figure S8), ddCTP and dTTP (Figure S9), and dGTP and
dCTP (Figure S10). Finally, data for dCTP binding only were
obtained on a ddG-terminated RT/DNA complex (Figure
S11). Here, it is important to emphasize that if a reaction
corresponding to the binding-only of a ANTP onto a previously
incorporated ddNTP is correctly described by a dimensioned
dissociation constant Ky, this is not the case with the full
reaction leading to incorporation of a new nucleotide. Indeed,
such a reaction amounts to

RT/DNA, + dNTP & RT/DNA,,, + PPi

which, a priori, can only be described by a dimensionless
equilibrium constant. However, we clearly established that, in
our conditions, the amount of free pyrophosphate (PPi)
remained sufficiently small (due to precipitation of insoluble
magnesium pyrophosphate) that the latter description was not
adequate, whereas an apparent dissociation constant described
correctly our data (see Supporting Information).
Thermodynamic parameters were derived for dTTP, ddTTP,
dATP, ddATP, dCTP, ddCTP and dGTP nucleotide
incorporation and for the four natural dNTPs binding in
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Figure 3. Thermodynamics of incoming nucleotide binding to RT/DNA complex. Temperature dependence of (a) AH, (b) —TAS, and (c) AG are
shown for incoming nucleotides dATP, dTTP, dCTP, and dGTP to the RT/DNA complex. Observed enthalpy, entropy, and Gibbs free energy
changes for nucleotide initial binding only (AHy;,q —TASyng AGying) are represented with cyan dotted lines. Analogous parameters for overall

nucleotide incorporation (AHPOI, —TAS,q

AGpol) are represented with red solid bold lines. Deduced parameters for the chemical plus the

translocation steps (AH y,, —TASy, AGy) are represented with green dashed lines. Experimental data are reported in Figure S12 and Tables S1

and S2 and were fitted with a linear least-squares regression.

absence of catalysis. (Figure 3, Tables S1 and S2 and Figure S12
). Dissociation constants obtained by ITC are, after temper-
ature correction, slightly lower than those obtained by
biochemical approaches.*>***® Quite surprisingly, the binding
of dTTP is significantly weaker than those of other dNTPs
(Table S2), which might reflect a possible effect of sequence
context effect. Unlike the RT-DNA interaction, which is
endothermic, binding of ANTP or ddNTP to RT/DNA
complex is exothermic (as expected). Enthalpy changes for
nucleotide incorporation (between —10 and —24 kcal-mol™)
are in good agreement with thermodynamic data obtained by
stopped-flow calorimetry for DNA synthesis of the Klenow
fragment of E. coli DNA polymerase I (between —10 and —16
kcal-mol™").>* However, in the latter study, the enthalpic
contribution of initial binding of ANTP could not be observed.

To assess that AH,; 4 is exclusively due to initial binding of
dNTP and not to a possible polymerization of nonelongated
DNA after dissociation of RT from the DNA template-primer
+1, a control experiment was performed using a purified ddT-
terminated RT/DNA cross-linked complex30’ S with incoming
dATP. This experiment led to thermodynamic parameters for
dATP binding that were remarkably similar to the results
obtained with the noncovalent RT/DNA complex (Figure S13
and Table S2), thus validating the incremental-ITC strategy.
We also performed control experiments with the addition of a

9746

mismatched nucleotide, which did not show any significant
binding (Figure S14).

Interestingly, for 20-/27-mer DNA primer-template sequen-
ces showing only one RT binding mode, the fraction of DNA-
binding competent RT correlates well with the fraction of
incoming nucleotide bound or elongated. This shows that the
binding orientation adopted by the RT for this DNA sequence
corresponds to the polymerization-competent binding observed
in crystal structures.’®*® However, the two other DNA primer-
template substrates used in our study led to two thermody-
namically distinct RT binding modes, only one being
catalytically competent (Figure S3). Most likely, the incom-
petent binding mode corresponds to an orientation of the RT
where the RNaseH domain is close to the 3'-hydroxyl of the
DNA template as observed by smFRET."""? In the case of the
two modes of interaction observed with an RNA/DNA hybrid,
neither RT-RNA/DNA complex is capable of proceeding with
polymerization (Figure S3), in agreement with smFRET
studies.

kinITC Analysis of Nevirapine Binding to Free RT and
RT/DNA Primer-Template Complex. We recently examined
the binding of nevirapine to free RT using our newly developed
kinITC approach, which allows obtaining joint thermodynamic
and kinetic data on a label-free system using ITC.** Data
derived from kinITC have led to a determination of interaction
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Figure 4. kinITC study of nevirapine binding to a RT/DNA primer-template complex. (a) ITC profiles at 25, 30, and 35 °C for nevirapine (546 uM
in the injection syringe) binding to preincubated RT/DNA complex (22 yM in the cell, sequence ODN20/MATODN27A). (b) Thermodynamic
parameters for nevirapine binding to a RT/DNA complex obtained by the ‘global thermodynamic treatment’ of titration curves at all temperatures.
(c) Kinetic parameters k,, and kg after fitting of the shape of all injection curves by kinITC.

kinetics in excellent agreement with surface plasmon resonance
data.'*** Here we extended our kinITC study to the interaction
of nevirapine with preincubated RT/DNA complexes. Our
previous experiments performed with the 20-/27-mer DNA
primer-template showed that above S °C, 100% of the RT/
DNA complexes formed with this construct are catalytically
competent. Consequently, further experiments were performed
using this construct to ensure the formation of a homogeneous
population of complexes. As observed from raw thermograms
at 25, 30, and 35 °C (Figure 4), the binding of nevirapine to the
RT/DNA complex is exceptionally slow (up to 13 min were
required to ensure full return to baseline after nevirapine
injection into the RT/DNA complex at 25 °C, Figures 4 and
S$15). Our analysis showed that the affinity of nevirapine for the
RT is affected by the presence of DNA: the dissociation
constant of nevirapine at 35 °C increases from S yM for the
free RT to 14 uM for the RT/DNA complex. This change in
affinity is associated with a significant decrease (4.6-fold) of the
association rate constant (k,, = 650 M™' s™! at 35 °C) and a
slight decrease (1.7-fold) of the dissociation rate constant (kg
= 9.0 X 107 s at 35 °C) (Figure 4) as compared to the
binding of nevirapine to the free RT.** This might be attributed
to the expected reduced mobility of the enzyme in presence of
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DNA primer-template compared to the free enzyme, thus
leading to a slower remodeling of the non-nucleoside binding
pocket (which is required for nevirapine binding or
dissociation). As previously observed for the RT/nevirapine
interaction, the binding of nevirapine to the RT/DNA complex
is associated with an anomalous positive heat capacity change
AC, = 048 kecal-mol ™K™', This most likely results from the
necessary disorganization of the clathrate-like water shell
around the hydrophobic nevirapine to allow its entry into the
binding pocket. The nevirapine binding affinity that we
observed by ITC is significantly weaker than that obtained by
previous biochemical approaches (from 25 to 400 nM).**’ In
addition to the different technique employed, these differences
are likely to be due, at least partly, to variability in the lengths
and sequences of DNA primer-template among these studies.*®

Because the binding of the nucleotide substrate induces
changes in the structure of the RT/DNA complex (closing of
the p66 fingers subdomain on the incoming dN'TP),*** we
also examined by ITC the binding of nevirapine onto a RT/
DNA/ANTP complex. A ternary complex was obtained by
mixing RT in presence of a ddT-terminated 20-/27-mer DNA
primer-template and the next incoming nucleotide, dATP. ITC
experiments were then performed by injection of nevirapine
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Figure S. Thermodynamics of DNA primer-template binding to RT/NNRTI complex. (a) ITC profile at 15 °C for DNA primer-template (349 uM
in the syringe, sequence ODN20/MATODN27A) binding to RT-efavirenz complex (20 #uM RT and 40 uM efavirenz in the cell). The experiment
was followed by the injection of ddTTP (600 #M in the injection syringe) at 25 °C. (b) ITC profile at 15 °C for DNA primer-template (295 uM in
the syringe, sequence ODN20/MATODN27A) binding to preincubated RT-nevirapine complex (45 yM RT and 150 yM nevirapine in the cell).
The experiment was followed by the injection of dTTP (500 M in the injection syringe) at 25 °C. (c) Temperature dependence of AH (circles)
and —TAS (squares) for DNA primer-template binding to RT/NNRTI complex. Data for RT-nevirapine complex were fitted with a linear least-

squares regression.

Table 2. Thermodynamics of DNA Binding to RT/NNRTI Complex”

temp (°C) N, AH, (kcalmol™)  —TAS, (kcalmol™) K, (nM) N, AH, (kcal'-mol™)  —TAS, (kcal-mol™") Ky, (nM)
NVP

10 0.6 + 0.1 12.7 + 0.6 —222 + 0.3 49 + 25 03 +0.1 19.3 + 0.8 —-303 + 04 49 + 39

12.5 0.6 + 0.1 11.7 £ 0.1 —-21.5 +£ 0.3 35 + 14 04 + 0.1 16.8 + 2.2 —28.8 +£ 2.0 0.5 +0.1

15 0.6 + 0.1 9.1 +£0.5 —189 + 0.1 42 +22 03 +0.1 179 + 1.1 —-29.1 = 0.9 34+ 13

17.5 0.7 £ 0.1 6.7 + 02 —-16.8 + 0.4 26 + 12 03 + 0.1 162 + 09 —-279 £ 0.5 1.7 + 12

20 0.7 = 0.1 59+ 0.1 —16.0 + 0.5 34 + 32 0.3 + 0.1 156 + 0.5 —-274 + 1.1 20+ 1.8
EFV

15 0.5 +0.1 11.5 + 13 =220+ 1.1 10 + 4 04 + 0.1 15.5 + 0.6 -279 + 0.6 04 + 0.1

“Average values and standard deviations of two
template.

independent experiments. All data were obtained on a ODN20/MATODN27A DNA primer-

aliquots into the complex. Our results showed that nevirapine is
not able to bind to the RT/DNA/dNTP complex (Figure S16),
likely because the NNIBP is not flexible enough within the
context of the ternary complex to allow ligand entry. This
result, implying that inhibition by nevirapine is not possible
after the start of DNA polymerization, is potentially of great
therapeutic importance.

Binding of DNA Primer-Template to RT-NNRTI
Complex Leads to Two Distinct Complexes. We next
investigated the thermodynamics of DNA primer-template
binding to RT/NNRTI complex. In these experiments, RT
(22—4S uM) was preincubated with nevirapine (3- to 7-fold
excess) or efavirenz (2-fold excess). Incremental-ITC titrations
were performed over the 10—20 °C temperature range for
nevirapine and at 15 °C for efavirenz (Figures S and S17 and
Table 2). We observed that, in the presence of NNRTI, RT
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interacts with a DNA primer-template in one of two mutually
exclusive binding modes with different thermodynamic proper-
ties (sites number 1 and 2 in Table 2). The most populated
(~66%) binding mode is characterized by a weakly
endothermic interaction (AH = 6 kcal-mol™ at 20 °C), and
a dissociation constant of ca. 30 nM. Its heat capacity change
(AC, = —0.68 keal-mol™""K™") is in the low range of the DNA
binding to the free RT. In contrast, the second binding mode
(~33%) is more endothermic (AH = 16 kcal-mol™" at 20 °C),
with a less negative AC, (=0.37 kcal'mol™K™) and a
dissociation constant in the very low- or subnanomolar range.
Based on their thermodynamic properties, both binding modes
can be associated with the two types of binding obtained with
19-/32- and 26-/26-mer DNA substrates (Figure S3), ie., a
polymerization-competent orientation and an opposite orienta-
tion placing the RNaseH domain close to the 3’ end of the
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Figure 6. Mechanism of DNA polymerization by the HIV-1 reverse transcriptase and proposed inhibition mechanism for NNRTL. Variations of
binding enthalpies observed at 25 °C are indicated in red. The DNA polymerization pathway is schematized on the left part of the diagram (light
green). The first NNRTI inhibition pathway (light blue) involves the binding of the inhibitor to a polymerization-competent RT/DNA complex
(AH,, AS, and AH,, AS,). The second inhibition pathway (light red) involves the binding of RT to the NNRTI (AH,, AS,), followed by binding of
the DNA primer-template. This second pathway leads to the formation of two kinds of complexes: One is a NNRTI-inhibited polymerization-
competent RT/DNA complex (AH;, AS;), and the second one is a nonproductive dead-end complex (AHjy, AS;). None of the RT/DNA/NNRTI

complexes are able to bind the incoming dNTP substrate.

template, presumably an RNaseH-active conformation of RT.
This interpretation would be consistent with previous reports
showing that the polymerization-competent binding of RT
onto the DNA primer-template is destabilized in favor of an
RNaseH-active RT in presence of NNRTI'*'> and by an
increased RNaseH activity of RT in presence of nevirapine.*’

Incoming Nucleotide Substrates Are Not Able to Bind
the RT/DNA/NNRTI Complexes. Following addition of
nevirapine to a catalytically competent RT/DNA complex
(Figure 4), initial binding of the incoming nucleotide was
evaluated by incremental-ITC. As seen from our previous
experiments (Figure S9 and Table S2), in the absence of
inhibitor, the initial binding step (without catalysis) of the
incoming nucleotide (dTTP or ddTTP) is clearly observable by
ITC. Therefore, if the initial binding of the incoming nucleotide
can equally happen with nevirapine bound to the RT/DNA
complex, this should also appear with ITC. However, we
observed that only a rather small fraction of the complex was
able to bind the incoming nucleotide (Figures S18 and S19).
Our interpretation is that the bound nevirapine prevents initial
binding of the incoming nucleotide and that the residual signal
can be attributed to the residual fraction of RT/DNA complex
that is not bound to nevirapine (Figure S19).

In order to test whether the order of addition of the DNA
and of the nevirapine substrates could be significant, initial
binding of the incoming dNTP was also investigated by
incremental-ITC after preincubation of RT/NNRTI, followed
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by addition of DNA primer-template during a first ITC
titration. As seen previously (Figure Sa,b), the addition of DNA
to RT/NNRTI complex implies the formation of two distinct
RT/NNRTI/DNA complexes. Again, no signal could be
observed after addition of the incoming nucleotide (ddTTP
or dTTP), neither for RT/DNA/ nevirapine, nor for RT/DNA/
efavirenz complexes (Figures S and S17), showing that in
presence of these non-nucleoside inhibitors, the RT/DNA
complex does not bind the nucleotide substrate.

B DISCUSSION

Here we dissected thermodynamics of the mechanism of
nucleotide incorporation by RT using a novel ‘incremental-
ITC’ strategy. This approach is well-suited for the study of
successive chemical reactions, such as nucleic acid polymer-
ization by DNA- or RNA-polymerases. Two requirements,
however, are to be fulfilled for a successful experimental
framework: (i) the starting concentration of compound in the
cell should be sufficient to ensure good data quality in the
subsequent experiments and (ii) there should be no significant
competition between the ligands added successively. As
observed from single molecule studies,""'>'® our thermody-
namic data also show that RT can adopt two binding modes on
a nucleic acid primer-template, only one being able to bind
incoming dNTP and thus corresponding to a DNA-polymer-
ization competent orientation. The second orientation does not
bind the incoming dNTP and is therefore nonproductive
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(Figures S2 and S3). The population of each binding mode
strongly depends on the primer-template sequence and length.

Complete nucleotide incorporation can be modeled as a
three step process: initial binding, chemical reaction, and
translocation. Thermodynamics of the two last steps (which
cannot be dissociated in a simple way) could be obtained by
subtracting thermodynamic data for the initial binding of INTP
in absence of nucleotide incorporation from the complete DNA
incorporation process. We showed that dNTP binding is
mostly enthalpy driven but with significant differences between
various nucleotides (—20.8 to —9.7 kcal'mol™" at 25 °C). The
enthalpy change following the chemical plus the translocation
steps also depends on the nucleotide: it is poorly exothermic
for dCTP and dGTP, but extrapolation of ITC data at 37 °C
indicates that it might be endothermic at physiological
temperature for dATP and dTTP (Figure 3). Since the
chemical step is expected to be the same for all ANTPs, this
difference likely relies on the translocation step. In this frame,
the role of the sequence context remains to be tested.
Furthermore, the use of compounds inhibiting the translocation
step*’ might be useful to isolate the thermodynamic
contribution of the translocation from that of the chemical
reaction in DNA elongation.

Our data also show that ANTP binding to the polymer-
ization-competent RT/DNA complex provides a significant
amount of the free-energy change required for catalysis, with
AG ranging from —7.5 to —9.0 kcal'mol™. As previously
suggested, this energy produced by dNTP binding might be
stored in a displacement of the conserved Y g;MDD g4 motif so
that it can be later released during the translocation step.** In
contrast, ITC data show that events including the chemical step
and the RT translocation are only poorly exergonic for dATP,
dTTP, and dCTP and endergonic for dGTP (Figure 3). Since
the hydrolysis of ANTP produced during the chemical step is
highly exergonic and provides about —10.9 kcal-mol™" of free-
energy change,” our data show that incoming nucleotide
binding is a major driving force for DNA polymerization. This
is in agreement with the observation that the conformational
change involving closure of the p66 finger domain on the active
site is the rate-limiting step in single nucleotide incorporation
experiments.?“s’33

Previous kinetic analysis suggested that binding of NNRTI
interferes with the chemical step of DNA polymerization but
would not directly prevent binding of the incoming dNTP.””
However, in a recent crystal structure of a cross-linked RT/
DNA complex bound to nevirapine, grown in presence of
AZTTP as an incoming nucleotide, the latter could not be
observed in electron density maps.'® This structure indeed
shows that the dNTP binding site is highly distorted by the
presence of nevirapine, shifting the 3’-hydroxyl of the DNA
primer by more than 5 A away from the polymerase active site,
thus preventing a bindin§ of the ANTP as observed in the RT/
DNA/INTP complex.3 Moreover, smFRET studies have
shown that NNRTI binding to the RT destabilizes the
polymerization-competent binding of the enzyme to the
DNA primer-template in favor of the RNaseH-active
orientation.' ">

Thermodynamic data provided by the present study make a
perfect bridge between these studies, clarifying the NNRTI
inhibition mechanism. Two NNRTT inhibition pathways should
be discerned. The first one (in blue in Figure 6) involves the
binding of RT to the DNA primer-template first (characterized
by AH, and AS)), followed by the binding of NNRTI (AH,,
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AS,). The second pathway (in red in Figure 6) requires first
binding of NNRTI to the apo-RT (AH,, AS,) and subsequent
binding of DNA (binding mode 1 with AH;, AS; and binding
mode 2 with AH;, AS;). The presence of NNRTI alters the
binding of RT on the DNA primer-template, resulting in a
destabilization of the polymerization-competent orientation of
the RT onto the DNA in favor of an opposite orientation
unable to bind the incoming ANTP'"'*'®* (dead-end
complex in Figure 6). Because the second binding mode is
characterized by a thermodynamic signature quite different
from the first one, it likely corresponds to a structure
significantly different from catalytically competent RT/DNA
complexes reported by X-ray crystallography. Finally, our data,
obtained using a direct and label-free assay, showed that none
of the binding modes of RT/NNRTI on the DNA primer-
template are able to bind incoming dNTP (Figures S and S17),
in contradiction with previous kinetic studies. Likely, the INTP
binding and the slow DNA polymerization observed in these
studies in presence of NNRTI were due to the activity of a
remaining fraction of free RT not bound to the inhibitor.

Analysis of the thermodynamics for both NNRTT inhibition
pathways shows that the second pathway involving AH; and
AS; (binding mode 1 in Table 2) is analogous to the first
pathway (AH, + AH, ~ AH, + AHy and TAS, + TAS, ~
TAS, + TAS;). In contrast, the pathway involving AH; and
ASy (binding mode 2 in Table 2) leads to a different final state.
Consequently, binding mode 1 can be assigned to the
polymerization-competent orientation of RT on the DNA
primer-template and binding mode 2 to the dead-end complex
(Figure 6). Since the latter conformation is characterized by a
10-fold tighter affinity (Table 2), RT should preferentially
interact through this binding mode with DNA when bound to a
NNRTI. Furthermore, because the kinetics of NNRTI
association with the catalytically competent RT/DNA complex
is very slow compared to dNTP binding, and since NNRTT is
not able to bind the RT/DNA/ANTP complex, our results
strongly suggest, in line with an earlier report,” that a
polymerizing elongation complex might be little susceptible to
inhibition. As a consequence, RT should be targeted
preferentially by NNRTIs as a free protein rather than bound
to DNA.

H CONCLUSION

In conclusion, our thermodynamic analysis of RT/NNRTI
interactions suggests that NNRTTI inhibition is mainly due to
the binding of the inhibitor to the free RT, thus preventing a
correct binding of RT to the DNA in a catalytically competent
manner and leading to the formation of dead-end RT/DNA/
NNRTI complexes that are unable to bind the incoming
nucleotide substrate. Further thermodynamic studies of RT
bound to viral RNA and to cellular tRNAY*; will be needed to
clarify the role of NNRTIs during the initiation of reverse
transcription.

B MATERIALS AND METHODS

Sample Preparation. The RT (HIV-1, BHIO isolate) was
expressed and purified as described previously.*® The protein was
then stored as a suspension in a 2 M (NH,),SO, solution. Nevirapine
and efavirenz were obtained through the NIH AIDS Research and
Reference Reagent Program, Division AIDS, NIAID, NIH and were
both dissolved in DMSO. The sequences of SeqB RNA and DNA
primers are the same as that used in a previous smFRET study."' SeqB
DNA template is a slightly shorter version of the SeqB DNA template
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according to the reference 11. Unmodified DNA and RNA sequences
were purchased from Integrated DNA Technologies, purified by
HPLC on a Dionex Nucleopac PA-100 by HPLC, and stored into
water.

RT/DNA Cross-Linking. RT construct Q258C was expressed and
purified as described.>®> The 20-mer primer DNA (5’
ACAGTCCCTGTTCGGGCGCC 3’) bearing a cross-linkable
modified guanine was synthesized as described in the Supporting
Information.

ITC. ITC measurements were performed on a MicroCal ITC200
(GE Healthcare) in R1 buffer (Mes-NaOH 10 mM, pH 6.5, NaCl 100
mM, MgCl, 2 mM). DMSO (0.8—1.8%) was added to the buffer in
experiments involving nevirapine and efavirenz. ITC data were
analyzed using the dedicated software by Microcal (Origin 7.0) and
homemade software (written with Mathematica, Wolfram Resarch) for
all aspects linked to ‘global thermodynamic treatment’ and kinITC. All
data with ANTP addition were fitted with a single binding site model,
except data with dGTP where two independent binding sites were
used (one specific binding site and a weak unspecific binding site).
Global thermodynamic treatment and kinITC analysis were performed
as described.** For incremental ITC experiments, after addition of
20—40 uL of the first substrate (DNA primer-template) into the RT
(280 pL loaded in the sample cell), the syringe was washed and loaded
with the first incoming nucleotide without removing RT/DNA sample
from the cell. The cell concentration for the second experiment was
adjusted to the concentration of the RT/DNA complex. Starting from
the third incremental-ITC experiment, 40 uL of the elongated-RT/
DNA complex was removed from the cell prior the experiment. The
syringe was washed and loaded with the second incoming nucleotide,
and the concentration in the cell was set to the concentration of
elongated RT/DNA+1 complex. Blanks were performed by injecting
the various ligands used (dNTPs, ddNTPs, nucleic acids, or NNRTTIs)
into buffer in order to subtract the heat of dilution from the reaction
heat data.

B ASSOCIATED CONTENT

© Supporting Information

ITC profiles, thermodynamic data for dNTP binding,
description of the chemical synthesis of the cross-linkable
modified guanine, and methods for mass spectrometry analysis.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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