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Abstract—The thermodynamics of the interaction between mutant HIV-1 reverse transcriptase (K103N and Y181C) and a non-
nucleoside reverse transcriptase inhibitor (NNRTI), the phenylethylthiazolylurea compound MIV-150, was obtained by determining
the temperature dependence of the kinetic rate constants. Large entropic changes in the forward and backward steps of the isom-
erization between a non-binding competent and a binding competent conformation of the enzyme, as well as in the binding steps,
implied the involvement of major structural rearrangements upon interaction with the inhibitor. Despite of the entropic character of
the overall interaction, the equilibrium for the binding of inhibitor was found to be predominantly enthalpy-driven. The high affinity
and the low affinity interactions of the heterogeneously interacting inhibitor showed different energetics in the analysis, revealing an
expectedly higher enthalpic component for the high-affinity interaction. The thermodynamic profiles of the two enzyme variants

displayed significant differences, which could not be derived from their kinetics at a single temperature.

© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Drug discovery relies on studies of interactions between
potential drug compounds and their targets, often en-
zymes. Initially, studies are limited to interactions with
the native target since the aim is simply to identify com-
pounds that interact with the target and interfere with its
function. Subsequently, interactions with mutated tar-
gets and target homologues are studied as a means of
exploring potential resistance and selectivity problems.
Moreover, interactions with other proteins and cellular
structures, related to pharmacokinetics and ADME-
tox properties, may be included in the later stages. The
aim is ultimately to select ‘the most suitable compound’
in a series of analogues representing all conceivable
structural variations and an overall drug efficacy per-
spective. However, in order to rank compounds in terms
of ‘suitability’, it is critical that relevant selection criteria
are used. For enzyme-inhibitor interactions selection is
generally guided by inhibition data (ideally Kj-values).
However, inhibition studies only provide equilibrium
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based data and with limited possibilities of changing
the conditions. Therefore, information about the details
of the interaction, such as the kinetics (association and
dissociation rate constants) or the effects of altered con-
ditions (chemical composition of the buffer, pH or tem-
perature) on the interaction is rarely obtained. In order
to characterize enzyme-inhibitor interactions in detail,
we have adopted a surface plasmon resonance (SPR)
biosensor in a number of drug discovery projects (see
for example Shuman et al.'). The present study explores
the technique for obtaining thermodynamic data on the
interaction between the reverse transcriptase of human
immunodeficiency virus type 1 (HIV-1 RT) and non-
nucleoside RT inhibitors (NNRTIs).

HIV-RT is an extensively studied target for anti-AIDS
pharmaceuticals. At present there are three classes of
drugs that target HIV-1 RT: nucleoside-analogue RT
inhibitors (NRTIs), nucleotide-analogue RT inhibitors
(NtRTIs) and NNRTIs.> NRTIs and NtRTIs interact
with the active site of HIV-1 RT while NNRTIs com-
prise a structurally diverse group of allosteric inhibitors.
Crystallographic studies have shown that all NNRTIs
bind to the same binding site, located in the vicinity of
the active site in the p66 subunit of the heterodimeric en-
zyme.>”? Interestingly, the exact position of the entrance
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for the inhibitors remains an object of speculations.?1°
The binding of NNRTIs to the allosteric site results in
short- and long-range conformational changes in the en-
zyme, and subsequent inhibition of the polymerase
activity and impairment of the RNase H activity.”-!!-12

Although more than 30 structurally different classes of
NNRTIs have been described in the past 15 years, only
three compounds have been licensed for clinical use so
far: nevirapine, delavirdine and efavirenz.!*~'7 These
are important complements to other types of anti-AIDS
drugs since they lack many of the disadvantages of
nucleoside and nucleotide-based polymerase inhibitors.
Unfortunately, the use of NNRTIs as anti-AIDS drugs
is hampered by the rapid development of viral resistance
to these inhibitors. A single mutation in the NNRTI-
binding pocket can result in high-level resistance.
Moreover, NNRTI-resistant HIV variants display
cross-resistance to many of the current inhibitors. One
strategy for avoiding resistance can be based on design-
ing inhibitors that primarily interact with the polypep-
tide backbone or with conserved residues in the
protein rather than with highly variable residues.’ A sec-
ond strategy is to design inhibitors capable of inhibiting
multiple variants of HIV-1 RT, for example by design-
ing flexible inhibitors whose interactions with the
enzyme are enthalpically favourable.” However, the
thermodynamics of NNRTI interactions with HIV RT
have not been reported in detail previously, so the foun-
dation for such a strategy is lacking.

In two recent studies,'®!” we have used the surface plas-
mon resonance (SPR) technique to characterize the
interaction between NNRTIs and HIV-1 RT, and the
effects of resistance associated mutations on the interac-
tion mechanism. The studies revealed complexities in the
interaction mechanism, involving heterogeneity both of
the unliganded enzyme and of the enzyme-inhibitor
complex. The unliganded enzyme was found to exist in
at least two conformations, of which only one is capable
of binding the inhibitor. Furthermore, two kinetically
distinct enzyme-inhibitor complexes can be formed.
Scheme 1 shows the simplest model that adequately
describes the kinetics of the interaction.

In the present study we use an SPR-based biosensor to
determine the temperature dependence of the kinetic
constants and the thermodynamic parameters (AG, AH
and AS) in each step of NNRTI and HIV-1 RT interac-
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Scheme 1. Interaction model for the binding between HIV-1 RT and
NNRTIs.

Figure 1. Chemical structure of MIV-150.

tions. Although this technology has previously been
shown to be a powerful tool for the thermodynamic
characterization of biomolecular interactions,'%?! the
extension of deriving thermodynamic parameters from
the temperature dependencies of rate constants by this
experimental approach has been under debate.?>?* We
would like to emphasize that the herein presented quan-
tities are all apparent under the given assumptions and
their significance is discussed. A consequent but reason-
ably simple nomenclature has been chosen to denote
these quasi-thermodynamic parameters>* (AG', AH’
and AS’). For this explorative study, we selected a pro-
totype inhibitor, the phenylethylthiazolylurea (urea
PETT) compound MIV-150% (Fig. 1) and two clinically
relevant drug-resistant variants of HIV-1 RT, K103N
and Y181C. These substitutions are located in different
positions of the NNRTI binding site, and were previ-
ously found to interfere with different steps in the inhib-
itor binding process.!® The present results are of interest
for understanding the NNRTI interaction mechanism
and development of effective NNRTIs, and also for
understanding  general features of  molecular
interactions.

2. Results

The kinetics of the interaction between HIV-1 RT and
the non-nucleoside inhibitor MIV-150 were studied at
temperatures ranging from 5 to 35 °C. The experiments
and the determination of kinetic constants were based
on a previously developed method,'® which required
only slight modifications in order to be applicable over
this temperature range. Due to the slow dissociation of
the inhibitor at low temperatures, the time between
injection cycles had to be prolonged (up to 45 min).
Although the pH of the buffer was found to vary
0.32 units from 5 to 35°C (7.51 and 7.19, respectively)
it was not adjusted since we preferred to keep the com-
position of the buffer constant.

2.1. Temperature dependence of kinetic constants

The effect of temperature changes on the interaction was
initially analysed by comparing sets of sensorgrams rep-
resenting different concentrations of inhibitor obtained
at different temperatures (Fig. 2). The temperature
clearly influenced both association and dissociation rate
constants, apparently to a greater degree for the K103N
variant than the Y181C variant. Since the sensorgrams
represent all steps in the interaction, that is, both the
isomerization of the un-liganded enzyme and the inter-
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Figure 2. Sensorgrams for the interaction between HIV-1 RT variants (K103N, left column; Y181C, right column) and MIV-150 recorded for
inhibitor concentration series (0.04-5.12 uM) at different temperatures (5, 15, 25, 35 °C). The sensorgrams were normalized to 1, assuming a 1:1
binding stoichiometry. Theoretical curves (corresponding to the model in Scheme 1) are overlaid the experimental traces.

action equilibrium, it is not possible to distinguish which
steps in the interaction were primarily temperature
dependent, or if the temperature had similar effects on
all steps. Therefore, in order to quantitatively determine
the kinetic rate constants determined for all steps in the
system (Scheme 1) at different temperatures, the sets of
sensorgrams were subjected to mathematical analysis.
The values of the kinetic rate constants and equilibrium
constants are presented in Table 1 for the K103N vari-
ant and Table 2 for the Y181C variant. Figure 3 shows
graphically how the kinetic parameters vary with the
temperature.

The kinetic parameters of both the isomerization equi-
librium and the interaction equilibrium were tempera-
ture dependent. The rate of forming Ey, the binding

competent conformation of the enzyme, k, increased
with the temperature, whereas the rate of the opposite
step, k_,, decreased with the temperature. This suggests
that Egr is favoured under conditions that enhance the
flexibility of the protein. A bias of the K103N variant
towards a lower K, than compared to the Y181C variant
was observed for all temperatures (P-values 5 °C: 0.816;
15°C: 0.0132; 25 °C: 0.0001; 35 °C: 0.012).

The temperature dependence of the association and dis-
sociation rate constants was qualitatively the same for
both HIV-1 RT variants. Inhibitor association rates var-
ied non-regularly over the measured temperature range,
while the rate of inhibitor dissociation increased with
increased temperature. As a result, the dissociation con-
stants for the high affinity interaction (Kp;) increased at
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Table 1. Kinetic constants + standard deviation for the interaction between HIV-1 RT K103N and the non-nucleoside inhibitor MIV-150
5°C 15°C 25°C 35°C

ki 7'M 5.35x10°+1.32 x 10° 6.91 x 10° +5.34 x 10° 3.57 % 10° +2.71 x 10° 6.31 x 10° +3.29 x 10°
ko 7'M 1.56 x 10° + 8.80 x 10° 3.45%10° +3.33 x 10° 2.33%x10°+1.63 x 10° 2.45%10°+ 1.59 x 10°
koi (s 0.00298 + 0.00052 0.00477 + 0.00157 0.0110 % 0.0035 0.0183 % 0.0093

koo (s7h 0.0435 + 0.0252 0.0321 £ 0.0180 0.0602 % 0.0202 0.101 *0.046

Kpi (M) 5.96x10710+2.16x1071° 9.97x1071°+589%x1071° 491x107°+341x1071° 349%x 1077 +2.12x107°
Kp> (M) 3.57x1078+233%x 1078 143x 1078+ 1.11x 1078 448x107%+4.18x 1078 5.18x 1078 +2.83x107®
ky 571 0.065 = 0.017 0.097 +0.022 0.141 +0.031 0.170 +0.038

ko™ 4.14+1.28 3.87 +2.08 3.20 +2.27 229+1.14

K, 65.3+18.14 383+ 11.9 224+153 13.6 £ 6.5

Kiot1 (M)? 3.64x 1078+ 8.66 x 10~° 436x10%+1.52%x1078 8.00x1078+508x 1078 452x107%+386%x107%
Kiorr (M)? 241%x107°+£2.03x107° 5.65x1077 £3.19x 1077 6.00x 1077 +2.66 x 1077 574%x 1077 £ 1.47x 1077

The kinetic constants correspond to those defined in Scheme 1: ki, k_, are the forward and backward rate constants for the isomerization between
the two forms of the unliganded enzyme, and ki, k_; and ks, k_, respectively are the rate constants for the association and dissociation of the
enzyme-inhibitor complex. Kp; represents the affinity for high-affinity binding and Kp, for low-affinity binding, K}, is the equilibrium constants for
the isomerization step, and K. and Ky, represent the dissociation constants of the overall equilibrium (both steps).

#The values for K, and Kiop; at 2 °C have been published previously‘19

Table 2. Kinetic constants * standard deviation for the interaction between HIV-1 RT Y181C and the non-nucleoside inhibitor MIV-150
5°C 15°C 25°C 35°C

k7'M 4.80 x 10° +2.04 x 10° 520 10% + 1.55 % 10° 4.36%10°+1.01 x 10° 3.91x 10% £ 1.27 x 10°
ko (sTTMTY 2.75% 10% £ 1.17 x 10° 5.25x 10° +2.85 x 10° 4.58 % 10° £ 1.78 x 10° 227 x10°+ 1.15%x 10°
koi(s7h 0.00257 + 0.00088 0.00376 + 0.00083 0.00623 + 0.00093 0.00903 + 0.00532

koo (sh 0.0651 % 0.0389 0.0686 % 0.0174 0.0773 % 0.0096 0.0670 % 0.0381

Kpi (M) 6.27x1071°+£389x 10710 7.90x 10710 +£2.96 x 10°1° 1.50x 107 £ 4.29 x 1071° 2.89%x 107 +2.73x107°
Kp» (M) 245x1078+1.42%x1078 1.58x 1078 £ 6.55%x 107° 1.89x 1078 £ 6.05%x 107° 3.00x 1078 +£6.92x107°
ky 7Y 0.075 £ 0.017 0.087 * 0.020 0.101 +0.027 0.134 +0.016

ko, (s 4.80 * 1.58 456+ 1.17 4.41+1.30 2.98 +0.98

K, 68.0 +33.0 542+ 14.8 455+ 13.0 23+74

Kiou (M)? 219%x1078+1.01x 1078 407x1078+1.28x1078 6.62x1078+2.12x 1078 6.85x1078+6.85%x 1078
Kotz (M)? 8.87x 1077 +4.11x 1077 8.15x 1077 +3.64x 1077 7.92%x 1077 +1.18x 1077 6.49%1077+1.92x 1077

The kinetic constants correspond to those defined in Scheme 1: kj,, k_, are the forward and backward rate constants for the isomerization between
the two forms of the unliganded enzyme, and ki, k_; and k», k_, respectively are the rate constants for the association and dissociation of the
enzyme-inhibitor complex. Kp, represents the affinity for high-affinity binding and Kp, for low-affinity binding, K, is the equilibrium constants for
the isomerization step, and K, and K., represent the dissociation constants of the overall equilibrium (both steps).

#The values for Ky and Kio; at 2 °C have been published previously.]9

higher temperature. The dissociation constants for the
low affinity interactions (Kp,) had a minimum at 15 °C.

2.2. Thermodynamic analysis

The thermodynamic parameters of the different steps and
the equilibria of the interaction were determined from
the temperature dependence of the kinetic constants.
The changes in Gibbs energy was calculated directly
from the equilibrium constants (Eqs. 1 and 2) while the
changes in entropy and enthalpy were calculated by
linear regression of equilibrium or rate constants at the
four different temperatures (Fig. 4) using Egs. 3 and 4.
The data for 25 °C were compiled in Tables 3-5 and
graphically visualized in Figures 5 and 6.

An apparent non-linearity of the plots was observed
for most parameters and a non-linear regression anal-
ysis including a heat capacity factor! provided a better
description of most of the data but gave similar
parameter estimates. Therefore, for the reason of sim-
plicity, the enthalpy and entropy contributions were
assumed independent of the temperature in the present
analysis.

2.2.1. Isomerization (pre-equilibrium). The isomerization
equilibrium between the two unliganded forms of the en-
zyme was shifted in favour of the non-binding confor-
mation (Et), seen as a positive AG,, (Fig. 5). AH and
TAS were positive and larger than AG for the K103N
variant whereas they were in the same range as AG for
the Y181C variant. Both the forward and the backward
steps were associated with large changes in entropy, but
since they cancel out when equilibrium is reached, the
net effect is enthalpic. The difference between the two
variants was primarily in the relaxation from Er to
Er, exhibiting larger changes in both enthalpy (P-value
0.0129) and entropy (P-value 0.0066) for K103N than
Y181C.

2.2.2. Inhibitor interaction equilibrium. The step where
the inhibitor associates with, or dissociates from the en-
zyme was analyzed for a high affinity and a low affinity
interaction (see Scheme 1). The two interactions exhib-
ited different thermodynamic profiles, but the profiles
were similar for both enzyme variants, as visualized in
Figure 6. The free-energy change at equilibrium upon
high-affinity interaction was dominated by a large
change in enthalpy, whereas the low-affinity interaction
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Figure 3. Visualization of kinetic parameters in Tables 1 and 2.

was dominated by a large change in entropy. When the
thermodynamics was resolved for association and disso-
ciation separately, it was revealed that both steps were
associated with large entropic changes and that large
enthalpy changes were only involved in the dissociation
of the inhibitor.

2.2.3. Overall equilibrium. The overall equilibrium of the
interaction between HIV-1 RT and MIV-150 includes
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Figure 4. van’t Hoff plots (K}, Kp, Kio) and Eyring plots (kon, Ko, kpe)
for the interaction between HIV-1 RT variants K103N and Y181C and
MIV-150 over a temperature range of 5-35°C. Determination of
thermodynamic and quasi-thermodynamic parameters by linear
regression analysis. a = C X hlkyx T and b = hlky, x T.

both the isomerization and the interaction steps. It
was found to be associated with large changes in entropy
but a negative change in enthalpy contributes consider-
ably to the high-affinity interaction, especially with the
Y181C variant (Fig. 6). For the low affinity interaction
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Table 3. Changes in free energy (AG), enthalpy (AH) and entropy (AS)
for the pre-equilibrium of MIV-150 interacting with HIV-1 RT K103N
and Y181C at 25°C

K103N Y181C

AG,. (kJ/mol) 7.22+0.44 9.34 +0.22
AH,. (kJ/mol) 404+54 120+4.4

AS,. (kJ/mol K) 0.111 £0.018 0.0107 £ 0.0151
AG},, (kJ/mol) 779 0.1 78.8 £0.2
AH},, (kJ/mol) 21.5+2.4 11.6+23

AS},, (kJ/mol K) —0.190 % 0.008 ~0.225 +0.008
AG,,, (kI/mol) 70.7 0.5 69.5+0.2
AH,,, (kI/mol) ~18.9+6.0 —0.354 +4.13
AS},, (kJ/mol K) ~0.300 + 0.021 ~0.235+0.014

The equilibrium thermodynamic parameters + standard error were
determined for 25 °C using Eq. la and the equilibrium constants in
Tables 1 and 2. Quasi-thermodynamic parameters (AG’, AH’, AS’) for
the forward (k,) and backward reaction (k_,) * standard error were
determined using an Eyring approach and Egs. 4a and b.

the enthalpy was positive, thus driving the equilibrium
towards the unliganded enzyme.

3. Discussion

Previous studies have shown that NNRTI binding to
HIV-1 RT can be described by a two-state mechanism,
where the un-liganded enzyme is in equilibrium between
two different conformations: a binding and a non-bind-
ing form which can be assumed to represent the open
and the closed form of the NNRTI binding pocket.'®
Since the rate of conversion between the two forms is

rate-limiting for the binding of rapidly associating inhib-
itors, the rates of this isomerization can be obtained
from the analysis of interaction data. Furthermore, the
interaction of NNRTIs was found to be heterogeneous
and a high- and a low-affinity interaction could be iden-
tified. The same mechanistic model was found to be
valid for the interaction between MIV-150 and the two
HIV RT variants studied here, and for the complete
temperature range between 5 and 35 °C. The current
study provided further details on the interaction that
increase our understanding of molecular interactions
in general, and of NNRTI-HIV-RT interactions in
particular.

3.1. Determination of thermodynamic and quasi-thermo-
dynamic parameters

Eyring’s transition state theory originally described the
catalysis of substrates into products,?® but it also applies
to the interaction between enzymes and ligands.
Whereas the temperature dependency of the equilibrium
constants reveals the energetics of the equilibrium, the
temperature dependency of the rate constants can be
related to quasi-thermodynamic parameters of the indi-
vidual steps of the interaction, under the assumption
that the transmission coefficient ¥ = 1 and state of the
solvent C=1M (Egs. 2a—c). Although the value of
is expected to be lower than 1 in practice, the few at-
tempts to experimentally determine transmission coeffi-
cients have so far resulted in estimates close to
unity.?”?® A simple calculation shows that even when
assuming a transmission coefficient of 0.1, the estimated
values differ by less than 20% from the values calculated
with an assumed transmission coefficient equal to one.

Table 4. Changes in free energy (AG), enthalpy (AH) and entropy (AS) for the high affinity and low affinity interaction between HIV-1 RT and MIV-

150 at 25°C
K103N Y181C

High affinity Low affinity High affinity Low affinity
AGiy (kJmol) —482+04 —43.0%+04 —-50.4+£0.2 —442+£0.2
AHy, (kJ/mol) —46.4£6.0 —13.8%£6.7 —342%50 —-7.1+43
ASipne (kJ/mol K) 0.009 % 0.020 0.098 £ 0.026 0.055£0.017 0.123 £0.015
AG,, (kJ/mol) 36.1 £0.5 37.1£0.5 352+0.2 352+03
AH! (kJ/mol) —6.8£5.9 6.4+77 -72+34 —6.7+5.8
AS. (kJ/mol K) —0.141 £ 0.020 —0.103 £ 0.026 —0.142 £ 0.012 —0.143 £ 0.020
AG.; (kJ/mol) 84.3+£0.2 80.1£0.2 85.6%0.1 79.4£0.1
AH; (kJ/mol) 39.7+£34 20.3+4.6 27.0+34 0.4+4.0
AS. g (kJ/mol K) —0.150 £ 0.012 —0.200 £ 0.016 —0.197 £ 0.012 —0.266 £ 0.014

The equilibrium thermodynamic parameters * standard error were determined for 25 °C using Eq. 1b and the equilibrium constants in Tables 1 and
2. Quasi-thermodynamic parameters (AG’, AH', AS’) for the association and dissociation * standard error were determined using an Eyring

approach and Egs. 4a and b.

Table 5. Changes in free energy (AG), enthalpy (AH) and entropy (AS) * standard error for the overall binding equilibrium between HIV-1 RT and

MIV-150 at 25 °C

K103N Y181C
High affinity Low affinity High affinity Low affinity
AGy (kJ/mol) —41.0+04 —-349+0.3 —41.1+£0.2 —349+0.1
AH,, (kJ/mol) —6.09 +5.90 26.6 6.5 -222+6.1 4.92+£3.32
ASio (kJ/mol K) 0.120 + 0.020 0.209 + 0.022 0.0659 +0.0207 0.134 £ 0.011
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Figure 5. Thermodynamic profiles for the HIV-1 RT K103N and Y181C pre-equilibrium upon interaction with MIV-150 at 25 °C. The changes in
enthalpy (AH, grey bar), entropy (TAS, white bar) and free energy (AG, black bar) are shown for the forward and backward steps, as well as for the
equilibrium, as indicated by the subscripts.

3.2. The effect of temperature on the isomerization step

(pre-equilibrium)

The present investigation of the interaction between
NNRTI-resistant HIV-1 RT variants and a urea PETT
inhibitor revealed that the pre-equilibrium kinetics of
the enzyme was dependent on the temperature. At low
temperature the equilibrium was shifted towards the
non-binding form of the enzyme, Et, resulting in higher
values for the pre-equilibrium constant K, (P-values
K103N: <0.0001, Y181C: 0.0005). A temperature-
dependent equilibrium between different conformational
states of the HIV-1 RT has previously been reported
concerning the position of the thumb domain.?® The
present study supports the model of a structurally flexi-
ble enzyme, which exists in multiple, equilibrating con-

formations
distributions.

that can be

described with statistical

3.3. The binding-equilibrium for MIV-150 is mainly

enthalpy driven

Resolving the free-energy change of the equilibrium be-
tween the inhibitor and the enzyme into enthalpy and
entropy terms revealed additional information about
the nature of the interaction between HIV-1 RT and
MIV-150. As for all known NNRTIs, the binding of a
urea PETT compound within the NNRTI binding pock-
et is dominated by hydrophobic interactions. There are
also some polar interactions, for example, a single
hydrogen bond occurs between the urea nitrogen of
the inhibitor and the carbonyl of Lys101.*¢ Hydropho-
bic interactions have traditionally been viewed as exclu-

sively

entropically

driven

processes,

whereas

electrostatic interactions and hydrogen bonding result
in changes of enthalpy. It was therefore surprising that
for the high-affinity interaction in the interaction equi-
librium of MIV-150 and HIV-1 RT, the enthalpy term
was larger than the entropy term (P-values KI103N:
<0.0001; Y181C: 0.0141). By dissecting the thermody-
namics of the equilibrium, the enthalpy and entropy
contributions to the free energy changes of the associa-
tion and the dissociation steps could be determined. This
analysis revealed that both association and dissociation

were governed by entropy terms that were larger than
the gain or loss of enthalpy upon binding (P-values asso-
ciation, K103N: 0.0001; Y181C: <0.0001; dissociation,
K103N: 0.299; Y181C: <0.0001). However, the entropy
parts partially cancelled out and a relatively large nega-
tive enthalpy change remains at equilibrium.

An explanation for this can be found in the binding
mechanism of NNRTIs to the HIV-1 RT. At the en-
trance of the binding pocket the inhibitor has to pass
a bottleneck in order to enter the binding cavity, requir-
ing a constrained conformation of both enzyme and
inhibitor. As an effect of the release from the aqueous
solvent, the entropy part of the association of rather
hydrophobic NNRTIs was expected to be positive. Since
the entropy contribution of a small inhibitor molecule
with limited flexibility can be neglected,?® it can be con-
cluded that the origin of the negative entropy upon asso-
ciation is found in the enzyme. This finding is consistent
with the hypothesis that NNRTI binding rigidifies the
reportedly flexible structure of the enzyme, concerning
mainly the thumb domain.!?-31-33 Hence, it is likely that
the entropic solvent effect upon inhibitor binding was
compensated by a dynamic effect of the enzyme.

3.4. Thermodynamic analysis reveals complexities in the
interaction between HIV-1 RT and MIV-150

The thermodynamic parameters for the high- and the
low-affinity interaction were determined separately in
the present analysis. The nature of the observed hetero-
geneity in the inhibitor binding is not yet understood,
and might either originate from structural heterogeneity
of the enzyme or from the complexity of the underlying
binding mechanism.'® The different energetics for the
high- and the low-affinity interaction (Fig. 6) supported
the existence of different modes for the inhibitor to inter-
act with the enzyme. Both variants displayed a charac-
teristic difference of 5-6 kJ/mol between high affinity
and low affinity binding energies (for both AG;,  and
AG,y), originating from a difference in the binding
enthalpies (AHj, and AH,, for the high and low affinity
interaction) of 20-30 kJ/mol. This indicated that the two
different complexes are distinguished by the formation
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Figure 6. The contribution of changes in enthalpy (AH, grey bar), and entropy (7TAS, white bar) to the change in free energy (AG, black bar) for the
association, dissociation, interaction equilibrium, and the overall equilibrium with high-affinity binding (left) and low-affinity binding (right) of MIV-

150 to HIV-1 RT K103N and Y18IC at 25 °C.

of defined electrostatic interactions. Although the differ-
ences in the enthalpies exceeded an expected energy con-
tribution of the involved N-H---O hydrogen bond
between inhibitor and protein (8 kJ/mol), it is likely that
the difference in the free binding energies represents
inhibitor binding with and without successful hydrogen
bond formation. Furthermore, the high- and the low-
affinity interaction revealed different temperature-depen-
dencies, as observed in the different curvatures in the

van’t Hoff plots (Fig. 4). The change of In Kp; appeared
to be rather linear with the inverse absolute temperature,
while In Kp, showing non-linear tendencies. Applying
non-linear regression analysis by introducing a heat
capacity factor, the enthalpy appeared to increase with
temperatures for the low-affinity interaction (data not
shown). It can be speculated that the compensating
dynamic effect of the enzyme, which accounts for the
negative entropy upon inhibitor association, becomes
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less at low temperature, and therefore binding of the
inhibitor was governed by an increasing solvent effect of
hydrophobic interactions. Interestingly, a similar temper-
ature dependency was reported for the binding of another
investigational NNRTI, S-1153, stating that inhibitor
binding was enthalpy driven at temperatures above
21 °C and entropy driven at temperatures below 12 °C.3*

3.5. Differences between the K103N and the Y181C
variant

It has previously been suggested that the K103N and the
Y181C mutation interfere with different steps in
the binding process of an NNRTIL.! The elucidation of
the complex network of forces involved in the interaction
revealed further details of the difference between these
two resistance variants. The K103N and the Y181C vari-
ants showed different energetics for the pre-equilibrium,
the binding equilibrium and the overall equilibrium.
When only looking at the thermodynamics of the equi-
libria, the K103N variant displayed a stronger enthalpy
contribution than the Y181C variant in the isomerization
equilibrium (P-value: 0.0001) and the interaction equilib-
rium (P-values high affinity: 0.123; low affinity: 0.448),
but vice versa in the overall equilibrium (P-values high
affinity: 0.061; low affinity: 0.004) (Fig. 6). Furthermore,
In K, was rather linearly correlated to 1/7"in a van’t Hoff
plot for the K103N variant, whereas clear non-linearity
was observed for the Y181C variant (Fig. 4). Obviously,
two amino acid substitutions in the binding site cause a
large rearrangement of the forces involved in the inhibi-
tor binding process, which remain hidden when only
studying the interaction on the kinetic level due to
enthalpy—entropy compensation in aqueous systems.
Since the inhibition mechanism of these allosteric binders
is indirect, it is not surprising that the determined affinity
constants do not precisely reflect the fourfold difference
in ECsy for these resistant variants (wild type,
ECso=5nM; KI03N, ECsy=100nM; YI18IC,
ECso =23 nM; Lotta Vrang, Medivir AB, Huddinge,
Sweden, personal communication). It remains therefore
to be investigated whether certain thermodynamic
parameters would be more suitable to predict the efficacy
of non-nucleoside RT inhibitors.

4. Conclusions

The herein presented thermodynamic parameters of
complex formation and decay provided additional
insights into the nature of the interactions between
HIV-1 RT and NNRTIs. Although derived under cer-
tain assumptions (C = 1 M, x = 1) and despite a remain-
ing uncertainty regarding the significance of their
absolute quantities, the determined enthalpic and entro-
pic terms of the single reaction steps allowed a rational-
ization of a contribution of structural features. Their
binding mechanism and their thermodynamic profile
sets non-nucleoside inhibitors apart from other drugs
that target viral enzymes, e.g., HIV protease inhibitors.!
Even if not all aspects of the complex interaction are
well understood yet, the proposed mechanism of inhibi-
tor binding, as well as the previously reported structural

effects of NNRTI binding, afforded an interpretation of
the experimental data. Further elucidations of the ener-
getics for this class of inhibitors will aid the development
of drugs with improved affinities and resistance profiles.

5. Experimental
5.1. Enzymes and inhibitors

The HIV-1 RT (BHIO0 isolate) variants K103N and
Y181C were expressed in Escherichia coli, strain BL21
(DE3) and were purified as described by Lindberg
et al.® The K103N variant has an additional E478Q sub-
stitution in order to extinguish the RNase H activity.
MIV-150 was synthesized at Medivir, Huddinge, Swe-
den, and dissolved in dimethyl sulfoxide (DMSO) to
give a stock solution of 10 mM.

5.2. Determination of interaction kinetic parameters

Measurements of interactions between HIV-1 RT and
MIV-150 were performed at 5, 15, 25 and 35 °C using
a Biacore 2000 instrument (Biacore AB, Uppsala, Swe-
den), essentially as described previously.!® The enzyme
was immobilized by amine coupling to the surface of a
CMS5 sensor chip (Biacore) and interaction studies were
conducted using a running buffer consisting of: 10 mM
Hepes, pH 7.4, 150 mM NaCl, 3mM EDTA and
0.005% surfactant P20 (polyoxyethylenesorbitan),
(HBS-EP buffer, Biacore), with addition of 3% (v/v)
DMSO. The DMSO stock solution of MIV-150 was
diluted in the running buffer and injected for 60 s in
automated cycles over the immobilized enzyme in con-
centration series (0.01-5.12 uM) at a flow rate of 50 pl/
min. The flow system was washed with running buffer
containing 20% (v/v) DMSO between sample injections.
Injections of buffer alone, ‘blank injections’, were
included in each experimental series and the blank
responses were subtracted from the inhibitor responses.
Experiments were performed at least nine times. Each
concentration series was analyzed simultaneously by
using non-linear regression analysis (global fitting) with
the BIAevaluation program version 3.0.2 (Biacore). The
rate constants for the interaction between HIV-1 RT
and NNRTIs (ky, k_p, ki, k_y, k>, k_,) were determined
using the interaction model presented in Scheme 1. In
order to compensate for a baseline drift, or bulk changes
between the association and the dissociation phases,
additional mathematical expressions were included in
the analysis models when needed. Equilibrium constants
for the isomerization step K, = k_,/k,, and the interac-
tion step Kp, = k_p/k,, (where n = 1 for the high-affinity
site and 2 for the low affinity site) were calculated from
the rate constants. The dissociation constant of the over-
all equilibrium K, (both steps) was calculated by
Kiot1 = Ky X Kpy and Ko = K, X Ky, respectively.

5.3. Determination of thermodynamic parameters
Thermodynamic parameters were determined essentially

as described previously.! The overall change in free
energy (AG,.) for the isomerization step (pre-equilib-
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rium) and the interaction steps (AGj,) was calculated
for each temperature directly from the equilibrium con-
stants K, and Kp, respectively, using

AGy. =RTIn K, (1a)
or
AGine = RTIn Kp (1b)

(R is the gas constant and 7 the absolute temperature).

The AG’ for the individual steps in each equilibria were
also calculated for each temperature from the corre-
sponding rate constants, using Eqs. 2a—c. These also
included the Boltzmann constant (ky,), the Planck con-
stant (%), a term for the state of the solvent (C, here set
to 1 M), and the transmission coefficient « (here set to 1).

The AG’ for association (AG,) for each of the two inter-
actions was based on the second order rate constants k,
(ky for the high-affinity site and k, for the low-affinity

site)
Cxh > (2a)

AG. = —RTn | k,
on n( ke x Tx K

Similarly, AG’ for dissociation (AG.;) for each of the
two interactions was based on the first order rate con-
stants k,, (k_; for the high-affinity site and k_, for the
low-affinity site, respectively):
h
) o

AG/off = —RTIn (kmm

The corresponding equation was used for calculating the
AG' for the forward and backward steps of the isomer-
ization equilibrium (AGy,, and AG,, respectively):

. " ) (2c)

AG, AG,, = —RTIn (kyp———
fw OF Abw n( ky x TX K

using the matching first order rate constants (k,, or k_p,).
The enthalpy and entropy changes of the equilibria stud-

ied, AH and AS, respectively, were determined by linear
regression analysis from Eqs. 3 (van’t Hoff analysis)

assuming temperature independence of  these
parameters.
AH AS
InK,=—2_—"F 3
n p RT R ( a)
AHp  ASh
InKp = L (3b)

RT R

Similarly, the quasi-thermodynamic parameters for the
individual steps (AH},, ASy,., AH,,, ASy AH. . AS, .

AH!, and AS. ) were estimated using a transition state
theory-based approach according to Eyring:

h AH'  AS'
1n<k € x >:— A5 (4a)

"k X TX K RT R

h AH' AS'
In | A =S4 4b
f ( ko X T ;c) RT R (40)

The nomenclature (index m and n) and the choice of
equation are analogous to that used in Egs. 2a—c above.
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