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Biosensor-Based Kinetic Characterization of the Interaction between HIV-1 Reverse
Transcriptase and Non-nucleoside Inhibitors
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Details of the interaction between HIV-1 reverse transcriptase and non-nucleoside inhibitors (NNRTIs) have
been elucidated using a biosensor-based approach. This initial study was performed with HIV-1 reverse
transcriptase mutant K103N, the phenethylthioazolylthiourea compound (PETT) MIV-150, and the three
NNRTIs licensed for clinical use: nevirapine, delavirdine, and efavirenz. Mathematical evaluation of the
experimental data with several interaction models revealed that the four inhibitors interacted with HIV-1
RT with varying degrees of complexity. The simplest adequate model accounted for two different
conformations of the free enzyme, of which only one can bind the inhibitor, consistent with a previously
hypothesized population-shift model including a preformation of the NNRTI binding site. In addition, a
heterogeneous binding was observed for delavirdine, efavirenz, and MIV-150, indicating that two
noncompetitive and kinetically distinct enzyme-inhibitor complexes could be formed. Furthermore, for
these compounds, there were indications for ligand-induced conformational changes.

Introduction

HIV is a retrovirus, distinguished by the presence of a viral
reverse transcriptase (RTa) responsible for the synthesis of DNA
from the viral RNA genome. The enzyme is a heterodimer,
consisting of a p66 and a p51 subunit, the latter being a truncated
form of the former. Although each subunit consists of a thumb,
a palm, and a finger domain, only the p66 subunit contains a
functional active site that binds the nucleic acid template-primer
and nucleoside triphosphates. Due to its essential role in the
replication of the virus, this enzyme is one of the most important
antiviral targets in the chemotherapy of acquired immunodefi-
ciency syndrome (AIDS). HIV-1 RT inhibitors have successfully
been used in combination with HIV-1 protease inhibitors; a
treatment regimen termed highly active antiretroviral therapy
(HAART).1-5

There are two major types of HIV-1 RT inhibitors, nucleoside
analogues (NRTIs) and non-nucleoside analogues (NNRTIs).
The nucleoside analogues (for example AZT, ddI, ddC, and d4T)
bind to the active site of the enzyme and can be incorporated
into the growing DNA chain. However, further elongation is
not possible, as they lack the 3′-OH group normally present in
the substrate. This causes premature termination of the growing
viral DNA strand. In contrast, NNRTIs are allosteric inhibitors
that indirectly interfere with the catalytic mechanism of the
enzyme. High-resolution crystal structures of unliganded HIV-1
RT6-8 and HIV-1 RT in complex with nevirapine,9,10 delavir-

dine,11 efavirenz,10,12and PETT compounds12,13have shown that
all of these compounds bind to the same allosteric site although
their structures are quite different. The allosteric site is located
in the p66 subunit, about 10 Å from the active site. Interestingly,
the hydrophobic binding pocket that forms the allosteric binding
site is not visible in the structure of the unliganded enzyme.6-8

Attempts to reconstruct the induction of the binding pocket and
the course of the NNRTI-binding and unbinding process by
molecular dynamics simulations have resulted in detailed
descriptions of the enzyme-inhibitor interactions,14-16 but
experimental data to support these predictions are lacking.
Binding of NNRTIs is accompanied by dramatic rearrangements
of the subdomains, indirectly influencing the catalytic efficiency
of the enzyme.17 The most prominent change seen is in the
position of the thumb domain, which is locked in an upright
conformation upon NNRTI binding.7,8,18-20 Moreover, NNRTI
binding deforms theâ12-â14 sheet of the p66 palm subdomain,
which affects the precise positioning of the primer strand relative
to the polymerase active site.8 Comparisons of the structures
of unliganded and inhibitor bound enzyme show that NNRTIs
also alter the position of the three catalytic residues (Asp110,
Asp185, and Asp186) relative to the rest of the active site.6

Steady-state kinetic analysis of NNRTIs indicate that they
are noncompetitive inhibitors of HIV-1 RT, while pre-steady-
state kinetic experiments have confirmed that NNRTIs block
the chemical reaction but do not interfere with the binding of
nucleotide or with the nucleotide-induced conformational
change.21 It is therefore logical to combine NNRTIs with NRTIs
in the treatment of AIDS patients, a procedure that actually
results in synergy.22 A major problem with AIDS drugs is the
rapid development of resistance. Most NNRTIs select for
multiple mutations in or near the NNRTI binding pocket of the
reverse transcriptase. The K103N substitution is the one most
frequently observed upon therapeutic interventions involving
NNRTIs.3,23 Lysine 103 is positioned close to the entrance of
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the binding pocket and crystal structures of a number of
inhibitors show that the inhibitor is not in direct contact with
this residue, which has initiated a discussion about the resistance
mechanism.6,10,12,24,25

To get a better understanding of the interaction between
HIV-1 reverse transcriptase and NNRTIs, and the development
of resistance against these drugs, we set up a biosensor assay
for direct interaction studies between the enzyme and inhibitors.
Such an assay does not require template, primers, and dNTPs,
and it provides more detailed interaction data than the indirect
inhibition data (Ki) obtained from an activity-based assay (see
for example refs 21 and 26). We have previously used surface
plasmon resonance (SPR) biosensor technology for screening
and for kinetic and thermodynamic characterization of HIV
protease inhibitors.27-29 These studies have revealed association
and dissociation rates as important features of drug-target
interactions that may be used for design of inhibitors.30

Furthermore, we have been able to study conformational changes
upon ligand binding,31 indicating that the method could be
suitable for the complex interactions between HIV-1 RT and
NNRTIs.

In this study we investigated the interaction of four NNRTIs
(Figure 1) with HIV-1 RT K103N, using a biosensor and
stopped-flow fluorescence spectroscopy. The set of compounds
included the three currently marketed drugs, nevirapine, delavir-
dine (BHAP 90152), and efavirenz (DMP 266). In addition,
MIV-150, a urea analogue of the phenethylthioazolylthiourea
(PETT) series,32 was included. It is a NNRTI with low
nanomolar inhibition that is currently in phase I clinical trials
(Lotta Vrang, Medivir, Huddinge, Sweden, personal com-
munication).

Results

Design of HIV RT Biosensor Assay.Immobilization of
HIV-1 RT to CM 5 chips by amine coupling gave stable sensor
surfaces with immobilization levels of 8000-15000 RU, which
resulted in satisfactory binding responses (20-50 RU) for all
studied inhibitors. Regeneration of sensor surfaces is critical
for the kinetic characterization of enzyme-inhibitor interactions,
as series of injections should be performed on the same surface.
Since initial experiments showed that all inhibitors except
nevirapine dissociated very slowly from the wild type enzyme
and suitable regeneration conditions for the wild type enzyme
were not found at first (data not shown), experiments for this
study were performed with the clinically relevant K103N
mutant, from which all inhibitors dissociated more rapidly. This
allowed efficient regeneration of the sensor chip surface and
the use of reversible interaction models. Corresponding experi-
ments with the wild-type enzyme have later been performed
confirming these results.33

The analysis was restricted to measurements with inhibitor
concentrations in the low micromolar and nanomolar range in
order to ensure that the inhibitors were completely dissolved
and that unspecific binding between inhibitors and the sensor

chip matrix could be excluded. The relatively high solubility
of nevirapine allowed the use of higher concentrations for this
compound. Because of the poor solubility of the other inhibitors,
control experiments were performed using higher DMSO
concentration and lower salt concentration in the running buffer,
which gave similar results as when using the standard method
(data not shown). One HIV RT surface could be used to record
up to 100 NNRTI interaction sensorgrams within about 48 h
without losing more than 20% of the binding capacity. The exact
number of injections giving stable results depended strongly
on the affinity of the NNRTI studied.

The effect of Mg2+ on the interaction between NNRTIs and
immobilized HIV RT was investigated, as Mg2+ is known to
be complexed by the aspartate residues in the active site and
has been reported to affect theKD of non-nucleoside inhibitors.21

Sensorgrams for interactions determined with 10 mM MgCl2

in the running buffer were not significantly different to
sensorgrams from experiments performed without Mg2+ in the
buffer (data not shown). A standard buffer without Mg2+ was
therefore used for the current experiments.

Determination of Interaction Models and Rate Constants.
Each inhibitor showed a characteristic binding to HIV-1 reverse
transcriptase, as illustrated by the sensorgrams for series of
different concentration of the inhibitors (Figure 2A-D) and a
single concentration injected for different lengths of time (Figure
3A-D). To discriminate between different binding models, sets
sensorgrams of varying concentrations as well as contact times
(12-60 s) were fitted simultaneously. For determination of
kinetic constants, the fitting with the appropriate interaction
model was limited to series of concentrations with a contact
time of 60 s. The sensorgrams obtained with nevirapine (Figures
2A and 3A) were adequately described by a single-step binding
model (Scheme 1), and rate constants for the association and
dissociation could be determined (Table 1).

Heterogeneous Binding.As the single-step binding model
was not satisfactory for describing the interaction between the
enzyme and delavirdine, efavirenz, or MIV-150, a more complex
model was evaluated for these inhibitors. A considerable
improvement of the data fit for delavirdine (Figure 2B) was
obtained with a mathematical model for parallel binding of
inhibitor to a heterogeneous enzyme, as shown in Scheme 2.
The more than 10-fold difference in affinity for the two
complexes was a combination of both different association and
dissociation rate constants (Table 1). The contribution of the
two different complexes to the overall binding signal are given
asRmax1/Rmax2 values, which shows the ratio of the maximum
theoretical amount bound in each form. The sum of normalized
Rmax1 andRmax2 resulted in values around 1, confirming a 1:1
binding stoichiometry. A model with two competing complexes
(Scheme 4) did not fit the current data.

Pre-equilibrium between Two Forms of Free Enzyme.The
dissociation phases of sensorgrams with MIV-150 and efavirenz
showed good agreement with the heterogeneous binding model
(Scheme 2), whereas the association phases deviated signifi-
cantly from the predicted curves. As it can be seen in
sensorgrams with MIV-150 (Figure 2D), the experimental
sensorgrams showed a persistent delay in reaching a steady state
binding signal. Therefore, a pre-equilibrium step was added to
the heterogeneous model (Scheme 3). This improved the fitting
notably and the rate constantskp and k-p, describing the
equilibrium between two different states of the enzyme were
determined together with the other rate constants (Table 1). In
analogy to the Monod-Wyman-Changeux mechanism of allos-
teric protein-ligand interactions, the two states were named

Figure 1. Structures of the studied non-nucleoside HIV-1 RT inhibitors.
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ET (“Tense”) and ER (“Relaxed”).34 According to the estimated
rate constants the ER state was energetically not favored.
Moreover, the interconversion between ET and ER appeared to
be rate-limiting for the association of MIV-150 and efavirenz
at the concentrations used.

The analysis of the sensorgrams for nevirapine and delavir-
dine did not require a model that included a structural alteration
prior to binding, since model 3 (Scheme 3) did not give a
significantly better fit than model 1 (Scheme 1 and Scheme 2,
respectively). Employment of a pre-equilibrium step in the
analysis resulted inkp ) 0.89 ( 0.16 s-1 and k-p ) 0.44 (
0.25s-1 for nevirapine, andkp ) 1.1( 0.3 s-1 andk-p ) 0.0012
( 0.0004 s-1 for delavirdine. Models with and without a pre-
equilibrium gave similar values for the kinetic parametersk1,
k-1, k2, k-2, KD1 and KD2 for delavirdine and nevirapine, but
not for MIV-150 and efavirenz.

Alternative models including a pre-equilibrium and the
formation of two competing complexes (Scheme 5) or a ligand-
induced conformational change (Scheme 6) were evaluated.
Generally, the simultaneous analysis of sensorgrams with
different inhibitor concentrations and contact times resulted in
similar values for the individual rate constants for the three
models (Scheme 3, Scheme 5, Scheme 6). However, the model
according to Scheme 3 gave best fits (smallest residual sum of
squares and residual plots with random distribution of residuals)

for the analysis of concentrations series with 60 s contact time,
on which the presented rate constants are based.

Conformational Changes.The conformational flexibility of
HIV-1 RT and its importance for binding of NNRTIs was
explored by several techniques. By performing a second NHS/
EDC injection, after immobilization, the structural flexibility
of the enzyme was restricted. This is in accordance with
introduction of intramolecular amine bonds and consequently
of chemical cross-linking of the enzyme. Experiments with
cross-linked HIV-1 RT showed that none of the inhibitors could
bind to the enzyme (data not shown), indicating that structural
flexibility of the enzyme is necessary for binding of all tested
inhibitors.

In addition, by using long injection times, slow ligand-induced
conformational changes can be detected. Nevirapine binding did
not induce conformational changes, as shown by a well-defined
steady-state level and identical dissociation phases for all
injection times, Figure 3A. However, delavirdine, efavirenz, and
MIV-150 all showed slow changes of the binding signal beyond
a predicted steady state for the interaction, Figure 3B-D. Since
the signal was observed to exceed the maximum for a 1:1
interaction, this phenomenon was interpreted as slow confor-
mational alterations induced by the binding of the inhibitor.

Stopped-Flow Measurements.The presence of a large
number of tryptophan residues in HIV-1 RT (19 in p66 and 18

Figure 2. Sensorgrams for the interaction between K103N HIV-1 RT, and non-nucleoside inhibitors; injection series of different concentrations
of the inhibitor. The scale for the SPR response signal was normalized to 1, assuming a 1:1 binding stoichiometry. Original responses ranged
between 0 and 40 RU. Theoretical curves obtained by the global analysis using the model indicated in each case overlay the experimental traces.
A. Nevirapine (0.32, 0.64, 1.28, 2.56, 5.12, 10.24, 20.48, 40.96µM) and 1:1 binding model, Scheme 1. B. Delavirdine (0.04, 0.08, 0.16, 0.32, 0.64,
1.28, 2.56, 5.12µM) and heterogeneous binding model, Scheme 2. C. Efavirenz (0.04, 0.08, 0.16, 0.32, 0.64, 1.28, 2.56, 5.12µM) and heterogeneous
binding model with pre-equilibrium, Scheme 3. D. MIV-150 (0.04, 0.08, 0.16, 0.32, 0.64, 1.28, 2.56, 5.12µM) and heterogeneous binding model
with pre-equilibrium, Scheme 3.
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in p51) offers a possibility of detecting the interaction between
the enzyme and ligand molecules by fluorescence spectroscopy.
Structural alterations in the enzyme could be monitored as
changes in the emitted light at wavelength>320 nm by using
an excitation wavelength of 280 nm. As illustrated in Figure 4,
the quenching of tryptophan fluorescence occurred when enzyme
and inhibitor were mixed in a stopped-flow apparatus. A similar
change of fluorescence was detected for all inhibitors tested.
Regression analysis of the data using a single exponential
yielded values for the apparent association rate constantkf

(Scheme 7) in the range of 0.5 s-1 (Table 1).

Discussion

In the present study we have shown that immobilization of
HIV-1 reverse transcriptase resulted in sensor surfaces that could
be used to study details of the interaction between the enzyme
and non-nucleoside inhibitors. We have discovered three dif-
ferent types of complexity in the interaction: first, an equilib-
rium between different states of the free enzyme, of which only
one can bind the inhibitor (pre-equilibrium); second, the
formation of different complexes with a NNRTI (heterogeneous
binding); third, conformational changes occurring after the

inhibitor has bound to the enzyme. However, only the first two
features were accounted for in the quantitative data analysis.

Heterogeneous Inhibitor Binding.Nevirapine had the lowest
affinity for the K103N mutant of HIV-1 RT, with aKD of 41.9
µM. It was characterized by having both the slowest association
rate and the fastest dissociation rate. Furthermore, the simplest
binding model was adequate for describing the interaction. In
contrast, delavirdine, efavirenz, and MIV-150 exhibited two
distinct binding modes. Evaluation of different binding models
showed that the formation of the two enzyme-inhibitor
complexes occurred in parallel and independent of each other
rather than in series. The determined dissociation constants for
the high affinity binding (KD1) were in the nanomolar range,
whereas the low affinity binding constants (KD2) were in the
low micromolar or nanomolar range. The two constants differed
by a factor 10 for MIV-150, 28 for efavirenz, and 42 for
delavirdine.

The nature of the heterogeneous binding of NNRTIs to HIV-1
RT is not known, and heterogeneous kinetics for such interac-
tions have not been reported previously. Although immobiliza-
tion may result in a heterogeneous biosensor surface since it
probably involves several amine groups in the enzyme, it is
unlikely that it would result in two distinct modes of binding
rather than an ensemble of molecules with different attachment
points. We have therefore considered other sources of hetero-
geneity and hypothesized that the different affinities actually
reflect a natural heterogeneity of the enzyme. Native HIV-1 RT

Figure 3. Sensorgrams for the interaction between K103N HIV-1 RT and non-nucleoside inhibitors; injection series of different contact times (12,
24, 36, 48, 60, 120, 180, 240, 300 s). A. Nevirapine (40.96µM). B. Delavirdine (5.12µM). C. Efavirenz (5.12µM). D MIV-150 (5.12 µM).

Scheme 1
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is assumed to be a p66/p51 hetero dimer, and, even if the amino
acids involved in the formation of the NNRTI binding site are
present in both subunits, only the p66 subunit is known to form
a functional binding site for NNRTIs.9,11,12,18,19However, the
monomer-dimer equilibrium has recently been shown to be
influenced by NNRTIs, and that three coupled dimerization
equilibria result in p66/p51, p66/p66 and p51/51 dimers.35 The
binding of efavirenz induces small structural changes at the
subunit interface, suggesting that the compound may bind to
the different dimers with slightly different characteristics.
Moreover, structural data show that the NNRTI binding pocket
is closed in the unliganded HIV-1 RT,6-8 or rather that the open
form of the NNRTI binding pocket is an unlikely conformer of
thisflexibleenzyme.Furthermore,bothstructuredeterminations7-13,18-20

and simulations of inhibitor binding14-16 have shown that HIV-1
RT is structurally flexible. The inhibitor might thus be stabilized
within the NNRTI binding pocket in a variety of conformations
with different kinetic characteristics. For example, two different
structures of enzyme-inhibitor complexes have been reported
for efavirenz,10,12and the investigational NNRTI TMC 125 has
recently been suggested to bind in conformationally different

modes.36 Binding of NNRTIs to the HIV-1 RT might be of even
higher diversity and complexity than presented here. Neverthe-
less, characterization of the inhibitor interaction with only two
dissociation constants, for a high- and a low-affinity interaction,
presents a reasonable simplification.

An Energy Barrier for the Binding of NNRTIs. The
analysis of the binding of efavirenz and MIV-150 suggests that
HIV-1 RT is in equilibrium between two different states, ER

and ET, and that the inhibitor only binds to one form of the
enzyme, ER. The two enzyme forms ET and ER can therefore
be assumed to represent different quaternary structures of the
enzyme. Alternatively, they may represent the closed and the
open conformation of the NNRTI binding pocket, respectively.
According to the determined rate constantskp and k-p, the
formation of ER was energetically unfavorable for MIV-150 and
efavirenz and therefore imposed an energy barrier in the binding
process of the these inhibitors. The mechanism can be visualized
in terms of an energy profile for the interaction (Figure 5).
Interestingly, this general energy diagram correlates to the
unbinding process of another non-nucleoside inhibitor (R-APA),
as deduced by molecular dynamics simulation.15 For R-APA,
intra- and intermolecular interactions at the binding pocket
entrance formed a bottleneck in the unbinding of the modeled
inhibitor, requiring a constrained conformation of both enzyme
and inhibitor.

Table 1. Kinetic Constants for the Interaction between HIV-1 RT K103N and NNRTIs Obtained by Biosensor Measurements (k1, k-1, k2, k-2, KD1, KD2,
Rmax1/Rmax2, kp, andk-p) and Fluorescence Spectroscopy (kf)

nevirapine delavirdine efavirenz MIV-150

model 1 2 3 3
kp (s-1) 0.89a 1.1b 0.920( 0.569 0.145( 0.034
k-p (s-1) 0.44a 0.0012b 6.68( 3.16 3.22( 2.29
k-p/kp 9.67( 5.68 20.9( 12.9
k1 (s-1 M-1) 5.02× 103 ( 1.81× 103 8.25× 104( 2.51× 104 7.22× 105 ( 5.30× 105 2.94× 106 ( 1.78× 106

k-1 (s-1) 0.197( 0.054 0.00575( 0.00057 0.0108( 0.0030 0.0114( 0.0039
k2 (s-1M-1) 1.51× 104 ( 3.6× 103 1.49× 105 ( 8.6× 104 2.66× 106 ( 1.75× 106

k-2 (s-1) 0.0442( 0.0071 0.0717( 0.0262 0.0632( 0.0232
KD1 (M) 41.9× 10-6 ( 14.4× 10-6 7.49× 10-8 ( 2.32× 10-8 2.44× 10-8 ( 2.01× 10-8 4.87× 10-9 ( 2.04× 10-9

KD2 (M) 3.11× 10-6 ( 1.02× 10-6 6.40× 10-7 ( 4.07× 10-7 3.33× 10-8 ( 1.87× 10-8

Rmax1/Rmax2 0.596( 0.035 0.391( 0.209 1.02( 0.46
kf (s-1) 0.57( 0.02 0.52( 0.01 0.51( 0.04 0.47( 0.07

a Determined by using a 1:1 binding model including a pre-equilibrium step.b Determined by regression analysis using a heterogeneous binding model
including a pre-equilibrium step (Scheme 3).

Scheme 2

Scheme 3

Scheme 4

Scheme 5

Scheme 6

Figure 4. Quenching of the intrinsic fluorescence of HIV-1 RT K103N
upon binding of a non-nucleoside inhibitor. The experiment was
performed by stopped-flow spectroscopy using 0.3µM HIV-1 RT and
5 µM MIV-150 with excitation at 280 nm and emission at>320 nm.

Scheme 7
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Different Entry Mechanisms. Although all four tested
NNRTIs bind to the same NNRTI binding pocket their interac-
tion sensorgrams showed different complexities, indicating
differences in the entry mechanism. Whereas the formation of
the ER state was not a limiting factor for the binding of
delavirdine and nevirapine, it presented an energy barrier for
the binding of the second generation NNRTIs efavirenz and
MIV-150. Thus, the data showed that the four inhibitors require
different conformations of the HIV-1 RT with different energy
levels in order to enter the binding pocket. This might also
reflect differences in the inhibition mechanisms, which have
been reported for these inhibitors (see for example refs 11, 16,
and 26). It remains to be investigated how the kinetic parameters
as determined in this study correlate with the inhibition potency
of NNRTIs and their antiviral replication potency in HIV-
infected humans.

A New Strategy for the Design of NNRTIs.As shown in
Figure 5, the energy barrier for the entry of an NNRTI also
affects the exit of the compound from the binding pocket, since
the inhibitor is assumed to unbind by the same path as upon
entry. The pre-equilibrium step is thus interconnected with the
association and dissociation of the NNRTI. According to the
presented model, an intermediate of high potential energy would
also result in a slow dissociation of the inhibitor. It can be
speculated that point mutations can have an effect on the energy
level of either the intermediate ER or the complex ERI and ERI*,
respectively, or on all three states. Consequently, an inhibitor
binding to the enzyme with an ER state of high energy would
retain slow dissociation despite resistance substitutions that
effect the stabilization of the inhibitor within the NNRTI binding
pocket. We have addressed the issue of NNRTI resistance in a
separate study.33 Hence, a strategy for the design and optimiza-
tion of future compounds might address both the interactions
between enzyme and inhibitor inside the binding pocket as well
as in the intermediate state of inhibitor entry.

Conformational Changes Associated with Inhibitor Bind-
ing. Crystallographic structure determinations of unliganded
HIV-1 RT and the enzyme in complex with inhibitors have
shown that NNRTI binding induces both short-range and long-
range structural distortions in several domains of RT.6,8,17 In
the present study, we found indications for the existence of two
different kinds of conformational changes: (1) a shift of
conformations from the nonbinding (ET) to the binding con-
formation (ER) and also (2) ligand-induced changes in the
inhibitor-bound enzyme.

Only efavirenz and MIV-150 required the introduction of a
pre-equilibrium step in the presented analysis of interaction
sensorgrams. However, the observation that cross-linking of the
immobilized enzyme prevented complex formation with all
tested inhibitors indicated that structural alterations also precede
the binding of delavirdine and nevirapine, which is in accordance
with the structural model of a nonexistent NNRTI binding
pocket in the unliganded form of the enzyme. When cross-
linked, the enzyme was apparently trapped in a conformation
which cannot open the binding pocket.

The results from the biosensor analysis were probed by
measuring conformational changes in the HIV-1 RT upon
inhibitor binding using stopped-flow fluorescence spectroscopy.
The mixing of HIV-1 RT and NNRTIs in solution caused a
quenching of tryptophan fluorescence, which could be inter-
preted as a structural alteration in the enzyme. The measured
rates were faster than the observed association rates that were
obtained by fitting a single exponential to the first 10 s of
simulated sensorgrams at 5µM, being between 0.1 and 0.2 s-1.
The origin of the change in fluorescence is therefore not clear,
and it can only be speculated that it reflects a shift between
intermediates occurring between ET and ER, induced by an initial
encounter between the enzyme and the inhibitor, which can be
regarded as an early step in the binding process.

Sensorgrams with long injections times (Figure 3B-D)
showed that a steady state was not reached even at high inhibitor
concentrations. It is very likely that this slow increase of the
SPR signal was caused by a reorganization of the enzyme
structure induced by the binding of NNRTIs. Since conforma-
tional changes in immobilized proteins can cause changes in
the plasmon resonance signal31,37,38it is not clear to which extent
this contributed also to the initial binding signal. It cannot be
excluded that the heterogeneous signal observed in our experi-
ments was composed of a signal caused by the binding of the
inhibitor and conformational changes before and after binding.
To minimize the effect of these slow induced conformational
changes to the overall binding signal we used short injection
times (60 s) in our experiments.

Conclusions

The biosensor method reported here provides an efficient way
to directly and reproducibly examine binding kinetics for small
molecules binding to HIV-1 RT. We herein provide a method
for the determination of association and dissociation rate
constants from SPR biosensor data. The biosensor can be used
as a powerful tool in the development of new NNRTIs, both
for the preclinical evaluation of binding characteristics as well
as for screening for new lead compounds.

The kinetics of the interaction between immobilized HIV-1
RT and NNRTIs was shown to be more complex than it has
been described previously, and a heterogeneous binding model
with a pre-equilibrium step could be derived from our data. The
representatives of four classes of NNRTIs used in our experi-
ments revealed different binding complexities as shown by the
analysis with different interaction models. The formation of an
enzyme intermediate, which could be interpreted as the creation
of the entrance to the NNRTI binding pocket site, presented an
energy barrier for the binding of efavirenz and MIV-150. This
rate-limiting step might have important implications for the
development and the design of new drugs against this enzyme.
Since association rates cannot be increased beyond this limit,
it can be predicted that dissociation rate constants of next
generation NNRTIs will correlate best to the inhibitors in vivo
potency. Furthermore, new inhibitors should not only be

Figure 5. Energy profile of HIV-1 reverse transcriptase and NNRTI
interactions. An equilibrium between the two free forms of the enzyme,
ET and ER, precedes the binding of a NNRTI, which can form two
different complexes, ERI or ERI*. The formed complexes are assumed
to undergo a slow structural rearrangement to give ERI′ and ERI* ′,
respectively.
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optimized with respect to binding within the NNRTI binding
pocket, but molecular interactions during intermediate states in
the entry and exit process will also have to be considered.

Materials and Methods

Enzymes and Inhibitors. The K103N mutant of HIV-1 RT
(BH10 isolate) was expressed inEscherichia coli, strain BL21
(DE3), and purified as described by Lindberg et al.12 The enzyme
also has an E478Q substitution in order to extinguish the RNase H
activity. Delavirdine, nevirapine, efavirenz, and MIV-150 were
synthesized at Medivir AB, Huddinge, Sweden. The inhibitors were
dissolved in DMSO, and stock solutions of 10 mM were prepared.

Biosensor Studies.The interactions between HIV-1 RT and non-
nucleoside inhibitors were studied using a Biacore 2000 instrument
(Biacore AB, Uppsala, Sweden), equilibrated at 25°C. CM 5 sensor
chips (research grade, Biacore) were used for the experiments.
Sensorgrams were recorded at a frequency of 2.5 Hz.

Immobilization. HIV-1 RT sensor surfaces were prepared by
standard amine coupling via exposed primary amines. Immobiliza-
tions were conducted using HBS-EP buffer (10 mM HEPES pH
7.4, 150 mM NaCl, 3 mM EDTA, and 0.005% polyoxyethylene-
sorbitan) (Biacore) as a running buffer, at a flow rate of 5µL/min.
Surfaces were activated for 7 min by injecting a 35µL mixture of
50 mM N-hydroxysuccinimide (NHS) and 200 mMN-ethyl-N′-
((dimethylamino)propyl)carbodiimide (EDC). Subsequently, about
5 µL of 0.5 mg/mL HIV-1 RT in 5 mM HEPES, pH 7.6, and 4
mM MgCl2 was injected, followed by a 35µL injection of 0.5 M
Tris, pH 7.6, 4 mM MgCl2, and 0.5 M KCl to block any remaining
activated ester groups. For cross-link experiments, the enzyme was
treated with a second injection (7 min) of NHS/EDC, after
immobilization. Typical immobilization levels ranged from 8000
to 15000 resonance units (RU). Activated and deactivated flow cells
served as reference surfaces.

Interaction Studies.For interaction studies between immobilized
HIV-1 RT and inhibitors, HBS-EP with addition of 3% (v/v) DMSO
was used as a running buffer. Inhibitors were diluted in the running
buffer and injected over the immobilized enzyme in concentration
series of 0.01-5.12 µM (0.01-40.96 µM for nevirapine) using
different contact times (12-300 s). For minimum sample dispersion,
the samples were injected in the kinject mode at a flow rate of 50
µL/min. After 5 min of dissociation the surface was washed by 60
s injections of HBS-EP buffer with addition of 20% DMSO. Blank
injections were included for each measurement series and subtracted
from the data.

Data Analysis.Analysis of the experimental data was performed
using the Biaevaluation program version 3.0.2 (Biacore). The
sensorgrams of the interaction were normalized assuming a 1:1
binding stoichiometry. The interaction between HIV-1 RT and
NNRTIs was determined by nonlinear regression analysis (global
fitting) using sensorgrams for a series of inhibitor concentrations
with contact times of 12-60 s. Different interaction models were
evaluated, and the simplest one giving a satisfactory fit selected in
each case. Rate constants were determined from 60 s injections of
inhibitors.

The data were initially analyzed by assuming a simple 1:1
binding mechanism (Scheme 1) described by two differential
equations (eqs 1 and 2).

An extended binding model, assuming the formation of two
different noncompeting complexes (Scheme 2), was described by
eqs 1-4 and used for analysis.

A binding model including a pre-equilibrium step for the
interconversion between two conformations of the free enzyme
(Scheme 3) was also used. This analysis was based on the solution
of a set of six differential equations (eqs 5-7 and the corresponding
equations for ET*, ER*, and ERI*, respectively).

Alternative models that were evaluated for the analysis included
two competing complexes with and without a pre-equilibrium
(Schemes 4 and 5, respectively). Additionally, a model including
a pre-equilibrium and a ligand-induced conformational change
(Scheme 6) was tested. The quality of the global data fit to the
sensorgrams was evaluated by calculatedø2 values, as well as by
visual comparison of the simulated and experimental sensorgrams,
to verify that the applied model and the obtained parameters were
reasonable. The presented standard deviations were calculated from
at least four different experiments, including a new protein
immobilization for each experiment, and partially also different
protein preparations.

Stopped-Flow Measurements.The pre-steady-state kinetics of
the interaction between the inhibitor and HIV-1 RT K103N was
investigated using a stopped-flow spectrophotometer from Applied
Photophysics (Leatherhead, Kent, U.K.). Experiments were per-
formed at 25°C in the buffer used for biosensor measurements
(HBS-EP buffer with addition of 3% (v/v) DMSO). Equal volumes
of the reactants were mixed to give a final concentration of 0.3
µM enzyme and 5µM inhibitor in the measuring cell. To investigate
the interaction between the inhibitor and the enzyme by tryptophan
fluorescence quenching an excitation wavelength of 280 nm was
used. The emission of light at wavelength> 320 nm was measured
for 10 s after mixing using a cutoff filter. The apparent rate constant
kf for the observed change in fluorescence was obtained by fitting
a single-exponential equation to the data using GraFit, Version 5.0.4
(Erithacus Software Ltd., Staines, MX, UK).
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