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Mechanistic and kinetic characterization of
hepatitis C virus NS3 protein interactions
with NS4A and protease inhibitors

Matthis Geitmann®', Géran Dahl®*’ and U. Helena Danielson?*

The mechanism and kinetics of the interactions between ligands and immobilized full-length hepatitis C virus (HCV)
genotype 1a NS3 have been characterized by SPR biosensor technology. The NS3 interactions for a series of NS3
protease inhibitors as well as for the NS4A cofactor, represented by a peptide corresponding to the sequence
interacting with the enzyme, were found to be heterogeneous. It may represent interactions with two stable
conformations of the protein. The NS3-NS4A interaction consisted of a high-affinity (K, =50 nM) and a low-affinity
(Kp =2 M) interaction, contributing equally to the overall binding. By immobilizing NS3 alone or together with NS4A
it was shown that all inhibitors had a higher affinity for NS3 in the presence of NS4A. NS4A thus has a direct effect on
the binding of inhibitors to NS3 and not only on catalysis. As predicted, the mechanism-based inhibitor VX 950
exhibited a time-dependent interaction with a slow formation of a stable complex. BILN 2061 or ITMN-191 showed no
signs of time-dependent interactions, but ITMN-191 had the highest affinity of the tested compounds, with both the
slowest dissociation (k.¢) and fastest association rate, closely followed by BILN 2061. The k¢ for the inhibitors
correlated strongly with their NS3 protease inhibitory effect as well as with their effect on replication of viral proteins
in replicon cell cultures, confirming the relevance of the kinetic data. This approach for obtaining kinetic and
mechanistic data for NS3 protease inhibitor and cofactor interactions is expected to be of importance for under-
standing the characteristics of HCV NS3 functionality as well as for anti-HCV lead discovery and optimization.
Copyright © 2010 John Wiley & Sons, Ltd.
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INTRODUCTION

More than 120 million people are currently infected with hepatitis
C virus (HCV), but most patients can expect little benefit from
the current treatment which has a low cure rate and serious side
effects (for reviews, see Feld and Hoofnagle, 2005; Shepard et al.,
2005). Studies of HCV enzymes suitable as targets for direct
antiviral treatment, and subsequent design of potent inhibitors
against these, have resulted in a number of promising drug
candidates (for a review, see Ronn and Sandstrém, 2008). One
such target is the non-structural protein 3 (NS3), a bifunctional
protein with a protease and a helicase function. The protease is a
serine protease with a chymotrypsin like fold. It is responsible for
the proteolytic processing of the viral polyprotein (Eckart et al.,
1993) while the helicase/ATPase is responsible for the unwinding
of the double stranded viral RNA (Kim et al., 1995). In order to
be fully folded and active, NS3 needs to be stabilized by an
interaction with the viral NS4A cofactor protein. Since the
activation of NS3 only requires the central part of this protein, in
vitro experiments are often performed without the membrane
spanning N-terminal part which anchors the complex to the
membrane in vivo (Failla et al., 1994; Tomei et al., 1996).

HCV drug discovery involving NS3 has predominantly been
directed towards its protease activity. The work is typically initially
guided by enzyme inhibition analysis, and later by a cell culture
system involving the replication machinery of the virus, a
‘replicon’ (Lohmann et al., 1999). The first approach is important

since it allows the quantification and characterization of
inhibition of the enzyme itself. However, it requires the use of
suitable substrate and cofactor analogues, as well as conditions
optimized for sensitive and reliable measurements of enzyme
activity. Despite the apparent simplicity as compared to cell
assays, the requirement of a catalytically active enzyme puts
restraints on the assay conditions that can be used and the
range of experiments that can be performed. Furthermore,
quantification of inhibition is either performed with substrate
analogues (e.g. using fluorescence resonance energy transfer
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(FRET) detection) or involves laborious end-point assays. Even for
well-validated procedures, the resulting inhibition constant (Kj),
that is ideally obtained, is not very informative, since it only
provides equilibrium-based information for the inhibition under
the conditions used for analysis. Moreover, the kinetic and
thermodynamic details or the effect of modified experimental
conditions (chemodynamic analysis) on the inhibitor-enzyme
interaction cannot be obtained by this approach. Therefore, the
drawbacks of multi-component activity-based assays call for
alternative analytical approaches with reduced complexities in
order to reliably evaluate the detailed characteristics of inhibitors
in drug discovery campaigns.

Direct binding assays using surface plasmon resonance (SPR)
biosensor technology are suitable complements to inhibition
measurements (Huber and Mueller, 2006). We have previously
used this technology for studies of inhibitor interactions with a
variety of drug targets (Markgren et al., 2002; Geitmann and
Danielson, 2004; Shuman et al, 2004a; Backman et al., 2006;
Geitmann et al, 2006; Nordstrom et al, 2008) in order to
characterize the kinetic and mechanistic features of the
interactions. The primary advantage of this methodology is that
the kinetic mechanism can be determined and the correspond-
ing association (k,,,) and dissociation rate constants (k) can be
estimated, thus resolving the equilibrium dissociation constant of
the interaction (Kp) into its individual rate constants (Kp = kof/
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Figure 1. Structures of the studied inhibitors.
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Kon). For more complex mechanisms than a simple 1:1 interaction,
it is sometimes possible to determine additional kinetic
parameters. In addition, since the detection is substrate
independent and conditions do not need to be optimized for
high enzyme activity, it is possible to use a wide range of
conditions so that the characteristics of interactions can be
extensively explored.

In order to obtain a direct binding assay for studying inhibitor
and cofactor interactions with HCV NS3, an SPR-based biosensor
assay for full-length NS3 from genotype 1a was developed. It was
used to characterize the interaction between NS3 and NS4A, and
several protease inhibitors varying in structure and inhibitory
potencies (Figure 1). Notably, compounds previously or currently
tested in the clinic were included. ITMN-191 is a potent
peptidomimetic macrocyclic inhibitor (Seiwert et al., 2008),
similar to BILN 2061 (Llinas-Brunet et al.,, 1998), but different to
VX-950, which is a linear mechanism-based inhibitor (Summa,
2005). By measuring interactions with a surface where NS3 alone
was immobilized, in parallel with a surface where NS3 was
co-immobilized with NS4A, the effect of the cofactor on inhibitor
interaction with NS3 could be investigated. The kinetic
parameters for a series of NS3 inhibitors were successfully
determined and found to correlate well with inhibition data from
an activity-based inhibition assay as well as from a viral
replication-based assay, thus validating the assay and confirming
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that the data is relevant for HCV drug discovery. In addition, new
mechanistic details and complexities in the interactions were
revealed.

MATERIALS AND METHODS

Enzyme, cofactor and inhibitors

Expression and purification of full-length NS3 from HCV genotype
1a was performed as described previously (Poliakov et al., 2002;
Dahl et al., 2007a, b). The NS4A cofactor peptide (KKGSVVIV-
GRIVLSGK), denoted NS4A throughout the paper, was synthes-
ized according to published procedures (Poliakov et al., 2002). It
was a kind gift from Gunnar Lindeberg, the Department of
Organic Pharmaceutical Chemistry, Uppsala University, Uppsala,
Sweden. Inhibitors 1-6 were synthesized according to published
protocols (Ronn et al., 2006, 2007). BILN 2061 was obtained
from Boehringer Ingelheim and VX 950 from the VIRGIL
DrugPharm Team. ITMN-191 was synthesized according to
published procedures (International Publication Number WO
2005/037214 A2, Compound AR00334191).

Interaction kinetic analysis

All interaction experiments were performed with a BIAcore 2000
SPR biosensor instrument, CM5 or CM7 sensor chips, and
standard reagents for immobilization (GE Healthcare Life
Sciences, Uppsala, Sweden). For immobilization to CM5 sensor
chips, aliquots of 200 pl NS3 at 0.1 mg/ml were subjected to
buffer change into immobilization buffer (50 MM MES pH 6.0
(Sigma-Aldrich  Sweden AB, Stockholm, Sweden), 0.1%
n-octyl-B-p-glucopyranoside (Anatrace, Maumee, OH, USA) and
4 mM DTT (Sigma-Aldrich Sweden AB, Stockholm, Sweden)) and
concentrated to 50 wl, 0.4mg/ml, using YM-30 micro spin
columns (Millipore AB, Nodinge, Sweden). For immobilization
to the CM7 sensor chip, the enzyme was only subjected to a
buffer change (i.e. without concentrating the enzyme), using the
immobilization buffer above and Pierce protein desalting spin
columns (VWR, Stockholm, Sweden).

The enzyme was immobilized by amine coupling to activated
CM5 or CM7 chip surfaces, as recommended by the manufac-
turers. For co-immobilization of the NS3-NS4A complex, 100 uM
NS4A, dissolved in 50 mM HEPES (Sigma-Aldrich Sweden AB,
Stockholm, Sweden), pH 7.4, 3% DMSO (Sigma-Aldrich Sweden
AB, Stockholm, Sweden), was injected for 3 min over one of the
NS3 surfaces and an empty activated surface prior to a
deactivation using ethanolamine, or 20mM Tris-HCI, pH 7.4
(Sigma-Aldrich). The deactivation was required since NS4A
contains primary amines that can react with the surface if the
peptide is injected as an analyte over a surface that still contains
reactive groups. This procedure resulted in surfaces with NS3
alone, NS3 and NS4A together, and NS4A alone (Figure 2).

Interaction experiments were typically performed at 25°C with
50mM HEPES, pH 7.4, 0.1% n-octyl-B-p-glucopyranoside
(Anatrace, Maumee, OH, USA), 2mM DTT and 3% (v/v) DMSO
as running buffer and a flow rate of 50 wl/min. The interaction
between immobilized NS3 and NS4A injected as analyte was
investigated using a concentration series of NS4A, ranging from
15.6 nM to 1 wM. The peptide was diluted in running buffer and
injected for 60 s over the NS3 surface.

Inhibitors were typically prepared as 4-fold dilution series from
5 pM to 5 nM. The compounds were diluted in running buffer and
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Figure 2. Cartoon of the four biosensor surfaces used for the inter-
action studies: (1) blank (i.e. unmodified dextran matrix), (2) full-length
NS3, (3) full-length NS3 and NS4A (co-immobilized), (4) NS4A. The NS3
protease domain is shown in red and the helicase domain in blue (based
on PDB: 1CU1 (Yao et al., 1999)), the NS4A peptide is shown in green.

injected for 60s over the surfaces. The analysis of time-
dependent interactions with NS3 was performed with VX 950,
BILN 2061 and ITMN-191, using a series of injection times from 30
to 500s.

Analysis of the sensorgrams was performed using BiaEvalua-
tion software 3.0 (GE Healthcare Life Sciences). Sensorgrams from
the reference surfaces and blank injections were subtracted from
the raw data. Kinetic parameters of the interactions were
determined by global analysis of series of corrected sensorgrams
at different analyte concentrations, using an equation represent-
ing a 1:1 binding model including a term for bulk effects and a
drifting baseline where necessary. A two-step binding model
(‘two-state reaction’ according to the BiaEvaluation software
terminology) without bulk correction was used to determine
the kinetic parameters for VX 950 from sensorgrams with
an association phase of 5min. A double exponential model
(‘heterogeneous ligand — parallel reactions’) without bulk correc-
tion was used to determine the kinetic parameters for ITMN-191
and BILN 2061, and for the NS3-NS4A interaction.

Inhibition analysis

Inhibition measurements using a steady-state enzyme activity
assay were performed as described previously (Dahl et al,
2007a, b); 1nM NS3 was pre-incubated with 25uM NS4A
and varying inhibitor concentrations in assay buffer (50 mM
HEPES pH 7.4, 40% (w/v) glycerol, 0.1% (w/v) n-octyl-p-o-
glycopyranoside and 10 mM DTT, 3.33% (v/v) DMSO) for 10 min
at 30°C. The reaction was started by addition of 0.5puM
substrate (Ac-Asp-Glu-Asp(EDANS)-Glu-Glu-Abu-{-[COO]Ala-Ser-
Lys(DABCYL)-NH, (RET S1, AnaSpec, San Jose, CA, USA)). The
initial rates were fitted to an equation for competitive inhibition,
or tight-binding competitive inhibition (Dahl et al., 2007a), using
nonlinear regression analysis (STATISTICA, StatSoft Inc., Tulsa, OK,
USA). A correlation analysis between K; and ko, koff OF Kp values
obtained using a surface with NS3 or NS3 with NS4A, and with
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data from published replicon inhibition analysis (Lin et al., 2004;
Ronn et al.,, 2006, 2007) was also performed with STATISTICA.

RESULTS

Development of interaction analysis assay

Immobilization of full-length HCV NS3 (Mw = 72 000 Da) to CM5
sensor chips resulted in surface densities around 4000 RU, while
immobilization of NS4A (Mw = 1600 Da) resulted in levels around
1500 RU. The level of NS4A immobilized to the surface where NS3
was already immobilized was comparable to the levels obtained
when immobilizing NS4A to an empty surface. The apparent
binding capacity of the NS3 surface was low (10-20%), as
determined with BILN 2061, and differed between runs. Still, the
sensitivity of the surfaces was adequate for most of the
experiments and the non-binding fraction did not appear to
interfere with the analysis (see below). A small improvement of
the binding capacity was seen when changing the deactivating
agent from ethanolamine to Tris-buffer. A chemical regeneration
of the surfaces after injection of the inhibitors was not performed
since none of the regeneration means tested removed the
inhibitor without damaging the immobilized protein. The surface
was therefore ‘regenerated’ by simply allowing the compound to
dissociate for an extended period. This procedure was also
sufficient for removing any non-covalently attached NS4A on the
NS3 surface after immobilization.

During the course of this study, the novel CM7 sensor chips
were made available. With these, surface densities of up to 12 000
RU and apparent binding capacities of 30-40% could easily be
reached with NS3. The higher functionality of the immobilized
protein may be a consequence of not having to concentrate the
very sensitive enzyme before immobilization. However, as the
CM7 chip was introduced late in the experimental phase of this
study, it was only used for validation of the kinetics with the most
potent compounds and for the time-dependency experiments
(see below), requiring the enhanced sensitivity.

NS3-NS4A interactions

The interaction between NS3 and NS4A was analysed with NS3
immobilized to the CM5 sensor chip and NS4A injected as analyte
at different concentrations. It was limited to NS4A concentrations
<1 uM, where the unspecific binding of NS4A to the negatively
charged sensor surface was not observed. The sensorgrams
with different NS4A concentrations could best be described by
a heterogeneous binding model with a double exponential
function (Figure 3). Global fitting revealed a high-affinity inter-
action with Kp; =53.24+18.5nM and a low-affinity interaction
with Kp,=2.1+1.0uM. The two interactions contributed
approximately equally to the overall signals, as shown in the
inset of Figure 3. They differed mainly in their dissociation rate
constants (ko1 = 0.0023 +0.0003 5™, ko, = 0.058 £0.01457"),
rather than in their association rate constants, which were similar
(kon1 =46 000+ 13000M~" s, kyny =31000+10000M~'s™ ).
(Values are based on three replicates.)

Inhibitor interactions with NS3

The inhibitor interactions were typically analysed towards four
surfaces in parallel: (1) a blank dextran surface, (2) NS3
immobilized alone, (3) NS3 and NS4A co-immobilized and (4)
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Figure 3. SPR sensorgrams for the interaction between NS3 and NS4A.
NS3 was immobilized to CM5 sensor chips and NS4A was injected as
analyte at the concentrations indicated. Theoretical curves representing
the best fit with a heterogeneous binding model (parallel reactions) are
overlaid the experimental traces. The inset shows the total binding signal
at 1000nM and the contributions of the high-affinity and low-affinity
interactions.

NS4A immobilized alone (Figure 2). Surfaces 1 and 4 served as
reference surface for surfaces 2 and 3, respectively, and were used
for correction of data. All inhibitors showed a concentration
dependent and saturable interaction with the surfaces contain-
ing NS3, independent on whether NS4A was immobilized or not
(Figure 4). Kinetic parameters were estimated from sensorgrams
of 1 min injections using a 1:1 interaction model, except for VX
950 and inhibitor 6. For VX 950, a two-step interaction model was
fitted to the data, while a 1:1 model with a drifting baseline was
used for inhibitor 6. The drift in this experiment was a result of an
incompletely stabilized surface after immobilization, a phenom-
enon that can affect the baseline of the first sensorgrams
recorded with a new surface. The quality of the data obtained in
the initial experimental design (using CM5 sensor chips) was not
high enough for a more detailed mechanistic and quantitative
analysis using a heterogeneous model, as used later (see below).
Nevertheless, the kinetic parameters were well enough estimated
for a basic SAR analysis and analysis of the effect of NS4A on the
interactions. This was facilitated by visualization of the data in an
interaction kinetic plot (Figure 5), which shows clear kinetic
differences upon minor structural changes in the structures of the
compounds and that all compounds bound with higher affinity to
the surface containing both NS3 and NS4A than to the surface
with NS3 alone. The effect by NS4A on k., and k. varied for
different inhibitors, showing that it was dependent on the
inhibitor structure. The effect on the affinity was largest for
compounds 3 and 5, with 30-40-fold increases, whereas the other
inhibitors were affected to a lower degree.

VX 950, which has been proposed to be a slow-binding
mechanism-based inhibitor (Summa, 2005), had the slowest
association rate constant of all studied compounds for both
NS3 surfaces. In order to explore the time-dependency of the
interaction and to clearly visualize the effects of the covalent
intermediate, an experiment with a series of different injection
times was performed (Figure 6). The analysis of the sensorgrams
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Figure 4. SPR sensorgrams for the interaction between inhibitors and immobilized NS3, or co-immobilized NS3 and NS4A. The experiments were
performed using a CM5 sensor chip. A 1:1 binding model was fitted globally to sensorgrams of 4-fold dilution series starting from the highest
concentration specified in each graph. A two-step model was fitted globally to the sensorgrams of 2-fold dilution series of VX 950. A 1:1 model with
drifting baseline was used for compound 6. Theoretical curves (black) are overlaid the experimental traces.

with a two-step model revealed that VX 950 interacted with more stable complex. The parameters were also determined
immobilized NS3 with a ko, = 240005 ' M 'and a ko =0.525"'  for the NS3/NS4A surface: kop=26000s""' M, kog=0415"",
to form an initial complex, which then reacted with a forward ~ k; =0.0084s "M ™', k_; =0.0050 s, showing a stabilizing effect
rate k; =0.0165 'M ' and backward k_; =0.0155 "' to give a by NS4A. VX 950 was not included in the interaction kinetic graph
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Figure 5. Interaction kinetic plot (ko Vs. kof) for protease inhibitors
interacting with NS3. The diagonals represent Kp in M units (the scale is
defined above and to the right of the graph). The kinetic parameters were
determined by global fit of sensorgrams in Figure 4 using a 1:1 binding
model and 60 s injections. Values are shown for the interaction with NS3
alone ([J) and with NS3 co-immobilized with NS4A (). The dashed lines
connect the data obtained for a particular inhibitor with the two surfaces.

(Figure 5) since the kinetic parameters for its two-step binding
mechanism are not comparable to k., and k. values for a 1:1
interaction.

Since it has been proposed that both ITMN-191 (Rajagopalan
et al, 2009) and BILN 2061 (Flores et al., 2009) interact via a
two-step mechanism, an experiment with a series of different
injection times was also performed for these compounds. For
these experiments, the higher sensitivity of the CM7 sensor chip
was exploited. The global analysis of sensorgrams recorded at
different concentrations and contact times of BILN 2061 and
ITMN-191 revealed that the interactions were heterogeneous
and could best be described by a double exponential function
(Figure 7). The low-affinity interaction and the high-affinity
interaction differed by a factor 10 for BILN 2061 and 15 for
ITMN-191 (Table 1). The contributions of the low-affinity (35%)
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Figure 6. The time-dependent binding of VX 950 to NS3. Overlay of
sensorgrams for the same inhibitor concentration (20 uM) and different
injection times using a CM5 sensor chip. The arrow shows the shift in
baseline indicative of a two-step interaction.
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and the high-affinity interaction (65%) to the overall binding
signals were similar for both compounds. Regression analysis
using a simple 1:1 binding model resulted in similar values for the
individual rate constants as determined using CM5 chips, which
were between the high and the low-affinity interaction (Table 1).
The low-affinity interaction and the high-affinity interaction
differed mainly in the dissociation rate constant. A two-step
model, as suggested for mechanism-based inhibitors, did not
give a better description of the data than the heterogeneous
binding model, as judged by calculated x? values. The
experiment showed a clear difference in the kinetics for the
two compounds. The high affinity interaction of ITMN-191 had an
8-fold lower Kp, as a result of both a 4-fold faster association rate
and a 2-fold slower dissociation rate. Notably, similar differences
in the magnitudes of the low affinity interaction were also
observed.

Correlation analysis

A correlation analysis of the kinetic parameters for the inhibitor
interactions (kon, kof, Kp) with NS3 alone, as well as together with
NS4A, and enzyme inhibition constants (K;) and inhibitory effect
in replicons (ECso) was performed in order to determine how the
interaction kinetic data related to the different types of inhibition
data. In order to have a data set with Ki-values determined in the
same experiment (for example using the same reagents and
enzyme batch), the inhibition was determined again specifically
for this study. The values were similar to previously determined
values, i.e. within 20-30%. Despite the small number of data
points, correlations could clearly be distinguished. The analysis
revealed that kg, Kp and K; values all had a high correlation with
inhibitory effect in replicons, with minor differences (Figure 8). It
can thus be concluded that biosensor-based interaction kinetic
measurements can be used to predict the potency of compounds
in replicon-based cell cultures. The predictability was slightly
higher for dissociation rate constants than for Kp-values, but did
not require NS4A, simplifying the experimental design for this
goal. K-values had a high correlation with ECso-values, but a lower
correlation with Kp-values.

DISCUSSION

This study has provided a new tool and new information of
relevance for HCV drug discovery. By immobilizing full-length
NS3 from genotype 1a of HCV on a sensor chip it was possible to
determine the kinetic characteristics of protease inhibitors
interacting with the protein and also to understand the role of
NS4A. Unexpectedly, all studied interactions were found to be
heterogeneous, suggesting the presence of at least two stable
forms of NS3.

Although the protease functionality of NS3 was in focus, full
length NS3 was used despite the increased experimental
challenges as compared to when using only the protease
domain of truncated NS3. Since the physiological form of NS3
consists of both the helicase and protease domain, and there is
now evidence that the helicase domain influences NS3
interactions with NS4A as well as protease inhibitors, it can be
considered to be the most relevant form of NS3 for this type of
study (Dahl et al, 2007a, b; Beran and Pyle, 2008; Beran et al.,
2009). In contrast, NS4A was used in a truncated form with extra
amino acids added to the N- and C-termini for increased
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Figure 7. The interaction between BILN 2061 and ITMN-191 with NS3 as a function of time and concentration. Sensorgrams with 30, 60, 120, 240 and
3005 injections (from left to right) using a CM7 sensor chip and four different inhibitor concentrations in a 2-fold dilution series with the highest
concentration indicated in each graph. A heterogeneous model with drifting baseline was fitted globally to the sensorgrams and the resulting curves are
overlaid the experimental traces.

solubility. It has been shown to suffice in other in vitro assays for  Bjosensor assay for NS3 protease

studies of NS3 (Tomei et al.,, 1996) and avoided the complexities ) ) o

of using the full-length protein that has a membrane binding A major challenge when developing this biosensor assay has
domain. By not genetically fusing the NS4A peptide to the NS3 been the poor stability of the NS3 protein. It resulted in large
protein, as is often done, it was also possible to study the effect of variations between immobilization experiments, despite identical
the cofactor on inhibitor interactions. procedures, and it was not stable enough to allow a chemical

Table 1. Kinetic constants for interactions between BILN 2061 and ITMN-191, and NS3
BILN 2061 ITMN-191
kon koff KD kon koff KD
Surface Chip  Model Site (1°M sy (107357 (nM) (10°M sy (1073s7) (nM)
NS3-NS4A  CM5 1:1 0.92 0.73 7.9 9.3 0.53 0.57
NS3 CM5 1:1 1.5 6.2 40 6.7 2.2 33
NS3 M7 1:1 0.924+0.19 25+06 29+8 49+25 1.6+0.2 40+1.6
NS3 cm7 Hetero-  High-affinity 1.5+1.0 1.6+05 16+ 11 43+28 0.78+030 22412
geneous

Low-affinity 1.7+14 21+8 160 +70 6.1+4.3 11+4 32+34

Values determined using the CM7 chip is presented with standard deviations based on at least four replicates.
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Figure 8. Correlation analysis between log ko, 10g ko, 10g Kp, log K; and log ECs, for the studied protease inhibitors using CM5 surfaces with only NS3
or NS3 co-immobilized with NS4A. The r-value, which is an estimate of the correlation, is shown in the bottom for every graph (r-value of 1.0 is 100%
correlation). The ECso-values were obtained from (Ronn et al., 2006) (compounds 1, 3 and 5), (Ronn et al., 2007) (compounds 2, 4 and 6), (Lin et al., 2004)
(BILN 2061) and (Seiwert et al., 2008) (ITMN-191). VX 950 was omitted from the analysis due to its two-step binding mechanism.

regeneration of the surface. Nevertheless, it was fairly stable
once immobilized and could be used for several days. A
second difficulty was a consequence of the low degree of
functional protein immobilized on the chip, as compared to
the theoretical binding capacity of the immobilized protein
(which represents the signal expected at saturation for a
compound of known molecular weight and affinity). The small
improvement in binding capacity achieved when changing the
deactivating agent from ethanolamine to Tris-buffer was possibly
due to the lower pH in the Tris buffer (7.5) compared to the
ethanolamine (8.5), which avoids exposing the protein to a
high pH during this procedure.

During the experimental work, a high capacity sensor chip
(CM7) became available. It was specially developed for
immobilization of proteins that are challenging to attach
covalently to the sensor surface and low molecular weight
analytes. Amine coupling of NS3 protein to these new chips
resulted in up to 3-fold higher immobilization levels than

when using similar protocols with CM5 chips. Furthermore,
the apparent functionality of the immobilized protein also
increased up to 2-fold. Together, this resulted in much higher
and clearer signals for the interactions between inhibitors
and NS3. This type of sensor chip is therefore expected to be
very useful for further analysis of full-length NS3 interactions
and other interactions with low signal levels.

The performance of the biosensor assays was validated
using a panel of inhibitors covering a wide range of affinities.
The importance of resolving the inhibition constant into
the individual rate constants for SAR analysis is illustrated
by the broad distribution of compounds in the interaction
kinetic plot. Had affinity alone differed upon structural
changes, the compounds would have been aligned on a
diagonal from the top left corner to the bottom right
corner. This shows that k,, and k¢ are not correlated (as
also shown in the correlation analysis) but that they
provide different information. Consequently, the individual
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rate constants are important for understanding the structure
kinetic relationships of interactions, an important part of
lead characterization and optimization. This is a major benefit
of direct analysis of enzyme-inhibitor interactions as
compared to the indirect analysis of enzyme inhibition using
an activity-based assay.

The high correlation between the kinetic parameters and the
inhibition data, obtained with either an enzyme inhibition
assay or replicons in cell culture (see below), confirmed that
the determined kinetic parameters were relevant for biological
efficacy (i.e., ultimately pharmacokinetics). Interestingly, the
dissociation rate constants k. were found to be best
correlated with the inhibition constants (K;) and effective
concentrations ECso. A different relationship was previously
reported for HIV-1 protease inhibitors (Shuman et al., 2004b),
supporting the importance of determining the correlation
between individual rate constants and a more physiological
assay for each target.

NS3 and NS4A interactions

One of the aims of this study was to explore the characteristics of
the interaction between full length NS3 and NS4A. Although this
interaction has been studied extensively previously, the
characteristics of the interaction are not clear. This is because
the results obtained have been dependent on the method and
the different variants of both NS3 and NS4A, and also because the
interaction is affected by numerous factors (Bianchi et al., 1997;
Urbani et al., 1999).

This study showed that the interaction between immobilized
full length NS3 and the NS4A peptide injected as analyte was in
the nanomolar range and that the dissociation was relatively
slow. Remarkably, this affinity was much higher (50-fold lower
Kp) than that obtained with indirect methods based on the
measurement of enzyme activity at different NS4A concen-
trations (Bianchi et al., 1997; Poliakov et al., 2002). In contrast,
based on the extensive interactions between NS3 and NS4A
seen in the crystal structure of the complex, the affinity is
believed to be in the nanomolar range and not in the
micromolar range (Kim et al., 1996; Bianchi et al., 1997), in line
with the new data. An unexpected observation was that the
interaction between NS4A and NS3 was heterogeneous. It is
possible that differences in affinities for the NS3-NS4A
interaction determined in previous studies are a result of
significant contributions of multiple/heterogeneous inter-
actions to the analysis. They will contribute to the results
even when not explicitly detected. The heterogeneity of the
NS4A interactions is discussed further below.

Interaction kinetic analysis of inhibitors

The interaction between NS3 and a number of protease
inhibitors was initially characterized in the presence or
absence of the NS4A cofactor peptide. In order to explore
the effect of NS4A on inhibitor interactions, the NS4A peptide
was co-immobilized with NS3 on the same surface. An
alternative experimental design, where the cofactor is
pre-injected over NS3 surfaces before injection of inhibitor,
was not possible since the complex was too short lived under
the conditions used. Considering the high flexibility of the
dextran matrix to which the molecules are immobilized, it is
reasonable to assume that co-immobilization results in

the formation of NS3-NS4A complexes on the chip that are
more stable since the local concentration of the two proteins
is high. As inhibitors also interacted with immobilized NS4A
(data not shown), it was necessary to use two reference
surfaces for data analysis; one blank surface and one with only
NS4A.

Allinteraction constants (with the exception for those for VX
950) were initially determined using a simple 1:1 interaction
model. However, the model was suboptimal and other
interaction models were therefore also evaluated in an
attempt to identify more suitable models. In the case of VX
950, it was reasonable to assume that a two-step binding
event was involved. However, it was only for VX 950 that the
model resulted in a significantly better description of the data
than the 1:1 model. As for the interaction between NS4A and
NS3, a heterogeneous surface model represented the data
well. The high sensitivity of the CM7 enabled experiments that
confirmed that the interactions with inhibitors were hetero-
geneous and that the 1:1 model could be used to determine
kinetic constants that were adequate for an initial SAR
analysis. (The heterogeneity of the inhibitor interactions is
discussed below.)

Consequently, for the analysis of the effect of NS4A on
the inhibitor interaction and the correlation analysis with
inhibition data, kinetic parameters were extracted using a
simple 1:1 model. Facing the suboptimal data quality for
some compounds, the reduced number of variables resulted
in a more robust and reliable fit. As exemplified for BILN 2061
and ITMN-191, this gave a good approximation of the
parameters for the high-affinity interaction. It has been
shown that VX 950 is a slow, mechanism-based inhibitor to
NS3 (Rajagopalan et al., 2009). Despite the limited resolution,
a two-step binding mechanism for VX 950 could clearly be
seen, in accordance with this proposed model. However, due
to the limited data set and major differences in assay
methods, the determined rate constants were not readily
comparable to those obtained using other methods (Summa,
2005; Flores et al., 2009). Still, the biosensor-based assay
shows that it can clearly distinguish between the different
interaction mechanisms of the different types of inhibitors
(i.e. direct reversible, mechanism-based and tight-binding).
This presents a valuable alternative experimental approach
to previous methods for mechanistic analysis of NS3
protease inhibitors (Poliakov et al.,, 2007), which will aid
the development and understanding of new inhibitors and
their mode of action.

Two recent studies have also indicated a two-step mechan-
ism for both BILN 2061 (Flores et al., 2009) and ITMN-191
(Rajagopalan et al., 2009). However, the present study did not
support such a mechanism for either BILN 2061 or ITMN-191.
There are several potential practical explanations for this
discrepancy, for example associated with the different strain
variants and constructs of the full-length NS3 used for the
experiments, as well as different experimental conditions. Also,
the contact time used for interaction analysis versus the
pre-incubation time and mixing order used in the more
complex substrate-based assays can potentially influence the
interpretation of the data. Since the current experimental set
up was satisfactory for monitoring the time-dependent
interaction between NS3 and VX 950, it appears that neither
BILN 2061 nor ITMN-191 can be stated to interact in a
time-dependent manner with NS3.
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NS3 or NS3 co-immobilized with NS4A

Since this study was performed using a full-length NS3
construct without fused or co-expressed NS4A, the effect of
this cofactor on inhibitor binding could be investigated. NS3 is
practically proteolytically inactive in the absence of NS4A
(Failla et al., 1994), and such studies can therefore not be
performed using an activity assay. A surface with both NS3
and NS4A increased the overall affinity for all studied protease
inhibitors as compared to surfaces with NS3 alone. The high
correlation between the two surfaces and with inhibition data
from an enzyme inhibition assay or replicons in cell culture
revealed that NS4A is not required for the binding of protease
inhibitors and the number of components in the system could
in principle be reduced. This is in agreement with previous
findings on inhibitor and substrate stabilization of NS3 in the
absence of NS4A (Barbato et al., 1999; Barbato et al., 2000;
Gallo et al., 2009). Although NS3 without NS4A is a less
relevant model system from an in vivo perspective, and
resulted in lower affinities for inhibitors, omitting NS4A from
interaction studies would still allow for relative measurements
and inhibitor rankings. Faster dissociation rates, as observed
in absence of NS4A, would increase the throughput for
biosensor-based interaction analysis. Due to the lack of an
efficient surface regeneration, this is a bottleneck. Moreover,
this would avoid the risk of creating heterogeneous surfaces
where free NS3 and free NS4A may be in a rate-limiting
equilibrium with NS3-NS4A complexes on the surface. The
binding of all inhibitors in the present study was affected by
NS4A. NS4A thus appears to have a direct effect on the
binding of inhibitors to NS3 and not only on catalysis.
However, previous findings showed that inhibitors binding to
the non-prime side of NS3 are less affected by the presence or
absence of NS4A (Landro et al, 1997). This indicated that
further studies might be required to evaluate whether a
reduced component assay is applicable when comparing
inhibitors of different classes.

NS3 heterogeneity

The interaction between NS3 and NS4A, as well as that
between NS3 and inhibitors, was clearly heterogeneous. In
both cases, it was possible to distinguish a high-affinity
interaction from a low-affinity interaction, their relative
contributions to the overall affinity, and to determine the
kinetic constants for both interactions. Heterogeneity in this
type of analysis may be a consequence of the immobilization
of a heterogeneous protein population or a heterogeneous
immobilization of a homogeneous population. These exper-
imental artefacts cannot be excluded, but are interpreted to
be unlikely in light of the evidence for a mechanistically sound
explanation.

The apparently low amount of functional NS3 on the surface
suggests that the sensor surface consisted of both properly
folded enzyme that interacted with ligands as expected,
and a large fraction of improperly folded protein. This fraction
may bind ligands in a well-defined but suboptimal way
or completely non-specifically. However, it is unlikely that
such interactions would be well described by a simple
two-exponential model. Also, the affinity for the low-affinity
interaction is higher than expected for non-specific inter-
actions.

Therefore, the heterogeneity has been hypothesized to
reflect interactions with two (or more) distinct conformations
of the enzyme that are in slow (i.e. rate-limiting) equilibrium.
Heterogeneous interactions of this type have previously been
described for small molecule interactions (see for example
Geitmann et al., 2006), and it is reasonable to assume that it is
an intrinsic property of biomolecular interactions involving
conformationally flexible proteins, such as NS3. The hetero-
geneity appears to be a general feature of the protein as it
occurs irrespective if the ligand is NS4A or an inhibitor.
Moreover, it is not induced by the binding of NS4A, although
this interaction may possibly stabilize one of the forms. Also,
the two interactions contributed approximately equally to the
overall interactions, for both BILN 2061 and ITMN-191, and
similarly for NS4A binding. It cannot at this stage be
distinguished if the NS3-NS4A complex relevant for binding
of inhibitors is only that represented by the high-affinity
NS4A interaction, or if also the low affinity interaction is
relevant.

It is tempting to speculate that the heterogeneity represents
the two forms of NS3 that appears to exist during the
membrane association process of NS3-4A (Brass et al., 2008). As
suggested by the crystal structure of full length NS3, the
helicase serves as a lid over the active site of the protease
(Barbato et al., 1999), while a model of NS3 with a conformation
with an open active site, resulting from an interaction between
the helicase domain and the membrane surface has also
been proposed (Brass et al., 2008). These two conformations are
not incompatible, but may represent different conformations
occurring at different stages of the replication of the viral
genome. It is likely that they are in slow equilibrium and that
they have different affinities for both NS4A and inhibitors.
Further studies will be undertaken to explore this hypothesis,
especially concerning the characteristics of the helicase and
protease domains as well as their interplay with one another,
which has been in focus lately (Dahl et al., 2007a, b; Beran and
Pyle, 2008; Dahl et al., 2009).

CONCLUSION

The development of a biosensor-based approach for study-
ing interactions between full-length NS3 and an NS4A
cofactor peptide as well as with protease inhibitors has not
only provided mechanistic and kinetic details of these
interactions, but also evidence for an inherent heterogeneity
of NS3. It is expected that this method will contribute to a
deepened understanding of the function of NS3 and its
characteristics.
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