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ITMN-191 Reveals Tight Binding and Slow Dissociative Behavior
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ABSTRACT: The protease activity of hepatitis C virus nonstructural protein 3 (NS3) is essential for viral
replication. ITMN-191, a macrocyclic inhibitor of the NS3 protease active site, promotes rapid, multilog
viral load reductions in chronic HCV patients. Here, ITMN-191 is shown to be a potent inhibitor of NS3
with a two-step binding mechanism. Progress curves are consistent with the formation of an initial collision
complex (EI) that isomerizes to a highly stable complex (EI*) from which ITMN-191 dissociates very
slowly. K;, the dissociation constant of EI, is 100 nM, and the rate constant for conversion of EI to EI*
is 6.2 x 1072 57!, Binding experiments using protein fluorescence confirm this isomerization rate. From
progress curve analysis, the rate constant for dissociation of ITMN-191 from the EI* complex is 3.8 x
1072 s~! with a calculated complex half-life of ~5 h and a true biochemical potency (K;*) of ~62 pM.
Surface plasmon resonance studies and assessment of enzyme reactivation following dilution of the EI*
complex confirm slow dissociation and suggest that the half-life may be considerably longer. Abrogation
of the tight binding and slow dissociative properties of ITMN-191 is observed with proteases that carry
the R155K or D168A substitution, each of which is likely in drug resistant mutants. Slow dissociation is
not observed with closely related macrocyclic inhibitors of NS3, suggesting that members of this class

2559

Inhibition and Binding Kinetics of the Hepatitis C Virus NS3 Protease Inhibitor

may display distinct binding kinetics.

Approximately 170 million people worldwide are chroni-
cally infected with the hepatitis C virus (HCV)," which if
untreated causes liver fibrosis and cirrhosis (/). HCV is also
the leading cause of liver transplantations in the United States
(2). The current standard of care (SOC) combination therapy
of pegylated interferon-o and ribavirin has undesirable side
effects and achieves a sustained virologic response (SVR)
in only ~50% of genotype 1 patients (the dominant genotype
in the United States) (3, 4). Currently, new drugs targeting
HCV-encoded enzymes are being evaluated in clinical trials
and have shown viral load reductions when administered both
as monotherapies and in combination with SOC (5, 6). Of
the virus-encoded enzymes, the majority of drug candidates
target either the protease activity of nonstructural (NS)
protein NS3 or viral polymerase NS5B.
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! Abbreviations: HCV, hepatitis C virus; SOC, standard of care; SVR,
sustained virologic response; NS3, NS4A, NS4B, NS5A, and NS5B,
nonstructural proteins 3, 4A, 4B, 5A, and 5B, respectively; HEPES,
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; Tris-HCI, tris(hy-
droxymethyl)aminomethane hydrochloride; DTT, dithiothreitol; PCR,
polymerase chain reaction; IPTG, isopropyl 3-D-thiogalactopyranoside;
CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]-1-propane sul-
fonate; LDAO, lauryldimethylamine N-oxide; sulfo-NHS-LC-LC-biotin,
sulfosuccinimidyl-6’-(biotinamido)-6-hexanamido hexanoate; DMSO,
dimethyl sulfoxide; WT NS3, wild-type NS3; HIV-1, human immu-
nodeficiency virus strain 1; MDR, multidrug resistant.
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NS3 is a bifunctional protein containing both protease and
helicase domains. The 187 N-terminal residues of the NS3
protein encode a chymotrypsin-like serine protease that
requires viral protein cofactor NS4A. NS4A stabilizes the
protein fold to properly form the catalytically competent
protease active site (7—9). Previous studies have shown that
a minimal 14-amino acid peptide can substitute for NS4A
toachieve highlevels of activity in biochemical assays (10—12).
The activated NS3 protease cleaves the viral polypeptide at
four sites to liberate the functional forms of NS3, NS4A,
NS4B, NS5A, and NS5B proteins that are required for viral
replication. The NS3 protease has also been shown to
suppress the innate immune response by cleavage of host
proteins (/13—16).

BILN-2061 was the first NS3 protease inhibitor to
demonstrate viral load reductions in HCV-infected patients
(17). BILN-2061 (ciluprevir) is highly potent against HCV
genotype 1 in both biochemical and HCV replicon assays.
However, clinical development of BILN-2061 was halted
following observation of cardiac toxicity in rhesus monkeys
(18). A separate class of linear tetrapeptide inhibitors contains
a ketoamide functionality that is designed to form a covalent
adduct with NS3. This class includes VX-950 (telaprevir)
and SCH-503034 (boceprevir) which are currently in late
stage clinical trials (5, 6). These ketoamide-based inhibitors
bind to NS3 in a two-step mechanism to reversibly form a
covalent enzyme inhibitor complex from which they dis-
sociate slowly (/9—21). Other NS3 protease inhibitors
currently being evaluated in clinical trials include the macro-
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FIGURE 1: Chemical structures of HCV NS3 protease inhibitors.

cyclic inhibitors TMC-435350 and ITMN-191 (Figure 1) (5, 6).
In phase 1b clinical trials, treatment for 14 days with 200
mg of ITMN-191 on twice and thrice daily schedules yielded
mean maximum HCV RNA log), reductions of 3.4 and 3.9,
respectively (22—24). The preclinical characteristics of
ITMN-191 summarized elsewhere include (25) (i) high in
vitro selectivity against a broad panel of proteases, other
enzymes, and receptors; (ii) highly potent activity in the cell-
based HCV replicon assay; (iii) synergy with pegylated
interferon-o-2a; and (iv) preferential distribution to liver.

Here, we present a kinetic characterization of NS3 protease
inhibition by ITMN-191. A two-step tight binding mecha-
nism is proposed, and estimates for the individual rate
constants are provided. The data support the formation of a
highly stable, noncovalent enzyme inhibitor complex from
which ITMN-191 dissociates extremely slowly.

MATERIALS AND METHODS

Materials. ITMN-191, ["*C]JITMN-191, ITMN-4077, VX-
950, and BILN-2061 were synthesized by InterMune or a
commissioned contractor. The NS4A peptide cofactor was
obtained from Midwest Biotech (Fishers, IN). The FRET-
based assay substrate [sequence, Ac-DE-Dap(QXL520)-EE-
AbuW[COO]-AS-Cys(5-FAMsp)-NH,] was obtained from
Anaspec, Inc. (San Jose, CA). Enzyme assay and protein
fluorescence data were collected on a SpectraMax M5 plate
reader (Molecular Devices, Sunnyvale, CA) using plate or
cuvette read modes. Excitation, emission, and cutoff filter
wavelengths for enzyme assays were set to 490, 520, and
515 nm, respectively. For protein fluorescence, these were
set to 280, 340, and 325 nm, respectively.

NS3 Proteins. Sequences for HCV NS3 and NS4A
(Supporting Information) were derived from a plasmid
encoding the genotype 1b-K2040 replicon which was kindly
provided by M. Gale (University of Washington, Seattle,
WA) (26). The N-terminally (His)¢-tagged full-length 1b-
K2040 NS3 protein was obtained as follows. The K2040

ITMN-4077

Rajagopalan et al.

SCH-503034

TMC-435350

NS3 gene was cloned into a variant of the pVL1392 transfer
vector (BD Biosciences, San Jose, CA). Recombinant
baculoviruses were then created using the Baculogold System
(BD Biosciences). A P3 viral stock was generated and used
to infect 1 L of High Five insect cells at an initial multiplicity
of infection (MOI) of 0.5. Forty-eight hours postinfection,
cells were pelleted via centrifugation, lysed via mild soni-
cation, and Hise-tagged NS3 purified by Ni affinity im-
mobilization. The eluted protein was further purified by
gradient chromatography on poly(U) Sepharose followed by
gel filtration chromatography (Superdex 200). During puri-
fication, the protein concentration was maintained at ~1 mg/
mL by ultrafiltration with Amicon YM10 filters. Purified NS3
at ~1 mg/mL in storage buffer [25 mM HEPES (pH 7.5),
300 mM potassium chloride, 0.1% f-octyl glucoside, 10 mM
DTT, and 10% glycerol] was frozen in small aliquots for
long-term storage. D168A and R155K variants of NS3 were
introduced into the pVL1392 transfer vector and used to
produce mutant proteins in the full-length K2040 NS3
background using the methods described above.

Isolation of the NS3+NS4A heterodimer protein complex
was based on a previously published method (27). Briefly,
the coding sequence for the 54 residues of NS4A and the
16 N-terminal residues of NS4B were cloned into the
C-terminal end of the NS3 coding sequence in the pVL1392-
NS3 construct (see above). This allows for the expression
of an N-terminally Hise-tagged viral polypeptide that auto-
processes to yield the NS3+NS4A noncovalent heterodimer
complex (27). The pVL1392-based transfer vector generated
was used to express the viral polypeptide in High Five insect
cells. Cell lysis, extraction, and purification via Ni-NTA
immobilization and gel filtration chromatography (Superdex
200) were performed as described previously (27). Purified
NS3-NS4A at ~1 mg/mL in storage buffer [SO0 mM sodium
phosphate (pH 8.0), 300 mM sodium chloride, 0.05%
dodecyl -D-maltoside, 10 mM DTT, and 10% glycerol] was
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frozen in small aliquots for long-term storage. N-Terminal
sequencing confirmed the presence of NS4A in the purified
protein.

The NS3A (protease domain of NS3) enzyme of genotype
1b-K2040 was obtained as follows. A PCR fragment
encoding the initial 188 residues of NS3 was obtained by
amplification from the pVL1392-NS3 construct (see above)
and cloned into a pET-based vector (Novagen, Madison, WI)
for the expression of NS3A without any affinity tags.
Transformed BL21(DE3) cells were grown at 37 °C to an
ODggo of approximately 2 and cooled to 16 °C prior to
induction with 1 mM IPTG and overnight expression at a
reduced temperature. The harvested cells were lysed, and
the clarified supernatant was purified by SP-Sepharose
chromatography using a linear sodium chloride gradient. The
NS3A-containing fractions were pooled and dialyzed prior
to heparin Sepharose purification with a linear salt gradient.
The purified eluate was then concentrated and further purified
by size exclusion chromatography (HiLoad Superdex 200).
The purified NS3A at ~6 mg/mL in storage buffer [25 mM
HEPES (pH 7.5), 150 mM sodium chloride, 0.1% CHAPS,
5 mM DTT, and 10% glycerol] was frozen in small aliquots
for long-term storage.

All proteins used in this study were expressed and purified
for InterMune by Proteos Inc. (Kalamazoo, MI).

Enzyme Assays. All NS3 assays were conducted at ambient
temperature (23 °C) in assay buffer containing 50 mM Tris-
HCI (pH 7.5), 15% glycerol, 0.6 mM LDAO, 25 uM NS4A
peptide, and 10 mM DTT. This was prepared prior to use
by addition of NS4A peptide and DTT to a mixture of the
other components that is stored at 4 °C. Working stock
solutions of enzyme and substrate were also prepared
immediately prior to use by dilution with assay buffer. The
FRET-based peptide substrate was used at 0.5 uM in all
ITMN-191 inhibition assays.

For k., and K., determinations, the substrate concentration
was varied from 0.1 to 10 uM. Reactions were initiated in a
96-well plate by the addition of 50 pM NS3 enzyme. Initial
rates calculated over the first 30 min of the reaction were
plotted against substrate concentration and fit to the
Michaelis—Menten equation to yield K, and Vi, values
(KaleidaGraph, Synergy Software Inc., Reading, PA). k¢,
values were calculated from V., using the extinction
coefficient of product peptide and enzyme concentrations
determined from active site titrations. k., and K, are reported
as means = the standard deviation (SD) of three data sets.

Progress Curves of NS3 Inhibition by ITMN-191. Reaction
mixtures containing specified concentrations of NS3 (50 pM
to 5 nM) and ITMN-191 (78 pM to 1000 nM) were set up
in 96-well plates or cuvettes as follows. Reactions were
initiated by addition of NS3 to assay buffer containing 0.5
uM substrate and ITMN-191. Typically, separate 20x
working stocks of substrate, ITMN-191, and NS3 were
prepared and used to assemble 200 4L reaction mixtures by
adding 10 uL of each (in that order) to 170 uL of assay
buffer. Control reactions (i) without ITMN-191 and (ii)
without NS3 were performed simultaneously. Progress curve
data were collected for up to 5 h and analyzed.

Dilution of NS3+ITMN-191 Complexes. Complexes of NS3
enzymes with ITMN-191 were formed by incubating 1 uM
NS3 with 2 uM ITMN-191 for 15 min in assay buffer. At 2
uM ITMN-191, the WT and mutant NS3s studied here are
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fully inhibited. These preformed complexes were used to
initiate reactions by a rapid 10000-fold dilution to final NS3
and ITMN-191 concentrations of 0.1 and 0.2 nM, respec-
tively. The 10000-fold dilution was typically obtained by
two sequential 100-fold dilutions into assay buffer containing
substrate. Typical assay reaction volumes were 200 uLL with
progress curve data collection for up to 4 h. The following
control reactions were run alongside the others: (i) a negative
control lacking NS3 to account for the background substrate
hydrolysis rate, (ii) a maximal rate control with the same
final concentration of NS3 (no ITMN-191), and (iii) a control
reaction lacking exposure of NS3 to ITMN-191 prior to
reaction that has the same final NS3 and ITMN-191
concentrations attained by dilution of the preformed com-
plexes. The final control was initiated by adding NS3 to the
assay well containing substrate and ITMN-191.

NS3 Protein Fluorescence. The intrinsic fluorescence of
protease domain enzyme NS3A has previously been used to
study the kinetics of inhibitor binding (27). Under these
experimental conditions, a minimum of 0.3 uM NS3A was
required to obtain appropriate levels of fluorescence. Typi-
cally, 10 uL of a concentrated ITMN-191 solution in assay
buffer was added to 0.3 uM NS3A in 3 mL of assay buffer
in a quartz cuvette. Data were collected immediately fol-
lowing ITMN-191 addition.

Surface Plasmon Resonance Experiments. Experiments
were conducted on a Biacore T100 instrument with data
analysis using Scrubber2 (Biologica Software Pty Ltd.).
Minimal biotinylation of the purified NS3+NS4A complex
was achieved by reaction with sulfo-NHS-LC-LC-biotin
(Pierce Biotech) on ice for 1 h followed by desalting into
running buffer [S0 mM Tris-HCI (pH 7.5), 15% glycerol, 1
mM DTT, and 3% DMSO]. The biotinylated NS3+NS4A
complex was then immobilized to a streptavidin-coated
sensor surface. For dissociation rate experiments, 1 uM
ITMN-191, 1 uM BILN-2061, 3 uM VX-950, and 3 uM
ITMN-4077 were tested with the prepared surface. Due to
very slow dissociation rates, a newly prepared protein-coated
surface was used for each experiment. Binding rate constants
were extracted from sensorgram data by fitting to a 1:1
interaction model.

Dissociation of Radiolabeled ITMN-191. All reagents were
prepared in assay buffer. A limiting amount of ['*C]ITMN-
191 (2 uM) was bound stoichiometrically via addition of a
slight excess of WT NS3 (3 4«M) and incubation for 15 min.
Competition was initiated by the addition of 1 mM unlabeled
ITMN-191 to a reaction volume of 1 mL. At designated time
points, 100 L aliquots were withdrawn and centrifuged at
14000g through YM-50 Microcon columns (Millipore,
Billerica, MA). The radioactivity in the filtrate was measured
by liquid scintillation counting and reflects the amount of
unbound ["*C]ITMN-191. Control reactions (i) without NS3
and (ii) with excess unlabeled ITMN-191 added to NS3 prior
to ["*C]ITMN-191 produced the expected total release of
counts into the filtrate.

Simulation of ITMN-191 Binding Kinetics. Progress curves
from enzyme-initiated reactions were used to globally
simulate binding kinetics using KinTek Global Kinetic
Explorer (KinTek Corp., Austin, TX). The two-step inhibition
model was defined in the software, and data were globally
fit while the substrate concentration, k., and K,, values were
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Table 1: Steady-State Kinetic Parameters for NS3 Protease and Its
Derivatives®

enzyme Ko (uM) ko 57 kead K (M7 57
WT NS3 0.6 £0.1 0.18 £ 0.02 0.30 £ 0.06
D168A NS3 0.6 +0.1 0.27 £ 0.02 0.45 £0.08
RI155K NS3 0.22 +£0.04 0.25 £ 0.02 1.14+0.2
WT NS3A 0.34 £ 0.03 0.11 £ 0.01 0.32 £0.04

“ Values are expressed as means £ SD of three independent data sets.

applied and the inhibition rate and equilibrium constants were
appropriately constrained.

RESULTS

Catalytic Properties of NS3 Proteins. Catalytic constants
kea and Ky, for cleavage of the fluorescence-quenched peptide
substrate were measured for the various genotype 1b NS3
proteases used in this study (Table 1). Deletion of the
C-terminal helicase domain from NS3 (NS3A) has a minimal
effect on protease activity as noted previously (28). In
replicon-based drug resistance studies, R155K and D168A
mutationsresultinasignificantloss of ITMN-191 potency (29, 30).
These mutations do not reduce catalytic efficiency on the
substrate employed (Table 1).

Progress Curve Analysis of NS3 Inhibition by ITMN-191.
Progress curves of reactions initiated by addition of NS3
show clear biphasic character and are consistent with a slow
onset of ITMN-191 inhibition. Representative progress
curves collected at lower (Figure 2A) and higher (Figure 2B)
ITMN-191 concentrations are shown separately to account
for the different reaction time scales and protein concentra-
tions used in the assays. Traces for control reactions without
ITMN-191 are linear over the time frame during which
biphasic character is observed. Identical progress curve data
were obtained for NS3A, indicating no difference in ITMN-
191 inhibition between full-length and protease domain
enzymes (data not shown). While progress curves obtained
with ITMN-191 and WT NS3 are clearly biphasic and
consistent with time-dependent inhibition, experiments with
DI168A and RI55K NS3 enzymes gave quasi-linear traces
in the presence of ITMN-191, indicating that the slow
binding property may be compromised by these mutations
(Supporting Information).

Two common mechanisms have been described for slow
binding inhibitors (Scheme 1). The first example is a simple
one-step mechanism in which inherently low values for
association and dissociation rate constants (k; and k,) give
rise to the observation of slow binding (Scheme 1A).
Examples include the inhibition of angiotensin converting
enzyme (ACE) by captopril and enalapril (3/) and the
inhibition of factor Xa by PD0313052 (32). Alternatively, a
two-step mechanism is possible, where an initial complex
(EI) is formed and then slowly converts to a more stable
state (EI*) (Scheme 1B). Examples include the inhibition
of HIV-1 protease by peptidomimetic drugs (33, 34) and the
inhibition of HCV NS3 protease by ketoamide inhibitors,
such as VX-950 (/19—21).

These two mechanisms can be differentiated on the basis
of an analysis of progress curves obtained in the presence
of increasing inhibitor concentrations and the kinetics of
protein inactivation. In both mechanisms, the steady-state
rate for enzyme-initiated reactions is predicted to be de-
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FIGURE 2: Reaction progress curves for the inhibition of WT NS3
by ITMN-191. All reactions were initiated by NS3 addition. (A)
Inhibition of 50 pM WT NS3 by 0, 78, 156, 313, 625, and 1250
pM ITMN-191. (B) Inhibition of 0.5 nM WT NS3 by 10, 30, and
75 nM ITMN-191 and inhibition of 5 nM WT NS3 by 200, 500,
and 1000 nM ITMN-191. Solid lines represent curve fitting using
eq 1 to extract kg for inactivation.

Scheme 1: Inhibition Mechanisms Involving (A) One-Step
and (B) Two-Step Binding Modes

K1
A. E+1 —— EI
k2
k1 k3
B. E+1 —— EIl — ElI*
Ky Ky

pendent on inhibitor concentration. However, the two mech-
anisms differ with respect to the inhibitor dependence of the
initial rate. The initial rates of the one- and two-step binding
mechanisms are predicted to be independent and dependent
on ITMN-191 concentration, respectively (35). Both initial
and steady-state rates are dependent on ITMN-191 concen-
tration (Figure 2), thereby supporting a two-step inhibition
mechanism like that shown in Scheme 1B.

The mechanisms in Scheme 1 can be further differentiated
on the basis of the inhibitor dependence of ks, a first-order
rate constant for ITMN-191-dependent inactivation of NS3.
The value of k., at each inhibitor concentration was obtained
by fitting the progress curves in Figure 2 to eq 1 which relates
product fluorescence at time ¢ and time zero (F, and Fy,
respectively) to ks and the initial (V) and steady-state (V)
reaction rates (35).

F, = Fy+ Vi + (Vy = VI — exp(—kg,D1lkyys (1)
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FIGURE 3: Dependence of WT NS3 inactivation rate (kqps) on ITMN-

191 concentration. (A) ks from the analysis of data in Figure 2 is

plotted and fit to eq 2. The fitted maximal rate and inhibition

constants (K;) are 0.062 4 0.003 s! and 100 4 10 nM, respectively.

(B) Plot of kg, at low ITMN-191 concentrations fit to the linear

form of eq 2. The y intercept provides an estimate of k, equal to
0.0023 4 0.0006 min~' (3.8 x 1075 s71).

The progress curves in Figure 2 are readily fit to eq 1.
The ks values obtained are plotted as a function of ITMN-
191 concentration (Figure 3A). The proposed one- and two-
step binding mechanisms are predicted to show linear and
hyperbolic dependence of ks on inhibitor concentration,
respectively. The hyperbolic dependence observed thus
supports a two-step binding mechanism (Figure 3A).

Microscopic rate constants in the two-step binding mech-
anism of ITMN-191 can be obtained from a fit of ks versus
inhibitor concentration data to eq 2 (35).

kobs = k4 + k3[1]/(K1 + [I]) (2)

The maximal inactivation rate obtained from the fit is 6.2
x 1072 s and equals k4 + k3. Since the y intercept (i.e., k4)
is negligibly small, k4 + k3 = ks = 6.2 x 1072 s"'. The
concentration of ITMN-191 required to reach half-maximal
rate represents the dissociation constant (K;) of the initial
complex (EI), and K; = ky/k;. This K; value was determined
to be 100 nM.

An upper limit of the dissociation rate constant can be
determined from the inhibitor dependence of ko, at low
concentrations of ITMN-191. Under these conditions, where
K; is significantly greater than the inhibitor concentration,
eq 2 reduces to the linear form ko, = kg4 + (k3/K;)[1]. The y
intercept (k) provides an estimate of the rate of conversion
of EI* to EI Fitting ks data at low ITMN-191 concentra-
tions to the linear equation above gives an intercept (k4) value
of 3.8 x 107> s~! (Figure 3B). The low k, value suggests a
very slow conversion of EI* to EI and provides an upper
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FIGURE 4: Effect of ITMN-191 binding on NS3A fluorescence. The
increase in 0.3 M NS3A fluorescence upon addition of 1 (a), 10
(©), and 100 uM ITMN-191 (O) is shown. The kinetic traces were
fit to the single-exponential function F' = F, + C[1 — exp(—k?)],
where the fluorescence (F) increase from an initial value Fj to a
maximal value of Fy + C is used to extract the first-order rate
constant (k). The rate constant is invariant in the ITMN-191
concentration range tested and is 0.058 4 0.004 s~ .

limit for the dissociation of ITMN-191 from NS3. Assuming
that k4 is the rate-limiting step for ITMN-191 dissociation,
the half-life of the EI* complex is calculated to be ~5 h.
The true biochemical potency (K;*) of ITMN-191 can be
calculated from eq 3 below to be ~62 pM (35). Experiments
to directly measure k4 are presented below.

K* = k,K/(ky + k) 3)

Binding of ITMN-191 Monitored by Protein Fluorescence.
Intrinsic NS3A protein fluorescence has previously been used
to study the binding kinetics of ketoamide inhibitors (217).
With these inhibitors, the observed NS3A fluorescence
increase was primarily associated with the formation of EI*
from EI. Here, NS3A fluorescence was found to similarly
increase upon addition of ITMN-191. Kinetic traces for
NS3A fluorescence at multiple ITMN-191 concentrations are
presented in Figure 4. These data are described well by
single-exponential fits from which a first-order rate constant
can be obtained. Limited experimental sensitivity necessitates
the use of a high NS3A concentration which in turn limits
data collection to high ITMN-191 concentrations. At ITMN-
191 concentrations of =1 uM, the observed rate of 5.8 x
1072 s7! is independent of inhibitor concentration and
represents the rate constant k3 for the conversion of EI to
EI* in the proposed two-step mechanism. This value is in
good agreement with the value of 6.2 x 1072 s™! derived
from progress curve analysis.

For the full-length NS3 enzyme, there is a large fluores-
cence contribution from the additional helicase domain that
is insensitive to the binding of protease inhibitors. Although
this lowered the dynamic range of measurement significantly,
a similar transition and rate was observed (data not shown).

Surface Plasmon Resonance Studies of ITMN-191 Binding.
Surface plasmon resonance studies were used to directly
assess the rate of [ITMN-191 dissociation. Initial attempts to
use NS3 with a synthetic NS4A peptide (as in the experi-
ments described above) were unsuccessful due to the
nonspecific binding of the NS4A peptide to the sensor
surface. Use of a heterodimeric NS3+NS4A protein complex
in which expression of an NS3—4A—4B fusion leads to
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FIGURE 5: Dissociation of NS3 protease inhibitors observed by
surface plasmon resonance. Sensorgram data for dissociation of
ITMN-191, VX-950, BILN-2061, and ITMN-4077 from the im-
mobilized NS3-NS4A complex were collected and analyzed as
described in Materials and Methods. The dissociation rate constants
for ITMN-191, VX-950, BILN-2061, and ITMN-4077 are estimated
tobe <2.1 x 107, <3.7 x 107%, 1.4 x 1073, and >1.5 x 107257/,
respectively.

autoprocessing and the production of a stable NS3—4A
complex eliminates the need for addition of exogenous 4A
peptide (27). Sensorgrams were obtained for dissociation of
ITMN-191, ITMN-4077, VX-950, and BILN-2061 from a
minimally biotinylated NS3+NS4A complex immobilized to
a streptavidin-coated sensor surface (Figure 5). ITMN-4077
is a less potent macrocyclic inhibitor that lacks the P2
isofluoroindoline group and carbamate linker of ITMN-191.

Dissociation of ITMN-4077 is rapid (>1.5 x 1072 s~ with
an estimated enzyme inhibitor complex half-life of <46 s),
indicating that the P2 element is important for slow dis-
sociative behavior. Under similar conditions, the BILN-2061
dissociation rate constant is ~1.4 x 1073 s7! (half-life of
~8 min), which is slower than previously reported but
consistent with rapid dissociation (/7). Both VX-950 and
ITMN-191 exhibit very little dissociation on the time scale
of the experiment. Consequently, their dissociation rate
constants can only be approximated as being lower than 3.7
x 107 s7! (tip > 5 h) and 2.1 x 1075 s7! (tip > 9 h),
respectively. The half-life of the NS3+VX-950 complex has
been previously reported to be ~1 h (1/9). A comparison of
results is complicated by protein sequence and assay differ-
ences between the two studies, but it is notable that both
studies suggest slow dissociation of VX-950. The data
presented here provide direct evidence of a very slow
dissociation of ITMN-191 from NS3.

Dilution of NS3<ITMN-191 Complexes. Monitoring en-
zyme reactivation following rapid dilution of an enzyme—
inhibitor complex is used to test the reversibility of inhibition
and obtain estimates of dissociation rates (35, 36). Reactiva-
tion of WT and mutant NS3 enzymes following dilution of
their respective ITMN-191 complexes was examined (Figure
6). The WT and mutant NS3 complexes were formed by
incubating 1 M NS3 with 2 uM ITMN-191. At this ITMN-
191 concentration, all the NS3 enzymes studied are fully
inhibited. Data collection was initiated upon dilution of these
preformed complexes into buffered substrate.

Upon dilution of the WT NS3:ITMN-191 complex,
negligible reactivation was observed over 2 h (Figure 6A).
In contrast, the same dilution completely reactivated R155K
NS3 (Figure 6C). A close inspection of the R155K NS3
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curve shows a lag phase consistent with a measurable
dissociation rate (Figure 6D). The curve is well-defined by
eq 1, and the observed rate of reactivation is 9 x 1073 s™1,
Assuming that ITMN-191 dissociation is rate-limiting in
reactivation, the R155K NS3:ITMN-191 complex half-life
is ~77 s. Dilution of the D168A NS3+ITMN-191 complex
produces an immediate and complete reactivation that is too
fast for accurate measurement of a rate (data not shown).

For WT NS3, the progress curve following complex
dilution indicates minimal reactivation relative to the back-
ground reaction without enzyme (Figure 6A). On a reduced
y-axis scale (Figure 6B), the progress curve is largely linear
with a very small amount of activity being recovered at the
end of the 2 h experiment. Consequently, a reliable measure
of the steady-state rate (V) and a fit to eq 1 could not be
achieved. Instead, an iterative analysis similar to the study
of dissociation of actinonin from peptide deformylase was
used (36). The conversion of EI* to EI was assumed to be
rate-limiting to enzyme reactivation; i.e., ky & kops in eq 1.
An initial K;* estimate of 62 pM calculated from progress
curve analysis of NS3-initiated reactions was used to
calculate V, with eq 4.

Vi Ve = 1 + (K /[SD( + [II/K*) 4)

The rate V.« was taken from an uninhibited reaction, and
[S], (1], and K., were 0.5 uM, 0.2 nM, and 0.6 uM,
respectively. The calculated V; and the k,; of 3.8 x 107> 57!
(tin = 5 h) were used to generate a simulated progress curve
(identified in Figure 6B by 7). In an attempt to better fit
the experimental trace, ks was reduced 3-fold (#,, = 15 h)
in the second iteration. Using eq 3, K;* was recalculated on
the basis of the new ky, thereby enabling the calculation of
a new V; and the generation of a new curve. k; was
incrementally lowered to 1.3 x 107%s™! (¢, = 6 days) until
a satisfactory overlap of the modeled data and experimental
trace was achieved (Figure 6B). Using this k4 value, K;* was
calculated to be 2.2 pM.

For very slowly dissociating inhibitors, incubation for
extended times could potentially increase the percentage of
reactivated enzyme and improve the dissociation rate estima-
tion. Very slow dissociation rates have previously been
measured by dilution in the presence of a weaker, readily
reversible, and competitive inhibitor which stabilizes the
protein and allows for prolonged dissociation experiments
(21). Previous reports with keto acid inhibitors of NS3
monitored dissociation over the course of a 60 h experiment
(21). We attempted to similarly study ITMN-191 dissociation
over an extended time. However, under the conditions of
this study, the control sample lacking ITMN-191 lost
significant activity within 16 h of the experiment, precluding
any meaningful observations.

Additional evidence for the very slow dissociation of
ITMN-191 was instead obtained by monitoring dissociation
of the radiolabeled drug from WT NS3. An excess of
unlabeled ITMN-191 was used to displace ['*CJITMN-191
from a preformed NS3 complex, and the amount of
["“*C]ITMN-191 released over time was monitored. Only 10%
of drug dissociated from WT NS3 in 14 h, confirming the
very slow dissociation of ITMN-191 (data not shown).
Although the low level of dissociation precludes an accurate
assessment, the dissociation rate constant is calculated to be
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FIGURE 6: Reactivation of WT and R155K NS3 following dilution of their preformed ITMN-191 complexes. Panels A and C depict data
for WT and R155K NS3, respectively. Progress curves collected following 10000-fold dilution to 0.1 nM NS3 and 0.2 nM ITMN-191 are
shown (O) along with control reactions without either ITMN-191 (<), NS3 (O), or enzyme—inhibitor preincubation (A). Panel B shows the
extremely slow reactivation of WT NS3 (from panel A) on a reduced y-axis scale. Simulated progress curves assuming WT NS3+ITMN-
191 complex half-lives of 5 h, 15 h, 2 days, and 6 days are shown. Panel D shows the reactivation of R155K NS3 (from panel C) on a
reduced x-axis scale. The best fit using eq 1 and the steady-state rate (V) are shown as solid and dashed lines, respectively. The fit-derived

reactivation rate constant is 9 x 1073 s~ 1.

~2.1 x 107 s (#;, ~ 4 days). In a similar experiment
with D168A NS3, addition of excess unlabeled ITMN-191
resulted in immediate dissociation of ['*C]JITMN-191 (data
not shown). These results are in agreement with dilution
experiments that suggest the D168A substitution abrogates
the slow dissociation of ITMN-191.

Simulation of the Kinetics of Binding of ITMN-191 to WT
NS3. Progress curve data from NS3-initiated reactions (Figure
2) were globally fit to the proposed two-step binding
mechanism (Materials and Methods). The following initial
fit constraints were applied: k3 = 6.2 x 1072s7!, k, = 3.8
x 1073 s71, K; = ko/k; = 100 nM, and k; = 3.3 x 10* M|
s~ L. The fit quality improved substantially when ks, k4, and
K; were fixed at the specified values while k; and k, were
allowed to vary. The best fit k; and k, values are ~3 x 10°
M~ !s7tand ~0.3 s7!, respectively. These estimates complete
the proposed mechanism for ITMN-191 binding (Figure 7).

DISCUSSION

Kinetic characterization of NS3 protease inhibition by
ITMN-191 reveals slow and tight binding with an extremely
slow dissociation that is unique among macrocyclic NS3
protease inhibitors. As slow dissociation allows persistent
inhibition of NS3 protease activity and has potential clinical
significance, the binding kinetics of ITMN-191 was char-
acterized in detail. The results are consistent with a two-

(~3x10°Ms)

E + | o
(~0.3s™)
<3.8x105s" 6.0x 102g™"
K; =100 nM
K;* <62 pM o

FIGURE 7: Kinetic summary of binding of ITMN-191 to WT NS3.
Values for the rate and equilibrium constants associated with the
proposed two-step binding mechanism are provided. Simulated rates
are in parentheses.

step binding mechanism in which an initial complex (EI) is
rapidly formed and slowly converts to a more stable form
(EI*). Microscopic rate constants within this mechanism were
defined using a combination of enzyme inhibition assays and
direct binding methods (Figure 7). Fitting biphasic reaction
progress curves generated NS3 inactivation rate constants
which show a hyperbolic dependence on ITMN-191 con-
centration. This dependence provides values for the affinity
of the initial complex (K; = 100 nM), the rate constant for
the conversion of EI to EI* (k3 = 6.2 x 1072 s7!), and the
conversion of EI* to EI (ks < 3.8 x 107> s™'). This k4
estimate implies that the NS3+-ITMN-191 complex has a half-
life of ~5 h, if k4 is assumed to be the rate-limiting step in
dissociation. Protein fluorescence experiments independently
verify the rate of isomerization of EI to EI* (k3). Additional



2566 Biochemistry, Vol. 48, No. 11, 2009

experiments for directly determining the rate of ITMN-191
dissociation suggest the EI* complex may be considerably
more stable. Surface plasmon resonance and dilution experi-
ments provide estimates of ITMN-191 dissociation rate
constants of <2.1 x 107 and <1.3 x 107%s™! (#;,, >9 h and
6 days), respectively. However, the accuracy of these
determinations is limited by the minimal dissociation or
reactivation observed. Consequently, k, and K;* are conser-
vatively reported as <3.8 x 107° s™! (f;, > 5 h) and <62
pM, respectively, as determined by indirect kinetic methods
(Figure 7).

Slow dissociation from HCV NS3 protease has also been
reported for the investigational drugs VX-950 and SCH-
503034 that are currently in phase III clinical trials (5, 6).
These inhibitors possess a keto amide functionality that reacts
covalently and reversibly with the catalytic serine nucleophile
S139 (19, 20, 37, 38). Their inhibition Kinetics is consistent
with an initial collision complex (EI) being formed that
slowly converts to the more stable covalent complex (ET*).
In the case of ITMN-191, however, the differences between
EI and EI* states are not readily apparent.

Since K; = 100 nM and K;* < 62 pM, the initial complex
is strengthened at least 1600-fold upon isomerization to the
EI* state. In free energy terms, this implies that the EI* state
is stabilized by an additional 4.4 kcal/mol at 25 °C [calculated
using the equation AG = —RT In(K;*/K;), where R is the
ideal gas constant and 7 is the temperature in kelvin]. Since
the EI to EI* transition significantly changes protein fluo-
rescence, some change in protein structure can be expected.
Structures of NS3 in the presence and absence of bound
ITMN-191 were compared to identify structural changes that
may be involved in the conversion of EI to EI*. The key
features of ITMN-191 binding and the binding of acyl
sulfonamide inhibitors in general have been summarized
elsewhere (25, 39—42). In the ITMN-191-bound state, the
acyl sulfonamide group forms several polar contacts with
residues in the oxyanion hole without formation of a covalent
bond, while a network of polar interactions among residues
R123, D168, and R155 helps define the P2 binding site. A
comparison of ITMN-191-bound and apo NS3 structures
reveals altered conformations of the three residues in this
network of polar interactions as well as K136, suggesting
their possible involvement in the slow transformation of EI
to ET*.

Structure—activity relationships (SARs) between close
ITMN-191 analogs indicate that it is unlikely that a single
NS3 or ITMN-191 structural element is responsible for tight
binding. An analog lacking P2 abrogates slow and tight
binding (Figure 5), as do analogs that lack or modify the
P1” acyl-sulfonamide group, the P4 group, or the macrocyclic
core (data not shown). These observations are consistent with
the faster dissociation of TMC-435350 and BILN-2061 (17, 43),
which lack P4 and P1” groups, respectively. Thus, it is likely
that an aggregate effect of optimized interactions between
NS3 and ITMN-191 gives rise to its slow and tight binding
behavior.

Preformed complexes of ITMN-191 and R155K NS3 or
D168A NS3 are rapidly reactivated upon dilution, indicating
that these amino acid substitutions compromise the slow
dissociative property of ITMN-191. R155K and DI168A
disrupt the pattern of polar interactions that forms the P2
binding site (25, 39) and were identified as the major variants

Rajagopalan et al.

resistant to macrocyclic NS3 inhibitors in studies using the
HCYV replicon system (25, 29, 30). The loss of cellular
potency promoted by these substitutions reflects an elevated
inhibitor dissociation rate, a situation that is also seen with
HIV-1 protease inhibitors. Indinavir, saquinavir, and other
peptide-mimetic inhibitors dissociate slowly from the WT
HIV-1 protease with half-lives of 10—100 min (44). The
binding kinetics of clinically observed resistant mutants
measured by surface plasmon resonance methods reveal
elevated inhibitor off rates (34, 45). The second-generation
drug darunavir which is indicated for use against multidrug
resistant (MDR) HIV-1 partially restores the slow dissociative
properties against the MDR mutants and improves cellular
efficacy (44). Likewise with HCV NS3 inhibitors, the slow
dissociative properties of current investigational drugs like
VX-950, SCH-503034, and ITMN-191 are desirable features
to maintain.

Many marketed drugs like celecoxib and finasteride
dissociate very slowly from their targets. Slow dissociation
of these drugs prevents the competition between substrate
and inhibitor from reaching equilibrium. These drugs are thus
said to operate under nonequilibrium conditions (46). Such
slowly dissociating drugs occupy their target sites for
extended times (defined as residence times) which may have
clinical implications (47). A critical aspect of drugs with
extended residence times is that they provide a longer
duration of pharmacological effect than a similar compound
that is in rapid equilibrium between bound and unbound
states. For example, the pharmacological effect of finasteride
(inhibition of dihydrotestosterone production) is observed for
72 h, which is significantly longer than the 24 h needed for
the circulating drug to reach trough levels following a single
oral dose (48). Because these slowly dissociating drugs
promote persistent inhibition of their target enzymes, they
can be dosed less frequently with a lower overall drug
burden. The ability to use a smaller dose has the added
benefit of reducing the potential for off-target inhibition and
related toxicities.

In theory, an ideal dosing scheme for a slowly dissociating
drug can be designed on the basis of its pharmacokinetics
and the dissociative half-life of the drug—target complex.
However, in practice, the aforementioned advantages of slow
dissociating inhibitors are often mitigated by the pharma-
codynamics of the drug target. Schramm and co-workers
introduced the concept of “ultimate physiological inhibition”
to describe a situation in which the pharmacologic effect of
a drug is limited by the synthesis of new target protein. The
authors demonstrate that a single oral dose of a very potent
purine nucleotide phosphorylase (PNP) inhibitor in mice
results in inhibition of circulating PNP activity that is only
relieved by the synthesis of new PNP-containing erythrocytes
(49). Other analogous examples include the inhibition of
steroid So-reductase by finasteride (48, 50) and the inhibition
of angiotensin II type 1 receptor (ATR1) by the antagonist
candesartan (517, 52).

Assessing the true clinical impact of the slow dissociative
property of drugs like ITMN-191, VX-950, and SCH-503034
is dependent on a reliable measure of viral protein turnover
in infected human hepatocytes. To the best of our knowledge,
a relevant measure of HCV protein synthesis has not been
reported. The doubling time of HCV is ~22 h in cell culture
(53) and ~6—S8 hininfected patients and chimpanzees (54, 55).
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If the time scale for viral protein turnover is similar, an
appreciable contribution from slow dissociative behavior can
be expected.
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