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Hepatitis C virus infection, a major cause of liver disease
worldwide, is curable, but currently approved therapies have
suboptimal efficacy. Supplementing these therapies with direct-
acting antiviral agents has the potential to considerably improve
treatment prospects for hepatitis C virus-infected patients. The
critical role played by the viral NS3 protease makes it an attrac-
tive target, and despite its shallow, solvent-exposed active site,
several potent NS3 protease inhibitors are currently in the
clinic. BI 201335, which is progressing through Phase IIb trials,
contains a unique C-terminal carboxylic acid that binds nonco-
valently to the active site and a bromo-quinoline substitution on
its proline residue that provides significant potency. In this work
we have used stopped flow kinetics, x-ray crystallography, and
NMR to characterize these distinctive features. Key findings
include: slow association and dissociation rates within a single-
step binding mechanism; the critical involvement of water mol-
ecules in acid binding; and protein side chain rearrangements, a
bromine— oxygen halogen bond, and profound pK, changes
within the catalytic triad associated with binding of the bromo-
quinoline moiety.

Worldwide, 130 —170 million people are chronically infected
with hepatitis C virus (HCV)? (1). Infection can progress to
cirrhosis, which can lead to hepatic decompensation or hepa-
tocellular carcinoma. HCV infection can be cured by adminis-
tering a combination of pegylated interferon and the nonspe-
cific antiviral drug ribavirin for 24 —48 weeks. Unfortunately,
this treatment is only 40 —50% successful in clearing genotype 1
infections, the most common type in most regions of the world
(2). Clearly there is considerable need for more efficacious
therapies.
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HCYV is a small, positive-strand RNA virus with a 9600-nu-
cleotide genome encoding a 3000-amino acid polyprotein that
is subsequently processed into individual proteins by cellular
and viral proteases. Four of the five cleavage sites between the
NS (nonstructural) proteins are cleaved by the viral NS3 serine
protease (EC 3.4.21.98). HCV NS3 is a bifunctional protein
comprised of an N-terminal 180-amino acid serine protease
domain and a C-terminal 420-amino acid helicase domain (3).
The central portion of the 54-amino acid NS4A protein is struc-
turally integrated into the NS3 protease domain (4) and is nec-
essary for full protease activity (5).

The search for specific, direct-acting, small molecule inhibi-
tors of HCV replication began shortly after the virus was dis-
covered in 1989 (6); the fact that no such drug has yet made it to
the market attests to the challenging nature of this research.
Throughout this period, the NS3-NS4A protease has remained
amajor focus of HCV drug discovery efforts. Beginning with the
protease inhibitor BILN 2061 in 2002 (7, 8), a number of specific
antivirals have been tested in human trials and have shown very
promising results (9). The most advanced compounds in the
clinic are NS3-NS4A protease inhibitors, with two, telaprevir
and boceprevir, currently completing Phase III trials (10, 11).

Presently progressing through Phase IIb clinical trials, BI
201335 (Fig. 1a) is a promising drug candidate that potently and
selectively targets the viral NS3-NS4A protease (12). Similar to
other protease inhibitors, BI 201335 features a peptidic back-
bone such that it can form extended, substrate-like interactions
with an exposed B-strand of the enzyme substrate-binding site.
However, distinct from other compounds presently in the
clinic, BI 201335 possesses a C-terminal carboxylic acid that
contributes significantly to the specificity of the compound for
the viral protease (13). Furthermore, the amino acid side chains
and N-terminal capping group of BI 201335 have been opti-
mized for potency in both cellular and biochemical assays and
to provide good absorption, distribution, metabolism, elimina-
tion, and pharmacokinetics properties allowing efficient uptake
and distribution of the drug to the target organ, the liver (12).
During this optimization, multi-ring aromatic systems extend-
ing from the P2 proline were found to be particularly beneficial
to C-terminal carboxylate-containing molecules (standardized
terminology for protease substrate amino acids (P1-P4) and
substrate side chain binding sites (S1-S4) is used throughout
(14)).

Here we present details of BI 201335 binding to NS3-NS4A
protease as determined via x-ray crystallography, NMR, and
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FIGURE 1. Chemical structures of the NS3 protease inhibitors used in this
study. g, B 201335. b, analog 1.

enzyme kinetics. We report the 1.9-A crystal structure of NS3-
NS4A protease in complex with BI 201335. This high resolution
structure describes many intricate interactions of the inhibitor
with its target, including a noncanonical bromine-oxygen inter-
action known as a “halogen bond.” To better understand the
effects of this halogen bond interaction, we also carried out
studies on analog 1 (Fig. 1b), which is identical to BI 201335
except for the replacement of the bromine by a hydrogen atom.
We also present NMR evidence that shielding of the catalytic
triad by the multi aromatic ring P2 substituent of BI 201335
perturbs the protonation states of its Asp-His pair, which may
in turn favor the binding of the carboxylate to the active site.
Finally, we elaborate on previously reported steady-state
kinetic analyses that indicated BI 201335 is a competitive inhib-
itor of NS3-NS4A protease activity (12) by reporting the indi-
vidual association and dissociation rate constants determined
by stopped flow methods.

EXPERIMENTAL PROCEDURES

Inhibitors, Peptides, and Proteins—BI 201335 was synthe-
sized as described (15), and analog 1 was synthesized by similar
procedures. The HCV genotype 1b Conl strain NS3-NS4A
protein (FL-protease), the HCV genotype 1b J strain NS3 pro-
tease domain, and the same domain with an NS4A peptide
fused to its N terminus (sc-protease) were expressed and puri-
fied as described previously (16). The NS4A peptide used
for crystallography (KKGSVVIVGRIILSGRK) has also been
described previously (16), as well as the depsipeptide fluo-
rogenic substrate anthranilyl-DDIVP-Abu[C(O)-O]JAMY(3-
NO,)-TW-OH, which is derived from the NS5A-NS5B cleav-
age site. FL-protease and sc-protease recognize and process this
substrate with a similar efficiency (16).

Note that the efficiency with which the sc-protease processes
a different depsipeptide substrate, derived from the NS4A-
NS4B cleavage site, is significantly lower under the experimen-
tal conditions described here (17) (and data not shown). Effi-
cient cleavage of the NS4A-NS4B substrate by sc-protease can
be observed after modification of the reaction buffer, e.g. by the
addition of glycerol. No explanation has yet been found for this
buffer dependence of NS4A-NS4B substrate cleavage, which is
specific to the sc-protease.

Crystallography—HCV NS3 protease domain (J-strain) was
prepared at 3.4 mg/ml in 50 mm sodium phosphate, pH 6.0,
0.1% CHAPS, 5% glycerol, 1 mm Tris (2-carboxyethyl) phos-
phine hydrochloride, 300 mm NaCl, and a 2-fold molar excess
of NS4A peptide. Crystallization experiments were performed
using the hanging drop vapor diffusion method with a crystal-
lization solution of 3 M NaCl, 0.1 M sodium citrate, pH 6.0, 2.5%
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TABLE 1
Data collection and refinement statistics

Each data set was obtained from a single crystal. The values in parentheses are for
the highest resolution shell.

BI 201335 Analog 1
Data collection
Space group Po, Po,
Cell dimensions
a, b, c(A) 94.9, 94.9, 81.9 95.0, 95.0, 81.8
@B,y 90.0, 90.0, 120.0 90.0, 90.0, 120.0
Resolution (A) 40.0-1.9 (1.97-1.90)  40.0-2.3 (2.38-2.30)
R erge 7.3 (61.2) 4.8 (38.3)
1ol 12.6 (2.3) 23.2 (4.9)
Completeness (%) 98.0 (85.4) 98.6 (88.6)
Redundancy 10.6 (5.8) 10.6 (7.7)
Refinement
Resolution (A) 1.9 2.3
No. reflections 30638 17940
R0/ Ryee 20.2/24.2 21.7/25.5
No. atoms
Protein 2834 2834
Ligand/ion 116 114
Water 176 66
B-factors
Protein 37.9 48.5
Ligand/ion 325 46.7
Water 45.8 44.9
Root mean square deviations
Bond lengths (A) 0.010 0.009
Bond angles (°) 1.13 0.98

t-butanol, 20 mm n-octyl-B-p-glucoside, 5 mm DTT, and 3 mm
sodium azide. Crystallization was achieved by suspending
drops containing equal volumes of protein and crystallization
solutions over a 500-ul reservoir of the same crystallization
solution. Rice-shaped crystals appeared within 1 week of incu-
bation at 18 °C and continued to grow for up to 1 month. The
crystal soaking solution was comprised of 4 m NaCl, 0.1 m Tris,
pH 8.0, 2.5% t-butanol, 20 mm #n-octyl-B-p-glucoside, 5 mm
DTT, 3 mm sodium azide, and 1% Me,SO (v/v). The crystals
were transferred to a drop containing soaking solution and 1
mM of either BI 201335 or analog 1. The drops were suspended
over a reservoir of the same soaking solution and allowed to
incubate at 18 °C for 4—8 weeks. The crystals were then
harvested in rayon loops and directly flash frozen in liquid
nitrogen. Diffraction data were collected at 100 Kon an FR-E
x-ray generator equipped with Osmic HiRes? optics and a
MAR345dtb image plate detector. Data reduction and scal-
ing were performed using HKL2000 (18).

Preliminary models for the BI 201335 and analog 1 structures
were obtained via rigid body refinement in CNX (19, 20) using
a model originally based on the Protein Data Bank structure of
1DY9 (21). Further iterations of refinement followed by manual
model building using COOT (22) yielded final models contain-
ing residues 1-182 with C-terminal residues Arg-180 and Ser-
182 being artificially truncated to alanine. Despite the presence
of reducing agent, long soaking times led to the oxidation of
several cysteine residues, including those that bind the struc-
tural zinc atom. In the context of the crystal, cysteine oxidation
did not structurally impact the NS3 active site as evidenced by
comparison of unoxidized, zinc-containing crystal structures
with oxidized structures that have partially or completely lost
their zinc (data not shown). The data processing statistics and
model refinement statistics are listed in Table 1. Stereochemi-
cal quality was assessed with the program PROCHECK (v 3.4.4)
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(23). All of the residues of the final models lie in the “most
favored” or “additional allowed” regions. The asymmetric unit
of the P6, crystal form is comprised of two independently
refined NS3 protease monomers, both of which are capable of
binding active site inhibitors. The high degree of agreement
between the monomers of these structures reinforces their
validity.

Calculation of the Electrostatic Surface Potential of the P2
Group of BI 201335—The geometry of the isolated P2 substit-
uent of BI 201335 was optimized with the DFT method at the
B3LYP/LACV3P** level using the program Jaguar, version 7.5
(Schrodinger LLC, New York, NY). The optimized geometry
shows only minor changes with regard to the conformation
observed by crystallography. The electrostatic surface potential
was calculated using the settings iplotesp = 1 and iplotden = 1
and mapped onto the molecular surface as calculated with a
probe of radius 1.4 A.

NMR Sample Preparation and Spectroscopy—Uniformly
!>N-labeled samples of the sc-protease were expressed and
purified as described previously (16). The final buffer consisted
of 25 mm NaPO,, 150 mm NaCl, 1 mm deuterated Tris (2-car-
boxyethyl) phosphine hydrochloride at pH 6.0 in 90% H,O, 10%
D,O. The concentration of the sc-protease or its complex with
BI 201335 was 0.2— 0.4 mM. All of the NMR experiments were
acquired on a 600-MHz Bruker AVANCE III spectrometer
equipped with a 5-mm z-gradient triple resonance cryo-
probe at 300 K. One-dimensional jump-return, two-dimen-
sional 'H-'°N heteronuclear single quantum coherence,
'H-'°N long range heteronuclear multiple quantum coher-
ence (22-ms delay), and two-dimensional NOESY (200-ms
mixing) experiments were acquired using standard pulse
sequences. All of the NMR data were processed and analyzed
using Topspin 2.1 (Bruker BioSpin).

Kinetic Analysis of NS3 Inhibitor Binding—Kinetic experi-
ments were performed using the KinTek stopped flow instru-
ment (SF-2005; excitation, 325 nm; and emission, 410 nm) with
a programmable shutter to minimize photobleaching. Enzyme
solution (1-100 nMm) and substrate-inhibitor solution (20 um
substrate and 2-2000 nM inhibitor) were prepared in 50 mm
Tris-HCI, pH 8.0, 0.25 M sodium citrate, 0.01% n-dodecyl-3-D-
maltoside, 1 mm Tris (2-carboxyethyl) phosphine hydrochlo-
ride, supplemented with 5% Me,SO (v/v). These two solutions
were mixed at 1:1 ratio in the instrument. Mixing time was ~2
ms, and the first data point was collected at 5-50 ms. Upon
mixing, the fluorescence data were collected continuously (at
least 20 data points/s) for 50 —3000 s. Three to four independent
data sets were collected for each enzyme-inhibitor combina-
tion. The values for k_,, and K, were determined using 0.5-12.5
M substrate.

The data sets were analyzed using the Global Kinetic
Explorer (KinTek) nonlinear regression global fit, and the limits
of variation for each parameter were verified by confidence
contour analysis using the program FitSpace (24). It was
assumed that product formation is irreversible. Inhibitor asso-
ciation (k,,) and dissociation (k) rate constants obtained
from this fitting procedure are not dependent on the specific
values for substrate association and dissociation rate constants
or the rate constant for conversion to product. To carry out the
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data fitting procedure, it was assumed that k, = 100 um~'s™*

(close to the diffusion limited rate). The values for k_; and k,
were then calculated from the values of K, and k_,, as described
in Fig. 6. Dissociation half-lives were calculated from values of
kg according to the equation ti, = In(2)/k g Each progress
curve was also fitted directly to the burst exponential equation
(Equation 1) to obtain the apparent rate constant at each inhib-
itor concentration,

Y=Are '+t + C (Eq. 1)
where Y is the amount of product present at time £ k_,  is the
apparent rate constant; A; is the burst amplitude term corre-
sponding to (v; — vy)/k,,, where v, and vy are initial and steady-
state velocity, respectively; C is a correction factor to account
for the background signal. Apparent rate constants were plot-
ted against inhibitor concentrations to provide an alternative
assessment of the binding mechanism for each enzyme-inhibi-
tor pair.

RESULTS

The Structure of BI 201335 Bound to NS3-NS4A Protease—
High quality electron density clearly describes bound BI 201335
and the protein residues in direct contact with it (supplemental
Fig. S1). Importantly, the electron density also clearly indicates
the presence of numerous water molecules at the active site and
throughout the structure. Only the isopropyl moiety of the
inhibitor and the side chain of Lys-136 show any noteworthy
disorder. The NS3—4A protease adopts the canonical chymot-
rypsin-like fold, as described previously (4). Compared with
other chymotrypsin-like serine proteases, the NS3 protease
domain lacks several surface loops near the S2 and S4 subsites,
resulting in a shallower and more solvent-exposed binding cleft
(25).

Bound BI 201335 adopts an extended conformation generat-
ing over 450 A? of interaction surface spanning from S1-S4
(Fig. 2a). The binding site is primarily hydrophobic with dis-
crete polar patches, the pattern of which is precisely comple-
mented by BI 201335. The extended peptidic inhibitor is paired
with an exposed strand of the C-terminal (-barrel, forming
three substrate-like intermolecular hydrogen bonds: the P1-P2
amide N with Arg-155:0, the P2-P3 amide O with Ala-157:N,
and the carbamate nitrogen of the N-terminal capping group
with Ala-157:O (Fig. 2b). The carbamate oxygen makes a water-
mediated interaction with Ala-157:0 and Cys-159:N, and a
weaker, likely transient H-bond is also observed between the
amine nitrogen of solvent-exposed Lys-136 and the P1-P2
amide oxygen.

The C-terminal acid of BI 201335 forms good geometry
hydrogen bonds to catalytic His-57:NE2 and Gly-137:NH, as
seen in previous NS3 protease structures featuring acids bound
at the active site (26, 27). The improved data quality of our
structure further reveals a bound water molecule that is central
to acid binding (labeled W1 in Fig. 2b). This water is positioned
within H-bonding distance of the inhibitor acid, the catalytic
hydroxyl Ser-139:0G, Ser-139:NH of the oxyanion hole, Ser-
42:0, and a second ordered water molecule (labeled W2) that in
turn hydrogen bonds back to the inhibitor acid. Although this
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FIGURE 2. Hydrophobic and hydrogen bond interactions of Bl 201335
with NS3-NS4A protease. g, 3.6-A interaction surface colored by hydropho-
bic (green), mildly polar (blue), and H-bonding (purple). b, intermolecular
hydrogen and halogen bond interactions are indicated by green and cyan
lines, respectively. Select intramolecular hydrogen bonds are indicated by
black dotted lines.

results in five potential hydrogen bonding partners for W1, the
geometries suggest that hydrogen bonding with Ser-139:NH
and with that of the second ordered water molecule are mutu-
ally exclusive. Although previous structures suggested that cat-
alytic Ser-139:0H hydrogen-bonds with the bound carboxy-
late, this structure clearly shows long distances and poor angles
for such an interaction.

As we and others have previously reported, the binding of
large P2 substituents can require the side chain of Arg-155 to
adopt a conformation distinct from that observed in unligan-
ded NS3 structures (27, 28). This effect is also observed in the
structure of bound BI 201335, in which Arg-155 is largely des-
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olvated and has gained new interactions with residues GIn-80
and Asp-168 (Fig. 2b). The side chain conformations required
to form the salt bridge between Arg-155 and Asp-168 result in
a relatively flat, hydrophobic surface that spans ~15 A from
Asp-168 through to catalytic His-57 and serves to bind the aro-
matic P2 substituent of BI 201335.

Despite comprising approximately half of the inhibitor, no
intermolecular hydrogen bonds are observed for the P2 side
chain moiety, thus underscoring the importance of hydropho-
bic interactions in BI 201335 binding. The structure does, how-
ever, indicate the presence of a halogen bond between the bro-
mine and the backbone carbonyl oxygen of Asp-79 (Fig. 2b). A
halogen bond is a noncovalent interaction occurring between a
polarizable halogen atom (which acts as a Lewis acid) and a
Lewis base. In our structure, a lone pair of electrons on the
oxygen points toward the tip of the bromine in such a way that
the relatively strict geometrical constraints of a halogen bond
(29) are satisfied (£ carbon-bromine-oxygen = 169°; £ carbon-
oxygen-bromine = 133°). In addition, the quantum-mechanics
derived electrostatic surface potential of the BI 201335 P2 pro-
line substituent (Fig. 3a) shows a positive electrostatic potential
for the portion of the bromine facing the carbonyl oxygen of
Asp-79. Taken together, the geometry and electrostatics clearly
support the presence of a halogen bond, thus rationalizing the
observed short bromine— oxygen distance of only 3.0 A.

The x-ray structure of analog 1 was also solved in complex
with NS3 to directly compare structural effects of the bromine
substituent. Although analog 1 binds similarly to B1 201335, the
comparison shows that the bromine causes both the P2 quino-
line and the Asp-79:O to shift ~0.5 A in opposite directions
(Fig. 3b). These shifts are significantly larger than the 0.15 A
root mean square deviation for the remaining residues found
within 7 A of the inhibitor and allow the appropriate geometry
for a halogen bond to be achieved.

Determination of the Protonation State of the Catalytic His-
tidine by NMR—To further refine our understanding of the BI
201335-NS3 interaction, we used NMR to characterize the pro-
tonation state and hydrogen bonding of the catalytic histidine
(His-57) in the bound state. In serine proteases, the 61-NH
proton of the catalytic histidine is typically involved in a strong
hydrogen bond with the carboxylate of the catalytic aspartic
acid and is observable in the "H spectra of most apo enzymes
(30, 31). Previous NMR studies with NS3 protease have shown
that in the free state His-57 has a pK, of 6.8 and at pH 6.6
protonated and neutral forms exist in an approximate 1:1 ratio
(32). However, the solvent-exposed nature of His-57 in apo NS3
protease prevents the NMR detection of its side chain 61-NH
proton, even at —8°C (25). Similarly, this signal was not
detected using an NS4A-NS3 tethered protein, even though the
catalytic triad was shown to be properly aligned in the presence
of the NS4A peptide (33). Consistent with these results, we
were also unable to detect a specific signal for the His-57 imida-
zole NH protons in a 'H jump-return spectrum recorded in the
free state using a uniformly '°N-labeled NS4A peptide-NS3
protease-tethered protein (*°N-sc-protease) (Fig. 4a, bottom).

In contrast, binding of BI 201335 to '°N-sc-protease led to
the observation of two distinct signals in the 'H spectrum, at
17.2 ppm (singlet) and 13.5 ppm (doublet, ] = 95.6 Hz) (Fig. 44,
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FIGURE 3. Halogen bonding of the P2 substituent. g, the electrostatic sur-
face potential of the P2 substituent of Bl 201335 as calculated using a quan-
tum mechanics approach that considers electronic effects exerted by the
chemical environment of the bromine (see “Experimental Procedures”). The
black arrow indicates the area of positive surface potential located at the tip of
the C-8 bromine. b, superposition of Bl 201335 and its des-bromine analog 1
illustrating the structural shifts incurred upon halogen bond formation.

top). Similar signals have been observed in other serine pro-
teases at low pH and assigned to the protonated active site
histidine 61-NH (~17-18 ppm) and €2-NH (~13-16 ppm)
protons, respectively (30, 31). However, despite the observation
of two new proton signals, only one of them appears to have
originated from a proton bound to nitrogen, because only one
displayed the expected ~90 Hz ']y, 4; coupling. This was also
reflected in the two-dimensional "H-'>N heteronuclear single
quantum coherence spectrum (Fig. 4b) in which only the reso-
nance at 13.5 ppm correlated with a nitrogen atom (172.9 ppm).
Together these data suggest that only one nitrogen atom of the
active site His-57 is protonated, i.e. that His-57 is neutral in the
BI1201335-bound state at pH 6.0. This was further corroborated
by the long range "H-'°N heteronuclear multiple quantum
coherence spectrum (Fig. 4¢), in which a large difference in the
5N chemical shifts of the €2 and 81 nitrogens was detected
(172.9 and 239.2 ppm), an observation typical of neutral histi-
dines (31, 34).

The long range 'H-'°N heteronuclear multiple quantum
coherence spectrum also showed an inverted L-shaped peak
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pattern for His-57 (Fig. 4¢), a clear indication that it exists in the
€2-NH tautomeric form when bound to BI 201335 (31, 34).
Protonation at Ne is further supported by specific intraresidue
NOEs between the His-57 €2-NH proton (13.5 ppm) and both
the €l-H and 62-H ring protons at 7.82 and 6.83 ppm, respec-
tively (Fig. 4d). Moreover the €2-N chemical shift at 172.9 ppm
(~5 ppm downfield from reference values reported for solvent-
exposed a-type imidazole nitrogen; Fig. 4e) and the €2-NH
chemical shift at 13.5 ppm are reflective of their involvement in
hydrogen bonding, which is in full agreement with the present
BI 201335 complexed x-ray structure in which the €2-N of
His-57 and the inhibitor P1 carboxylate oxygen are separated
by only 2.8 A. Finally, the chemical shift for the §1-N nucleus at
239.2 ppm (Fig. 4e) is indicative of its involvement as an accep-
tor in a strong hydrogen bond most likely with the side chain of
Asp-81 as observed in the x-ray complex structure (Asp-81:
OG-His-57:N81,d = 2.6 A).

Taken together, these results have the following interesting
consequence: if the 61-N of His-57 is not protonated but is
involved as an acceptor in a strong hydrogen bond, then the
proton must be located on the Asp-81 acid side chain (and
could correspond to the singlet resonance observed at 17.2 ppm
in the 'H spectrum; Fig. 4b). Unfortunately, we were unable to
observe any specific NOEs for this proton, thus preventing
its unambiguous assignment. Nevertheless, these observations
imply both that with BI 201335 bound, the pK, of His-57 is
significantly lower than expected and that the pK, of Asp-81
is significantly higher than anticipated. To our knowledge this
would be an unprecedented protonation pattern for the active
site histidine and aspartic acid pair in serine proteases.

Kinetic Analysis of BI 201335 and Analog 1 Binding to NS3-
NS4A Protease—To elucidate the mechanism by which the BI
201335-NS3 complex is formed, kinetic data for both the full-
length NS3-NS4A protein (FL-protease) and the sc-protease
were collected using a stopped flow spectrophotometer.
Kinetic parameters determined by progress curve analysis for
FL-protease (k_,, = 0.78 s~ and K, = 2.2 uM) were in agree-
ment with values previously determined by steady-state meth-
ods (16). Progress curves for substrate cleavage were obtained
in the presence of multiple BI 201335 and FL-protease concen-
trations (Fig. 5a). At higher concentrations of BI 201335, the
enzyme concentration was increased to accurately measure the
pre-steady-state product formation. Progress curves clearly
showed curvature caused by the slow binding of BI 201335. An
excellent fit of the experimental data to the one-step slow-bind-
ing mechanism (Fig. 6a) was obtained, giving the inhibitor asso-
ciation and dissociation rate constants shown in Table 2. The
value of kg corresponds to a dissociation half-life of 26 min.
Confidence contour analysis using the program FitSpace (24)
demonstrated that inhibitor binding parameters were well fit
within tight confidence intervals (see example in Fig. 50). A
global fit of each data set to the two-step binding mechanism
model depicted in Fig. 6b also yielded a good fit (supplemental
Fig. S2a). However, confidence contour analysis revealed that
in this case some individual parameters were not well con-
strained (supplemental Fig. $2b). Overall, data analysis of BI
201335 binding to FL-protease suggests that the formation of
an initial encounter complex, if it exists, is too weak to be dis-
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FIGURE 4. His-57 resonance characterization. a, 'H jump-return spectra of '°N-labeled sc-protease apo (bottom) and in complex with Bl 201335 (top).
b, selected region of the "H-">N heteronuclear single quantum coherence spectrum of '>N-labeled sc-protease-Bl 201335 complex highlighting the nitrogen
correlation (172.9 ppm) of the proton at 13.5 ppm. ¢, '"H-">N long range heteronuclear multiple quantum coherence spectrum of '>N-labeled sc-protease-BI
201335 complex highlighting a reverse L-shaped pattern for His-57 characteristic of a e-NH tautomer. d, portion of the two-dimensional NOESY spectrum (t,,, =
200 ms) of the sc-protease-Bl 201335 complex highlighting the intermolecular NOEs between the proton at 13.5 ppm and both the His-57 side chain 62 and €1
protons. e, typical '°N chemical shifts for various types of imidazole ring nitrogen atoms and the effect of H-bonding upon these shifts (31).

tinguished as a separate step, and binding of BI 201335 to
FL-protease is best characterized by a single-step binding
mechanism.

Further support for single-step binding was provided by fit-
ting data from individual progress curves to the burst exponen-
tial equation. The linear relationship between the calculated
apparent rate constant k,  and concentrations of BI 201335 up
to 1 uMm (Fig. 5¢) indicates that the dissociation constant for an
initial encounter complex (assuming the two-step model of Fig.
6b) is close to or greater than 1 uMm, and such a value would be
technically very difficult to measure.

Analog 1 differs from BI 201335 only by the absence of the
bromine atom on the quinoline moiety (Fig. 1). Progress curves
for the binding of analog 1 to FL-protease gave a nearly identical
association rate to that for BI 201335 but a 5-fold higher disso-
ciation rate, thus yielding a 3.6-fold higher K; value (Table 2).
The data were again best described by a one-step slow binding
mechanism. Dahl et al. (17) reported that binding of low con-
centrations of NS3 protease inhibitors can activate NS3 prote-
ase. We have made observations consistent with this finding
under certain conditions and believe that NS3 protease is sub-
ject to slow conformational changes under some conditions, for
example when buffer compositions are changed, even subtly.
However, we saw no evidence for such isomerization under the
conditions used in this work.

We also studied the binding of BI 201335 to the sc-protease
used in the NMR experiments described above. Kinetic param-
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ot = 2.9s 'and
K, = 4.1 um) were again in agreement with values previously
determined by steady-state methods (16). Both global nonlin-
ear regression and analytical analysis of individual progress
curves yielded results very similar to those obtained for FL-pro-
tease (Table 2), with a dissociation half-life of 22 min. These
data are consistent with previously reported data showing that
the sc-protease can be reliably used as a model for the binding of
inhibitors to FL-protease.

eters determined by progress curve analysis (

DISCUSSION

Although they share common features such as the peptidic
backbone, chemical differences among NS3 protease inhibitors
have led to a wide variation in binding properties. In this work
we have employed an array of biochemical and structural tech-
niques that together provide a detailed understanding of the
association between BI 201335 and its target. The stopped flow
kinetic experiments presented here show that BI 201335 binds
at a rate well below the diffusion limit but also dissociates
slowly, yielding an overall dissociation constant in the picomo-
lar range. Binding data were best described by a single-step
binding mechanism. Other noncovalent inhibitors have been
reported to bind to NS3 by a two-step mechanism (28, 35), and
it has recently been suggested that this could be a reflection of
an induced conformational change of Arg-155 (28). However,
the kinetic data for BI 201335 indicate a single-step mechanism
for inhibitor binding despite the requirement for both Arg-155
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FIGURE 5. Kinetics of binding of Bl 201335 to FL-protease. The time dependence of product formation is shown for the hydrolysis of 10 um substrate by
various concentrations of FL-protease and in the presence of different concentrations of Bl 201335 (Table 2, data set 3 for the FL-protease-Bl 201335 combi-
nation). g, activity of 1 nm FL-protease in the presence of 0, 1,2, 5, 10, and 20 nm Bl 201335 (top panel); activity of 5 nm FL-protease in the presence of 50, 100, and
200 nm BI 201335 (bottom left panel); and activity of 50 nm FL-protease in the presence of 500 and 1000 nm Bl 201335 (bottom right panel). Axis units for bottom
graphs are identical to those for the top graph. The solid lines correspond to the global nonlinear regression fit of the data. Only a portion of the collected data
points are graphed to allow visualization of these curves. b, confidence contour showing the limits of k; and k_; parameters, and the goodness of constraint
by the raw data for these fitted parameters in a one-step binding mechanism fit. ¢, analytically determined apparent rates of inhibition (k) plotted against Bl
201335 concentration. Standard deviations were calculated from the values of four individual data sets at each Bl 201335 concentration and are indicated by

vertical bars on each point in the graph.

and Asp-168 to be displaced, as clearly depicted in the x-ray
structure. This combination of results suggests either that the
Arg-155—Asp-168 conformational change occurs prior to BI
201335 binding (which may explain the observed slow k) or
that the encounter complex, in which Arg-155 and Asp-168
remain in their solvated apo-like conformations, is so weak that
it is undetectable over the concentration range we were able to
study.

In 2003 we reported the first noncovalently bound NS3 pro-
tease/inhibitor crystal structure (27), which described a C-ter-
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minal acid inhibitor that bound in a similar manner as the
N-terminal cleavage product observed in the structure of the
complete NS3 protease-helicase (26). Because of the relatively
low resolutions of these structures (3.0 and 2.5 A, respectively),
the details of active site binding were not clear, and a direct
hydrogen bond between catalytic Ser-139:0H and the inhibitor
acid was suggested (27, 36). The 1.9 A structure of BI 201335
complexed with the NS3-NS4A protease represents a signifi-
cant data quality improvement over these previously reported
acid-bound structures and clearly shows poor geometry for
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such an interaction. Instead this structure indicates the impor-
tance of a tightly bound water molecule in the binding of car-
boxylic acid inhibitors. The resulting extensive network of
hydrogen bonding interactions now provides a structural basis
for product inhibition of NS3 protease and correlates well with
mutational analyses indicating that Ser-139 does not play a
major role in compound binding (27, 37).

The conformational changes that bring Arg-155 and Asp-
168 together create a relatively flat, apolar surface well suited
for the binding of multi-cyclic hydrophobic P2 substituents.
The P2 substituent of BI 201335 makes excellent use of this
surface, with over 190 A? of contact, representing more than
40% of the total surface contact of the inhibitor. For similar
tripeptide inhibitors, we found that removal of the P2 substitu-
ent results in a ~5-log reduction in IC, (38 —40), thereby dem-
onstrating that this interaction is critical for noncovalent asso-
ciation with the highly exposed binding site of NS3 protease.
NMR data indicate that this interaction also greatly influences
the pK, values of key catalytic residues, which may in turn fur-
ther enhance C-terminal carboxylic acid binding (see discus-
sion below). The importance of this surface to BI 201335 bind-
ing is further underscored by the fact that the substitutions
R155K and D168V are the major causes of clinical resistance to
BI201335, each resulting in a several-hundred-fold loss in anti-
viral potency (41).

Working with previously reported NS3-NS4A structures,
conventional molecular mechanics would predict that the BI

a K[S1_ k,

E — ES »E + P
ks[']lTk_3 )

El
b kK([S1 k,

E - ES >»E + P
k3[|]lTk.3 k'1

El <k—_’ Fl

FIGURE 6. Mechanisms for competitive inhibition. In both cases, k. is
equal tok,, and K,,, is defined by (k_, + k)/k;.a, one-step inhibitor binding in
which k; is the association rate constant (k,,,) and k_5 is the dissociation rate
constant (ko). b, two-step inhibitor binding involving a loosely bound com-
plex (El) that isomerizes slowly to form a more tightly bound complex (FI).

TABLE 2
Summary of kinetic parameters

201335 bromine atom should be detrimental because of steric
and electrostatic clashes with the backbone carbonyl oxygen of
Asp-79. In contrast, BI 201335 demonstrates a 3.6-fold
improvement in K; over its des-bromine analog 1. This discrep-
ancy is resolved with the x-ray structures and quantum
mechanical calculations presented herein, which clearly indi-
cate the induced formation of a halogen bond between the bro-
mine and carbonyl oxygen. Within the strict geometric con-
straints of a halogen bond, these two electronegative atoms
participate in an attractive interaction that brings them to 89%
of their van der Waals contact distance (42). Halogen bonds
have only recently been recognized for their potential in pro-
tein-ligand interactions (43, 44), and the magnitude of their
contribution is the subject of ongoing research. In a recent
report, a combined quantum mechanics/molecular mechanics
approach was used to calculate a remarkable interaction energy
of 2.13 kcal/mol for an analogous bromine-oxygen interaction
(43). In our case, the bromine appears to impart a more modest
affinity improvement, possibly because of the shifts in both the
ligand and receptor that are required to adopt the correct
geometry. Nonetheless, the overall benefit of the bromine to Bl
201335 as a drug is even greater because it also imparts desira-
ble antiviral potency and pharmacokinetic properties (12, 15).

NMR experiments have also been conducted to further
refine our understanding of BI 201335-active site interactions.
Our data clearly indicate that the active site histidine is not
protonated in the BI 201335-bound state at pH 6.0, suggesting a
significantly lowered pK, for this residue. The lower pK, for
His-57 in the bound state is consistent with published NMR
results from Merck for two other NS3 protease complexes and
may be explained by His-57 desolvation (32, 45, 46). The
unusual presence of three basic amino acids (Arg-109, Lys-136,
and Arg-155) in the vicinity of the active site may also contrib-
ute to the lowered pK, of His-57. Both site-directed mutagen-
esis and chemical modification have previously been employed
to show that increasing the positive surface charge of serine
proteases destabilizes the protonated imidazolium group of the
active site histidine, thus lowering its pK, (47).

In addition to having a lower pK,, in the BI 201335-bound
state, our data also indicate that His-57 exists primarily in the
€2-NH tautomeric form (e2-NH: 13.5 ppm) and is involved in a
hydrogen bond with the inhibitor P1 carboxylate oxygen. Its non-
protonated 81-N atom is acting as an acceptor in a strong hydro-

The error displayed for each individual data set is derived from nonlinear regression fitting of the progress curves. For the average values, the standard deviations are given.

Enzyme Inhibitor Data set Ko Koge K;
mtsg! 5! nm
FL-Protease BI 201335 1 (9.2 = 0.04) X 10° (51*+12) X107+ 0.56
2 (8.0 = 0.02) X 10° (43 +06) X10°* 0.54
3 (7.1 +0.01) X 10° (4.0 = 0.6) X 107+ 0.56
4 (9.6 = 0.03) X 10° (4.4 +0.9) X 107* 0.46
Average (8.5 = 1.2) x 10° (4.4 = 0.5) x 107* 0.53 = 0.05
FL-Protease 1 1 (13.9 + 0.04) X 10° (26.2 +1.0) X 10°* 1.88
2 (8.3 = 0.03) X 10° (152 = 1.0) X 10* 1.83
3 (12.1 + 0.04) X 10° (23.6 * 1.0) X 10~ * 1.95
Average (11 £ 3) x 10° (22 £6) x 1074 1.89 = 0.06
sc-Protease BI 201335 1 (4.9 = 0.02) X 10° (5.0 £ 1.0) X 107* 1.03
2 (5.8 = 0.01) X 10° (5.1 +0.6) X107 * 0.88
3 (5.5 = 0.01) X 10° (5.8+0.4) X107+ 0.99
Average (5.4 = 0.5) x 10° (5.3 £0.4) X 107* 0.97 + 0.08
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FIGURE 7. Binding modes of various inhibitor types to serine proteases. g, binding mode of a reversible covalent inhibitor to trypsin (49). b, binding mode
of an a-ketoacid inhibitor to NS3 protease (21). ¢, binding mode of an optimized C-terminal carboxylic acid inhibitor to NS3 protease.

gen bond with the acid proton of Asp-81 (17.2 ppm proposed
assignment). One striking difference between our results and
those reported by Merck is the tautomeric form that His-57 adopts
in the bound state. Indeed, the Merck group clearly demonstrated
that His-57 exists in the 61-NH tautomeric form (81-NH: 14.9
ppm) and is involved in a strong hydrogen bond with the carbox-
ylate of Asp-81 in the complexes they studied. Structural differ-
ences between the BI 201335 and the Merck inhibitors, particu-
larly at the P1 and P2, are likely responsible for the observed
differences in the tautomeric state of His-57. B 201335 possesses a
P1 C-terminal carboxylic acid and a substituted quinoline moiety
on the P2 proline, whereas the Merck inhibitors have either an
a-ketoacid or an amide moiety at P1 and a much smaller leucine
residue at P2 (45, 46). It is interesting to note that optimized NS3-
NS4A protease inhibitors containing either a carboxylic acid or an
acyl-sulfonamide moiety at P1 generally possess multicyclic aro-
matic substituents at P2, whereas potent inhibitors containing an
activated carbonyl at P1 generally have smaller nonaromatic P2
moieties (48). This difference in the optimized substitution at P2
may be partially explained by differences in how the catalytic his-
tidine interacts with these different inhibitor types. The catalytic
serine side chain of a serine protease typically attacks the carbonyl
of substrates or covalent inhibitors from the re-side (Fig. 7a) (49),
thus orienting carbonyl oxygen toward the oxyanion hole. How-
ever, for the NS3 protease in complex with reversible covalent
inhibitors, it has been shown that the nucleophilic attack is from
the si-side, leading to a tetrahedral intermediate in which the car-
bonyl oxygen points not toward the oxyanion hole but toward
His-57 and is involved in a hydrogen bond with its Ne2 atom,
which acts as the acceptor (Fig. 7b) (21, 45). For these inhibitors,
the histidine is not protonated and exists under its 61-NH tauto-
meric form, making a strong hydrogen bond with the carboxylate
of Asp-81. The smaller P2 residue of this class of inhibitor allows
the side chain of Arg-155 to remain in its apo conformation near
the Asp-81 carboxylate, thus leading to an ion pair electrostatic
stabilization.

Although the Ser-139 side chain is critical for the binding of
covalent inhibitors, single amino acid mutations have shown
that it does not contribute to binding of C-terminal carboxylic
acid inhibitors (27). Instead, the His-57 side chain was found to
play a much greater role (27). For these inhibitors it is likely that
His-57 becomes temporarily protonated before binding or per-
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haps immediately upon binding by abstracting a proton from
the C-terminal carboxylic acid of the inhibitor (pK, = 6.5, data
not shown). A protonated His-57 could then hydrogen bond
both with the Asp-81 carboxylate through its 61-NH and with
the inhibitor carboxylate through its €2-NH. However, unlike
the case for covalent inhibitors, the nearby guanidinium moiety
of Arg-155 in its apo conformation would be unfavorable to the
binding of acid inhibitors because such positive charges have
been shown to destabilize the histidine protonated imidazo-
lium group (47). The displacement of the Arg-155 side chain
away from the His-57/Asp-81 pair and into a salt bridge with
Asp-168 (Fig. 7¢), as is enforced by the P2 substituent of BI
201335, should therefore be beneficial to His-57 protonation
and hence to acid binding. Furthermore, with the aromatic P2
substituent bound directly over it, the His-57/Asp-81 dyad is
significantly shielded from solvent, thus providing a rationale as
to why the two residues exist in their neutral rather than
charged states. Indeed, it has been reported that the desolvation
effect arising from the energetically unfavorable process of bur-
ying an ionized group in a hydrophobic environment can lead
to pronounced shifts (> 2 units) in the pK, values of both acidic
and basic residues in favor of their neutral state (50, 51). Despite
the energetic costs associated with the conformational and sol-
vation changes described above, the overall rearrangement is
ultimately favorable because aromatic substituents on the P2
proline of C-terminal carboxylic acid inhibitors provide a sub-
stantial gain in potency (15, 40).

NS3-NS4A protease inhibitors are poised to fill a large unmet
medical need in the treatment of HCV infection. For one of
these inhibitors, BI 201335, we have employed an array of bio-
chemical and structural techniques to create a detailed under-
standing of its unique interactions with its target. Such insight
is key to understanding the differing properties of the various
clinical candidates and to the design of the next generation of
NS3-NS4A protease inhibitors.
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