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Infection by the hepatitis C virus (HCV) is a serious cause of
chronic liver disease worldwide, with more than 170 million
infected individuals at significant risk of mortality."! Though
an immunomodulator treatment of limited efficacy exists,
there is an urgent need for potent drugs which can specifically
target the viral proteins.”) The HCV-encoded NS5B RNA-
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dependent RNA polymerase is essential for viral replication
and has long been considered an attractive target for
therapeutic intervention in HCV-infected patients.”!

Herein, we report the application of structure- and
dynamics-based strategies for determining the binding mode
of novel benzimidazole inhibitors of the HCV polymerase.
We demonstrate that a screen-derived compound binds
directly to NS5B, and determine the polymerase-bound
structure of a potent analogand upon binding the polymerase,
and elucidate the principle binding roles of each of the
substituents. Besides providing medicinal chemists with
practical information for designing HCV polymerase inhib-
itors, the methodology has general utility and can be applied
to most ligand—macromolecule systems for studying molec-
ular recognition processes.

Our search for potential leads for inhibitors of NS5B
polymerase (HCV polymerase) began by using a high-
throughput screen (HTS) of our compound collection, from
which compound 1 was identified.® In addition to our
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biochemical specificity assays,!l differential line broadening
(DLB) NMR experiments®™® played an important role in
demonstrating that 1 binds directly to HCV polymerase and
not to RNA, a substrate in the HTS screen and specificity
assays. Figure 1a shows that a '"H NMR resonance of free 1
(blue) incrementally broadened upon addition of HCV
polymerase (red), whereas broadening was not detected in
the presence of RNA (blue versus red, Figure 1b). The
observed broadening is a result of fast-exchange binding (on
the NMR timescale) to the polymerase and is an average of
the linewidths and chemical shifts of the free and bound
states. A higher stoichiometry of ligand was employed to
simplify signal detection. Having identified compound 1 as a
valid lead compound,*” we subsequently synthesized numer-
ous analogues and discovered potent compounds such as 2,0"-*!
which has a truncated left side and a more optimal right side
that imparts a 738-fold improvement in potency. The discov-
ery process for these compounds®”® involved the develop-
ment of structure-activity relationships (SAR), assistance
from combinatorial chemistry, and the elucidation of the
binding role of each substituent.

As part of our inhibitor-optimization effort, several NMR
spectroscopic methods were used to monitor direct binding to

2 1C4, = 0.019 um
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HCV polymerase. '"H DLB experiments provided a straight-
forward and practical tool. Notably, specific resonances in the
"H spectrum of free compound 2 and the related analogue 5
(blue spectra in Figure 1d,e, respectively) differentially
broadened in the presence of relatively small amounts of
HCV polymerase (red). ’F NMR experiments also provided
evidence of direct binding. The sharp trifluoromethyl reso-
nance of free compound 4 (blue spectrum in Figure 1c¢)
broadened and shifted upon binding to the HCV polymerase
(red spectra). Unlike the 'H DLB experiment which
employed an excess of inhibitor, the YFNMR data were
acquired at a 1:1 inhibitor:polymerase ratio and thus provided
the additional advantage of potentially monitoring the
number of binding sites. The observation of a single, bound
F resonance in Figure 1c (red) is consistent with a single
binding site. Finally, a 'H transferred NOESY experiment?
was also applied to detect the binding of 1 (see Supporting
Information) and 2. The NOESY spectrum of free 2
(Figure 2a) lacks crosspeaks, as would be expected for a
fast-tumbling small molecule. In the presence of HCV
polymerase, multiple negative-sign crosspeaks appear as a
result of fast-exchange binding to the slower tumbling HCV
polymerase (Figure 2b).

The “transferred” NOESY crosspeaks in Figure 2b also
reflect a fingerprint of short, intramolecular hydrogen bonds
when compound 2 is bound to the polymerase. Overall, the
ensemble of data was suggestive of a single, bound confor-
mation with the exception of two potential orientations of the
benzoic acid—amide bond. On the basis of the transferred
NOESY crosspeaks, distance-restrained simulated-annealing
calculations were applied to determine the bound structure of
2. Two possible 3D structures, that differed only in the
orientation of the benzoic acid—amide bond, were determined
by calculations that varied only by the inclusion of an H15 to
H4 restraint (herein defined as the “NH up” orientation,
Figure 2¢), or the inclusion of an H15 to H6 restraint (herein
defined as the “NH down” orientation, Figure2d). A
definition of the atom numbering scheme is provided in
Figure 1e.) Although both corresponding NOESY crosspeaks
of equal intensity were observed and suggested a perpendic-
ular amide-benzimidazole orientation, our ab initio calcula-
tions were more consistent with the existence of either or both
energetically favorable coplanar orientations (see the Sup-
porting Information). It is also possible and likely that one of
the NOESY crosspeaks was an artifact of spin-diffusion
contamination!® and experimental attempts to resolve the
problem were unsuccessful (that is, very short mixing times,
QUIET-NOESY, etc.). Hence, we resorted to the design of
azabenzimidazole 7 as a conformational probe in which the
carbon atom at position Y was substituted by a nitrogen atom.
This compound was predicted by ab initio calculations to
preferentially adopt the coplanar NH up orientation of the
benzoic acid—amide bond in the free state as a result of a
favorable electrostatic interaction between the NH and lone-
pair of electrons on the nitrogen atom. This preferential
orientation in the free state was also observed by ROESY
NMR experiments (see the Supporting Information), and is
consistent with the bound structure in Figure 2c since
compounds 6 (Y=CH) and 7 (Y =N) exhibit similar affinity
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Figure 1. "H DLB and "’F NMR resonance broadening for monitoring the binding to HCV polymerase. a) The 'H resonance of H 7 of 1 in the
absence (blue) and in the presence (red) of incremental amounts of HCV polymerase (at inhibitor to polymerase ratios of 27:0, 18:1, and 14:1).
The NS5BA21C-HT polymerase construct was used for all NMR studies. b) The 'H resonance of H 7 of 1 in the absence (blue) and in the pres-
ence (red) of tRNA (at an inhibitor to tRNA ratio of 14:1). c) '°F NMR spectra (scaled as ppm) in the absence (blue) and in the presence (red) of
HCV polymerase at an inhibitor to polymerase ratio of 1:1. An 1Cs, value of 0.5 um was measured for compound 4. d) A subregion of the 'H spec-
tra (scaled in ppm) of 5 in the absence (blue) and in the presence (red) of HCV polymerase at an inhibitor to polymerase ratio of 70:1. The hydro-
gen assignments are provided above each resonance. An ICg, value of 0.03 um was measured for compound 5. e) Subregions of the 'H spectra
(scaled in ppm) of 2 in the absence (blue) and in the presence (red) of HCV polymerase at an inhibitor to polymerase ratio of 70:1. The hydrogen
assignments are provided above each resonance. The resonances of the spectator molecule [2,2,3,3-D,]3-trimethylproprionic acid (TSP) were used
to normalize the resonance intensities.
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for the polymerase. In conclusion, the 3D bound structure in
Figure 2¢ provided the first insight into the bioactive con-
formation of this class of compounds. Notably, the cyclohexyl

CCH,
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with a hydrogen atom resulted in a greater than 116-fold loss
in potency, and only very conservative replacements of the
cyclohexyl group were tolerated.”! We also observed signifi-
cant DLB for the NMR resonances of the cyclohexyl ring
(H8-H11) of compound 2 in the presence of the polymerase
(red spectrum, Figure 1e). Thus, the data taken together is
consistent with the cyclohexyl group having a direct role in
binding, and it highlights the application of DLB as a tool for
epitope mapping, as we reported elsewhere.!
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Figure 2. Monitoring of the binding and determination of the bound struc-
tures of compound 2. a) The amide/aromatic (horizontal axis) to aliphatic
(vertical axis) subregion of the '"H NOESY spectrum of free compound 2

(75 msec mixing time). b) A subsequent NOESY experiment is shown after
the addition of polymerase (NS5BA21-Hisg construct) to the NMR sample
tube (transferred NOESY data were acquired at a 70:1 inhibitor to polymerase
ratio). c) A representative structure of 2 when bound to HCV polymerase as
determined by a simulated annealing calculation that employed restraints
derived from transferred NOESY data. The calculations included a restraint
between H15 and H4 (and none between H15 and H6, see the numbering
scheme for the hydrogen atoms in Figure 1e). d) Another possible structure
of 2 when bound to HCV polymerase for which the calculations included a
restraint between H15 with H6 (and none between H15 with H4). The struc-
tures in (c) and (d) are colored by atom-type (oxygen: red, nitrogen: blue,
carbon: gray, hydrogen: white). It must be kept in mind that determination of
the 3D structures is limited by the inherent pseudosymmetry of the com-
pound. Given the C, pseudosymmetry along the benzimidazole plane, the
furan ring can adopt the bound conformations shown in (c) (top view) and/or
an orientation rotated by approximately 180° along the carbon C,-furan axis
(see Figure 1e for a definition of the atom numbering scheme employed).
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Elucidation of the principle role of the C2 substituent
was also pursued. Initially, we observed the lack of DLB for
the '"HNMR resonances of the extended left side of
compound 1.7 This observation suggested that these
hydrogen atoms experienced insignificant changes in
their magnetic environments upon binding, as one would
expect if they were exposed to solvent in both the free and
bound states. It was also consistent with our finding that
partial truncation of the left side resulted in no significant
change in the binding affinity for the polymerase.”)
Similarly, the lack of DLB observed for H12-H14 of the
furan ring at position 2 of compound 2 (Figure 1e) also
suggested that it experiences a minimal, direct contact with
the polymerase, and it is consistent with our results
obtained from studies of structure-activity relationships!”’
which showed that the furan ring can be substituted by a
variety of aromatic groups with little effect on potency.
However, replacement of the furan ring by a hydrogen
atom resulted in a 30-fold loss in potency.”! One possible
explanation is that the furan ring doesn’t directly contact
the polymerase, but instead influences the conformation of
the critical cyclohexyl ring in the free state. We applied
ab initio calculations to monitor the preferred orientations
of the S| torsion angle (defined by the C8—N1 bond in
Figure 3¢) of compound 2 versus that of a model com-
pound in which the furan ring is replaced by a hydrogen
atom. The calculations determined that a single, lowest-
energy torsion angle at approximately 0° was preferred for
compound 2, with high-energy barriers to rotation (Fig-
ure 3a). In contrast, the calculations involving the model
compound (Figure 3b) exhibited two lowest-energy torsion
angles at about 180 and 0° with much lower energy barriers
to rotation. Thus, the furan ring apparently contributed to
orienting the cyclohexyl ring of the free compound (ca. 0°
for §;) to a conformation that resembled the bound state
(ca. 0° for S, in Figure 2¢ and d). As further validation,
ROESY data on the free state of compound 2 and
transferred NOESY data on the bound state exhibit similar
crosspeak patterns that are indicative of a preference for a
0° torsion angle along S;,. Spectra in the Supporting
Information show large crosspeaks between HS with H14
and H12, as well as smaller crosspeaks between H8 and H7.
Furthermore, a restricted rotation about the C8—N1 bond
was also consistent with the relatively short *C spin-lattice
relaxation times (**C T;) for the C8 and C11 atoms of the
cyclohexyl ring of compound 2 (Figure 3¢, numbers in
round brackets). *C T values are sensitive to motions on
the pico- to nanosecond time scale and represent an
excellent NMR parameter for monitoring the relative
flexibility of C-H vectors. Shorter times are indicative of
relatively slower segmental motion or flexibility. In sum-
mary, the conformational restriction induced by the furan
ring results in a minimization of the overall entropic cost of
binding.

The function of the benzimidazole ring was also
investigated. Its role as a scaffold that orients the three
appendages in 3D space is visible in Figure 2¢ and d. In
addition, our DLB data also showed significant DLB for
H6, which suggests that this portion of the ring contacts the
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Figure 3. Monitoring the flexibility (dynamics) attributes of free and bound compound 2 and free
compound 3. a) ab initio RHF/6-31G** calculations of compound 2 in which the energy is deter-
mined for each torsion angle value of S, along the N1—C8 bond. The torsion angle is defined as
the C2-N1-C8-H8 atoms. The atom numbering scheme is shown by the numbers with no brackets.
b) Similar calculations are reported for a model compound that is similar to 2 with the exception
that the furan ring is replaced by a hydrogen atom. c) *C NMR T; relaxation times (seconds) are
displayed (round brackets) beside each carbon atom for compound 2 (data are derived from the
compound in [Dg]DMSO). In the cases where two hydrogen atoms are attached to a single carbon
atom, NT, data are given (the product of the number of attached protons and the longitudinal
relaxation time). Transferred ">C T; relaxation data are displayed within square brackets. The values
displayed are the percentage change from free versus that after addition of the polymerase
(NS5BA21-HT construct). Data were acquired using aqueous buffer (see Supporting Information).
Transferred "*C T, data were not acquired for the aliphatic carbon atoms. d) Histogram of torsion
angle S, of compound 2 sampled during a 1 nsec molecular dynamics simulation. The S, torsion
angle is defined by the indole atoms C-C17-C16-H16, see (c). e) A similar histogram as in (d) is
shown except that compound 3 was studied.

bumped into the polymerase surface. Thus, it
appeared that the lower part of the benzimi-
dazole participated in direct binding to the
polymerase pocket, whereas the upper part
was exposed to the solvent.

Our studies also probed the binding role
of the carboxylic acid at position C16 of
compound 2. Its importance was evident
given that a 48-fold loss in potency was
observed upon substituting the carboxylate
group with a hydrogen atom (2 versus 3). This
loss could not be attributed to the elimination
of an ionic or hydrogen-bonding interaction
with the polymerase, since esterification of
the carboxylic acid to a methyl ester or
replacement of the carboxylic acid with a
methyl group in a related series resulted in
equipotent compounds.®®!! We therefore con-
sidered that the carboxylic acid contributed to
a favorable rigidification of the indole and
linker segment (C16 and C17). The relative
flexibility of both compounds in the free state
was thus monitored by NMR spectroscopic
and molecular modeling methods. First,
middle-range 'H coupling constants were
observed for 3 (Jypms=5.6, 5.6Hz,
Juwisniz=17.1, 7.1 Hz) which are indicative of
an average of populated torsion angles,
whereas more extreme values were observed
for compound 2 (Jxgmes=7-2Hz, Jagmr=
10.1, 4.5 Hz) which is consistent with a more
defined conformation. Moreover, the “C
T, values for the right-side segment of com-
pound 2 were significantly shorter, thus
suggesting a lower degree of flexibility rela-
tive to those of 3 (for example, 0.28 versus
0.82 for C16, 0.24 versus 0.38 for C17, and
0.59 versus 0.68 for C23; see the Supporting
Information). Furthermore, our free-state
molecular dynamics (MD) calculations deter-
mined that a boundlike torsion angle of

4410

polymerase (Figure 1e). The resonances of H4 and H7 were
superimposed with H15 (Figure 1e), which unfortunately
hindered interpretation. However, observations were possible
for these hydrogen atoms in the closely related analogue §
(Figure 1d), in which the resonances of H7 and H6 were line-
broadened and H4 was relatively less affected, thus suggesting
that the former were exposed to the polymerase pocket
whereas the latter was exposed to the solvent in the bound
state. These observations were further probed by monitoring
changes in the binding affinity upon addition of bulky methyl
groups at the C4 or the C6 positions in a related, truncated
series (that is, 8-10). It was noteworthy that 9 (ICs,=2.2 um),
which is methylated at position C4 (defined as X;), had
similar potency relative to the unmethylated analogue (8,
IC5,=1.6 um), thus suggesting that the methyl group was
likely exposed to the solvent. In contrast, methylation at the
C6 position (defined as X,) resulted in a >31-fold loss in
potency (10, ICs, > 50 um), which suggests that it unfavorably

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.de

approximately 50° along C16—C17 (S, as defined in Figure 3¢)
was preferentially populated for 2 (Figure 3d), whereas an
additional torsion angle of —50° was also populated in 3
(Figure 3¢). In summary, the presence of the acid at C16
rendered compound 2 less flexible than 3 which translates into
a lower entropic cost for binding.

We previously reported a stepwise SAR that illustrated
the importance of the indole and acetic acid groups to the
affinity of compound 2 for the polymerase.”l Line-broadening
was observed for the resonances of H20-H22 (Figure 1e),
which indicates the indole partially contacts the polymerase
pocket. We also identified important differences between the
free and bound states of the indole ring. The H6 of the
benzimidazole is distal from the acetic acid H23 in the bound
state based on the absence of the corresponding transferred
NOESY peaks, whereas a ROESY crosspeak was observed
between these hydrogen atoms in the free state (see the
Supporting Information). We further probed this difference
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using the transferred °C T, experiment, which was developed
particularly for the purpose of identifying ligand substituents
that are flexible in the free state and which become rigidified
in the bound state”) C T, data were acquired for free
compound 2 and were then compared to data acquired on the
same sample after adding polymerase. The percentage differ-
ence for each carbon atom is shown in Figure 3 ¢ within square
brackets. High percentage changes were observed for C18,
C21, and C22 (namely, they were rigidified upon binding) and
a low percentage change was observed for C20 (minimal
flexibility changes upon binding). One would expect this
pattern upon rigidifying a flexible C17-indole torsion angle in
the free state to a single bound conformation, when it is
considered that the C20 C-H vector experienced only minor
percentage changes because it lies along the pivotal C17-
indole axis.

In conclusion, we have described a concerted approach
involving SAR and structure- and dynamics-based methods
for elucidating important features of the binding mode of
novel benzimidazole inhibitors of HCV polymerase. We have
demonstrated the utility of these ligand-focused methods
when applied early in the drug-discovery process, such as the
validation of HTS hits for lead identification, thus providing
an additional NMR screening strategy that can compliment
STD!" and SAR by NMR spectroscopic methods.'”! We have
also demonstrated its utility as a medicinal chemistry tool for
optimization of compound potency. In the examples descri-
bed here, and in the design of HCV protease inhibitors
reported elsewhere,'! they have been particularly valuable
in the absence of X-ray structural information of a complex, a
dilemma frequently encountered at the early stages of drug
discovery. Despite this situation, the information described
here has further potential value for medicinal chemistry
purposes, and several avenues are currently under evalua-
tion."”! For example, rigidified analogues could be designed
that mimic the bioactive conformation and reduce entropic
costs upon binding. Given that large percentage transferred
3C T, values were observed for the indole and furan rings
(Figure 3¢, numbers within square brackets), analogues that
rigidify the Cl7-indole and C2—furan torsion angles should
improve potency. Also, a diversity of functional groups could
replace the acid at C16 as long as the indole and linker
segments are adequately rigidified. Finally, the 3D bound
structures and DLB data of 2 may be useful in determining
the first model of a complex using an apo crystal structure of
HCV polymerase, as we have done successfully in our HCV
protease inhibitor program.”! This approach could be guided
by the recently proposed polymerase binding site near Pro495
for a related benzimidazole—cyclohexyl compound that was
determined by cell culture resistance studies.!'” Notably, these
resistance studies suggest that the benzimidazole inhibitors
bind distal to the active-site tunnel and at a distinct site from
other classes of inhibitors reported to date,'" and thus further
highlights the potential “drugability” of HCV polymerase.
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