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Abstract—Non-nucleoside inhibitors of HCV NS5b RNA polymerase were discovered by a fragment-based lead discovery
approach, beginning with crystallographic fragment screening. The NS5b binding affinity and biochemical activity of fragment hits
and inhibitors was determined by surface plasmon resonance (Biacore) and an enzyme inhibition assay, respectively. Crystallo-
graphic fragment screening hits with �1–10 mM binding affinity (KD) were iteratively optimized to give leads with �200 nM bio-
chemical activity and low lM cellular activity in a Replicon assay.
� 2008 Elsevier Ltd. All rights reserved.
Hepatitis C virus is the leading cause of chronic liver dis-
ease throughout the world. Patients infected with HCV
are at risk of developing cirrhosis of the liver and subse-
quent hepatocellular carcinoma, and hence HCV is one
of the major reasons for liver transplantation. HCV
NS5b polymerase has been the focus of many drug dis-
covery efforts,1 but has proven to be a difficult target as
evidenced by the small number of clinical candidates tar-
geting this enzyme to date.2

Fragment-based lead discovery has been recently re-
viewed.3 Crystallographic fragment-based screening
seemed particularly well suited for a challenging target
such as HCV polymerase, since previous work has
shown that the high screening hit rate for such small,
low MW compounds can often identify novel, tractable
hits that can be optimized into potent leads with good
‘drug-like’ properties.4 In particular, crystallographic
fragment screening can identify hits that may be too
weak to be identified in biochemical assays. Crystallo-
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graphic fragment screening also provides unambiguous
proof of binding to the target site and reveals the details
of the hits binding mode, providing clear direction for
how they may be optimized into more potent lead com-
pounds. Cocrystal structures of HCV NS5b RNA
dependent RNA polymerase (NS5b) with small mole-
cule inhibitors have been previously reported.5 We
developed experimental protocols for growing NS5b
crystals that were suitable for determining inhibitor
cocrystal structures by soaking.

Fragments in the screening library were chosen to be
consistent with ‘lead-like’ properties,6 and also to in-
clude two or more substituents to facilitate analog syn-
thesis. The fragment library had a MW range of 100–
220D and an average MW of 160.7 About half of the
fragments contain an aromatic bromine, both as a con-
venient substituent for synthesis and to facilitate deter-
mination of bound hits by collecting X-ray data at the
bromine anomalous dispersion wavelength. Ninety-six
mixtures of 10 fragments (5 mM concentration each)
were incubated with the NS5b protein crystals for
24 h. Datasets were obtained for 89 of 96 mixtures at
a typical resolution of 1.7 Å (range 1.6–2.1 Å). Twenty
individual hits were identified, 17 of which were bound
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at an allosteric site in the thumb domain.8 In most cases
the hit was unambiguously identified directly from the
mixture screen. Other hits with less well-defined electron
density were identified by soaking the individual com-
pounds from the mixture.

Surface Plasmon Resonance (SPR) technology as imple-
mented with BIAcore instruments was applied initially
to detect protein–protein interactions, followed by pro-
tein–ligand interactions with high affinity (e.g., sub-
lM). Recent hardware and software improvements have
enabled the determination of binding affinities of smal-
ler, weaker ligands, such that SPR analysis can be used
to detect fragment binding. Using this technique we
were able to measure equilibrium binding affinities
(KD) for fragments and elaborated molecules with mod-
est affinity.

The fragments found to bind to the thumb site had a
number of common features (Fig. 1), most notably the
frequent presence of an aryl or heteroaryl bromide, and
a preponderance of carboxylic acids. The hits tolerated
a range of substituents meta and para to the bromine.
Interestingly, the corresponding chloro substituted ana-
logs were not observed crystallographically.

A number of hits were observed to interact with the car-
boxylic acid binding site (S476 and Y477) in a manner
analogous to the published Shire inhibitor 6.9,10 For
example, 5 is involved in two hydrogen bonds to S476
and Y477 backbone NHs. These interactions were also
observed with other carboxylic acids. In the case of 2,
the carboxylic acid binds to S476 and Y477 while the
Figure 1. Some of the fragment hits observed at Thumb site in NS5b

crystal structures, and Reference inhibitor 6 from reference 2.
bromophenyl occupies a hydrophobic pocket in the
floor of the binding site. In a biochemical assay, which
measures the inhibition of 3H UTP incorporation into
RNA using a poly A RNA template,11 the IC50 value
of fragments discovered in the crystallographic screen
was in the 200–500 lM range, or was too weak to be
measured. The binding affinity of 1 and 4 to the NB5b
protein was in the millimolar range.12

In parallel, the biochemical assay was used to identify
hits from the same fragment library screened at high
concentration. None of the biochemical hits, which
had IC50 values ranging from 2 to >100 lM, were ob-
served to bind to the NS5b protein crystals in soaking
experiments. SPR analysis of the biochemical hits also
failed to detect any binding affinity.

The initial optimization efforts were focused on 1 which
offered a number of possibilities for elaboration. The
goal was to increase the affinity and biochemical activity
by creating additional interactions in the binding pocket
between R501 and S476 and Y477 (Fig. 2).

A second class of fragments was also discovered in the
initial crystallographic fragment screen (3 and 4 are rep-
resentative examples). In this case, the bromoaryl moi-
ety binds in the pocket as in 1, but the amide carbonyl
oxygen interacts with the S476 backbone NH in the car-
boxylic acid binding site. The succinic acid electron den-
sity is well defined, with the carboxylate interacting with
the S476 hydroxyl on the surface of the protein. Since
this is a surface residue, it was unclear how much bind-
ing affinity was due to this interaction and whether it
was critical for binding. An initial library of anthranila-
mides 7 was made using a diverse selection of primary,
secondary, and aromatic amines (Scheme 1). A second
set of amines, distinct from the first, was selected and
coupled to 5-bromo anthranilic acid 1, and then treated
with succinic anhydride to give the succinamide prod-
ucts 8 (Scheme 1).
Figure 2. Crystal structure of fragments 1 and 4 bound to NS5B.



Scheme 1. Reagents and condition: (a) 1, R1 Amine (1.2 equiv),

HATU (1.2 equiv), DIEA (1.2 equiv), DMF; (b) Succinic anhydride

(1.2 equiv) Toluene, 90 �C.

2992 S. S. Antonysamy et al. / Bioorg. Med. Chem. Lett. 18 (2008) 2990–2995
The initial set of compounds was screened and a number
of derivatives showed biochemical inhibition in the 17–
500 lM range, with comparable SPR binding affinities
(Table 1). From this initial screening set, it was clear that
secondary amides were less active than tertiary, and that
cyclic amides were preferred over acyclic amides. The
measured binding affinities were generally in agreement
with the biochemical results. SPR analysis also allowed
us to identify and exclude compounds that displayed
Table 1. RNA polymerase inhibition of 5-bromoanthranilic acid

derivatives

Compound R1 IC50 (lM) KD (lM)

7a >500 nd

7b 178 nd

7c 57 ins

7d 132 210

7e 17 14

7f 170 192

7g >500 nd

7h >500 nd

7i 190 36

7j >500 nd

Values are means of duplicate experiments. KD was measured by

Biacore. Standard deviations are ±50% of the reported values.
non-ideal behavior such as aggregation, poor solubility,
or non-stoichiometric binding, which was presumed to
reflect non-specific inhibition (e.g., 7b and 7c).

Based on these initial results, we prepared additional
analogs of 7 to probe the binding site further. An ex-
panded set of R1, including substituted pyrrolidines,
piperidines, piperazines, and azepines, as well as bicyclic
amines, was coupled to 5-bromoanthranilic acid 1. The
second set of compounds retained the most active 3,5-
cis-dimethylpiperidine at R1, coupled to a series of 5-
and 6-substituted 3-bromo or 3-chlorobenzoic acids.
These were designed to probe the steric and electronic
preferences in the hydrophobic pocket, as well as
attempting to extend into the groove. Biochemical
screening of these second round arrays revealed no com-
pounds with greater inhibition than compound 7e.

Additional analogs of 7e with substitution ortho to the
aniline provided other insights. A number of small sub-
stituents were tolerated in crystal structures (Cl, CH3)
but all were less potent than 7e. To provide insight for
this lack of improvement, a number of compounds were
soaked into NS5b crystals. These crystal structures
showed that the 3,5-dimethylpiperidine amide makes a
number of critical interactions with the protein. The
amide carbonyl is twisted out of the plane of the aryl
group and interacts with the guanidine of R501
(Fig. 3). Both methyl groups on the piperidine appear
to be necessary, since removing one or both methyls
(e.g., 7f and 7g) reduces activity. The dimethyl piperi-
dine also seems to have optimal interactions with the
floor of the binding site, since no other amines profiled,
including substituted morpholines and thiomorpholines,
offered any improvement. Pyrrolidines, tetrahydroiso-
quinolines, azepines, and piperazines also did not im-
prove activity beyond 7e. Crystal structures reveal that
although several pyrrolidine derivatives (e.g., 7c) bind
to the site, their binding mode is different from 7e. In
these compounds, the amide carbonyl oxygen no longer
Figure 3. Crystal structures of 7c and 7e bound to NS5b.
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interacts with R501, but rather hydrogen bonds to the
backbone NH of S476. In this conformation, there is a
large portion of the site unfilled. In compounds with a
substituent ortho to the aniline, the aromatic ring ro-
tates to accommodate the substituent. This prevents
the ring from pushing down into the pocket to the same
extent as the unsubstituted analogs.
Table 2. RNA polymerase inhibition of succinate derivatives

Compound R1 R2 IC50

(lM)

KD

(lM)

8a >500 nd

8b >500 nd

8c 533 nd

8e 1.0 0.31

8f 11 1.7

8g 2.1 ins

8h 0.4 0.30

8i 0.25 0.46

8j 4.3 9.4

8k 9 nd

8l 11 nd

8m 7.5 nd

Values are means of duplicate experiments. KD were measured by

Biacore. Standard deviations are ±50% of the reported values.

ND, not determined; Ins, insoluble.
As can be seen in Table 2, incorporation of the succinic
acid group into the preferred compound 7e to provide
compound 8e showed a 17-fold improvement over the
parent, and was found to maintain the interactions of
the succinamide fragment 4. Interestingly, introduction
of the succinate into other anthranilamides (e.g., 8a–c)
led to a marked decrease in biochemical activity. We
therefore focused on determining which of the interac-
tions made by the succinamide moiety were responsible
for the gain in potency in going from 7e to 8e.

Truncation of the terminal acid and replacement with an
acetamide or sulfonamide (8f and 8m), or ester forma-
tion (8g) were found to be deleterious. Various amides
were also tested. The dimethyl amide 8h and the mor-
pholine amide 8i were 2.5- and 4-fold more active than
the carboxylic acid, respectively. Examination of the
cocrystal structures of acid 8e (Fig. 4) showed that the
carbonyl adjacent to the aniline nitrogen interacts with
the backbone NH of S476 as in fragment 4, while the
carboxylic acid binds to the S476 hydroxyl and the imid-
azole of H475. In the case of the morpholine amide 8i,
the interaction of the anilide carbonyl with S476 was un-
changed, but the morpholine stacks with the imidazole
ring instead of forming a hydrogen bond. The primary
amide 8j was 18-fold less active than the morpholine
amide 8i. A 1,4-dicarbonyl arrangement appears to be
preferred, since glutarate 8k and malonamide 8l were
both 10-fold weaker than parent 8e. It is likely that a
1 or 3 atom linker between the carbonyls does not allow
the terminal group to interact productively with S476
and H475.

At this point we focused our efforts in three directions: first,
optimizing the stacking interaction with H475; second,
reducing the rotational freedom of the succinate moiety;
and third, exploring other 1,4-dicarbonyl arrangements.

Starting from 7e, ketoamides such as 9a–c were obtained
by acylation of the aniline (Scheme 2). The results
Figure 4. Crystal structure of 8e and 8i bound to NS5b.



Scheme 2. Reagents: (a) 7e, RCOOH (1.2 equiv), HATU (1.2 equiv),

DIEA (1.2 equiv), DCM/DMF; (b) TFA/DCM, then, RCOOH (1.2

equiv), HATU (1.2 equiv), DIEA (1.2 equiv), DCM/DMF; (c) COCl2,

DCM, NaHCO3, then, RNH2.

Table 3. RNA polymerase inhibition of succinate derivatives

Compound R2 IC50 (lM) KD (lM)

9a 0.44 0.97

9b 0.54 1.85

9c 0.59 1.04

10a 0.60 0.46

10b 1.0 0.80

10c 0.36 0.35

10d 0.17 0.37

11a 0.13 0.54

11b 0.43 0.57

11c 0.25 1.02

11d 0.35 1.28

11e 1.03 0.15

Values are means of duplicate experiments. KD were measured by

Biacore. Standard deviations are ±50% of the reported values.
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showed that the terminal amide could be replaced with
an aryl ketone, and provide similar biochemical activity
(Table 3).

Replacement of C2 of the succinate with nitrogen main-
tained potency as can be seen comparing the urea deriv-
ative 10a with its direct analog 8h. Interestingly,
compounds such as 10b–d, which replaced the terminal
amide with an aromatic or heteroaromatic ring were
also active, indicating that the carbonyl is not essential,
but can be replaced by another group capable of p
stacking with the H475. The results of compounds 9
and 10 are consistent with the notion that the stacking
interaction with H475 is providing increased activity,
and that this is possible with a range of different substit-
uents. Since these interactions occur in a solvent exposed
region there is little steric discrimination to prevent
groups differing widely in size from binding efficiently.
As can be seen in the urea series, both electron-rich
and electron-poor rings interact favorably in this region.

Inspired by the positive results with 9 and 10, a series of
amino acid amide derivatives (11a–e) were also pre-
pared. Glycine derivatives 11a–c, which replaces a car-
bon in 9 with nitrogen, showed similar biochemical
potencies as well as binding affinities. Of the many cyclic
analogs prepared (not shown), only proline analogs such
as 11d and 11e exhibited less than 10 lM potency. These
observations indicate that analogs with restricted rota-
tion between the carbonyl moieties derived their potency
from a dependency on the conformation of the side
chain.

Based on both biochemical activity and binding affinity,
a set of compounds was selected for testing in the Rep-
licon assay (Table 4). Compounds with non-ideal behav-
ior in the SPR assay were discarded.

The most active was the proline analog 11e, possessing
an EC50 of 3.7 lM. The correlation of the replicon activ-
ity of these analogs with the SPR affinity and with the
biochemical activity is observed, although there are out-
liers in both cases. Nonetheless, both assays taken to-
gether were good predictors of Replicon activity.
Interestingly, these results demonstrate that compounds
without a charged group can interact strongly with the
carboxylic acid binding site, S476 and Y477.

In summary, this work demonstrates that fragments
with millimolar binding affinity discovered by crystallo-
graphic screening can be improved over 1000-fold
resulting in compounds with nanomolar affinity using
structure-based design. SPR analysis, using BIAcore
technology, was critical in the early stages of this work,
as most of the initial fragments showed undetectable



Table 4. Replicon activity for selected analogs

Compound Replicon activity EC50 (lM)

8e 22.8 ± 1.5

8h 6.1 ± 1.0

8i 7.4 ± 1.6

9a 4.3 ± 0.3

9c 7.9 ± 0.4

10a 5.6 ± 0.5

10b 4.9 ± 0.7

10c 6.9 ± 0.6

10d 4.6 ± 0.9

11a 5.5 ± 0.4

11b 5.7 ± 0.7

11c 8.7 ± 0.1

11d 12.9 ± 2.9

11e 3.7 ± 0.2

Values are the mean of at least n = 2 experiments.
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biochemical activity. SPR analysis also helped diagnose
biochemical false positives during fragment optimiza-
tion; several of these analogs did not bind to the enzyme
based on both SPR and crystallographic analysis. Using
these tools, neutral inhibitors of NS5b were discovered
and shown to possess interesting cellular activity. Fur-
ther progress on this series will be reported in due
course.
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