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ABSTRACT: The use of fragments with low binding affinity for their targets as starting points has received much attention
recently. Screening of fragment libraries has been the most common method to find attractive starting points. Herein, we
describe a unique, alternative approach to generating fragment leads. A binding model was developed and a set of guidelines were
then selected to use this model to design fragments, enabling our discovery of a novel fragment with high LE.

■ INTRODUCTION

In the last two decades, fragment screening has been embraced
by the pharmaceutical and biotechnology industry, becoming
an integral part of drug discovery. Much of this can be
attributed to the early success of several companies that
developed fragments into clinical candidates1,2 or a marketed
drug.3

Fragments as starting points for lead identification efforts are
typically found by using two complementary approaches: (1)
screening a library of fragments or (2) by de novo fragment
design using computer-assisted methods. The use of fragment
libraries is the most common approach. A summary of the
process and successes of using libraries for fragment-based drug
discovery has been documented by Erlanson.4 Two decades
ago, computer-assisted de novo design methods such as
LEGEND5 attracted the attention of researchers to use
computational tools to create novel structures that could
become drugs. Since then, a large number of new programs
have been described in the literature that addresses the
approach of de novo design. Two excellent reviews by Loving6

and Rognan7 describe the methods and approaches used by the
different programs. Even with the success obtained by using
software to do de novo fragment design, some drawbacks have
been identified and are difficult to overcome.7

Herein, we describe our approach to de novo fragment
design targeting the hepatitis C virus (HCV) nonstructural 5B
(NS5B) polymerase that plays an important role in the life
cycle of the virus by replicating the viral genome.8 We
approached de novo fragment design by implementing some of
the same principles utilized by computer programs. Key
receptor interactions were identified, and design constraints
were defined. The generation of the novel compounds was
done differently. The fragments were created by medicinal
chemists that applied their own experience to design novel
molecules that addressed all the recognized disadvantages.

■ RESULTS AND DISCUSSION

A library of ∼2700 fragments was screened against the HCV
NS5B polymerase using surface plasmon resonance (SPR) and
confirmed 163 hits. Using different parameters, 29 fragments
were selected for crystallography but only fragment 1
cocrystallized with NS5B (NS5B BK KD = 78 μM and IC50 =
130 μM). Attempts to directly improve potency, and some of
the physicochemical and ADME properties of the scaffold
provided by 1 were unsuccessful.
At the same time that the screening activities were ongoing, a

de novo fragment design approach was also taken to come up
with leads that could then be moved into optimization as an
alternative to library screening. Of the four allosteric sites in
NS5B known,9 the palm I site was selected for targeting using
this approach.
Our first step was to build a model containing key

interactions in the palm I allosteric site. We used the
crystallographic data available from our internal efforts (2 and
310,11) and the relevant structures in the public domain (4−
612−14) available at the time (early 2007).
As mentioned above, we were not able to use 1 as an explicit

starting point for our medicinal chemistry efforts, however, 1
played an important role in helping us develop our model.
Careful analysis of the crystallographic data revealed that the
pyrazolopyrimidine N-2 makes a hydrogen bond accepting
interaction with the backbone NH of Tyr448, and the NH
hydrogen on the N-1 was within hydrogen bond distance (2.4
Å) to the backbone carbonyl of Gln446 (Figure 1). This
interaction with Gln446 was unexpected and to our knowledge
the first time that a small molecule binding in the palm I site
exhibited it.
Once we had selected the relevant molecules (1−6) from

which to develop the model, it was decided to focus mainly on
the hydrophobic area of the allosteric site (for additional
descriptions of all the interactions in this site see ref 10). First,
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it was recognized that all the inhibitors made a primary
interaction not only with the backbone NH of Tyr448 but also
with either the carbonyl of Gln446, as described for 1, or with
the NH of Gly449 through a conserved molecule of water (2
and 3) or directly (5 and 6). It was also observed that the
hydrophobic pocket can expand and has a relatively wide entry
point that accommodates hydrophobic groups of different sizes
from different directions. The largest pocket observed was with
4. The importance of the aryl side chain of Tyr448 was also
recognized, as all of 1−6 make aromatic edge-to-face
interactions. Hydrophobic interactions with Gly410 and/or
Met414 side chain were observed with all the inhibitors. An
idealized design model was constructed utilizing all of these
important interactions for the purpose of de novo design
(Figure 2).
With the model in place, the following set of guidelines were

proposed for the design of de novo fragments: (a) satisfy
backbone carbonyl of Gln446 and NH of Tyr448, optionally
displacing or engaging the conserved molecule of water, (b)
occupy large hydrophobic pocket, probing with variable groups
to satisfy pocket size, (c) position an aromatic group to make
edge-to-face interaction with the aryl side chain group of
Tyr448, and (d) include at least one hydrophobic interaction
with Gly410 and/or Met414. The following steps were
followed for the design and selection of targets: the medicinal
chemist discussed his ideas with the computational chemist and
modeled them. In a routine manner, the ideas were discussed
and brainstormed within the team and collectively selected the
most promising proposals for synthesis.

It was preferred at this point of the program to focus on
molecules with no acidic functionality to avoid potential issues
with permeability. Because fragment 1 was the only known
binder to palm I without an acidic moiety, we focused on
incorporating the unique NH Gln446 interaction into our
design. The first step was to identify ring systems containing a
hydrogen donor (NH) and an acceptor (N or O) separated by
two, three, or four bonds.
A comprehensive set of heterocycles satisfying these criteria

was derived from the CSD and a ring system identification
algorithm.15 All docking, energy minimization, and visual
analyses were performed using the Molecular Operating
Environment (MOE).16 The initial pose in the binding pocket
of each heterocycle was generated using a three-point
pharmacophore defining the ideal location of the hydrogen
bond donor, hydrogen bond acceptor, and a ring center, each
with a radius of 1 Å. These initial poses were then subjected to
energy minimization with the MMFF94s forcefield using the
“R-field” solvent model. The RMSD of the pharmacophore
points for the energy minimized coordinates was used to rank
order the heterocycles for visual analysis. Each heterocycle was
visually studied both for the ability to satisfy the desired
hydrogen bonds and to provide a vector toward the other key
interaction points. In general, the ring systems capable of 1,2-
and 1,3-interactions modeled the best, some of them shown in
Figure 3.
Ligand efficiency17 (LE) was tracked during this process to

drive the design toward efficient binders because it has been
shown that the initial LE for a lead is maintained or decreases as
the series evolve to a clinical candidate.18

This process can be exemplified with the imidazol-2-one
moiety (Figure 4). When this ring system was modeled, it was
apparent that good interactions with the backbone carbonyl
Gln446 and NH Tyr448 could be made. One of the ring
nitrogens was in a position to grow toward the hydrophobic
pocket (yellow arrow). When this model was overlapped with 1
(in gray), this assumption was confirmed and it was also noted

Figure 1. Co-crystal structure of fragment 1 with HCV NS5B
polymerase. Simplified view of the binding of 1 in the palm I allosteric
site. Dashed lines indicate the hydrogen bond interactions of the
ligand with the backbone residues.

Figure 2. Model depicting key interactions. Displayed are the
identified amino acids important for the binding of the known
inhibitors. The dashed circles indicate possible modes of hydrogen
bond donor−acceptor interactions with the backbone, and the gray
areas represent volumes where hydrophobic interactions were
identified. The red sphere represents a conserved molecule of water.
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that N-5 nitrogen on the pyrimidine portion of 1 could be
mimicked by adding a carbonyl group to the five-membered
ring system, changing the imidazol-2-one to a hydantoin ring
system. In turn, the hydantoin could give us the opportunity to
add alkyl groups (R2) on C-5 to interact with Gly410 (small
hydrophobic site).
First, fragment 7 was prepared and screened but did not

show any measurable activity in the biochemical assay (Table
1). Adding 3,4-dichloro substitution to the aryl ring (8) did not
show any improvement, but 4-t-butyl substitution (9) started
showing some activity. Other substitutions on the aryl ring did
not improve the activity of this early fragment. After having
fulfilled three of the requirements in our model (carbonyl
Gln446/NH Tyr448 backbone interactions, filling of hydro-
phobic pocket and edge-to-face with Tyr448), we explored the
R3 substitution on the hydantoin to make interactions with the
hydrophobic site. Interacting with this part of the palm I site
proved to be important to gain extra affinity. As seen in Table 1,
as the size of the alkyl group (R3) increased from hydrogen (9,
IC50 = 364 μM) to i-propyl (12, IC50 = 21 μM), the potency
improved by more than 15-fold. Fragment 12 was cocrystallized
with NS5B and confirmed the expected binding mode as
described above (Figure 5). Up to this point, our model and
guidelines had helped us design a novel fragment for the NS5B
polymerase.
Another ring system that showed good interactions when

modeled into the hydrophobic pocket of the palm I site was the
2-pyridone moiety (Figure 3). The NH and carbonyl of the
pyridone looked to be able to provide good hydrogen bond
distances to the two relevant interactions on the backbone.
Analyzing the positions to grow toward the lipophilic pocket,
C-3 of the pyridone appeared to be a reasonable choice to add
substitutions. The pyridone with the 4-t-benzyl group (13) on

C-3 was synthesized and screened in the enzyme assay against
NS5B, displaying similar activity as 9 (Table 1).
Another way to fill the lower pocket, based on modeling, was

by directly attaching on the C-3 position of the pyridone an aryl
ring with a substituent on the meta position. We started with
one of the groups initially reported by Pfizer.12 Fragment 14
was prepared and presented an increase in potency with respect
to the previous fragment, however, the ligand efficiency stayed
the same. The use of LE at this point of fragment design was
very useful because it was an excellent metric to indicate if the
changes improved the binding affinity of our fragments.
Because of the null gain in LE by attempting to fill the large
hydrophobic pocket, we explored again the use of the t-butyl
group. Fragment 15, with a t-butyl group in the meta position,
was prepared and screened in the enzyme assay to give an IC50
= 4.0 μM, over 100-fold increase in potency with respect to 13.
The properties of 15 stayed within the desired range

(calculated pKa 10.4 and PSA 26) and had an excellent LE of

Figure 3. Ring systems with hydrogen bond donor−acceptor
functionalities modeled in the hydrophobic area of palm I site.

Figure 4. Evolution of imidazol-2-one to a disubstituted hydantoin.

Table 1. Evolution of Hydantoin and Pyridone Fragmentsa

compd R1 R2 R3 IC50 (μM) KD (μM) LE

1 130 78 0.31
7 H H H >1000 NA
8 Cl Cl H >1000 NA
9 H t-butyl H 364 400 0.26
10 H t-butyl methyl 220 144 0.26
11 H t-butyl ethyl 108 93 0.27
12 H t-butyl i-propyl 21 18 0.30
13 431 NA 0.26
14 80 NA 0.27
15 4.0 5.8 0.43
16 0.44 0.57 0.46

aIC50 were measured using GT-1b NS5B Con1 strain (7−16) and
GT-1b NS5B BK strain (1). KD was measured using GT-1b NS5B BK
strain. IC50 and KD values are the average of at least two experiments.
LE is calculated using the IC50 value in the formula reported by
Groom17.

Figure 5. Co-crystal structure of fragment 12 with HCV NS5B
polymerase in palm I allosteric site.
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0.43. Co-crystallization of 15 with NS5B confirmed that the
fragment was binding in the palm I site (Figure 6) as expected.

It is important to notice that the de novo designed fragment
15 exhibits significantly more potent enzymatic activity and
binding affinity than 1, found in our library, while both have the
same number of heavy atoms (17) and thus 15 has a much
higher LE than 1 (0.43 vs 0.31).
Introduction of the methoxy group on the 4-position of the

aryl ring of 15 gave a 10-fold increase in potency and improved
the LE to 0.46 (fragment 16). A similar effect was observed by
the GSK group on their template.14 Fragment 16 was further
optimized to become a clinical candidate that entered phase I.
The clinical candidate, which has a LE of 0.35, contains all the
atoms present in this fragment.
Figures were drawn with PyMOL.19

■ CONCLUSION
In this paper, we described a novel approach for de novo
fragment design that relies on the design by medicinal chemists.
The approach allowed us to incorporate all the relevant
characteristics during the design of the fragments (synthetic
route, uniqueness of the fragments with respect to prior art, and
drug-like properties) to minimize the efforts and time to find an
excellent starting point for the program. This is the first case, to
our knowledge, in which medicinal and computational chemists
applied structure-based methodologies to the de novo design of
a complete fragment by following a predefined set of
interaction criteria.
This approach offers several advantages compared to virtual

screening or de novo fragment design using only computational
methods. We believe that the unique process described in this
paper can also be successfully applied to other targets for which
it may be difficult to otherwise find high quality starting leads.
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