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Fragment-Based Lead Discovery Using X-ray Crystallography
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Fragment screening offers an alternative to traditional screening for discovering new leads in
drug discovery programs. This paper describes a fragment screening methodology based on
high throughput X-ray crystallography. The method is illustrated against five proteins (p38
MAP kinase, CDK2, thrombin, ribonuclease A, and PTP1B). The fragments identified have
weak potency (>100 uM) but are efficient binders relative to their size and may therefore
represent suitable starting points for evolution to good quality lead compounds. The examples
illustrate that a range of molecular interactions (i.e., lipophilic, charge—charge, neutral hydrogen
bonds) can drive fragment binding and also that fragments can induce protein movement. We
believe that the method has great potential for the discovery of novel lead compounds against
a range of targets, and the companion paper illustrates how lead compounds have been identified
for p38 MAP kinase starting from fragments such as those described in this paper.

Introduction

Over the last two decades there has been considerable
interest in new approaches to drug discovery that offer
improvements in the process of identifying new thera-
peutic agents. Technologies such as high-throughput
screening and combinatorial chemistry have taken hold
in most pharmaceutical companies and allow signifi-
cantly larger numbers of compounds to be screened
against the target of interest. Despite these develop-
ments, the industry has failed to generate the level of
productivity that it has strived to achieve.! All aspects
of the drug discovery process therefore remain the focus
of improvements with the application of new technolo-
gies. One area that has continued to receive significant
interest is lead discovery chemistry as the quality of lead
compounds is thought to have a major impact on the
attrition rates in drug development. Many groups have
reported on the importance of compound libraries for
lead generation to become more lead-like rather than
drug-like.23 Such an approach takes into account the
increase in molecular weight and lipophilicity that
typically occurs as a lead molecule is optimized into a
potential drug.

More recently, interest has grown in a new approach
for lead generation that involves screening libraries of
compounds that are significantly smaller and function-
ally simpler than drug molecules, often referred to as
‘fragment-based’ discovery.*® This new approach is
believed to have many advantages over conventional
screening such as more efficient sampling of chemical
space using fewer compounds and a more rapid hit-to-
lead optimization phase. Fragment-based drug discovery
also provides significant challenges, largely due to the
fact that fragments typically exhibit low affinity binding
(100 uM—mM) and are therefore difficult to detect using
bioassay-based screening methods. A variety of alterna-
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tive biophysical methods have therefore been used to
detect the binding of such fragments.*6-15 Although
fragments often have low affinity, they usually exhibit
high ligand efficiency, i.e., high values for the ratio of
free energy of binding to the number of heavy atoms.1¢
It is important that when a fragment hit is identified,
optimization into a useful lead compound is performed
with carefully designed iterations consistent with main-
taining good ligand efficiency. Here we report several
examples where fragment libraries were screened using
X-ray crystallography as the primary method for hit
detection in a process that we call Pyramid. The
limitations and advantages of using X-ray crystal-
lography for fragment screening and the nature of the
fragment hits are outlined in these different cases. The
accompanying paper describes examples of fragment hit-
to-lead optimization for p38 MAP kinase, a key target
in inflammatory disease.

High-Throughput X-ray Crystallography

One of the limitations of X-ray crystallography in drug
discovery has historically been the time required to
obtain crystal structures of a target protein. Even in
cases where the target protein structure is known, the
time taken to obtain co-complexes with key compounds
has often limited the impact of the approach in lead
optimization. Developments in technology over the last
5 years have had a dramatic impact on improving the
speed of obtaining co-crystal structures, and, further-
more, a growing number of therapeutic targets have had
their crystal structures determined. Despite these im-
provements, a number of additional specific develop-
ments have been required in order to use X-ray crys-
tallography as a primary screening technique.

Efficient fragment screening requires the soaking of
cocktails of fragments into preformed crystals of the
target protein. After collection of the X-ray data, the
identification of the active fragment from the cocktail
would normally be reliant on manual analyses of the
resultant electron density. Such analysis is subjective

© 2005 American Chemical Society

Published on Web 12/21/2004



404 Journal of Medicinal Chemistry, 2005, Vol. 48, No. 2

and time-consuming, so a software procedure, Auto-
Solve, was developed that is capable of rapidly inter-
preting electron density maps for fragment binding.1”
Another key development has been the implementation
of robotic systems that are able to store and automati-
cally manipulate protein crystals, thus removing the
need for manual intervention during X-ray data collec-
tion.!819 Such hardware developments integrated with
new software, such as AutoSolve, have transformed
X-ray crystallography into a technique that can be used
for screening.

Fragment Libraries

Two complementary fragment sets were used in this
work. The first set seeks to take advantage of the fact
that fragments are small and can be chosen to probe a
small number of potential interactions with the protein.
Hann20 has elegantly demonstrated that such fragments
can efficiently sample chemical space compared to larger
compounds with more functionality. Based on functional
groups and scaffolds well represented in drugs, it should
therefore be possible to represent drug fragment space
with a relatively small number of compounds. The
chemoinformatics approach used to construct the drug
fragments set is described below.

Targeted sets were also constructed for crystal-
lographic screens against particular proteins or protein
classes. Two classes of information were used to con-
struct the targeted sets. First, knowledge of known
ligands and their key interactions with proteins has
been used to select fragments for acquisition or synthe-
sis, and second, virtual screening has been used to
acquire compounds that dock well into the active site
of target proteins. The methods used are discussed in
more detail below.

In general, the fragments in these sets have molecular
weights between 100 and 250 and are relatively simple
with few functional groups, making them chemically
tractable and suitable for rapid optimization. In a few
examples, compounds from the targeted sets are slightly
larger or more complex because particular questions
were being probed that required greater complexity or
because of the constraints of commercial availability.
Compounds that were unlikely to be soluble under the
experimental conditions used for crystallographic screen-
ing were not included in the fragment sets.

Drug Fragment Set. This set was designed to
provide a diverse range of compounds that contain ring
systems and functionalities often found in known drug
molecules. The first stage was to identify a small set of
simple organic ring systems that occur in drug mol-
ecules so that they are likely to have reduced toxicity
liabilities and are amenable to development by medici-
nal chemistry practices. Several analyses have demon-
strated that only a small number of simple organic ring
systems (sometimes known as scaffolds or frameworks
in other work) occur in many drug molecules.1421:22 Low
molecular weight ring systems were selected and are
shown in Figure 1. In addition to the drug rings a set
of simple carbocyclic and heterocyclic ring systems were
chosen as the basis for additional fragments. The ring
systems chosen are shown in Figure 2.

The virtual library, from which the Drug Fragment
Set is chosen, was generated by combining the ring
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Figure 1. Drug ring systems.
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Figure 2. Simple carbocyclic and heterocyclic ring systems.
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Figure 3. Preferred side chains.

systems shown above with a set of desirable side chains.
The side chains used in this process are broken into
three categories.

1. Preferred side chains. This set of side chains
consists of those that are observed frequently in drug
molecules. The side chains are shown in Figure 3.

2. Lipophilic/secondary side chains. The properties of
the fragments are further modulated by allowing sub-
stitution with a set of secondary side chains. Most of
these are lipophilic and are intended to pick up hydro-
phobic interactions in a protein binding site. The
secondary side chains for carbon atoms are shown in
Figure 4.
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Figure 4. Secondary side chains.

3. N-Substituents. The final possibility for substitut-
ing side chains onto a framework is a set of N-
substituents. These are also shown in Figure 4.

The virtual library was generated by substituting
each of the relevant side chains onto each of the ring
systems. Each carbon atom was substituted by the side
chains from the preferred group and by those from the
secondary side chains. The nitrogen atoms were only
substituted from the group of N-side chains. Each ring
system was only substituted at one position at a time,
with the exception of benzene and imidazole. The latter
two were disubstituted at all pairs of positions, with
either two preferred side chains or one preferred side
chain and one secondary side chain.

The virtual library was generated as SMILES strings,
which were searched for in a database of available
compounds. A total of 4513 compounds were generated
by the virtual enumeration stage of which 401 were
available from commercial suppliers. Manual inspection
to remove known toxophores and unavailability of some
compounds resulted in a final set of 327 compounds (the
Drug Fragment Set).

Targeted Sets. Virtual screening using GOLD?23-25
was also used to construct target-specific fragment sets.
The molecules were selected using a proprietary virtual
screening platform which has been described in detail
elsewhere.?8 Briefly, a database called ATLAS (Astex
Technology Library of Available Substances) has been
constructed from chemical and library suppliers and
stored as smiles strings in an Oracle database. This
database of over 3.6 million unique chemical compounds
can be queried from the Windows desktop using sub-
structure filters and physical property filters (such as
molecular weight, clogP, polar surface area, rule of 3
criteria,?” etc). This querying produces lists of available
compounds that satisfy the requirements of the user,
which can then be docked against an active site for the
protein of interest. CORINA?8 is used to convert the
smiles strings into 3D structures. A proprietary version
of the program GOLD,?® was used to perform the
docking and a variety of scoring functions were used
(i.e., GoldScore23 and ChemScore?® both with and with-
out protein based pharmacophores). The docking jobs
were run on a Linux cluster. Generally the scoring
function that was used in the virtual screening was the
one that produced good docking modes for a test set of
ligands for which the binding mode was known. In the
case of thrombin, a pharmacophore was constructed
which rewarded the placement of a lipophilic atom
above Tyr228 in the bottom of the S1 pocket (i.e., in a
similar position to where the chlorine atom of the ligand
is situated in the observed binding mode of compound

4 in thrombin described below). This reward term was
added on to either the GoldScore or ChemScore func-
tions depending on which function was being used.

Typically, multiple virtual screens were performed
using different protein conformations, to select the best
compounds. The conformations were chosen from rel-
evant structures from the PDB.30 The conformational
changes usually related to side chains but sometimes
included small backbone movements. The results from
the virtual screening were also stored in Oracle and
queried using a web-based interface. This interface
allows the user to select subsets of compounds for
interactive visualization using a variety of filters which
include: simple physical properties such as molecular
weight; scoring functions such as ChemScore, Gold-
Score, DrugScore,3! predefined pharmacophores, etc.;
components of scoring functions; steric or electrostatic
clashes; the formation of specific hydrogen bonds; and
2D substructure. Molecular visualization is based on the
Java molecular visualization program, AstexViewer.32
Multiple ligands can be interactively visualized in the
protein and/or the protein surface, and predicted binding
modes can be compared with experimentally observed
ones.

The focused kinase set was also constructed to contain
motifs that are likely to bind to the ATP binding site of
kinases. Analysis of the literature and patents identified
a number of scaffolds that were often observed to bind
in the ATP binding site of kinases and formed hydrogen
bonds with the backbone ‘hinge’ region.?33¢ Enumera-
tion of these scaffolds with drug-like side chains was
used to construct virtual libraries of candidate frag-
ments and available fragments were purchased from
chemical suppliers. The set was augmented with com-
pounds from virtual screening. The version of the
focused kinase set screened in this work contained 116
compounds.

A focused phosphatase set was constructed that was
targeted on the phospho-tyrosine binding pocket of
PTP1B.3536 Compounds that were expected to contain
more than 1 negative charge at normal pH were
excluded from the phosphatase set. The literature was
analyzed for potential phosphotyrosine and carboxylic
acid mimetics, and medicinal chemistry experience was
used to search commercial databases for potential
fragments. Additionally, where promising fragments
could not be accessed from commercial vendors, a small
number of fragments were synthesized. To augment the
set, virtual screening was performed on the open and
closed conformations of PTP1B in order to identify novel
scaffolds. The final size of the focused phosphatase set
screened in this work contained 264 compounds.
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Table 1. X-ray Data Collection Statistics
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P38 compd1 P38 compd 2 CDK2compd3 thrombin compd4 thrombin compd 5

RNaseA compd 6 PTP1B compd 7

X-ray source/ Inhouse/ ESRF ESRF
detector Jupiter

space group P212121 P212121 P212121
resolution (A) 2.2 2.1 1.8

Ry, (deg) 0.063 0.07 0.082
completeness (%) 94.4 98.7 96

a(A) 45.77 45.76 53.51
b(A) 87.10 84.72 72.02
c(A) 126.34 126.76 72.47

B (deg)

Inhouse/ Inhouse/ Inhouse/ Inhouse/
Jupiter Jupiter Jupiter Jupiter
Cc2 (] Cc2 P3121
2.04 2.2 1.8 2.2
0.073 0.072 0.039 0.082
99.1 97.6 100.0 96.7
70.5 69.39 100.03 88.1
71.51 71.78 32.6 88.1
72.2 71.73 72.32 104.5
100.459 99.87 90.7

@ Rym=232j11ij — <In>1/Z3Z;15] where h represents a unique reflection and j represents symmetry related indices.

Cocktailing. To increase the throughput of screen-
ing, the compounds were ‘cocktailed’ together, usually
into groups of 4. A computational procedure was devised
to minimize the chance of more than one compound in
the same cocktail binding to the protein. This also
allowed increased shape diversity in each cocktail that
would aid the automated interpretation of ligand elec-
tron density by AutoSolve. The number of unique ways
of partitioning N compounds into cocktails each contain-
ing ¢ compounds is given by:

N!
nl(e!)"

where n = N/c is the number of cocktails. This number
can increase rapidly, for example, there are 10860 unique
ways of partitioning 400 compounds into 50 groups of
8. Therefore, any algorithm can sample only a small
fraction of the possible partitioning space and needs to
be extremely efficient to provide good solutions to the
problem.

The first step in our approach to this problem is the
derivation of a method for chemical similarity. The
chemical functionalities were assessed by counting the
number of hydrogen bond donors and acceptors, and
ionizable groups. The size and shape of the molecule
was assessed by counting the total number of non-
hydrogen atoms, counting the number of five- and six-
membered rings and distinguishing between substitu-
tion patterns on di-substituted aromatic rings. The
dissimilarity of two molecules is calculated by finding
the distance between the feature vectors of the two
molecules.

The partitioning into cocktails proceeds from a matrix
that describes the dissimilarity of each pair of molecules
to be partitioned. The compounds are initially assigned
to random cocktails. The cocktail score is calculated by
summing the dissimilarity measures, d(i,j), of all pairs
of compounds in a particular cocktail, ¢c. The overall
score is calculated by adding the scores of all n cocktails.

S= ZC:I,n z” € Cd(ll])

This function is maximized using a procedure that
swaps pairs of compounds in different cocktails. Swaps
are accepted if the score improves or does not change;
this second step was found to be very useful in prevent-
ing premature termination. The search was terminated
after 10 000 000 iterations, or after 100 compound
swaps that did not yield an improvement in the overall
score. Before use, the algorithm was tested on a large
partitioning problem that could be solved exhaustively,
(i.e., 24 compounds into three cocktails of eight) and was

found to rapidly produce solutions at or very close to
the global minimum.

Experimental Section

Crystal Soaking. Crystals of p38 MAP kinase (PDB code:
1P3837), CDK2 (PDB code: 1HCK?8), thrombin (PDB code:
1QJ1%%), PTP1B (PDB code: 1C83%) and ribonuclease A
(RNaseA) (PDB code: 1AFK*!) were obtained following pub-
lished protocols. In all cases the active site of the protein is
accessible to compounds soaked into the crystal. The crystal-
lographic screening process involves exposing protein crystals
to solutions containing cocktails of between two and eight
fragments. The small fragments are expected to have relatively
low binding affinities for the protein, and thus a high concen-
tration of compound is required in the soaking solution. The
final concentration of individual compounds in the soaking
solution ranged from 25 mM to 200 mM. To minimize crystal
damage in such harsh conditions the protocols for soaking are
optimized for each target prior to the screening experiment.
The crystals are typically soaked at room temperature for 1—24
h before being cryo-cooled using liquid nitrogen and subse-
quently transferred to storage dewars until required for data
collection.

X-ray Crystallography. X-ray diffraction data was col-
lected for soaked crystals, either in-house or using synchrotron
radiation sources (see Table 1) and processed using D*trek?*?
or MOSFLM.* In-house data was collected using a Rigaku-
MSC Jupiter CCD or an R-AXIS IV image plate detector,
mounted on an RU—H3R rotating anode generator equipped
with Osmic confocal multilayer ‘Purple’ and ‘Blue’ optics,
respectively. Data collection in-house was typically 2—6 h,
depending on the crystal system. To streamline the process of
analyzing X-ray data for potential ligand binding, and to
rapidly solve protein—ligand complexes, we invested signifi-
cant effort into automating the processing, analysis and
interpretation of the data. Briefly, this involved an automated
refinement and interpretation procedure, starting with a model
of the apo-protein (obtained from the PDB structures indicated
for each protein) and a set of X-ray diffraction data collected
from crystals grown in-house. The starting models were
subjected to an automated procedure, in which an initial
molecular replacement step was performed using AMORE;*
the best solution being subjected to rigid-body refinement,
followed by restrained positional and isotropic displacement
parameter refinement using CNX* or REFMAC5.%6 A sigma-
weighted difference electron density map was computed, and
automatic water placement performed, excluding a defined
volume in the binding site. This refinement/water placement
process was iterated until the free R-factor at convergence of
each refinement job no longer decreased, when the final
weighted difference electron density map was computed. The
refinement statistics for the complexes described in this paper
are shown in Table 2, and the complexes have been deposited
with the PDB.

The difference electron density maps were analyzed and
interpreted by AutoSolve, which is a procedure that automati-
cally fits ligand structures to difference maps. AutoSolve starts
by identifying appropriate regions of unoccupied electron
density in the map obtained from the refinement stage. The
program CORINA? is used to generate a 3D model for each
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Table 2. Refinement Statistics for the Protein Ligand Complexes
P38 compd1 P38 compd2 CDK2compd3 thrombincompd4 thrombincompd5 RNaseA compd6 PTP1B compd 7

resolution (A) 17.65—2.53 50.75—2.16 50—1.7 50.0—2.04 27.2—2.2 19.67—1.9 44-2.23
Reryst® 0.19 0.223 0.21 0.21 0.21 0.22 0.27
R 0.24 0.258 0.25 0.27 0.28 0.27 0.31
RMS deviation 0.005 0.006 0.014 0.006 0.006 0.008 0.006
bond length (A)

RMS deviation 0.85 1.19 1.39 1.27 1.29 0.99 1.31
bond angle (deg)

PDB code 1w7h 1wbo lwee lway 1wbg 1wbu lwax

@ Reryst=2||Fobs| — |Featel[/Zn|Fobs|, Where Fops and Feae are the observed and calculated structure factor amplitudes respectively for reflection

h.? Reee is equivalent to Reryst but is calculated for 5% of the reflections excluded from the refinement.

ligand that was present in the cocktail. Low energy conforma-
tions of each ligand structure are then fitted to the unoccupied
electron density. The ligand conformer with the best fit to the
density is recorded as being that most likely to be bound in
the crystal structure. The resulting protein/ligand complexes
are then used as the basis for the structure-guided fragment
optimization process.

Enzyme Inhibition Assays. p38 Assay. The biological
activities for inhibitors of p38a were determined by a radio-
metric enzyme assay. Compounds were incubated with acti-
vated p38a and 5 ug of myelin basic protein substrate
(Upstate) in 25 uL of 25 mM HEPES pH 7.4, 25 mM
p-glycerophosphate, 5 mM EDTA, 15 mM MgCl,, 70 uM ATP,
1 mM sodium orthovanadate, 1 mM DTT, 10% DMSO, and
0.35 uCi of 33P-y-ATP (AP Biotech) for 1 h at room tempera-
ture. The reaction was stopped by the addition of 30 uL of 2%
orthophosphoric acid and transferred to Millipore MAPH filter
plates, prewetted with 50 uL of 0.2% orthophosphoric acid. The
plates were filtered and washed twice with 200 uL of 0.2%
orthophosphoric acid. Incorporated radioactivity was measured
by scintillation counting. IC5os were calculated from replicate
curves using GraphPad Prizm software, and standard errors
and P values were within statistically acceptable limits.

CDK2 Assay. Compounds were incubated with CDK2/
cyclinA active complex (Upstate) and 3 ug of histone H1
substrate in 25 yL of 20 mM MOPS pH 7.2, 25 mM f-glycero-
phosphate, 1 mM DTT, 5 mM EDTA, 15 mM MgCl, 45 uM
ATP, 1 mM sodium orthovanadate 2.5% DMSO, and 0.35 uCi
of 33P-y-ATP (AP Biotech) for 5 h at room temperature.
Reactions were terminated by the addition of 5 uL of 2%
orthophosphoric acid. The plates were filtered and washed
twice with 200 uL of 0.2% orthophosphoric acid. Incorporated
radioactivity was measured by scintillation counting. ICsos
were calculated from replicate curves using GraphPad Prizm
software, and standard errors and P values were within
statistically acceptable limits.

PTP1B Assay. Compounds were incubated with PTP1B
and 0.25 mM p-nitrophenyl phosphate substrate (Sigma), in
50 mM HEPES pH 6.5, 1 mM DTT, 1 mM EDTA, 0.01%
CHAPS, 5% DMSO in 1/2 area 96-well plates. The dephos-
phorylation of p-nitrophenyl phosphate was monitored by
following the change in absorbance at 405 nm over 30 min in
a Molecular Devices Spectramax plate reader at room tem-
perature. Initial reaction rates were measured and IC5¢s were
calculated from replicate curves using GraphPad Prizm soft-
ware and standard errors and P values were within statisti-
cally acceptable limits.

Thrombin Assay. Compounds were incubated with acti-
vated thrombin and 14 «M fluorogenic substrate, BOC-Val-
Pro-Arg-MCA (Bachem), in 50 mM Tris pH 8, 5 mM CaCl,,
100 mM NaCl, 5% DMSO in 96-well plates. The cleavage of
the substrate was followed by monitoring the change in
fluorescence at 460 nm (excitation at 365 nm) for 25 min at
room temperature on a Packard Fusion plate reader. Initial
reaction rates were measured and ICsos were calculated from
replicate curves using GraphPad Prizm software, and standard
errors and P values were within statistically acceptable
limits.
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Figure 5. Structures for the Pyramid hits discussed in the

text.

Results and Discussion

We have applied our Pyramid fragment screening
process to a range of targets including kinases, proteases
as well as other enzymes. Here we describe the results
from selected examples using p38 MAP kinase, CDK2,
thrombin, RNase A and PTP1B.

Example 1: Compounds 1 and 2 Binding to p38
MAP Kinase. P38 MAP kinase is a key modulator in
the TNF pathway and as such a potential target for the
development of inhibitors of inflammatory disease.*’
Pyramid screening identified several fragment hits such
as, compounds 1 and 2, both of which have clearly
defined binding modes but affinities greater than 1mM
in an enzyme bioassay (Figures 5 and 6).

The aminopyridine of 1 forms two hydrogen bonds to
the hinge region in the ATP binding site of the kinase
(Figure 6a). Additionally, the benzyl group binds into
an adjacent lipophilic pocket, often utilized by larger
p38 kinase inhibitors. The recognition is driven by a
combination of the hinge hydrogen bonds and the
occupancy of this key lipophilic pocket. Compound 1 is
an attractive starting point for medicinal chemistry and
the following paper?® gives details of how this fragment
was optimized to nanomolar inhibitors. Figure 6¢ shows
compound 1 superimposed on the structure of an
optimized inhibitor described in the subsequent paper.
The larger inhibitor causes a substantial shift in the
DFG portion (i.e. residues 168—170) of p38 MAP kinase;
despite this, the overlay of compound 1 on the large
inhibitor is relatively good and shows conservation of
the key interactions.

The chlorophenyl portion of compound 2 (Figure 6b)
occupies the key lipophilic pocket of the kinase and the


http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/jm0495778&iName=master.img-004.png&w=198&h=175

408 Journal of Medicinal Chemistry, 2005, Vol. 48, No. 2

Figure 6. (a) Compound 1 (thick stick) is shown bound to
p38 MAP kinase (thin stick). The F,, — F electron density map
contoured at 3¢ is also shown. The maps in this and subse-
quent figures have been clipped to aid visualization. The
fragment binds to the hinge region forming hydrogen bonds
with the N—H of Met109 and the C=0 of His107. The phenyl
ring is bound in a lipophilic pocket formed by the side chains
of Lys53, Leu75 (omitted for clarity), Leul04 and Thr106. (b)
Compound 2 (thick stick) is shown bound to p38 MAP kinase
(thin stick). The F, — F. map contoured at 3¢ is also shown.
The chlorophenyl ring is bound in the lipophilic pocket formed
by the side chains of Lys53, Leu75, Leul04 and Thr106. The
phenol makes a hydrogen bond to the side chain of Asp168,
which has moved over 2 A to form this interaction. (c)
Compound 1 (green) is shown superimposed on a subsequent
lead compound (orange) bound to p38 MAP kinase. The latter
compound induces a substantial movement in the kinase but
the overlap shows that the key fragment interactions are
retained in the larger molecule (i.e., hydrogen bond to N—H
of Met109 and occupation of the lipophilic pocket defined by
the side chains of Lys53, Leu75, Leul04 and Thr106).

Hartshorn et al.

Figure 7. Compound 3 (thick stick) is shown bound to CDK2
(thin stick). The F, — F. map contoured at 3¢ is also shown.
The heterocycle binds at the ATP binding cleft forming a good
uncharged hydrogen bond with the N—H of Leu83. There are
also strong C—H aromatic contacts with the carbonyls of Leu83
and Glu81. The ligand makes lipophilic contact with Ala31
(omitted for clarity), Phe80, Phe82 and Leul34 (unlabeled,
directly behind ligand).

fragment does not form hydrogen bonds to the hinge
region of the enzyme. This confirms that it is possible
to probe key selectivity pockets around the ATP binding
site without interacting with the highly conserved hinge
region. The phenolic OH on compound 2 forms a
hydrogen bond to the side chain of Asp168, which is an
unusual interaction for p38 inhibitors. The Asp 168 side
chain has moved over 2.0 A (in comparison to the
compound 1 structure) to form this hydrogen bond and
adopts a position not seen in any other public domain
p38 complexes. Indeed, only one p38 complex in the
public domain (PDB code: 10UK#*°) shows a (long)
hydrogen bond to this side chain. It is our view that the
recognition for compound 2 is driven mainly by the
lipophilic interactions and this example demonstrates
that the fragment screening method is capable of
probing key lipophilic interactions, as well as inducing
conformational movement as seen with Asp 168.

Example 2: Compound 3 Binding to CDK2.
CDK?2 is a Ser/Thr protein kinase involved in the cell
cycle, and inhibitors of CDK2 are thought to have
potential in anticancer therapy.?~52 Pyramid screening
identified several diverse fragment hits for CDK2 such
as compound 3, a pyrazine-based fragment. Compound
3 is clearly defined in the electron density (see Figures
5 and 7) and has a measured affinity of 350 uM in an
enzyme assay.

Compound 3 forms only one hydrogen bond with the
protein, between the pyrazine nitrogen and the amide
of Leu83 in the hinge region of the ATP binding site.
The adjacent aromatic C—H’s on the pyrazine also form
favorable electrostatic interactions with the backbone
carbonyl oxygens of Leu83 and Glu81. These “nonclas-
sical” hydrogen bonds with the hinge region are often
observed with larger kinase inhibitors containing elec-
tron deficient aromatic groups and further exemplify the
range of interactions that can be utilized by fragments.53
Compound 3 also forms additional hydrophobic interac-
tions with the side chains of Ala31, Phe80, Phe82 and
Leul34. Given the importance of the observed hydrogen
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bonds to many known kinase inhibitors, it is likely
binding is mainly driven by the formation of these
interactions. From a medicinal chemistry point of view,
compound 3, with its associated binding mode, is an
attractive starting point for the design of novel lead
compounds, and progress on the design of CDK2 com-
pounds derived from 3 will be reported in due course.

Example 3: Compounds 4 and 5 Binding to
Thrombin. Thrombin is a serine protease involved in
the blood coagulation cascade, and inhibitors are po-
tentially useful as anticoagulants.?* Pyramid fragment
screening against thrombin identified compounds 4 and
5 as hits (see Figures 5 and 8). The compounds have
affinities of 400 uM and approximately 1 mM, respec-
tively, in enzyme bioassays.

Figure 8a shows the chlorophenyl of compound 4
deeply buried in the S1 pocket with the chlorine atom
located above the z-face of Tyr228. The detection of an
uncharged S1 binder is a key discovery and provides
further validation of Pyramid’s ability to detect frag-
ments driven primarily by hydrophobic binding to key
enzyme pockets. Additional interactions include a hy-
drogen bond between the pyrrole N—H and the highly
flexible side chain of Glu192. The terminal portion of
the piperidine group is not visible in the initial electron
density map, perhaps indicating greater flexibility for
this portion of the molecule. Indeed, plausible positions
for this charged terminal portion of the piperidine
indicate that it is positioned outside the enzyme cavity.
It seems likely the piperidine group is important for
increasing the solubility of the compound, rather than
forming important interactions with the enzyme. The
structure for compound 5 (Figure 8b) is similar with
recognition dominated by lipophilic contact in the S1
pocket. There is also an additional hydrogen bond
between the N—H on the triazole and the carbonyl of
Gly219.

Figure 8c shows compound 4 superimposed on the
structure of Factor Xa complexed to a nanomolar
inhibitor (PDB code: 1MQ55%) and clearly indicates that
the chlorophenyl fragment has an almost identical
binding mode in the S1 pocket as compared to a larger,
high affinity inhibitor. Compound 5 also exhibits an
identical binding mode in the S1 pocket. Although there
are no thrombin crystal structures in the public domain
that have a chlorophenyl moiety in S1, structures have
been described in the literature and they are consistent
with the binding modes of the chlorophenyl fragments
presented here.5657 The eventual replacement of ben-
zamidine mimics by uncharged lipophiles in thrombin
and Factor Xa inhibitors was an important development
in the search for novel anticoagulant agents and could
have been accelerated had fragment screening ap-
proaches been applied.

Example 4: Compound 6 Binding to Ribonu-
clease A. Ribonuclease A is a digestive enzyme respon-
sible for cleaving single stranded RNA and contains a
flat, extended active site similar to drug targets that
are often difficult to prosecute in lead generation.
Crystallographic screening of a targeted fragment set
identified compound 6, whose affinity was not measured
but is expected to be very weak as exceptionally high
concentrations of compound 6 (i.e., 200 mM) were
required in order to observe binding in the crystal.
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Figure 8. (a) Compound 4 (thick stick) is shown bound to
thrombin (thin stick). The F, — F. map contoured at 3¢ is also
shown. The key interactions are the chlorophenyl group buried
deep in the hydrophobic portion of the S1 pocket above Tyr228.
There is also a hydrogen bond between the N—H of the
pyrazole and the flexible side chain of Glu192. The piperidine
forms no significant contacts with the enzyme and is disor-
dered, although its presence probably helps solubilize the
compound. (b) Compound 5 (thick stick) is shown bound to
thrombin (thin stick). The F, — F. map contoured at 3¢ is also
shown. The key interactions are the chlorophenyl group buried
deep in the hydrophobic portion of the S1 pocket above Tyr228.
There is also a hydrogen bond between the N—H of the triazole
and the backbone carbonyl of Gly219. (c) Compound 4 (orange)
is shown superimposed on a Factor Xa complex (PDB code:
1mq5) with the protein carbon atoms shown in green and the
ligand carbon atoms in white. The overlay of the chlorophenyl
group of the fragment is good when compared to the chlo-
rophenyl in the potent Factor Xa ligand.
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Figure 9. (a) Compound 6 (thick stick) is shown bound to
Rnase A (thin stick). The F, — F. map contoured at 1.7¢ is
also shown. The heterocycle forms good uncharged hydrogen
bonds with the backbone and side chain of Thr45 and with
the side chain of Hisl2. (b and c¢). Two orientations of
compound 6 (orange) superimposed onto a Rnase A ligand in
green (PDB file: 1EOS in green). The fragment has good
overlap with the relevant key groups in the larger ligand. The
solvent accessible surface indicates the open and extended
active site for this enzyme.

Compound 6 is observed to bind with low occupancy but
is clearly defined in the electron density (Figure 9a) and
forms good hydrogen bonds to the backbone NH of
Thr45 and the side chains of Thr45 and His12. These
hydrogen bonding interactions are also observed during
binding of larger, known ligands®® which provides extra
confidence in the interpretation of the binding mode of
compound 6 (Figures 9b and 9c¢). This example high-
lights the potential of fragment screening for targets
with less defined active sites.

Example 5: Compound 7 Binding to PTP1B.
Protein tyrosine phosphatase 1B (PTP1B) is a drug
target for obesity and type II diabetes.’® Compound 7
was identified as a hit against PTP1B from our focused
phosphatase set, and its structure and binding mode are
shown in Figure 5 and Figure 10. The affinity of the
compound is 86 uM as measured in an enzyme bioassay.
The fragment shows multiple hydrogen bonds to the
protein as detailed in Figure 10. PTP1B generally
recognizes doubly anionic groups in the phosphate
binding pocket so it is significant that compound 7
contains only one anionic functional group. Further-
more, compound 7 induces a significant conformational
movement in the enzyme relative to the apo structure
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Figure 10. Compound 7 (thick stick) is shown bound to
PTP1B (thin stick). The F, — F. map contoured at 30 is also
shown. The carboxylate forms a salt bridge with the side chain
of Arg221 and also with Arg221’s backbone N—H. The ligand
carbonyl forms a hydrogen bond with the backbone of Gly220
while the ligand N—H forms a hydrogen bond with the side
chain of Asp181. The amine on the ligand also forms a salt
bridge with Asp48. The ligand induces a movement of the
“WPD loop” of the enzyme allowing the formation of additional
interactions (only the final conformation of the “WPD” loop is
shown).

with Phe182 of the WPD loop (i.e. residues 179—181 and
adjacent residues) moving over 10 A to make contact
with the ligand. It should be noted that this movement
of the WPD loop has been observed before with a
number of other PTP1B inhibitors including some
fragment-sized molecules.®® Given its reduced anionic
nature, compound 7 may prove a useful starting point
toward the design of compounds with superior physical
properties and pharmacokinetic parameters.

Discussion

These examples highlight the range of protein—ligand
interactions that can be identified using a fragment
screening approach. We have shown that molecular
recognition can be driven primarily by lipophilic inter-
actions (thrombin and p38), uncharged hydrogen bonds
(RNase A, CDK2), or charged hydrogen bonds (PTP-1B)
as well as more balanced combinations of interactions
(e.g., the binding of compound 1 to p38). We have also
illustrated that both significant (PTP1B) and more
subtle (p38) protein movements can be observed when
fragments bind. There is thus no obvious general
restriction to the types of interactions that can be
observed with fragment screening although the particu-
lar molecular interactions or protein movements will be
governed by the energetics of the binding event. Typical
hit rates observed in the above fragment screening
examples range from 0.5 to 10% and reflect the fact that
although the fragment libraries contain only 500—1000
compounds, they are able to sample significant chemical
space. The efficient sampling is a feature of most
fragment-based methods and has been reported by
several groups.51420

In all of the examples in this study, despite the low
binding affinity, the fragment hits are clearly defined
in the electron density. This, together with the observa-
tion that during the hit to lead optimization phase (a
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process that we call ‘fragment evolution’) the original
interactions are maintained, suggests that these first
interactions between the fragment and protein are
energetically significant. Furthermore, the low affinity
of the fragments does not theoretically imply weak
binding, as it has been suggested that when ligands bind
to proteins, they must overcome a rigid body entropic
barrier that is about 3 orders of magnitude in size and
is independent of molecular weight.61:62 This implies
that the limited interactions formed by a fragment must
be of very ‘high quality’ to overcome this barrier. We
propose that fragments, due to their functional simplic-
ity and low MW, are ‘efficient’ binders. The challenge
in the fragment evolution process is to transform these
low affinity binders into potent lead compounds while
maintaining high ligand efficiency.

There is significant literature investigating the prop-
erties of small molecules that are required to make good
lead compounds.?3 The now familiar Lipinski’s ‘Rule of
5’ provides a useful framework for developing orally
bioavailable drug candidates,®® and more recently, the
term ‘leadlike’ was introduced for molecules identified
from HTS campaigns that are suitable for further
optimization.? However, all of these studies address the
issues facing compounds discovered using conventional
bioassay-based screening of drug-size compound librar-
ies. Our experience of screening low molecular weight
compounds suggests that a different set of rules may
apply to fragments. We recently proposed ‘Rule of 3’
filters for the construction of fragment libraries?’ in
which molecular weight (MWT) is <300, hydrogen bond
donors (HBD) < 3, hydrogen bond acceptors (HBA) <
3, and ClogP <3. In addition, number of rotational bonds
(NROT) =< 3 and polar surface area (PSA) < 60 might
also be useful limits for fragment selection.

Although there are several technical hurdles to
overcome when using X-ray crystallography for frag-
ment screening, such as obtaining suitable protein
crystals, it also has key advantages over other tech-
niques. While several other methods may identify low
affinity binding fragments, their transformation into
potent lead compounds while maintaining optimal
ligand efficiency is uniquely enabled by knowledge of
the precise binding orientations of the fragment, and
subsequent analogues, from X-ray crystal structures.
These co-crystal structures can also identify nearby
water molecules as well as conformational movement
of the protein, both aspects potentially exploitable in
drug design. Furthermore, although false-negative hits
cannot be discounted, the occurrence of false-positive
hits is near impossible using crystallographic screening.
This aspect particularly avoids being distracted by
fragments that bind in a nonspecific manner, a key issue
in low affinity screening. The fragment hits can also be
immediately assessed for functional relevance based on
whether they bind at an active site or an allosteric
pocket by examining the crystal structure. Finally,
similar to some other fragment-based methods, the
protein may be screened either in an active or inactive
state as there is no reliance on a biological readout. This
may offer alternative strategies for development of lead
compounds such as targeting inactive forms of protein
kinases.
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We believe that the use of structure-based drug design
starting from highly efficient fragments is a promising
approach to the development of efficient lead molecules.
Such lead molecules may offer the best opportunities
for the development of drugs with good physicochemical
and pharmacokinetic properties as well as the necessary
potency and efficacy. The full potential of fragment-
based lead generation using X-ray crystallography for
discovering novel lead compounds is likely to emerge
in the coming years.
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