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Abstract—Inhibition of the Chk1 kinase by small molecules is of great therapeutic interest for oncology and in understanding the
cellular regulation of the G2/M checkpoint. We report how computational docking of a large electronic catalogue of compounds to
an X-ray structure of the Chkl ATP-binding site allowed prioritisation of a small subset of these compounds for assay. This led to
the discovery of 10 novel Chk1 inhibitors, distributed among nine new and clearly different chemical scaffolds. Several of these scaf-
folds have promising lead-like properties. All these ligands act by competitive binding to the targeted ATP site. The crystal struc-
tures of four of these compounds bound to this site are presented, and reasonable modelled docking modes are suggested for the 5
other scaffolds. This structural context is used to assess the potential of these scaffolds for further medicinal chemistry efforts, sug-
gesting that several of them could be elaborated to make additional interactions with the buried part of the ATP site. Some unusual
interactions with the conserved kinase backbone motif are pointed out. The ligand-binding modes are also used to discuss their
medicinal chemistry potential with respect to undesirable chemical functionalities, whether these functionalities bind directly to
the protein or not. Overall, this work illustrates how virtual screening can identify a diverse set of ligands which bind to the targeted
site. The structural models for these ligands in the Chk1 ATP-binding site will facilitate further medicinal chemistry efforts targeting

this kinase.
© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

The human Chk1 kinase, which plays an essential role in
the regulation of the cell cycle G2/M checkpoint,' ' is a
promising target for the development of small molecule
inhibitors against cancer.!'~2° Selective Chk1 inhibitors
should also prove useful to study the regulation of the
G2/M checkpoint from a fundamental biology point of
view.

Only a few chemical classes acting as human Chkl
inhibitors have been reported.’!1-13-17:19-21-26 Many of
these inhibitors are natural products such as deb-
romohymenialdisine,” staurosporine and its deriva-
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tives.!>71721-23 A few drug-like Chkl inhibitors have
been reported,!!-!%-2427 however, there is clearly a need
to identify more such Chkl inhibitors, given the typical
attrition rate in drug discovery.

The available crystal structures of the kinase domain of
human Chk1'8252840 can be used to perform computa-
tional screens of electronic compound libraries, with the
aim of finding new ligands binding to the ATP-binding
site. In this approach, small molecules are computation-
ally docked into the three-dimensional structure of the
target site.?-32 The overall orientation of the small mol-
ecule, as well as its intramolecular conformations, are
explored and the interactions between receptor and
putative ligand scored3? for each configuration. This al-
lows ranking of libraries of existing compounds accord-
ing to their calculated interaction scores and
prioritisation of the compounds for experimental assays.
This virtual screening (VS) strategy has met with
increasing success.!®-231:3437 This approach has recent-
ly yielded new Chkl inhibitors with sub-micromolar
affinity, although not all of them have been disclosed.'®
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We report here how high-throughput docking of a large
electronic catalogue of commercially available com-
pounds?®-39 led us to identify chemically diverse scaffolds
which inhibit human Chk1 with affinities in the micro-
molar range. These scaffolds are novel as Chkl1 inhibi-
tors. The mode of action of these inhibitors was
determined by traditional enzyme kinetic methods; all
of them were found to be ATP competitive. For some
of the inhibitors this was confirmed by the X-ray struc-
ture of the ligand bound to the Chk1 ATP site. When an
X-ray structure of the bound ligand could not be ob-
tained, a tentative reasonable docking mode is suggest-
ed. This structural context is used to evaluate the
potential of these new Chkl inhibitors for further elab-
oration. In particular, several of these new scaffolds
could be derivatised towards a buried pocket of special
interest to gain potency and selectivity when designing
ligands targeting Chk1.2>4% Also, the binding modes
are used to discuss the possible replacement of chemical
functionalities which are perceived as undesirable for
medicinal chemistry, further illustrating the value of
obtaining structural information before embarking on
lead optimisation.

2. Results and discussion

2.1. Discovery of 9 new scaffolds for ATP competitive
inhibition of Chk1

Both theoretical*! and empirical*? arguments suggest
that lead compounds should be of relative limited com-
plexity. In view of these arguments, computational fil-
ters were first applied to the in-house -electronic
catalogue of commercially available compounds,3%3
such that only compounds with less than six rotatable
bonds and molecular weight between 250 and 550 were
kept for docking. Application of these filters is also
expected to enrich the docking library with compounds
having favourable absorption properties** and for which
the conformational search during docking should be rel-
atively efficient. Compounds with reactive chemical
functionalities which could obscure the readout of an
in vitro binding assay were also removed.3****> Howev-
er, other chemical functionalities with possible in vivo
metabolic liabilities were not discarded at this early
stage, given the possibility that they could be removed
or replaced during subsequent optimisation of the com-
pounds. This resulted in a set of ~700,000 compounds
which were docked with the program rDock?!¢47 into
an X-ray structure of the Chkl ATP-binding site.?8
The screen was set up such that only the compounds
which achieved at least a predefined intermolecular
score threshold were kept for further analysis, yielding
~15,000 unique compounds. These were ranked based
on their intermolecular docking scores, and the docking
modes of the best ranking 2000 compounds (set A) were
inspected visually. Set B was comprised of the ~13,000
remaining compounds. Visual inspection of compounds
in set A was performed to discard docking modes
deemed unlikely to lead to real binding, for instance
when large voids were present between ligand and pro-
tein, or when the docking pose buried ligand charged

groups in a hydrophobic pocket of the targeted site.
After this filtering only 480 compounds remained in
set A. A diverse subset of 1000 compounds was extract-
ed from set B, based on the two-dimensional MACCS
fingerprints as implemented in the program MOE,*
and a Tanimoto similarity coefficient adjusted to select
this number of compounds. This yielded a final list of
1480 prioritised compounds, and 1179 of them were sub-
sequently obtained and assayed.

The active Chkl inhibitors were the compounds show-
ing > 50% inhibition in the Chkl kinase assay at a com-
pound concentration of 50uM or less. These
compounds were subjected to ICsy determinations and
quality control, leading to nine confirmed active inhibi-
tors (compounds 1-9, Table 1), that is ~0.8% of the
number of assayed compounds.

Compound 10 was also identified to be a Chk1 inhibitor,
by its close analogy with compound 1. Analysis of the
mechanism of Chkl1 inhibition by traditional enzymatic
kinetic methods indicated that compounds 1-10 act by
competing with ATP for its binding site. This was con-
firmed directly by X-ray crystallography for four of
the inhibitors (see below). It is interesting to note that
compounds 1, 2, 3, 4, 6 and 7 were selected as part of
set A (see above) after visual inspection of the docking
poses. Only compounds 5, 8 and 9 were part of the larg-
er set B extracted with a diversity analysis. Therefore, a
hit rate of 1.2% would have been achieved if only the
hand-picked compounds (set A) had been assayed.

Compounds 1-9 have very different chemical scaffolds
and arguably represent a diverse set of compounds. There-
fore, this report illustrates how a receptor-based virtual
screening, which does not rely on any particular initial
chemotype, can identify several new and very different li-
gands. It would probably be more difficult to obtain such
chemical diversity with ligand-based virtual screening
strategies, which are typically informed by commonalties
across an initial set of known active ligands.**~>2 It is well
known that having several different starting scaffolds is
strongly recommended for drug discovery efforts, given
the typically high attrition rate during this process.

Our overall success rate of 0.8% appears modest when
compared to a ~35% hit rate (36 hits out of 103 assayed
compounds) achieved in a previous virtual screen
against Chk1.!” Several factors could explain this large
difference, including differences in the compound li-
braries used for the two virtual screens. The much high-
er hit rate obtained by Lyne et al. probably results from
their pre-screening of the compound library with a phar-
macophoric query, to keep for docking only compounds
capable of two-pronged hydrogen bonds with the kinase
backbone motif, typically observed in ligand—kinase
complexes.”® The formation of these hydrogen bonds
was subsequently enforced during docking, yielding a
more plausible output. However, the 36 Chk1 inhibitors
identified with this protocol corresponded to 4 chemical
classes only. This suggests that performing a virtual
screen with empirical restraints favouring a hydrogen-
bond pattern commonly found in ligand—kinase
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Table 1. Structures of compounds 1-10 and their binding affinities to Chkl
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#Every reported ICsg is the average of at least two measurements, with standard deviations given in parenthesis.

complexes is an efficient way to increase the hit rate; that
may, however, inherently limit the chemical diversity of
the hits. This interpretation is supported by a study
which compared the outcomes of experimental

high-throughput screening (HTS) and VS (docking)
against the GSK-3p kinase, using a same library of
compounds.>* This work also compared a variety of
VS protocols, with and without pharmacophoric
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restraints. The hit rate from the HTS was 0.55%, and
12.9% from the most productive VS protocol (with
pharmacophoric restraints). An interesting observation
was that the VS identified only 4 of the 6 chemical clas-
ses of hits found in the HTS. Analysis of the docking
protocol indicated that the pharmacophoric restraints
played a role in excluding compounds belonging to
two chemical classes missed by the VS, because they
did not meet the pharmacophoric criteria. Our results
illustrate how this can happen when considering the
two-point pharmacophore condition used by Lyne
et al. with Chkl, which required two hydrogen bonds
between ligand and (i) the backbone NH of Cys87 and
(i1) the backbone carbonyl of Glu85. Compound 8
(Fig. 1) would not meet this condition. Compound 10
meets this condition in reality (Fig. 1), but may not dur-
ing a VS if the scoring function does not recognise polar-
ised C—H groups as hydrogen-bond donors.>>>® The hit
rate of 0.55% in the HTS from Polgar et al. falls in the
0.15-0.64% success rate reported for a random set of
compounds screened against undisclosed kinases.>” This
suggests that our VS may have performed only slightly

A

Cys87

better than random screening, although no convincing
conclusion can be drawn in that respect because hit rates
depend on: (i) the target, (ii) the compounds screened
and (iii)) the definition of a hit. Importantly, our VS
screen yielded new and diverse starting points for
medicinal chemistry.

Some of the compounds shown in Table 1 are a priori
more attractive than others as starting points for medic-
inal chemistry efforts. For example, compounds 5 and 9
may not seem very promising because their high degree
of symmetry, combined with a lack of functionalities
amenable to derivatisation, severely limits the possibili-
ties for further elaboration. The marked lipophilic char-
acter of compounds 2 and 6 (calculated log P*® of 3.4
and 6.0, respectively) may also hinder their progres-
sion.¥> To put this in context, however, UCNOI
(to our knowledge the only Chkl inhibitor currently in
clinical trials'>!#) is also a bulky lipophilic compound
(calculated log P =4.3). The smaller compounds 1, 3,
4,7, 8 and 10 are more lead-like*"**? despite possible is-
sues with some chemical functionalities such as catechol

Glul34
Asnl35

Glu85

Tyr20

Figure 1. Crystallographic-binding mode of compounds 5, 8, 9 and 10 in the ATP-binding site of Chkl, in panels A, B, C and D, respectively. For
clarity, only selected residues and hydrogen atoms are shown. Glu85 and Cys87 are part of the conserved kinase backbone binding motif. Hydrogen
bonds between the compounds and the kinase are depicted with green dotted lines. In panel B, a contact (distance = 3.1 A) between a nitro oxygen of
compound 8 and the carbonyl oxygen of Cys87 is depicted with a magenta dotted line.
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in 3, hydrazine in 7 and nitro in 8, which are frequently
perceived as undesirable due to their lack of metabolic
stability and possible association with toxicity.>®-¢! This
is also a concern with the hydrazone in 6.°! Compounds
1, 4 and 10 are devoid of such liabilities. Importantly,
the potential for modification or replacement of every
chemical functionality in compounds 1-10 can be as-
sessed in a structural context provided either by X-ray
crystallography or computational modelling.

2.2. X-ray-binding modes

X-ray crystallography was attempted for all 10 com-
pounds but crystal structures could only be obtained
for 4 of them (Table 2, Fig. 1). An X-ray structure
was obtained for Chkl complexed to compound 10,
which is fortunate because this compound has very
favourable lead-like attributes,*!*? such as a small size
with scope for further elaboration. The purine of 10
hydrogen-bonds the highly conserved backbone kinase
motif at the hinge between the two lobes of the kinase
domain (Fig. 1A). Hydrogen bonds to this motif are ob-
served with almost all other kinase inhibitors®3:¢2:%3 and
that is again illustrated in the present work. The amide
of 10 is hydrogen-bonded to Tyr20, which is part of a
solvent exposed loop at the periphery of the ATP-bind-
ing site. This loop segment was poorly defined in some
analogous X-ray structures of the Chkl kinase do-
main®>?® and it is expected that this flexible part of
the protein could adjust in response to a variety of sub-
stituents that could substitute the amide. The tautomer
suggested in Figure 1D for the imidazole of 10 is arbi-
trary, however, the corresponding N-H vector points
to an area of the binding site where derivatisation would
allow extensive interactions between the added buried
substituents and the binding site. Therefore, the struc-
tural context shows that there is scope for further elab-
oration of 10 towards improved potency.

An X-ray structure was also obtained for compound 8
bound to the Chkl ATP-binding site (Fig. 1B). Com-
pound 8 is a synthetically tractable scaffold with lead-
like properties, with the possible exception of its nitro
group; it is known that such groups have potential
metabolic and toxic liabilities®®! although a nitro
group is present in some used drugs (e.g., nitrofura-
zone ®!' or chloramphenicol®) and in a significant frac-
tion of the compounds tested in human clinical
trials.** The nitro group of 8 is buried in the ATP-
binding site, where one of its oxygens forms a hydro-
gen bond with Cys87 of the conserved kinase back-
bone motif. Interestingly, the other oxygen of this
nitro group is in direct contact with the carbonyl oxy-
gen of Cys87 (oxygen—oxygen distance of 3.1 A),
which is presumably unfavourable energetically. This
highlights the need for sub-optimal protein-ligand
interactions to be tolerated to some degree in virtual
screening scoring functions at the initial stage of the
discovery process, as illustrated in another recent re-
port.>> This may complicate the use of automated fil-
ters developed to process the output of virtual
screening.®® One benefit of the crystal structure is to
show that the nitro group is intimately involved in
the ligand-protein interactions and not in a peripheral
position where it could be easily replaced (such as with
7, see below). The potential of 8 for further medicinal
chemistry should be seen in this context. The X-ray
structure also clearly shows that it is the S stereoiso-
mer of the aliphatic chain of 8 which binds to Chkl,
with the ligand hydroxyl group forming a bifurcated
hydrogen bond with the carboxylate of Glu91 and
the backbone carbonyl oxygen of Glul34. The primary
amino group of 8 hydrogen-bonds with Asnl135 and
Ser147. The pyridine moiety of 8 is well positioned
for further substitutions which could interact exten-
sively with buried areas of the binding site, potentially
leading to dramatic improvements in potency.

Table 2. Crystallographic data collection and refinement statistics for Chk1 in complex with compounds 5, 8, 9 and 10

Structure Chk1 + compound
5 8 9 10

Data collection statistics
Resolution (A) 2.50 2.60 2.20 2.20
Measured reflections 124644 182585 125958 132947
Unique reflections 11961 10278 17692 17851
Completeness: overall/in hrb* (%) 70.5/22.1 79.9/36.0 96.1/79.1 98.2/51.2
Average multiplicity/in hrb 4.1/0.9 1.9/0.8 3.8/1.1 43/1.3
Mean I/oI: overall/in hrb 10.6/2.3 9.212.2 17.512.9 15.2/12.7
Rpnerge: overall/in hrb (%) 8.4/22.6 10.0/28.7 6.0/27.3 5.1/30.4
Refinement statistics
Reree (%) 27.1 25.6 24.9 25.8
Reryse (70) 18.1 17.9 18.6 18.8
Rms deviations

Bonds (A) 0.021 0.031 0.018 0.024

Angles (°) 2.059 2.728 1.837 2.102

B Factor (A% 2.60 3.51 2.63 3.21

PDB code® 2CGU 2CGV 2CGW 2CGX

Ry is the R factor calculated using 5% of the reflection data chosen randomly and omitted from the refinement process, whereas R,y is calculated
with the remaining data used in the refinement. Rms bond lengths and angles are the deviations from ideal values; the rms deviation in B factors is

calculated between covalently bonded atoms.
?hrb, highest resolution bin.
® Protein Data Bank entry codes.
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The binding modes of compounds 5 and 9 in the Chkl
ATP site were also ascertained by crystallography.
Compound 5 hydrogen-bonds to the conserved kinase
backbone motif via an oxime functionality (Fig. 1A),
which is arguably unusual, and possibly new, in terms
of kinase inhibitors.3>6267-68 The hydroxyl part of the
oxime donates a hydrogen bond to the carbonyl oxygen
of Glu85, while the imino nitrogen accepts a hydrogen
bond from the amide nitrogen of Cys87. Unfortunately,
the largely symmetric nature of 5 is not particularly
attractive for further medicinal chemistry efforts,
although the crystal structure would allow a smaller
scaffold comprised of a substructure of 5 to be designed
for further elaboration. The same type of remarks hold
for 9, which hydrogen-bonds to the kinase backbone
motif via one of its oxadiazole rings and a pendant ami-
no group (Fig. 1C). From a structural point of view, the
second oxadiazole ring of 9 is in an interesting position
to access other parts of the binding site, but the chemical
nature of this ring prevents further substitutions in those
directions. Thus, one could design an analogue of 9
where this second oxadiazole ring would be replaced
by a more suitable moiety.

In sum, the X-ray structures presented here revealed
some interesting intermolecular interactions regarding
the chemical functionalities found to hydrogen-bond
the conserved kinase backbone motif. Some of these
interactions are arguably unusual, and possibly new, in
the context of the medicinal chemistry of kinase inhibi-
tors. Maybe more importantly, this firm structural con-
text helps to assess the potential of an inhibitor for
further medicinal chemistry efforts. That holds even
for scaffolds of apparent limited interest, because one
may glean useful information about the binding mode
of substructures of these scaffolds.

2.3. Computational docking models

Crystallisation studies were attempted for all inhibitors
obtained from the virtual screening, however, no exper-
imental structure could be obtained for Chk1 in complex
with compounds 1, 2, 3, 4, 6 and 7. Given the clear use-
fulness of assessing a ligand scaffold when bound to its
target, an alternative is to consider docking modes gen-
erated solely by computational means. Such docking
modes are not meant to replace X-ray structures but
to provide working hypotheses to guide further experi-
mental work, following which the initial hypotheses
may be adjusted. The best scoring docking modes for
2, 3,4, 6 and 7 obtained with software rDock are shown
in Figure 2. These docking modes should only be
regarded as suggestions in need of experimental testing,
given that even convincing docking models may be inac-
curate.?’ A significant fraction of docking models, how-
ever, is typically in reasonable agreement with
experimental data.®®73 We have presented an example
with Chkl where such models were predictive and use-
ful.4® Predictions are facilitated with ligands binding to
kinase ATP sites, given that the aromatic core of these
ligands tends to bind in the same plane as the native ade-
nine moiety, and typically forms recurrent hydrogen
bonds with the conserved kinase backbone motif.>3-:62:68

The proposed docking modes for 2, 3, 4, 6 and 7 follow
this pattern (Fig. 2).

Before examining docking modes of compounds 2, 3,4, 6
and 7, we briefly comment on those obtained for com-
pounds 5, 8, 9 and 10, for which the experimental solution
is known (Fig. 1). This does not provide a statistically val-
id assessment of the chance of success when predicting a
binding mode with the program rDock, but it allows to
re-iterate common arguments to keep in mind when con-
sidering docking modes generated with an empirical scor-
ing function and a fixed receptor. Docking modes similar
(overall orientation and key interactions with the ATP
site) to their experimental counterpart were among the
top 12 best ranked solutions for 5, 8, 9 and 10. This is al-
ready a degree of success, but the difficulty would have
been to recognise the correct solution when other reason-
able suggestions were offered. For 8 it would have been
exceedingly difficult to identify the experimental binding
mode from the computational suggestions, maybe be-
cause of a subjective reluctance to accept the interaction
between a nitro group and the kinase motif. Also, the
docking poses did not help to discriminate a priori be-
tween the R and S stereoisomers of 8 in terms of binding
mode. Docking of 10 must take into account two possible
tautomers regarding the position of the proton on the
imidazole nitrogens. This leads to a variety of reasonable
docking modes with different ligand overall orientations,
but for which the ligand—protein interaction scores did
not differ significantly. This is because the purine of 10
can hydrogen-bond the kinase motif in several ways,
and the relative lack of substituents around this core does
not help much in identifying a most likely binding mode.
The interaction between the amide substituent of 10 and
Tyr20 could not be predicted by docking to a rigid recep-
tor because it requires a motion of the loop containing
Tyr20. Therefore, we would not have discriminated be-
tween the correct and artefactual docking modes of 10.
With 5 and 9, the correct binding modes were also those
which scored best, and the few alternative docking modes
were clearly less convincing than these top-ranked solu-
tions in terms of interactions with the protein. Therefore,
we would have predicted correctly the binding modes of 5
and 9. This exercise illustrates the usual pitfalls associated
with the prediction of ligand binding modes: alternative
tautomers and stereoisomers, unusual protein-ligand
interactions, multiple reasonable docking modes, possi-
ble conformational changes in the receptor and the ne-
glect of potential water-mediated ligand—protein
interactions. Therefore, these computational models are
no substitute for a good-quality X-ray structure. Howev-
er, such modelling frequently suggests helpful binding
modes, which can be used to generate ideas for further
synthetic efforts. This is what is attempted in the follow-
ing for compounds for 2, 3, 4, 6 and 7.

The nitrogens in the amino-pyridine of 2 constitute a do-
nor—acceptor motif which could be thought to comple-
ment precisely the counterpart hydrogen-bonding
groups in the conserved kinase motif. However, exhaus-
tive automated docking did not present any binding
mode of 2 where it interacts with the kinase backbone
motif via its amino-pyridine moiety. Manual modelling
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Cys87

Glul34 Asnl35

Ser147

Glul34

Figure 2. Possible docking modes of compounds 2, 3, 4, 6 and 7 in the ATP-binding site of Chkl, in panels A, B, C, D and E, respectively. For
clarity, only selected residues and hydrogen atoms are shown. Glu85 and Cys87 are part of the conserved kinase backbone binding motif. Hydrogen
bonds between the compounds and the kinase are depicted with green dotted lines.

of such binding mode (ligand pyridine and amino nitro-
gens accepting and donating a hydrogen bond from and
to the Cys87 backbone N-H and carbonyl, respectively)
reveals it would entail very severe steric clashes between
the tricyclic moiety of 2 and the protein at the periphery
of the ATP-binding site, for instance with Leul5, Glyl6
and Ser147. This is because due to intramolecular steric
contacts, the tricyclic system is quasi-perpendicular to
the plane of the pyridine ring of 2. Therefore, such a
binding mode would require rather dramatic conforma-
tional changes regarding the overall opening of the
ATP-binding cleft. This cannot be excluded, but the
docking mode presented in Figure 2A is also reasonable
because it buries the maximum amount of ligand apolar
surface area, a well-known driving force of protein—
ligand association.’®”> In this docking mode, the tricy-
clic apolar moiety is buried in the ATP-binding site with

van der Waals contacts to Leul5, Val23, Ala36 and
Leul37 (not shown), and its sulfur forming a weak
hydrogen bond with the amide of Cys87 (Fig. 2A).
The limited role of hydrogen bonds between ligands
and the kinase motif in driving potency has already been
noted.?>’* A weak N-H---S hydrogen bond would be
reminiscent of the weak C-H---O hydrogen bonds fre-
quently observed in ligand—kinase complexes.’® A
hydrogen bond could be formed between the aromatic
amino group and the backbone carbonyl oxygen of
Glul134. The primary amine of 2 could occupy a position
reminiscent of that observed by X-ray crystallography
for 8 (Fig. 1B), with hydrogen bonds to the side chains
of Asnl35 and Aspl48. In absence of crystal structure,
an obvious strategy to make progress with compound
2 would be to separate the pyridine and tricyclic parts
of the compound, and investigate binding of these two
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substructures separately. This would be expected to
identify the substructure which interacts directly with
the kinase motif, assuming that the other substructure
would not bind alone.

The docking mode of 3 (Fig. 2B) was obtained with the
S stereoisomer. Another sensible docking mode,
although it scored slightly less favourably, can also
be found with the R sterecoisomer, with the compound
bicyclic core flipped relative to the kinase backbone
motif and the pyrazole moiety hydrogen-bonding
Cys87 instead of Glu85. In both of these docking
modes, the n face of the catechol packs closely against
Leul37 (not shown), with the hydroxyl groups hydro-
gen-bonding the backbone carbonyl oxygen of
Glul34 and the side chain of Serl47. If the role of
these hydrogen bonds for the binding of 3 to Chkl
were confirmed, this could prove a liability for this
scaffold, given the propensity of catechols to be quickly
glucuronidated, which would lead to inactivation of the
scaffold. However, the catechol is solvent exposed and
at the periphery of the binding site in this docking
model, therefore it is possible that the catechol could
be replaced altogether, with other substituents grafted
onto the buried bicyclic scaffold directly hydrogen-
bonded to the kinase motif.

Compound 4 is a synthetically tractable lead-like scaf-
fold with no chemical functionalities having a priori po-
tential metabolic or toxicity liabilities. In its preferred
docking mode (Fig. 2C), compound 4 hydrogen-bonds
the kinase motif via its amino-thiadiazole core. Its car-
boxylate forms an ionic pair with Lys38. This ionic
interaction seems to favour this docking mode over an
alternative which would be flipped relative to the kinase
motif, with the compound amino group hydrogen-bond-
ing Cys87 instead of Glu85. Of course, this alternative
binding is still a very real possibility. In the docking
mode of Figure 2C, the benzoic acid moiety is favour-
ably positioned for further derivatisation towards buried
regions of the binding site, including a pocket of special
interest in the vicinity of Asn59%>4° (Fig. 3).

The docking mode of compound 6 also suggests that its
fused tricyclic scaffold may be of great interest to reach
to this pocket. The tricyclic moiety forms three standard
hydrogen bonds with the backbone of Cys87 and Glu85
of the kinase motif (Fig. 2D). Again, the binding mode
of this core could be flipped with respect to the kinase
motif, with the chloro-benzodioxole substituent being
solvent accessible. The best-scoring docking mode,
however, buries the chloro-benzodioxole substituent such
that it contacts Lys38, Asn59, Leu84 and Aspl48 (not
shown). Many of these contacts, however, appear subop-
timal and therefore a possible strategy would be to replace
the chloro-benzodioxole altogether. This would be com-
bined with the replacement of the undesirable hydrazone
moiety by an amino linkage. This amino linkage would be
in a favourable position for derivatisation to access the
pocket of particular interest around Asn59 (Fig. 3).

The undesirable hydrazine and nitro groups in 7 may
also be replaced while keeping the remainder of the scaf-

Glu85 Leu89

Figure 3. Superposition of the structures of the Chkl ATP site in
complex with compounds 2-10. The conserved hinge backbone of the
kinase motif, to which compounds are hydrogen bonded, was closely
aligned across all proteins and only one representative structure of this
backbone is shown for simplicity. Every compound is in a different
colour. This overlay shows that this diverse set of ligands interacts with
various areas of the binding site. For compounds 5, 8, 9 and 10 the
structures were obtained by X-ray crystallography (Fig. 1), while for
compounds 2, 3, 4, 6 and 7 the structures are the docking models
shown in Figure 2. The blue striated oval marks the location of a
buried pocket which was shown to be of special interest to gain
potency and selectivity against Chk1.24* Several of the newly
discovered ligand scaffolds would be favourably positioned to reach
into this pocket.

fold, given that these groups face towards the solvent in
the docking mode shown in Figure 2E. In addition, the
phenyl ring of 7 is favourably positioned to access the
pocket of special interest around Asn59. Therefore, 7
should be considered as an interesting starting point
for further elaboration.

Overall, reasonable docking models in the Chkl ATP
site can be obtained for compounds 2, 3, 4, 6 and 7, con-
sistent with their ATP competitive mechanism of inhibi-
tion. These docking modes reflect the generally observed
features of the binding modes of kinase inhibitors, but
should be regarded as working hypotheses only. In par-
ticular, alternative docking modes can be found where
the ligand moiety hydrogen-bonding the kinase back-
bone motif can be flipped relative to this motif. It re-
mains that the presented docking modes allow the
formulation of specific working hypotheses to further
elaborate these ligands towards improved potency and
selectivity for Chkl.

Figure 3 presents an overlay of all binding modes shown
in Figures 1 and 2. This indicates that these diverse scaf-
folds interact with different parts of the binding site.
This could provide ideas to transfer elements from one
ligand to another, and to other known Chkl inhibitors.
Figure 3 also shows that ligands 1-10 do not take
advantage of a buried pocket around Asn59, which
could be used to gain potency and selectivity when tar-
geting Chk1. As mentioned above, some of the scaffolds
presented here are expected to open new opportunities
to target this pocket.



4800 N. Foloppe et al. | Bioorg. Med. Chem. 14 (2006) 4792-4802

3. Conclusions

Ten new ligands of the Chkl kinase were discovered
by docking a large electronic catalogue of compounds
to its ATP-binding site, and by assaying a relatively
small number of prioritised compounds. These com-
pounds inhibit Chkl in an ATP competitive manner
and have affinities for Chkl in the low micromolar
range. Importantly from a medicinal chemistry point
of view, these ligands are chemically diverse and there-
fore offer a variety of potential starting points for fur-
ther elaboration. Compounds 1, 4 and 10 are arguably
of particular interest because of their lead-like proper-
ties, including a relatively small size, well-balanced
physico-chemical properties and the absence of chem-
ical functionality associated with metabolic or toxic
liability.

The medicinal chemistry potential of each newly dis-
closed chemical scaffold is discussed in the context of
its binding modes to the protein, either determined by
X-ray crystallography or modelled computationally.
X-ray-binding modes were obtained for compounds 5,
8, 9 and 10. This information could be exploited to de-
vise synthetic efforts directly on the more interesting
compounds 8 and 10, or around substructures of the
symmetric scaffolds of 5 and 9. These X-ray structures
also reveal interesting interactions between the kinase
conserved motif and ligand functionalities that it con-
tacts directly.

In addition, docking modes were generated for com-
pounds 2, 3, 4, 6 and 7. The presented docking
modes display the features typically associated with
ligands bound to kinase ATP-binding sites, and are
therefore reasonable working hypotheses. These struc-
tural models are helpful in providing concrete starting
points to inform further ligand design, but we re-iter-
ate that these models are not as reliable as experi-
mental X-ray structures, and should therefore be
interpreted as such. However, only a limited number
of alternative sensible docking modes could be found
for each of these scaffolds, which suggests that struc-
ture-based ligand design is a realistic prospect for
several of these ligands. In particular, several of these
scaffolds are likely to be well positioned to access a
pocket of special interest in the vicinity of Asn59
to gain potency and selectivity when targeting the
Chk1 kinase.?>*

4. Computational and experimental methods
4.1. Computational screening

The preparation of the screened electronic catalogue of
commercially available compounds has been presented
elsewhere.*®* Filtering of the catalogue of compounds
on molecular weight (250 < MW < 550) and number
of rotatable bonds (NRot < 6) to prepare the set of
compounds used for docking was performed with in-
house perl scripts, and left ~700,000 compounds for
subsequent screening. The initial three-dimensional

structure of these compounds was then generated with
CORINA,”® with removal of counterions or solvent
fragments, all chemical functionalities in their neutral
state and generation of multiple ring conformations
within 7 kJ/mol of the lowest energy ring conformation.
Only one stereoisomer and tautomer per compound was
generated with CORINA for the computational high-
throughput screen.

Computational screening was performed by docking
the three-dimensional structure of each compound to
the ATP-binding site of the crystal structure of apo hu-
man Chkl (PDB”’ entry 1IA8%%). Water molecules
were removed from the coordinates and polar hydro-
gens added to the protein using the CHARMm force-
field.”® To specify the docking volume, the ATP-bound
crystal structure of protein kinase A (PDB entry
1ATP) was superimposed onto that of Chkl. There
was unambiguous superimposition of the ATP-binding
sites and the docking volume in Chkl was defined as
the space within 8 A of the ATP molecule. Docking
was performed with the program rDock which is an
extension of the program RiboDock,*® using an empir-
ical scoring function calibrated based on protein-ligand
complexes.3#7

Docking was carried out on a PC cluster of 100 CPUs.
Acidic functionalities were deprotonated, basic func-
tionalities protonated and apolar hydrogens removed
with rDock. The Monte Carlo/simulated annealing pro-
tocol initially used in RiboDock*® was replaced by a
steady state Genetic Algorithm (GA) to improve the effi-
ciency of the docking search. Ligand docking poses were
represented using a conventional chromosome represen-
tation of translation, rotation and rotatable bond dihe-
dral angles. A single GA population was used, of size
proportional to the number of ligand rotatable bonds,
with a mutation:crossover ratio of 3:2. The overall ori-
entation and internal conformation of the compounds
were searched with the GA, while the protein was kept
fixed.

The docking modes of the confirmed hits were investi-
gated in more detail with the same fixed protein
structure as used during the computational high-
throughput screen. All reasonable combinations of
stereoisomers and tautomers were considered when
investigating in more detail the docking modes of the
newly discovered inhibitors. Those were built manually
with MOE, which was possible given the relatively small
number of combinations. These compounds were
energy-minimised with the Merck molecular force-
field”® before regenerating their docking modes with
more exhaustive docking. It was performed with 200
docking runs per stereoisomer/tautomer. The resulting
200 docking poses were ranked based on the docking
scores and inspected visually.

4.2. Kinase assays for ICsy determinations
Enzyme inhibition assays to determine ICsys with

human Chkl were performed as described previ-
ously 2340
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4.3. Crystallisation and three-dimensional structure
determination

Chk1 1-289 construct was expressed, purified and crys-
tallised as previously described.?> Obtention and analy-
sis of X-ray diffraction data, as well as protocols to
build and refine the crystal structures of the protein—li-
gand complexes, were also as previously described.?>#0
Full data collection and refinement statistics are present-
ed in Table 2.

4.4. Compound suppliers and quality control

The active compounds were purchased from the follow-
ing sources: 1, 3, 8 and 10 from Asinex?’; 2, 4 and 9 from
InterBioScreen®!; 5 from ChemDiv®%; 6 and 7 from
Chembridge.®3

Every compound which inhibited Chkl in the kinase
IC5p assay was subjected to a liquid chromatography—
mass spectrometry (LC-MS) analysis, and the chemical
structures given in Table 1 were consistent with the
masses obtained by MS, to a purity of at least 85%.
Purity was assessed by UV detection at three wave-
lengths and total ion current under positive ion
electrospray.
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