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Abstract Checkpoint kinase 1 (Chkl), a member of the
serine/threonine kinase family, is an attractive therapeutic
target for anticancer combination therapy. A structure-based
modeling approach complemented with shape components
was pursued to develop a reliable pharmacophore model for
ATP-competitive Chkl1 inhibitors. Common chemical fea-
tures of the pharmacophore model were derived by
clustering multiple structure-based pharmacophore features
from different Chkl-ligand complexes in comparable
binding modes. The final model consisted of one hydrogen
bond acceptor (HBA), one hydrogen bond donor (HBD),
two hydrophobic (HY) features, several excluded volumes
and shape constraints. In the validation study, this feature-
shape query yielded an enrichment factor of 9.196 and
performed fairly well at distinguishing active from inactive
compounds, suggesting that the pharmacophore model can
serve as a reliable tool for virtual screening to facilitate the
discovery of novel Chkl inhibitors. Besides, these pharma-
cophore features were assumed to be essential for Chkl
inhibitors, which might be useful for the identification of
potential Chk1 inhibitors.
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Introduction

Checkpoint kinase 1(Chk1), a serine/threonine kinase, is a
key regulator of cell cycle progression and DNA repair [1],
which has emerged as a novel target for anticancer
combination therapy [2]. Inhibition of Chkl has been
shown to abrogate cell cycle arrest to sensitize the efficacy
of DNA-damaging agents or radiation, leading to enhanced
tumor cell death [3, 4]. The discovery of novel Chkl
inhibitors is an intensely studied field [5-7], and the most
advanced agents are now in the early phase of clinical
development [8], such as UCN-01, PF-00477736, and
AZD7762 (see Fig. 1). Among them, PF-00477736 is a
potent, selective ATP-competitive small-molecule Chkl
inhibitor [4].

The ATP binding pocket of Chk1 can be roughly divided
into five regions [9, 10]: the solvent-exposed region, the
hinge region, the water pocket, the polar region, and the
ribose binding pocket (see Fig. 2). The solvent-exposed
region is adjacent to the hinge region, and the introduction
of the polar group pointing to the solvent-accessible region
might gain desirable enzymatic potency and prove amena-
ble for the modulation of biophysical characteristics [11—
13]. The water pocket, which is unique to Chkl, is
occupied by three water molecules and buried at the
periphery of the ATP binding site. It has been demonstrated
that filling this pocket can confer ligands with enhanced
affinity for Chkl [9, 14]. In addition, to obtain high
potency, it is required for the ligands to form hydrogen
bond interactions with amino acid residues in the polar
region [15]. Another characteristic is the tendency of
ligands to form ionic interactions with the acidic residue
(GIu91) or hydrogen bond interactions with the side chain
carbonyl oxygen of Glu91, situated at the ribose binding
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Fig. 1 Structures of selected
published clinical candidate
Chk1 inhibitors

UCN-01

pocket [16—18]. It has been revealed that this region is of
great significance [19], for functional groups designed to
interact with residues in or in proximity to the ribose
binding pocket were desired despite not a specific require-
ment for inhibition of Chk1. Details on the hinge region are
discussed in the section below. It remains unclear that
which regions are essential for the rational design of
inhibitors targeting Chkl1, so it is necessary to gain further
insight into the structural requirements of Chkl inhibitors.

Pharmacophore modeling is one of the most successfully
used tools in drug discovery and design [20, 21], which
provides useful information to understand the interactions
between a target protein and a ligand. The pharmacophore
model is a set of chemical features aligned in three-
dimensional (3D) space. This spatial arrangement of
chemical features represents the essential interactions
between ligands and proteins [22].

The traditional pharmacophore modeling, based on a
series of available ligands, has been the primary thrust in
virtual screening for a long time. In the absence of
structural data of the target protein, ligand-based pharma-
cophore has been a considerably successful tool for virtual
screening technology. The ligand-based pharmacophore
model of Chkl1 inhibitors has been reported by Chen et al.

Fig. 2 Five specific regions
of the ATP binding pocket of
Chkl
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[23], which was derived from a set of structurally diverse
Chkl inhibitors without explicit knowledge of the receptor
structure. However, with the rapidly growing number of
crystal structures of Chkl-ligand complexes resolved, it is
possible to develop the structure-based pharmacophore
model [24, 25]. Since the structure-based pharmacophore
model maintains an adequate geometric relationship of the
active sites and is less dependent on the known Chkl
inhibitors compared with ligand-based pharmacophore
model, it is expected that it will improve the novelty of
the hit list once used for the virtual screening.

In this study, we have focused on the generation of
pharmacophore models of ATP-competitive Chk1 inhibitors
from available 3D crystal complexes, complemented with
shape component of the inhibitors. The structure-based
pharmacophore model is able to present the intermolecular
interactions between Chkl and its ligands in a visual and
straightforward way. Moreover, to obtain good shape
complementarity for the ligands with the ATP binding
pocket of Chkl, shape components were utilized to
optimize the pharmacophore models. Once the pharmaco-
phore model is identified, it can be used as a powerful tool
for the discovery and development of new hit compounds.
Currently, a total of 35 crystal structures of Chkl-ligand
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complexes are available in the Protein Data Bank (PDB)
[26]. The pharmacophore features were detected by
software LigandScout [24] based on these crystal struc-
tures. Common chemical features were attained by cluster-
ing multiple structure-based pharmacophore features among
different bound ligands of Chkl complexes. Excluded
volume spheres and shape constraints were also included
in the model to further improve selectivity. Then the
resultant pharmacophore models were validated by screen-
ing a validation database spiked with known Chkl
inhibitors. It is hoped that the present study can provide
valuable information of pharmacophoric interactions be-
tween Chkl and different inhibitors, and facilitate the
discovery of promising Chk1 inhibitors.

Materials and methods
Generation of structure-based pharmacophore models

A set of 35 crystal structures of Chkl in complex with
diverse ligands were obtained from the Protein Data Bank
(PDB) (see Fig. 3). Water molecules have been reported to
play a crucial role in mediating the interactions between
ligands and Chkl1 [9], and those in ligand-binding sites can
provide useful information for the process of pharmaco-
phore construction [27]. Therefore, all the water molecules
in the crystal structures were retained. The coordinates of
35 Chkl-ligand X-ray crystal structures were transformed
into a common reference frame using multiple structure
alignment within Accelrys Discovery Studio 2.1 [28].
Individual pharmacophore models were generate based
on the previously aligned structures using the software
LigandScout 2.02 [24], which uses an algorithm that allows
the automatic construction of the pharmacophore model
from the structural data of the protein-ligand complex.
Moreover, excluded volumes were also automatically
included in the models by the software [29]. Next, the
pharmacophore models were imported as hypotheses into
Catalyst by the hypoedit tool from LigandScout [30]. As
two chemical features cannot be placed onto one structural
element in Catalyst [31], several complementary pharma-
cophore models were generated to describe the binding site.
Then all of the pharmacophore features except excluded
volumes in the pharmacophore models were clustered
according to interaction patterns of ligands with Chkl.
The hydrophobic features were clustered with an interactive
dendrogram for the selection of cluster centers. Three
cluster centers of the hydrogen bond acceptor features in
the hinge region, the water pocket (corresponding to three
water molecules) and the polar region were identified after
hierarchical clustering within the Accelrys Discovery
Studio [28]. The cluster centers of the hydrogen bond

donor features were identified in the same way. Subse-
quently, the constructed model was refined by the modifi-
cation of the constraint tolerance of the spheres in
accordance with the default values of Catalyst software
[30]. Additionally, excluded volume spheres were used as
steric constraints. Finally, the pharmacophore was comple-
mented with shape constraints to account for the shape
complementarity of ligands with the ATP binding pocket of
Chkl.

Validation of the pharmacophore model via retrospective
discovery of known Chkl inhibitors

One of the standard approaches to validate computational
models is to perform the retrospective analysis. Herein, we
constructed a validation database consisting of 60 known
Chk1 inhibitors and 1291 randomly sampled compounds.
The randomly sampled set served as decoys, which were
obtained from a collection offered by drugbank [32] (subset
of random FDA-approved small molecule drug structures
without biological activities on Chkl1 reported). The known
Chk1 inhibitors consisted of seven drug candidates in pre-
clinical or clinical development [7-9] and 53 compounds
collected from several literatures published by Abbott
Laboratories [10, 11, 13, 33-35]. It is worth noting that
three drug candidates in clinical development (UCN-01,
PF-00477736, and AZD7762) were in the validation
database. In addition, the biological activity data of the 53
compounds was measured by similar Chk1 enzymatic assay
procedures (39 active compounds on Chkl, IC5,<100 nM;
14 inactive compounds, IC5,>10000 nM). Thus a total of
1351 compounds were successfully converted into a search-
able multiconformer database by using the catDB command
(FAST method, maximum number of conformers=100).
Then all screening experiments were performed by using
the Fast Flexible Search algorithm in Catalyst [36].

Results and discussion
Structure-based pharmacophore models

A prerequisite for the generation of the structure-based
model is the knowledge on the target-ligand interactions
including the availability of the 3D structure of the target by
X-ray crystallography, NMR or protein homology modeling
studies. And a crystal complex with a ligand bound to the
active site of the protein is required for the construction of
the structure-based pharmacophore model. Generally, the
structure-based pharmacophore model is generated based
on an individual crystal complex, which might not be so
reliable just reflecting a single interaction pattern. Thus, in
the case of a set of Chkl crystal complexes available, there
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is a great chance to cover sufficient interaction patterns and
detect common pharmacophore features for an acceptable
pharmacophore model.

To find common chemical features from different bound
Chkl1 inhibitors with comparable binding modes, cluster
analysis was implemented for multiple pharmacophore
features. In total, there were 47 pharmacophore models
constructed by LigandScout based on the 35 aligned crystal
structures of Chkl (see Fig. 4). Most of the inhibitors
showed favorable hydrophobic contacts with hydrophobic
cleft of the Chkl. As a result, two cluster centers of
hydrophobic features constituted a major part of the
pharmacophore models, in agreement with the overall
hydrophobic nature of the active site of Chkl. One was
surrounded by hydrophobic residues Val23 and Tyr20, the
other by residues Leul5 and Leul37. The positive ionizable
features located in the ribose binding pocket were not
included in our pharmacophore models since they were not
specific requirement for the inhibition of Chkl as men-
tioned above. The hydrogen bond features detected were
mainly located in the hinge region, the water pocket and the
polar region. Those frequently detected ones are listed in
Table 1. According to frequency of occurrence in different
regions, three acceptor cluster centers were selected,
corresponding to Cys87 in the hinge region (HR-Acceptor),
three water molecules in the water pocket (WP-Acceptor),
and Lys38 in the polar region (PR-Acceptor). Likewise, the
donor cluster center was chosen, mapping onto Glu85 in
the hinge region (HR-Donor). Then it was of great
importance to determine which hydrogen bond features
should be involved in the pharmacophore model.

Previous study indicated that the interaction with the
hinge region is essential for potent Chkl inhibition [9],
which is consistent with the high statistical frequency of the
features detected in the hinge region. There are different
hinge binding patterns observed in the crystal structures of
Chkl1-ligand complexes [10]. One of the commonly found
patterns is the formation of hydrogen bonds between the
ligands with the backbone NH of Cys87 and the backbone
carbonyl of Glu85 (see Fig. 4), summing up to one acceptor
cluster center (HR-Acceptor) and one donor cluster center
(HR-Donor) in our initial pharmacophore model (see
Fig. 5a, Hypol). We kept these features (two hydrophobic
features, HR-Acceptor, HR-Donor) as a starting point, and
the features in other regions would be evaluated in the
section below. The ligand-based pharmacophore model
generated by Chen et al. [23] showed the hydrogen bond
interaction between the inhibitors and the amino acid
residues in the hinge region (Cys87, Glu85), which also
substantiated the model Hypol.

To further improve selectivity, the initial model Hypol
was optimized by adding so-called excluded volume
spheres [37], which resembled sterically inaccessible
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regions within the binding site. Twelve excluded volume
features were found in the ATP-binding site, whose spaces
were occupied by residues Leul5, Glyl6, Tyr20, Val23,
Tyr86, Cys87, Glu90, Glul34, Asnl35, Leul37, and
Aspl48. These excluded volume features were automati-
cally detected by LigandScout based on one representative
aligned crystal structure. The resultant pharmacophore
model Hypo2 with excluded volume spheres is shown in
Fig. 5b.

It is suggested that ConFirm module within Catalyst is
able to generate the low-energy conformations similar to
those present in the protein-ligand complexes [38]. More-
over, one may wonder whether Hypo2 can capture the
mapping conformation close to the bioactive conformation.
When mapped onto Hypo2 by choosing “Fast Fit” option,
the bound conformation of the macrocyclic urea compound
from the crystal complex (PDB entry: 2E9U) fit quite well
with all the features of the pharmacophore. Meanwhile, the
Catalyst conformations generated by ConFirm module were
mapped onto Hypo2 with the same option to verify whether
the method could find the correct bioactive conformation
(see Fig. 5c). The root mean square distance (RMSD)
between the heavy atom positions of the bound and the
mapping Catalyst conformation was 1.05 A. Hence, Hypo2
may be utilized to determine the bioactive conformations of
the ligands that share the same binding mode.

Subsequently, the pharmacophore Hypo2 was comple-
mented with shape constraints based on the shape of the
drug candidates having entered clinical trials. It is not clear
yet whether different selectivity profiles against Chk1l and
Chk2 (checkpoint kinase 2) could lead to different clinical
outcomes. Whereas UCN-01 and AZD7762 are approxi-
mately equipotent against Chk1l and Chk2, PF-00477736 is
almost 100-fold selective for Chkl over Chk2 [7, 39].
Moreover, PF-00477736 has the appropriate chemical
features for binding and has the proper shape to fit into
the ATP binding pocket of Chkl. Thus PF-00477736 was
chosen to generate a shape component based on the low
energetic conformers via the algorithm CatShape within
Catalyst [40]. In order to create a feature-shape query
(containing both hypothesis and shape), “Fast Fit” option
was used to map Hypo2 onto the low energetic conformers
of PF-00477736. With the mapping displayed, the con-
former was converted into a shape query, and then the
hypothesis query with a merged shape was built in an
appropriate alignment (see Fig. 5d, Hypo3). The shape
constraints were relaxed by changing the Minimum
Similarity Tolerance to 0.41 (the default is 0.50), making
the query less restrictive [30]. All other parameters used
were kept as default.

Fig. 3 Ligand structures from 35 Chkl protein-ligand complexes p>
used in this study
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Fig. 4 (a) Multiple structure alignment according to their 3D
structural similarity and the ligands are in a common reference frame.
Coloring surface of one representative aligned protein structure using
electrostatic potential. Every ligand is in a different color. (b) The
pharmacophore features generated using LigandScout based on the

Validation of the pharmacophore model via retrospective
discovery of known Chkl inhibitors

For the hits retrieved by the initial pharmacophore model
Hypol, there were 44 active compounds, 14 inactive
compounds, 589 decoys. More careful inspection of the
hit list indicated that many of the false positives (hits
retrieved from inactive compounds and decoys) possessed
bulky, or unusually long side chains, which were actually
far too large to fit into the ATP binding pocket of Chkl.
However, after excluded volume spheres and shape
constraints were added to the initial model Hypol, the
results were significant since the feature-shape pharmaco-
phore Hypo3 could effectively prune and focus the hit list.
In detail, 99 hits were retrieved by the refined pharmaco-
phore model Hypo3 from the validation database, consist-
ing of 31 active compounds and 68 false positives (one
inactive compound and 67 decoys). As mentioned above,
the validation database contained 1351 molecules, in which

previously aligned protein structures. Features of the pharmacophore
models are color-coded as follows: hydrogen bond acceptor (HBA),
green; hydrogen bond donor (HBD), violet; hydrophobic (HY), light
blue; positive ionizable, red; negative ionizable, blue

46 were active Chk1 inhibitors. Thus, the enrichment factor
(E, see Eq. 1) calculated according to Ananthula et al. [41]
was 9.196, indicating that it was 9.196 times more probable
to pick an active compound from the database than an
inactive one. Notably, two inhibitors in the clinical phase
(PF-00477736 and AZD7762) were retrieved except UCN-
01, which showed the selectivity of generated hypothesis to
some extent.

Ha/Ht
~"A/D (1)

where Ht=the number of hits retrieved, Ha=the number of
actives in the hit list, A=the number of active molecules
present in the database, and D=the total number of
molecules in the database.

The receiver operating characteristic (ROC) curve was
also used to estimate the performance of the feature-shape
pharmacophore model Hypo3 [42]. It can be used to help
understand the tradeoff between model sensitivity (ability

Table 1 Hydrogen bond

Interaction

Find cluster center

features detected by LigandS- Features Count
cout®
Acceptor 42
Donor 20
Acceptor 12
* Hydrogen bond features inter- Donor 8
acting with waters not in the Acceptor 6
water pocket have not been Donor 6
listed in this Table for clarity.
HR, the hinge region; PR, the Acceptor 3
polar region; WP, the water Donor 3
pocket; RP, the ribose binding Donor 1

pocket

HR: the backbone NH of Cys87

HR: the backbone carbonyl oxygen of Glu85
WP: three water molecules

HR: the backbone carbonyl oxygen of Cys87
PR: the side chain NH of Lys38

WP: three water molecules

WP: the side chain NH of Asn59

WP: the side chain carbonyl oxygen of GluS5
RP: the side chain carbonyl oxygen of Glu91

Yes: HR-Acceptor
Yes: HR-Donor
Yes: WP-Acceptor
No

Yes: PR-Acceptor
No

No

No

No
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Fig. 5 Flowchart of the genera-
tion of the structure-based phar-
macophore model. (a) The initial
hypothesis model (Hypol). (b)
The refined pharmacophore
model augmented with excluded
volumes (Hypo2). (¢) Bioactive
conformation determination. The
mapping Catalyst conformation
of the macrocyclic urea com-
pound (red stick model) and the
bound conformation (yellow stick
model) from the crystal structure
are superimposed on Hypo2. (d)
The feature-shape query (Hypo3)
obtained by superimposition and
merging of PF-00477736 shape
and Hypo2. Screenshots were
taken from Discovery Studio.
Features of the pharmacophore
models are color-coded as fol-
lows: hydrogen bond acceptor
(HBA), green; hydrogen bond
donor (HBD), violet; hydropho-
bic (HY), light blue. The Catalyst
shape is displayed as a gray cloud

to discover true positives) and specificity (ability to avoid
false positives). The fit property of the compounds, which
indicates the degree of consistency with the model Hypo3,
was calculated in Catalyst. Thus, the fit values were used to
rank the 1351 compounds in the validation database
according to their predicted likelihood of being “good” or
“bad”. The ROC score (the area under the ROC curve,
AUC) provides a practical way of measuring the overall

performance of the model. The closer the ROC score is to
1.0, the better the model is at distinguishing good samples
from bad ones. ROC curve analysis of the model Hypo3
yielded the ROC score of 0.817 (see Fig. 6), which means
that in eight out of ten cases, a randomly selected active
Chkl1 inhibitor is ranked higher than an inactive one. This
validation has given additional confidence in the utility of
the selected pharmacophore model.

Fig. 6 The performance of the ROC Curve for Fit
feature-shape pharmacophore UL e
model Hypo3 analyzed using 0.95 e
ROC curves. The long straight 0.50 _
line up to the top right hand 155 /
corner of the ROC curve 0.80 o
revealed that some of the actives 0.75
scored no more than decoys. It 0.70
was generated using component 0.65
“ROC Plot Viewer” in the Pipe- 0.60
line Pilot [43] < 055
S os0
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£ o
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Table 2 Statistical Parameters

from Screening of validation Parameter Hypo3 Hypo4(Polar) Hypo5(Water)
database
1 total molecules in database (D) 1351
2 total no. of actives in database (A) 46
3 total hits (Ht) 99 55 27
4 active hits (Ha) 31 24 8
# ROC Score: The area under 5 enrichment factor (E) 9.196 12.815 8.702
the curve of the ROC plot 6 ROC score for Fit* 0.817 0.750 0.503

derived from the data

Evaluation of the cluster centers of hydrogen bond features
in other regions

To explore whether aforementioned PR-Acceptor in the
polar region should be merged in the pharmacophore
model, two pharmacophore models Hypo4 and Hypo5
were constructed by combining Hypo3 with the PR-
Acceptor feature in polar region and WP-Acceptor in the
water pocket, respectively. These pharmacophore models
were then used to retrospectively screen known Chkl
inhibitors, and the screening results were shown in Table 2.
Although Hypo4 achieved the best enrichment factor, it
failed to outweigh Hypo3 in the ROC analysis. Moreover,
Hypo3 picked out the maximum number of active inhib-
itors even though it could not reject maximum number of
false positives. Presumably, additional hydrogen bond
features in the polar region or the water pocket are not
essential for Chk1 inhibition but they might be beneficial
for ligand potency.

Fig. 7 The mapping of feature-
shape Hypo3 with the ATP
binding pocket of Chkl. Glu85
and Cys87 are part of the con-
served kinase backbone binding
motif in the hinge region.
Screenshots were taken from
Discovery Studio. Features of
the pharmacophore models are
color-coded as follows: hydro-
gen bond acceptor (HBA),
green; hydrogen bond donor
(HBD), violet; hydrophobic
(HY), light blue. The Catalyst
shape is displayed as a gray
cloud

@ Springer

Comparison of structure-based pharmacophore with ATP
binding pocket of Chkl

To further evaluate Hypo3, the feature-shape pharmacophore
model was mapped into the ATP binding pocket of Chk1 (see
Fig. 7). Non-covalent interactions and shape complementar-
ity are believed to prompt protein-ligand interactions. The
hydrogen bond features displayed the hydrogen bond
interactions between ligands and the conserved kinase
backbone binding motif in the hinge region. The hydropho-
bic features exhibited extensive hydrophobic contacts with
the backbone and/or side chains of residues, such as Leul5,
Tyr20, Val23, and Leul37. The excluded volume features
corresponded to the positions that were inaccessible for any
potential ligands. The shape components filled the ATP-
binding site quite well. In conclusion, the chemical features
and their spatial arrangement described in the feature-shape
pharmacophore model Hypo3 were consistent with the
essential protein-ligand interactions.
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Chen et al. [23] have also made the comparison analysis
of the aforementioned ligand-based pharmacophore model
with chemical features in the ATP binding pocket of Chkl.
The hydrogen bond features of the ligand-based pharmaco-
phore model corresponded to HR-Acceptor and HR-Donor in
the model Hypo3, which reflected the interactions between
ligands and the hinge region. Besides, two hydrophobic
features existed in both models. However, the 12 excluded
volume features in the model Hypo3, were different from
only one excluded volume in the ligand-based model based
on the known Chk1 inhibitors. In light of the structural data
of the protein-ligand complexes, the excluded volume
features in the model Hypo3 may be of advantage to
characterize the steric limitations of the binding site.

Conclusions

Mounting evidence has indicated that Chkl inhibitors have
potential therapeutic application in sensitizing DNA-damaging
agents or radiation to combat cancers. In the present study, we
took advantage of the information from the Protein Data Bank
(PDB) to develop pharmacophore models of the ATP-
competitive Chk1 inhibitors. Common chemical features were
obtained by clustering multiple structure-based pharmacophore
features. Excluded volume spheres and shape constraints based
on the low energetic conformers of PF-00477736 were also
included in the model to further improve selectivity. The final
feature-shape model Hypo3 consisted of spatial arrangement of
chemical features: one hydrogen bond acceptor (HBA), one
hydrogen bond donor (HBD), two hydrophobic (HY) features,
several excluded volumes and shape constraints. These
hydrogen bond features were mainly located in the hinge
region. Nevertheless, it is worth noting that features in other
binding regions (such as the polar region and the water pocket)
may also be involved in the rational combinations of
pharmacophore features. However, the validation study showed
that Hypo3 gave an enrichment factor of 9.196 and performed
better at distinguishing active from inactive compounds in the
validation database. It is expected that the information provided
here is helpful for the study toward more reliable pharmaco-
phore modeling of Chkl inhibitors, which can be used for
virtual screening to discover novel potential hit compounds.
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