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Abstract

Protein kinases constitute a superfamily of therapeutic
targets for a number of human and animal diseases
that include more than 500 members accordingly to
sequencing data of the human genome. The well char-
acterized nature of protein kinases makes them excel-
lent targets for drug development. Pharmacophore
approaches have become one of the major tools in the
area of drug discovery. Application of pharmacophore
modeling approaches allows reducing of expensive
overall cost associated with drug development project.
Pharmacophore models are important functional groups
of atoms in the proper spatial position for interaction
with target protein. Various ligand-based and structure-
based methods have been developed for pharmaco-
phore model generation. Despite the successes in phar-
macophore models generation these approaches have
not reached their full capacity in application for drug
discovery. In the following review, we summarize the
published data on pharmacophore models for inhibitors
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of tyrosine protein kinases (EGFR, HER2, VEGFR, JAK2,
JAK3, Syk, ZAP-70, Tie2) and inhibitors of serine/threo-
nine kinases (Clk, Dyrk, Chk1, IKK2, CDK1, CDK2, PLK,
JNK3, GSK3, mTOR, p38 MAPK, PKB). Here, we have
described the achievements of pharmacophore mod-
eling for protein kinase inhibitors, which provide key
points for further application of generated pharmaco-
phore hypotheses in virtual screening, de novo design
and lead optimization.

© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: In the following review, we summarize the
published data on pharmacophore models for inhibitors
of tyrosine protein kinases (EGFR, HER2, VEGFR, JAK2,
JAK3, Syk, ZAP-70, Tie2) and inhibitors of serine/threo-
nine kinases (Clk, Dyrk, Chk1, IKK2, CDK1, CDK2, PLK,
JNK3, GSK3, mTOR, p38 MAPK, PKB). Here, we have
described the achievements of pharmacophore mod-
eling for protein kinase inhibitors, which provide key
points for further application of generated pharmaco-
phore hypotheses in virtual screening, de novo design
and lead optimization.
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INTRODUCTION

Protein kinases are a group of enzymes which covalently
modify proteins by adding phosphate groups from ad-
enosine triphosphate (ATP) to serine, threonine or tyro-
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sine residues and therefore, transduce a variety of signals
in eukaryotic cells'". Kinases play a vital role in diverse
cellular processes, functions, deregulations and now rep-
resent the second most important class of drug targets
for pharmaceutical industry, after G-protein-coupled re-
ceptorsm. Over the past decade about 20 drugs targeting
kinases have been approved for clinical application, and
much more are currently undergoing clinical studies'”.

Pharmacophore modeling is an important tool in
drug development. A pharmacophore is the ensemble of
steric and electronic features that is necessary to ensure
the optimal supramolecular interactions with a specific
biological target structure and to trigger (or to block)
its biological responsem. There are two approaches for
pharmacophore construction-receptor-based methods
that allow building pharmacophore models based on the
interactions of ligands with receptors, and ligand-based
methods allowing generation of pharmacophore models
based on the training sets of active compounds.

The pharmacophore models are applicable for screen-
ing large compound libraries in silico for the search of
new small molecule inhibitors because they allow select
compounds exhibiting binding features complementary
oriented to an active binding pocketm.

In this review we discuss the published data on phat-
macophore models for inhibitors of several tyrosine pro-
tein kinases and serine/threonine protein kinases (Table 1).

PHARMACOPHORE MODELING FOR
PROTEIN TYROSINE KINASE INHIBITORS

Protein tyrosine kinases (PTKs) are a family of enzymes
that can transfer phosphate group from ATP to tyrosine
amino acid residues of target proteins in cell. This co-

valent post-translational modification is a crucial event
for regulation of various biological processes including
growth, metabolism, differentiation and apoptosis. Re-
cent advances have demonstrated that tyrosine kinases
play significant role in development of different diseases
suggesting PTKs as attractive targets in the search for
therapeutic agents.

Tyrosine kinases are classified as receptor tyrosine kinases
such as FGFR, epidermal growth factor receptor (EGFR),
Vascular endothelial growth factor receptor (VEGEFR),
TEK tyrosine kinase, endothelial (Tie2) and non-receptor
tyrosine kinases such as Spleen tyrosine kinase (Syk), Zeta-
chain-associated protein kinase 70 (ZAP-70), ABL, SRC,
FAK, Janus kinase (JAK)'". Each of receptor tyrosine
kinases contains extracellular ligand-binding domain, trans-
membrane hydrophobic helix, and intracellular tyrosine
protein kinase domain”. Non-receptor tyrosine kinases
are cytosolic proteins, possessing considerable structural
variability. The non-receptor tyrosine kinases have a kinase
domain and often include several additional protein-protein
interacting domains like SH2, SH3 and the PH domain'®.

EGFR inhibitors pharmacophore models
The EGFR family comprises four cell surface receptors:
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HER1 (EGFR/erbB1), HER2 (erbB2), HER3 (erbB3)
and HER4 (erbB4)m. Binding of specific ligands to three
of these receptors causes their dimerization and activation.
HER2 is called an “orphan receptor” because it does not
interact with any ligand, but it dimerizes with other ligand-
bound members of EGFR family'”.

HER1 (EGFR/etbB1): HER1 overexpression and over-
activity are often associated with a wide range of cancers,
including prostate, gastric, breast, colorectal, pancreatic,
ovarian, lung cancers, head and neck squamous cell car-
cinoma and gliornam. Aberrant EGFR signaling has been
implicated in psoriasis, eczema and atherosclerosis"'".
Therefore, the EGFR inhibitors can be used for the ame-
lioration of these diseases.

Furet e al'™ reported the first data concerning phar-
macophore model for ATP-competitive inhibitors of
EGFR. Accordingly to this Novartis pharmacophore
hypothesis, the ATP-binding pocket in protein tyrosine
kinases can be divided into five regions. In these five re-
glons, three regions, namely, adenine region, sugar pocket,
and hydrophobic region [, are primarily important to the
binding affinity. Two other regions, hydrophobic region
I and phosphate binding region are not of primary sig-
nificance with respect to binding affinity, though they can
be useful to enhance the inhibitor selectivity.

Also, pseudoreceptor model for EGFR was devel-
oped using a method FLARM. This model indicates the
possible interactions between the receptor and ligand
including two hydrogen bonds, one hydrophobic interac-
tion and one sulfur-aromatic interaction, which are in
accord with those in the Novartis pharmacophore model.
Pharmacophore can be obtained according to the Novar-
tis pharmacophore model and the pseudoreceptor model
given by the FLARM method. 3D searching can then be
done with the compound databases to find the lead com-
pound of EGFR inhibitors'.

HER2 (erbB2): HER2 has been demonstrated to play
an essential role in the development and progression of
about 25%-30% of human primary breast and ovarian
cancers' . Tt was shown that the application of herceptin (a
monoclonal antibody toward the HER2 receptor ectodo-
main) in combination with chemotherapy, leads to con-
siderable regression of HER2-overexpressing metastatic
breast tumors'”. Therefore, the inhibition of HER2 has
been considered a promising way of controlling malignant
tumors.

Two groups of small molecules have been found to
possess inhibitory activity toward HER2. A ligand-based
approach was used for building HER2 pharmacophore
model"”. In the course of that work pharmacophore
model generation was performed with Catalyst applying
the Poling algorithm. From the calculated results, the
best hypothesis bore good correlation with four features
such as hydrogen bond donor, hydrogen bond acceptor,
aliphatic and aromatic hydrophobic points. It seems that
the formations of hydrogen bonds and the hydrophobic
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Table 1 Protein kinases discussed in the review

Tyrosine protein kinases
Epidermal growth factor receptor (EGFR; Erb-1; HER1 in humans)

Human epidermal growth factor receptor 2 (HER2; erbB2; protooncogene Neu)

Vascular endothelial growth factor receptor 2
Janus kinase 2
Janus kinase 3
Spleen tyrosine kinase
Zeta-chain-associated protein kinase 70
TEK tyrosine kinase, endothelial
Serine/ threonine protein kinases
Dual-specificity tyrosine-phosphorylation regulated kinase 1A
Cdc2-like kinase
Checkpoint kinase 1
Human inhibitor nuclear-factor xB kinase 2
Cyclin-dependent kinase 1
Cyclin-dependent kinase 2
Polo-like kinase
c-Jun N-terminal kinase 3
Glycogen synthase kinase 3
Mammalian target of rapamycin
P38 mitogen-activated protein kinase
Protein kinase B

Receptor
Receptor
Receptor
Non-receptor
Non-receptor
Non-receptor
Non-receptor
Receptor

Non-receptor
Non-receptor
Non-receptor
Non-receptor
Non-receptor
Non-receptor
Non-receptor
Non-receptor
Non-receptor
Non-receptor
Non-receptor
Non-receptor

interactions are crucial for ligand binding;

Pharmacophore modeling for VEGFR inhibitors

VEGER signaling regulates vascular development, an-
giogenesis, lymphangiogenesism
in a wide range of human pathologies including cancer,

and has been involved

atherosclerosis, and inflammatory diseases"”. Therefore,
VEGEFR has been emerged as an attractive therapeutic
target. The pharmacophore models for VEGER inhibi-
tors were reported in"*'”,

The ligand-based pharmacophore models were gen-
erated with Catalyst using the Poling algorithm and the
“best conformational analysis” method. The best obtained
hypothesis comprised four pharmacophore features: hy-
drogen bond donor, hydrogen bond acceptor, hydropho-
bic, and ring aromatic. The three-dimensional structure
of ligand extracted from the crystal structure of TYWN
has been taken for shape query generation. The combined
shape and hypothesis model was further used as a search
query to screen Maybridge database. The query has been
effectively performed to find one novel promising inhibitor
of VEGER kinase which possesses activity in cell lines"”.

Two structure-based pharmacophore models of VEG-
FR-2 kinase inhibitors were built using the SBF software.
The first pharmacophoric hypothesis was based on the
crystal structure of 1YG6A, with the selection hydrogen
bonding interaction for Glu915, Cys917, and Asn921. The
second pharmacophoric model was based on the crystal
structure of 1YWN; the backbone amide-NH of Cys917
and Asp1044 were used as hydrogen bond donors; and
the backbone carbonyl oxygen of Glu883 was the hydro-
gen bond acceptor. The results suggest the importance
of the five features for pharmacophores: the presence of
two hydrogen bond donors, one hydrogen bond acceptor
and two hydrophobic groups. The screening accuracy was
assessed using a series of known inhibitors'"”
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JAK 2 and JAK 3: JAK2 and JAK3 are non-receptor pro-
tein tyrosine kinases involved in B-cell- and T-cell-mediated
diseases™. The inhibition of these kinases can be a poten-
tial strategy for the treatment of lymphoid-derived disor-
ders.

Pharmacophore models for JAK2 and JAK3 were
generated with PHASE, a high-performance program
module of Schrédinger for ligand-based drug design.
PHASE provides six pharmacophoric featutres: hydrogen
bond donor (D), hydrogen bond acceptor (A), positively
charged (P), negatively charged (N), hydrophobic (H),
and aromatic ring (R) features. Two ligand-based phar-
macophore hypotheses were constructed for the dataset
of inhibitor molecules of JAK2 and JAK3 to dig out the
essential structural features required for inhibition of
both enzymes. These models can be helpful for screen-
ing of novel molecules having inhibitory activity toward
both enzymes. The best hypothesis of JAK2 was ADRR,
indicating that JAK2 inhibitors have one hydrogen bond
acceptor (A), one hydrogen bond donor (D) and two ring
aromatic (R) features. The best model of JAK3 was AD-
DRR. Pearson correlation coefficient calculated for test
set molecules demonstrated excellent predictive power of
these hypotheses®”.

Syk and ZAP-70: Syk and ZAP-70 are cytoplasmic non-
receptor tyrosine kinases which play critical roles in the
intracellular signal transduction of hematopoietic cells?!.
Syk is a key mediator of immunoreceptor signalling in
B-lymphocytes, mast cells, macrophages and neutro-
philsmw, and ZAP-70 in T-lymphocytes, basophils and
natural killer cells™*. Syk was shown to be an attractive
drug target for therapy of type I hypersensitivity reactions
such as allergic rhinitis, asthma, urticaria, anaphylaxis and
autoimmune diseases such as multiple sclerosis, rheuma-

toid arthritis and systemic lupus erythematosus™",
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For a number of Syk and ZAP-70 small molecule
inhibitors two reliable pharmacophore models were built
with PHASE. The generated pharmacophore hypotheses
combined with docking calculations were taken for further
multi-step systematic virtual screening and finally 27 dual
inhibitors of Syk and ZAP-70 were obtained as hits™.

Also, 3D pharmacophore model of Syk inhibitors
was developed by other authors applying HipHop and
HypoRefine modules within Catalyst program package.
Based on this model six compounds with good inhibitory

potency against Syk were found”".

Tie2: Tie2 is a receptor tyrosine protein kinase expressed
almost exclusively in endothelial cells which plays an
important role in blood vessel formation. This receptor
negatively regulates the inflammatory response in en-
dothelial cells, suppressing VEGF- and TNFq-induced
expression of leukocyte adhesion molecules and pro-
coagulant tissue factor””. Tie2 signaling also regulates
pathologic angiogenesis, which includes tumor, psoriasis,
choroidal neovascularization and rheumatoid arthritis
angiogenesis[zsl. The implication of Tie2 in pathologic
angiogenesis makes this cellular receptor an attractive
therapeutic target.

All the pharmacophore modeling calculations of
type I and type II kinase inhibitors of Tie2 were per-
formed with HipHop and HypoRefine modules within
Catalyst program package. In connection with the lack
of highly active type 1 protein kinase inhibitors and re-
stricted their structural diversity, only qualitative HipHop
pharmacophore models were generated for this type
inhibitors of Tie2. The best hypothesis comprised five
pharmacophore features, namely, hydrogen bond donor,
hydrogen bond acceptor, general hydrophobic, hydro-
phobic aromatic and ring aromatic. For type Il kinase
inhibitors of Tie2, at the first step, a HipHop model was
built with the aim to identify the common pharmaco-
phore features which can be essential for potent inhibi-
tors. Then, based on the information obtained from the
HipHop hypothesis for type II kinase inhibitors, the
quantitative pharmacophore models were created with
the aid of HypoRefine module. The best HypoRefine hy-
pothesis included two hydrogen bond donors, one hydro-
phobic aromatic, two general hydrophobic features, and
two excluded volumes. The validation of this HypoRe-
fine model with the test set method demonstrated good
correlation between the experimental and estimated ICso
values, suggesting a good predictive powerml.

PHARMACOPHORE MODELING FOR
SERINE/THREONINE PROTEIN KINASE
INHIBITORS

Serine/threonine protein kinases phosphorylate hydroxyl

groups of serine or threonine residues of target proteins.
Eukaryotic setine/threonine kinases can be classified into
six groups: AGC, CaMK (for calcium-calmodulin depen-
dent), CMGC (for CDK, MAP kinase, GSK and CDK-
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like), STE (homologs of STE11 and STE20), CK1 (for
casein kinase-1), and TKL group (tyrosine kinase like).
Accordingly to analysis of available structural data for
members of each of the large groups it was revealed that
the protein kinases possess similar architecture”.

Dual-specificity tyrosine-phosphorylation regulated
kinases and Cdc2-like kinases

Dual-specificity tyrosine-phosphorylation regulated kinas-
es (Dyrk) proteins are defined as dual-specificity protein
kinases because they can phosphorylate serine, threonine
and tyrosine residues. Dyrk1A has increased expression
in Down Syndrown individuals and is implicated in the
development of other pathologies, such as neurodegen-
eration, cardiac hypertrophy and bone homeostasis” .
Hence, inhibition of Dyrk1A may have possible applica-
tion as a therapeutical strategy for treatment of these
diseases. Cdc2-like kinases (CIk) is implicated in the regu-
lation of alternative splicing of mRNA isoforms, indicat-
ing that small molecule compounds able to modulate Clk
activity may represent an important mechanism for the
control of mRNA splicing[33].

Pharmacophore models of Dyrkl1A and Clk4 inhibi-
tors were built based on the structure of the five most
active compounds. Both hypotheses are represented with
AAARR, indicating they comprise three hydrogen bond
acceptors and two hydrophobic groups. The models as-
sociated with Dyrk1A and Clk4 have pharmacophore
features located at the similar positions, considering
both active sets have common structural cores. For both
models, two hydrogen bond acceptors and one hydro-
phobic group are mapped to the quinazoline ring, which
is shared among all studied compounds. The other two
features, or one hydrogen bond acceptor and one hydro-
phobic group, are mapped to the R3 substituent 1,3-ben-

. L L. 3
zodioxol, which is common for tested inhibitors"’.

Checkpoint kinase 1

Checkpoint kinase 1 (Chk1) is a serine/threonine protein
kinase which plays an integral role in the regulation of
cell cycle progression, normal cell division and is critical
component for DNA damage response. The inhibition
of Chk1 kinase has been shown to result in interrupting
of the G2/M checkpoint, which would permit premature
mitotic entry in the presence of DNA damage, leading
to cell death. This suggests a potential therapeutic use of
Chk1 inhibitors in cancer therapy"”.

All the pharmacophore modeling calculations for
Chk1 were performed with Catalyst software package. The
common pharmacophore features essential for promising
Chk1 inhibitors were found with HipHop module. The
best model involves four types of features, namely, hydro-
gen bond donor, hydrogen bond acceptor, ring aromatic
and hydrophobic feature, indicating that the four types of
features are important for potent Chk1 inhibitors"™.

Human inhibitor nuclear-factor x B kinase 2
The human inhibitor nuclear-factor kB kinase 2 (hIKI-2)
is a serine/threonine protein kinase which belongs to the
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IKK complex and implicated in the activation of nuclear-
factor kB transcription factor under inflammatory condi-
tions. The inhibitors of hIKK-2 could have strong thera-
peutic potential for treatment of chronic inflammatory
diseases.

The structure-based pharmacophore model for hIKK-2
was built by using LigandScout softwate based on the pro-
tein-ligand complexes which were obtained by the docking
process of ATP-competitive inhibitors into active site of
hIKK-2.

The ligand poses which satisfied the common phar-
macophore features of protein kinase inhibitors neces-
sary for interaction with ATP-binding site [ability to form
hydrogen bonds with the amino acid residues in the hinge
region (segment 96-99 in hIKK-2 sequence) and hydro-
phobic interactions with the hydrophobic cavity in the ac-
tive site of hIKIK-2 (for example, Val29, Lys44, Ile65 and
Val152)] were taken as knowledge-based coherent. As a
result of this analysis, 43 poses of the 21 hIKIK-2 inhibi-
tors were considered as knowledge-based coherent, and
their corresponding sites (functional groups which form
intermolecular interactions with the kinase domain of
hIKIK-2) were selected to generate structure-based phar-
macophore model. This hypothesis comprised two hydro-
gen bond donors, one hydrogen bond acceptor and one

hydrophobic group common to most of the 43 posesm

Cyclin-dependent kinase 1

Cyclin-dependent kinase 1 (CDK1) is a serine/threonine
protein kinase which plays a key role in promoting mi-
tosis””. It was shown, that CDK1 inhibitors effectively
blocked cell cycle progression in human tumor cell lines,
indicating their potential clinical application as anticancer
drugsm.

A number of reliable binding hypotheses for CDK1
inhibitors were constructed with HypoGen module
within Catalyst software package. HypoGen identifies a
three-dimensional array of a maximum of five chemical
features shared among the active ligands from training
set providing relative alignment for each input molecule
compatible with binding to target protein active site. The
considered pharmacophore features can be hydrogen
bond donors, hydrogen bond acceptors, aromatic planes,
aliphatic, hydrophobic, positive and negative ionizable
groups. The conformational flexibility of compounds
from training set is modeled by generating multiple con-
formers covering a specified energy range for each input
molecule. Successful pharmacophore models are comple-
mented with exclusion spheres. Optimal sterically refined
models obtained for CDK1 inhibitors were selected as
search queries to screen the NCI, drugs and agrochemi-
cals libraries. As a result, ten compounds demonstrated
low micromolar activity toward CDKI1, suggesting that
generated pharmacophore hypothesis can be useful for
search of potential anti-CDK1 agentsm]

Cyclin-dependent kinase 2
Cyclin-dependent kinase 2 (CDK2) is important protein
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kinase for initiation of DNA synthesis in higher eukary-
otes and is required for promoting the cell division cycle
and for successful progression through S and G2 phas-
es™. The importance of CDK2 for cell cycle progression
has led to an active search of small molecule compounds
inhibiting this enzyme as potential anticancer drugs.

Several ligand-based pharmacophore models for
CDK2 small molecule inhibitors were generated inde-
pendently with Catalyst by Hecker ez al™ Toba et al®
and Vadivelan e a/*". The multicomplex-based compre-
hensive pharmacophore map was built with LigandScout
software by Zou e al™. Tt should be noted that during
pharmacophore model construction Catalyst software
takes into consideration only ligand information whereas
LigandScout adds pharmacophore feature to the model
when important interaction pattern between inhibitor
and receptor is identified.

The authors of multicomplex-based comprehensive
pharmacophore map compared their hypothesis with
other reported CDK2 inhibitors models. It was revealed
that each pharmacophore feature in the ligand-based
models was mapped to the corresponding feature in
comprehensive pharmacophore map suggesting that the
last one includes more information over all three other
models. Detailedly, during alignment of the final Hecker
model and multicomplex-based comprehensive map it
was shown that hydrogen bond acceptor feature in Heck-
er model was mapped to the feature of comprehensive
map reflecting the interaction of small-molecule inhibitor
with hinge region (Al); the hydrogen bond donor feature
in Hecker model was matched to the feature representing
the interaction with Gln131 (D5); the hydrophobic fea-
tures were mapped to the features located at the solvent-
accessible region (H1) and in the ribose-phosphate
binding site (H3). The pharmacophore model generated
by Toba et a/* comprised two hydrogen bond donor
features and three hydrophobic features. Each of these
features was matched to the corresponding features D1,
D5, H1, H2 and H3 of comprehensive pharmacophore
map. The pharmacophore hypothesis constructed by
Vadivelan e /" included two hydrogen bond acceptors,
one hydrogen bond donort, and one hydrophobic feature.
In comparison with comprehensive pharmacophore map,
one of the hydrogen bond acceptor features was mapped
to the feature that is located near Asp86 (A3), other one
was matched to the feature representing the interaction
with Lys33 (A4). The hydrogen bond donor feature and
hydrophobic feature of Vadivelan model correspond to
D1 and H3 features of multicomplex-based comprehen-
sive pharmacophore map, respectivelyw.

Polo-like kinases

Polo-like kinases (PLKs) belong to a family of serine/
threonine protein kinases and exist in four isoforms,
namely, PLK1, PLK2, PLK3, and PLK4. The only one
of these isoforms, PLK1, is shown to be implicated in
the regulation of chromosome segregation, centrosome
maturation, bipolar spindle formation and execution of

December 9, 2014 | Volume 3 | Issue4 |



cytokinesis"”. The activity of PLK1 is increased in many
tumor types, including lung, breast, colon, pancreatic,
pro[zt]ate and ovatian indicating its capability as a drug tar-
get' .

The chemical feature-based pharmacophore models
of PLK1 inhibitors were constructed by using HipHop
and HypoGen modules within Catalyst program package.
The best qualitative HipHop pharmacophore hypothesis
contains seven features, namely, hydrophobic aromatic
feature, two hydrophobic aliphatic moieties, three hydro-
gen bond acceptors and one hydrogen bond donor. The
best quantitative HypoGen pharmacophore model, pos-
sessing the lowest rmsd value and the highest correlation
coefficient, includes four features, namely, general hydro-
phobic, hydrophobic aliphatic, hydrogen bond acceptor
and hydrogen bond donor. The results of validation for
HypoGen pharmacophore model, which were obtained
with the aid of the test set method, have demonstrated a
really good correlation between the experimental and es-
timated ICso values suggesting a good predictive ability“s‘.

c-Jun N-terminal kinase 3

The c-Jun N-terminal kinase 3 (JNK3) is a member of the
mitogen-activated protein kinase (MAPK) family, which
activates signaling pathways under environmental stress
conditions™. JNK3 is expressed selectively in brain, heart,
and testis™. Tt was shown, that JNK3 phosphorylates
-amyloid precursor protein, a conserved and ubiquitous-
ly expressed transmembrane glycoprotein involved in the
development of Alzheimer’s disease”". Therefore, JNK3
appears to be an attractive therapeutic target for this neu-
rodegenerative disease.

Pharmacophore models for JNK3 small-molecule
inhibitors were generated with Catalyst software package.
X-ray crystal structure of JNK3 (PDB ID: 2R9S) was
taken for structure-based pharmacophore modeling and
molecular docking simulations. A structure-based phar-
macophore hypothesis was built using interaction genera-
tion module implemented in Discovery Studio. The most
important interaction patterns were transformed into
pharmacophore features, such as hydrophobes, hydrogen
bond donors and hydrogen bond acceptors along with
their direction vectors. The final refined structure-based
pharmacophore model included hydrogen bond donor
features with Lys68, Gly71, Ser72, Gln155, Met149 and
hydrogen bond acceptors with Lys68, Gly71, Met149,
GlIn155 and three hydrophobic features.

The features obtained in the ligand-based pharmaco-
phore model are well compared to the features of struc-
ture-based pharmacophore model. But, structure-based
pharmacophore model had three additional features,
not present in ligand-based pharmacophore hypothesis,
which would be helpful for development of novel JNK3
inhibitors™.

Glycogen synthase kinase 3
Glycogen synthase kinase 3 (GSK-3) is a serine/threo-
nine protein kinase highly expressed in the nervous
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system, which regulates glycogen metabolism by insulin,
and is involved in many different biological processes
such as tumorigenesis, cell survival, and developmental
patterning”, GSK-3 has recently emerged as a promis-
ing therapeutic target for the search of small molecule
inhibitors which can be potential novel drug candidates
for treatment of several human pathologies, including
cancer, Alzheimer’s disease, stroke, bipolar disorders, type
II diabetes and chronic inflammatory processesw.

Pharmacophore models for GSK-3 inhibitors were
constructed with the HypoGen module within the
Catalyst software package based on list of 152 GSK-3
inhibitors. HypoGen allows automatic pharmacophore
generation based on a library of at least 16 molecules
with inhibitory activity toward proposed molecular target
ranging over 4 orders of magnitudem.

3D pharmacophore mapping methodology based on
distance comparison technique was designed for the three
GSK-3 inhibitors using DISCOtech™ module imple-
mented in SYBYL 8.0. DISCOtech™ is a well established
module in constructing pharmacophoric map. Taking into
consideration a set of molecules which are characterized
by the ability to interact with the same protein receptor,
DISCOtech™ identifies features that could be compo-
nents in a pharmacophore hypothesis. DISCOtech™ op-
erates in distance space and can perform clique detection
to build pharmacophore models on up to 300 conformers
per molecule. Therefore, DISCOtech™ can be efficiently
applied with at least 3-5 compounds to design reliable
pharmacophore h}rpotheses[54].

Mammalian target of rapamycin

Mammalian target of rapamycin (mTOR) is a ubiquitous
serine/threonine protein kinase that regulates several
important physiological functions like protein synthesis,
metabolism, cell growth, proliferation, and autophagy.
mTOR is also critical for a number of brain-specific
mechanisms, such as synaptic plasticity, learning, and
cortical developmentm. Recent studies have implicated
mTOR to several human pathologies including cancer,
diabetes, obesity, cardiovascular diseases and neurological
disorders™. The pharmaceutical attractiveness of small
molecule mTOR inhibitors coupled with the deficiency
of crystallographic structural data for mTOR kinase
domain, were starting point for development of ligand-
based QSAR and pharmacophore models””,

The Hip-Hop pharmacophore model was created
with the Common Feature Pharmacophore Generation
module implemented in Accelrys Discovery Studio 2.1.
This pharmacophore hypothesis provides a geometrical
representation of the features necessary for ligands to
interact favorably with a receptor site and demonstrate
biological activity. Hip-Hop identifies configurations
or three-dimensional spatial arrangements of chemical
features that are shared among all molecules in the set.
Under the Common Feature Pharmacophore Generation
protocol, were used four features such as hydrogen bond
donor, hydrogen bond acceptor, ring aromatic, and hy-
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Figure 1 Pharmacophore model for type | protein kinase inhibitors.

drophobic to build the pharmacophore model.

The best pharmacophore hypothesis generated from
27 ATP-competitive inhibitors of mTOR comprised two
hydrogen bond acceptors, one hydrophobic feature and
one aromatic ring feature™,

p38 mitogen-activated protein kinase
The p38 mitogen-activated protein (MAP) kinase (p3SMAPK)
is a setine/threonine protein kinase which plays a very im-
portant role in the pathophysiology of several inflammatory
human diseases, such as, asthma, osteoarthritis and rheu-
matoid arthritis, a chronic obstructive pulmonary disease.
Therefore, the inhibition of p38MAPK can be an effective
strategy to prevent the development of these diseases™.
Catalyst HypoGen pharmacophore approach was
applied to obtain models for a collection of p38MAPK
inhibitors™"), Eight out of ten best hypotheses comprise
the identical four features: one hydrogen bond acceptor,
two hydrophobic aromatic and one hydrophobic fea-
ture, which indicates the stability of the models™. The
obtained hypotheses are readily interpretable and can be
applied for the rational discovery of new p38MAPK in-
hibitors™’.

Protein kinase B (PKB; Akt)

The protein kinase B (PKB; Akt) family of serine/threo-
nine kinases consists of three members: Aktl/PKBq,
Akt2/PKBp, and Akt3/ PKBy[(’”. Akt is a central compo-
nent in cell signaling pathways regulated by growth fac-
tors, cytokines, and other cellular stimuli. The activation
of Akt leads to cell cycle progression (inhibiting apop-
tosis)!™. Ligand-based pharmacophore model of Akt
inhibitors was built using DISCOtech and GASP (genetic
algorithm similarity program) module®’,

A crystal structure of Akt2 complexed with a known
inhibitor (PDB ID: 3E8D) was taken for construction of
structure-based pharmacophore hypothesis. The Interac-
tion Generation protocol within DS program was used to
create pharmacophoric features corresponding to all im-
portant interaction points at the ATP-binding pocket of
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Akt2. The obtained pharmacophore model consisted of
seven pharmacophoric features, namely, hydrogen bond
donor (HD), two hydrogen bond acceptors (HA1-2), and
four hydrophobic groups (HY1-4), besides, cighteen ex-
clusion volume spheres were also taken into account. HD
is at the neighborhood of the carboxyl group of Asp293.
HAT1 is positioned to interact with the amino group of
Ala232. HA2 is located near amino group of Phe294 and
Asp293. Groups in accordance with these pharmacoph-
oric features potentially able form hydrogen bonds with
adjacent amino acid residues. HY1 is located in a hydro-
phobic pocket formed by Ala178, Met282 and Phe439.
HY?2 is situated in another hydrophobic pocket composed
by Gly159, Gly161, Gly164 and Vall166. HY3 is close to
Lys181 and Met229 and HY3 is neat to Phe294. There
are short distances between HY4 and hydrophobic amino
acids Phel63 and Lys181. Groups in accordance with
these hydrophobic features may be involved in hydropho-
bic interactions with enzyme. Therefore, small-molecule
compounds matching with some of these features may be
potential inhibitors of Akt2*!,

DISCUSSION

The methods for pharmacophore model generation are
divided in two categories: receptor-based and ligand-
based. Receptor-based approaches can be used when
the structure of molecular target is determined. In other
case, ligand-based approaches can be applied for pharma-
cophore hypothesis generation.

During analysis of the pharmacophore approaches
in protein kinase inhibitors design, it was revealed that

despite of large amount of the structural data for protein
kinases, the ligand-based approaches are more widely
used for protein kinase pharmacophore model genera-
tion than the receptor-based. Ligand-based methods for
pharmacophore elucidation include ALADDIN, DISCO,
GERM, COMPASS, GASP, Catalyst HipHop, SCAMPI,
Catalyst HypoGen, Phase, CLEW GAMMA, PARM,
DANTE, ete.

3D-QSAR methods Catalyst HypoGen and Phase
which use the known activity values of the small mol-
ecule inhibitors in the training set to build the hypothesis,
are the most applied for protein kinase inhibitors phat-
macophore models generation. These models include
features common only for highly active compounds and
also can contain excluded volumes (obtained based on
the structure of inactive compounds), which couldn’t be
occupied by inhibitors. The methods Catalyst HipHop,
PharmaGist, DISCO can be used only for qualitative
pharmacophore models generation which don’t take into
consideration the information concerning activity of
compounds. Qualitative pharmacophore model can be
taken as a basis for further 3D-QSAR hypothesis genera-
tion.

The receptor-based methods of pharmacophore
model elucidation are more rarely used for protein kinase
pharmacophore design. These approaches can be useful

December 9, 2014 | Volume 3 | Issue4 |



1YV]|JAK3
3KRR|JAK2
3PPO|HER2
4LQM|EGFR
1U59|ZAP70
1XBB|SYK
2WQB|Tie2
1YWN|VEGFR
2R9S|INK3
1A9U|p38_MAPK
3BHV|CDK2
3E8D|Akt2
1GNG|GSK3
1757|CLK1
3ANQ|Dyrk1A
2GDO|CHK1
Alignment_consensus

1YVI|JAK3
3KRR|JAK2
3PPO|HER2
4LQM|EGFR
1U59|ZAP70
1XBB|SYK
2WQB|Tie2
1YWNI|VEGFR
2R9S|INK3
1A9U|p38_MAPK
3BHV|CDK2
3E8D|Akt2
1GNG|GSK3
1757|CLK1
3ANQ|Dyrk1A
2GDO|CHK1
Alignment_consensus

1YV]|JAK3
3KRR[JAK2
3PPO|HER2
4LQM|EGFR
1U59|ZAP70
1XBB|SYK
2WQB|Tie2
1YWN|VEGFR
2R9S|INK3
1A9U|p38_MAPK
3BHV|CDK2
3E8D|AKt2
1GNG|GSK3
1Z57|CLK1
3ANQ|Dyrk1A
2GDO|CHK1
Alignment_consensus

1YV]|JAK3
3KRR|JAK2
3PPO|HER2
4LQM|EGFR
1U59|ZAP70
1XBB|SYK
2WQB|Tie2
1YWN|VEGFR
2R9S|INK3
1A9U|p38_MAPK
3BHV|CDK2
3E8D|Akt2
1GNG|GSK3
1757|CLK1
3ANQ|Dyrk1A
2GDO|CHK1
Alignment_consensus

1YVI|JAK3
3KRR|JAK2
3PPOJHER2
4LQM|EGFR
1U59|ZAP70
1XBBISYK
2WQB|Tie2
1YWN|VEGFR
2R9S|INK3
1A9U|p38_MAPK

Starosyla SA et al. Protein kinase pharmacophore models

1 10 20 30 4|0 50 60 70 80

---------------------------------- PTIFEERHLKYISQ

K ELCR-MoPLGONTGAL VNI QH- - -SGPD
-------- GSDPTQFEERHLKF LQQEK EMCR-MDPLQDNTGEVVEVBKIEQH- - - STEE
MSGAAPNQALLRILKETELRKVKV[LES YKGI-WIPDGENVKIPVETRVIER--ENTSPK

---------------------- GSPSGEAPNQALLRILKETEFKKIKVILE@S YKGL-WIPEGEKVKIPVETREMR- -EATSPK

------------------------------- DKKLFLKRDNLLIADIEEEC RQGV-MRMR--KKkQIDVETRVIEK- - QGTEKA

------------------------ MALEEIRPKEVYLDRKLLTLEDKE[@S KKGY-MoMK- - KvvKTVEVIIEKN-EANDPA

------------------- GALNRKVKNNPDPTIYPVLDWNDIKFQDVIBE LKAR---IKKDGLRMDAMTRRMK - - EYASKD

-------------- MDPDELPLDEHCERLPYDASKWEFPRDRLKLGKFPLER 1EADABGIDKTATCRT VBRI - - EGATHS

------------------------ NQFYSVEVGDSTFTVLKRYQNLKP/HES CAAY-----DAVLORNVETRKESRP-FQNQT

GSSHMlHHHSSGLVPRGSHMSQERPTFYRQELNKT IWEVPERYQNLSP MBS CAAF----- DTKTGLRVEVMKESRP-FQSTI

-- E YKAR----- NKLTGEVVEEMKIRLD- TETEG

------------------------------------ K ILVR-----EKATGRYYSME IHRKEVITAKD

- - M HHHHHHHKVSRDKDGSKVTTVVATPGQGPDRPQEVSYTDTK VN YQAK----- LcDSGELVEATRKMLQ-------

--------------------------- E VECI----DHKAGGRHVEWK IMKN----VDR

------ GASDSSHKKERKVYNDGYDDDNYDYIVKNGEKWMDRYEIDS L[HEBK VKAY-----DRVEQEWVITR I[MKN- - - - KKA

—————————————————————————————————— E QLAV-----NRVTEEAVEUE IMoMK--RAVD

GSXHHHHHHXSXHKXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXLG

110 120 130 140 150 160 170
| ! | ! | L | L | L | L | L

---HSDFIVKYRGVSYGPGRP - -ELRLVMEYLPSGCLRDFLQ---
------ QHDNIVKYKGVCYSAGRR- -NLKLIMEYLPYGSLRDYLQ---

----RHRARLDASRL
----KHKERIDHIKL

------ GSPYVSRLLGICLTST-------VQLVTQLMPYGCLLDHVR---------------ENRGRLGSQDL

------ DNPHVCRLLGICLTST-------VQLITQLMPFGCLLDYVR---------------EHKDNIGSQYL

------ DNPYIVRLIGVCQAEA-------LMLVMEMAGGGPLHKFLV---------------GKREEIPVSNV

------ DNPYIVRMIGICEAES-------WMLVMEMAELGPLNKYLQ---------------QNR-HVKDKNI

----- HHPNIINLLGACEHRG------YLYLAIEYAPHGNLLDFLRKSIVLETDPAFIIAISTASTLSSQQL

----- HHLNVVNLLGACTKPGG-----PLMVIVEFCKFGNLSTYLRSKRNEFVPYKVPEBILYKDFLTLEHL

------ NHKNIISLLNVFTPQKTLIFQDVYLVMELMDAN<< LcQvIiQ--------------MELDHERMSYL

------ KHENVIGLLDVFTPARSLEEFNDVYLVTHLMGAD--LNNIVKC- ----QKLTDDHVQFL

------ NHPNIVKLLDVIHTEN------KLYLVFEFLHQD--LKKFMDA- ----SALTGIPLPLI

------ RHPFLTALKYAFQTHD------RLCFVMEYANGGELFFHLSRE-------------RVFTEERARFY

------ DHCNIVRLRYFFYSSGEK-EVYLNLVLDYVPETVYRVARHYS-<--4--4---~-RAKQTLPV[YV

LEHLNTTIPISTFRCVQMLEWFEHHG ------ HICIVFELLGLSTYDFIKE--------------- NGFLPFRLDHI

LELMNKHBITEMKYY IVHLKRHFMFRN- - - - - - HLCLVFEMLSYNLYDLLRN--------------- TNFRGVSLNLT

NKMLN------ HENVVKFYGHRREGN------ IQYLFLEYCSGGELFDRIEP---------------- DIGMPEPDA

XXLNXXDXXXHXX_XGXXXXXXXXEEFXXLXIVIEXXXXGXLXXXXXXXRXXXXXXXXAXXXXXXXXXXXXXX

180 190 200 240 2|50 2?0

LLYSS EYLGS--RRCV LAKLLPLDKDYYVVREPGQSPIF
LQYTS EYLGT--KRYI LTKVLPQDKEYYKVKEPGESPIF
LNWCM SYLED--VRLV LARLLDIDETEYHAD-GGKVPIK
LNWCV NYLED--RRLV RAKLLGAEEKEYHAE-GGKVPIK
AELLH KYLEE--KNFV LSKALGADDSYYTARSAGKWPLK
IELVH KYLEE--SNFV LSKALRADENYYKAQTHGKWPVK
LHFAA DYLSQ--KQFI LSR----GQEVYVKKTMGRLPVR

ICYSF EFLAS--RKCI LARDI-YKDPDYVRKGDARLPLK
---LY KHLHS--AGII LARTA-GTSFMMTPYVVTRY- - -
---1Y KYIHS--ADII LAR---HTDDEMTGYVATRW- - -

KSYLF LARAFGVPVRTYTHEVVTLW- - -
---GA LCKEGISDGATMKTFCGTPE- - -
KLYMY SAKQLVRGEPNVSYICSRYY----
RKMAY SAT---YDDEHHSTLVSTRH---.
RKFAQ LELATPELSII SSCQLGQRIYQYIQSRFYRS----
QRFFH VYLHG--IGIT LATVFRYNNRERLLNKMCGTLP-.

XXXXXQXXXGXXYLXXPEXXXXH XLXXXXDYTEAYNPKIKRDERTLXXXXXKI LAXXLXXXXXXYXXXXXXXXP XKW
270 2?0 2?0 3?0 3}0 3%0 3?0 3?0
SD-NIFSRQS VVLYELFTYCDKSCSPSAEFLRMMGCER-DVPALCRLLELLEE------ GQRLPAPPA--------
TE-SKFSVAS VVLYELFTYIEKSKSPPAEFMRMIGNDKQGQMIVFHLIELLKN------ NGRLPRPDG- - - - -
LR-RRFTHQS VIVWELMTFGAKPYDG--------------- IPAREIPDLLEK------ GERLPQPPI--------
LH-RIYTHQS VTVWELMTFGSKPYDG--------------- IPASEISSILEK------ GERLPQPPI--------
NF-RKFSSRS VIMWEALSYGQKPYKK--------------- MKGPEVMAFIEQ------ GKRMECPPE--------
NY-YKFSSKS VLMWEAFSYGQKPYRG--------------- MKGSEVTAMLEK------ GERMGCPAG--------
NY-SVYTTNS VLLWEIVSLGGTPYCG--------------- MTC~AELYEKLFI ----- GYRLEKPLN--------
FD-RVYTIQS VLLWEIFSLGASPYPG--------------- VKIDEEFCRRLKE----- GTRMRAPDY--------

LG-MGYKENV
LNWMHYNQTV
LGCKYYSTAV

CIMGEMVRH-KILFPGRDYIDQWNKVIEQLGTPCPEFMKKLQP-TVRNYVENRPKYAGLTFPKLFP
CIMAELLTG-RTLFPGTDHIDQLKLILRLVGTPGAELLKKISS.SARNYIQSLTQMPKMNFANVFI
CIFAEMVTR-RALFPGDSEIDQLFRIFRTLGTPDEVVWPGVTS--MPDYKPSFPKWARQDFSKVVP
VVMYEMMCG-RLPFYN----QDHERLFELILMEEIRFPRTLSP----EAKSLLAGLLKKDPKQRLG
CVLAELLLG‘QPIFPGDSGVDQLVEIIKVLGTPTREQIREMNPI-<<YTEFKFPQIKAHPWTKVFR
CILIEYYLGFTVFPTHDSKEHLAMMERILGPLPKHMIQKTRKRKYFHHDRLDWDEHSSAGRYVSRA
CILVEMHTG-EPLFSGANEVDQMNKIVEVLGIPPAHILDQAPK----- ARKFFEKLPDG-------

DD - WA W ETE < <EE < <

e I I I N o W T I I I 7

VIP LIEKRREFHAEPV IVLTAMLAG-ELPWDQ-------------- PSDSCQEYSDWKE. ----- KTYLNPWKK-=-------
XAPEXXXXXXXYXXXXDVWSXGVXXXEXXXXGXXXXXGXXXXDQXXXX XXX XXX XXX XXX XXX XXX XAX XXX XX XXX XXXXXXXXXXX

3?0 3{0 3?0 3?0 4?0 4}0 4%0 4?0 4?0
------------- CPAEVHELMKLCWAPSPQDRPSFSALGPQLD------------------------------------------ML
------------- CPDEIYMIMTECWNNNVNQRPSFRDLALRVD------------------------------------------Q]
~~~~~~~~~~~~~ CTIDVYMIMVKCWMIDSECRPRFRELVSEFSRMARDPQRFVVIQ-NEDLGPASPLDSTFYRSLLEDDDMGDLVDA
------------- CTIDVYMIMVKCWMIDADSRPKFRELIIEFSKMARDPQRYLVIQGDERMHLPSPTDSNFYRALMDEEDMDDVVDA
------------- CPPELYALMSDCWIYKWEDRPDFLTVEQRMR--------------------------ACYYSLASK------VEG
------------- CPREMYDLMNLCWTYDVENRPGFAAVELRLR--------------------------NYYYDVVN--------EG
------------- CDDEVYDLMRQCWREKPYERPSFAQILVSLN-------------------RMLEERKTYVNTTLYEKFTYAGIDC
------------- TTPEMYQTMLDCWHGEPSQRPTFSELVEHLG-------------------NLLQAN-------------------
DSL.PADSEH.K.KASQARDLLSKMLVIDPAKRISVDDALQHPYINVWYDPAEVEAPPPQIYDKQLDEREHTIEEWKELIYKEVMNS-
G------------ ANPLAVDLLEKMLVLDSDKRITAAQALAHAYFAQYHDPDDEPVADP--YDQSFESRDLLIDEWKSLTYDEVISFV

Raishidenge ~ WJP | www.wjgnet.com 169 December 9, 2014 | Volume 3 | Issue 4 |



Starosyla SA et a/. Protein kinase pharmacophore models

3BHV|CDK2 P----mmee- - LDEDGRSLLSQMLHYDPNKRISAKAALAHPFFQDVTKPVPHLRL-------------------------------
3E8D|AKL2 G------------ GPSDAKEVMEHRFFLSINWQDVVQKKLLPPFKPQVTSEVDTRYFDDEFTAQSITITPPDRYDSLGLLELDQRTHF
1GNG|GSK3 PR----------- TPPEATALCSRLLEYTPTARLTPLEACAHSFFDELRDPNVKLPNGRDTPALFNFTTQELSSNPPLATILIPPHAR

1757|CLK1

3ANQ|Dyrk1A

2GDO|CHK1
Alignment_consensus

ckPlKeFmMLSEDOMEHER LFDLIQKMLEYDPAKRITLREALKHPFFDLLKKST------ - --mmmmom e oo
.............. TWNLKKTKDGKREYKPPGTRKLHNILGVETGGPGGRRAGESGHTVADYLKFKDLILRMLDYDPKTRIQPYYALQ
------------- IDSAPLALLHKILVENPSARITIPDIKKDRWYN-------------------KPLKKGAKRPRVTSGGVSESPSG
XX XXX XXX XXX XXX XXX XXX LMY XX XXX KP XXRX XX XX XX XXX XXX XXX XK XX KX XXX XXX XXX XXX XK XXX XK XXX XXX KX XXX X

Sequence similarity: Weak

. Identical, . Strong,

Binding regions:

. Phosphate-binding region, . Hydrophobic pocket I,

Hydrophobic pocket IT

Figure 2 Alignment of amino acid sequences of tyrosine and serine/threonine protein kinases for which pharmacophore models were reported.

for study of ligand-receptor interactions. The easiest way
to build receptor-based 3D-pharmacophore model is to
manually select key amino acid residues in the active site
of enzyme, to determine the most important interactions
with ligand and then based on this information to set
pharmacophore features with specific properties. Other
way to obtain 3D-pharmacophore model is to apply
receptor-otiented algorithms which automatically evalu-
ate the interactions between ligand and receptor. This
modeling is performed with software packages Pharmer,
Accelrys Discovery Studio, Schrédinger, MOE, Ligand-
Scout, et

The combination of receptor-based and ligand-based
methods allows improve efficiency of novel bioactive
compounds development™,

The pharmacophore models, developed for search of
novel inhibitors for tyrosine and serine/threonine protein
kinases don’t have significant differences. For the best of
our knowledge, the most protein kinase pharmacophore
models are reported for inhibitors competing for the
ATP-binding site and are in accord with the Novartis'”
and Traxler’s™ pharmacophore models. Traxler’s phar-
macophore model includes the same regions as Novartis
pharmacophore model: adenine region, sugar pocket, hy-
drophobic region I, hydrophobic region II, phosphate
binding region and also has one additional element -
gatekeeper residue that plays an essential role in inhibitor
binding and selectivity (Figure 1). In spite of the signifi-
cant role of gatekeeper residue for inhibitor binding, in
most cases the authors didn’t pay attention to this residue
during pharmacophore model generation for protein ki-
nase inhibitots.

The average number of pharmacophore features in
the analyzed tyrosine and serine/threonine protein kinase
inhibitors pharmacophore models is 4-5. Several models
have more pharmacophore features but it should be not-
ed that increasing of their number leads to improvement
of model specificity which decreases ability of the model
to identify hit compounds from diverse chemical classes.

The most pharmacophore hypotheses have 1-2 fea-
tures (hydrogen bond acceptor and/or hydrogen bond
donor) in adenine region. As a rule, these features are
indicated as vectors directed to main chain of amino acid
residue in the hinge region. Several pharmacophore mod-
els have additional aromatic or hydrophobic feature in
adenine region.
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Almost all pharmacophore models have hydrophobic
or aromatic pharmacophore feature in hydrophobic pock-
et I . Several hypotheses also have hydrogen bond donor
and/or hydrogen bond acceptor in this region which can
additionally stabilize the inhibitor in ATP-binding pocket.

Only some models have hydrogen bond donor phar-
macophore feature in sugar pocket. This region is not so
important for binding affinity of inhibitors with protein
kinase active site, as adenine region or hydrophobic pock-
et ].

Phosphate-binding region has 1-2 pharmacophore
features (hydrogen bond acceptor and/or hydrogen bond
donor); hydrophobic pocket II has one hydrophobic or
aromatic pharmacophore feature. We have performed
multiple alignment of amino acid sequences for tyrosine
and serine/threonine protein kinases for which pharma-
cophore models were reported. It was revealed that phos-
phate-binding regions are highly conservative in contrast
to hydrophobic pockets I and II (Figure 2). Therefore,
pharmacophore features located in phosphate-binding
region don’t supply specificity for hit compounds, but
correctly predicted hydrophobic or aromatic features in
hydrophobic pockets I and II can be useful to improve
the selectivity of inhibitors.

The most reported pharmacophore models were built
for type 1 protein kinase inhibitors. Several pharmaco-
phote hypotheses were also generated for type Il protein
kinase inhibitors. The models for both types are very
similar, but in a case of type I protein kinase inhibi-
tors, the model has pharmacophore features in the deep
pocket of ATP-binding site.

In this article, the existing data concerning protein
kinase inhibitors pharmacophore models were reviewed.
Ligand-based and receptor-based methods can be equally
applied for protein kinase pharmacophore models gener-
ation. The combination of these approaches can be use-
ful for improving of efficiency of bioactive compounds
design. With the help of the discovered pharmacophore
models, the identification of possible protein kinase in-
hibitors can be much more accelerated.
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