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We previously reported a quinoxalin-2-one compound (Compound 1) that had inhibitory activity equivalent
to existing platelet-derived growth factor-f receptor (PDGF S R) inhibitors. Lead optimization of Compound 1 to
increase its activity and selectivity, using structural information regarding PDGFf R-ligand interactions, is
urgently needed. Here we present models of the PDGFf R kinase domain complexed with quinoxalin-2-one
derivatives. The models were constructed using comparative modeling, molecular dynamics (MD) and ligand
docking. In particular, conformations derived from MD, and ligand binding site information presented by o-
spheres in the pre-docking processing, allowed us to identify optimal protein structures for docking of target lig-
ands. By carrying out molecular modeling and MD of PDGF 8 R in its inactive state, we obtained two structural
models having good Compound 1 binding potentials. In order to distinguish the optimal candidate, we evaluated
the structural activity relationships (SAR) between the ligand-binding free energies and inhibitory activity val-
ues (ICy, values) for available quinoxalin-2-one derivatives. Consequently, a final model with a high SAR was
identified. This model included a molecular interaction between the hydrophobic pocket behind the ATP binding
site and the substitution region of the quinoxalin-2-one derivatives. These findings should prove useful in lead

optimization of quinoxalin-2-one derivatives as PDGFb R inhibitors.
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Platelet-Derived Growth Factor-f3 Receptor (PDGFf R)
belongs to the receptor tyrosine kinase family, which also in-
cludes PDGFoR, Fms, Flt3, and Kit." Members of this fam-
ily are regarded as drug discovery targets for growth diseases
such as various cancers,” antirestenosis,” " atheroslero-
sis,? fibrosis'®!" and nephritis.'? A number of inhibitors,
such as STI-571,'*'¥ CT52923,' SU11248,'*!" AGL2033/
43'® and RPR101511A," have thus been found and devel-
oped. In particular, STI-571 is a very effective treatment for
dermatofibrosarcoma protuberans (DFSP), chronic mono-
myelocytic leukemia (CMML) and so on.”” Through in-
house screening, we have found a new quinoxalin-2-one
derivative, 7-[3-(cyclohexylmethyl)ureido]-3-{1-methyl-1H-
pyrrolo[2,3-b]pyridin-3-yl} quinoxalin-2(1H)-one (Compound
1 in Table 1), that is essentially equivalent in effectiveness to
existing inhibitors. Compound 1 was considered a lead com-
pound,?"” and it was further optimized with the goal of im-
proving its activity, leading to the development of 7-[3-
(pentyl)ureido]-3-{1-methyl-1H-pyrrolo[2,3-b]pyridin-3-
yl}quinoxalin-2(1H)-one (Compound 4 in Table 1). However,
information regarding specific interactions between this com-
pound and PDGF f3 R awaits the determination of a 3D struc-
ture of PDGFf8 R complexed with quinoxalin-2-one deriva-
tives. Structural information is essential for rational inhibitor
optimization. In this study, we used molecular modeling
techniques to extract structural information regarding com-
plexes formed by the PDGFJ R kinase domain and quinox-
alin-2-one derivatives. We also evaluated structure
activity relationships by utilizing ICs, values for in vitro inhi-
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bition of PDGFf R auto-phosphorylation in human aortic
smooth muscle cells (AoSMC). Herein we report models of
the complexes formed between PDGFJ R and quinoxalin-2-
one derivatives, and we evaluate structure activity relation-
ships in light of these models.

Experimental

The molecular modeling of PDGFJ R with quinoxalin-2-one derivatives
involved four processes: comparative modeling, molecular dynamics (MD)
simulation, ligand docking and SAR analysis. Receptor conformations opti-
mized for ligand binding were selected from the ensemble of MD conforma-
tions before the ligand docking process was begun. Pre-docking processing
of MD conformations, referred to as a “relaxed complex scheme,” has been
pioneered by McCammon’s group.”> 2? In this work, we expand this
process by evaluating the shapes of the ligand-binding pockets in conforma-
tions resulting from MD simulations. This pre-screening allows us to find
optimized receptor conformations without having to carry out large scale
docking simulations using all of the conformations produced by MD simula-
tions. An experimental study related to the inhibitory activity of quinoxalin-
2-one derivatives to PDGF3 R has been described in detail previously.?”

Comparative Modeling The amino acid sequence of the PDGFf R
kinase domain was obtained from the SWISS-PROT Database (ID:
PGFRB_HUMAN [P09619]). Ordered and disordered regions in the PDGFf3
R kinase domain were predicted using PST-BLAST* and DISOPRED2.0.%¢
Before constructing a 3D model of PDGFf R, a region predicted to be dis-
ordered was truncated and represented by a short pseudo-loop. The remain-
ing region of PDGFJ R was built by comparative modeling based on the
crystal structures of Flt3 (PDB-ID: IRJB?” chain A), Lck (PDB-ID:
1QPD? chain A), and FGFR1 (PDB-ID: 1FGI* chain A) from the Protein
Data Bank (PDB).*” PSI-BLAST results indicated these proteins have a
high sequence similarity with PDGF R, and they also have a similar inhibi-
tion profile with respect to quinoxalin-2-one derivatives. The PDGFJ R se-
quence was aligned with the three template protein sequences using
ClustalW.*" The 3D structure of PDGFf R was constructed using the com-
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parative modeling approach incorporated in the program MOD-
ELLER6V2.%? We generated 100 models for a sequence-templates align-
ment. All of the models were evaluated using the Verify3D program,*®
which assigned each one a structure quality score. The highest-scoring
model was chosen as the initial structure for an MD simulation.

MD Simulation An MD simulation was carried out using the AMBERS
package with the parm96 force field. The protein was surrounded with a
10 A layer of TIP3PBOX water molecules and its electrostatic charge was
neutralized by adding counter ions, using the LeaP module of AMBERS.
After minimization, heating and equilibration, the production MD phase was
carried out at 300K for 10ns, with a time step of 1fs, using the constant
volume and temperature (NVT) ensemble and the PME algorithm. All simu-
lations were performed on a 8192 CPU cores (4096 computing nodes) IBM
BlueGene/L supercomputer at the Computational Biology Research Center
(CBRQ).

For trajectory analysis, 5000 MD conformations, corresponding to each
1-ps step of the final 5 ns trajectories, were saved using the ptraj command in
AMBERS. The likeliest ligand-binding pocket within each of these confor-
mations was detected using the SiteFinder module of MOE (Chemical Com-
puting Group Inc.). The shape of each ligand-binding pocket was repre-
sented by small dummy atoms (a-spheres). To characterize the shapes of the
ligand-binding pockets, the QuaSAR-descriptor program in MOE was used
to compute the three principal moment of inertia (PMI) values (x, y and =z
components) for the cluster of small dummy atoms. The three pmi values of
Compound 1 were also calculated in order to evaluate similarities between
its shape and the ligand-binding pockets in the protein conformations pro-
duced by MD. The sum of the squared deviations of the three pmi values
between the ligand-binding pocket and Compound 1 was employed as a
shape similarity measure. This similarity measure was then used to rank the
MD conformations, and the conformation having the most complementary
binding pocket for Compound 1 was identified.

Structure Preparation for Docking The structures and activities of
Compounds 1—7, which have been well-studied experimentally,?" used in
this work are listed in Table 1. Initial coordinates of all compounds were
constructed using the Molecular Builder module in MOE. Energy minimiza-
tion of all compounds was performed using the OPLS-AA force field in the
Conformational Search algorithm in the MacroModel program (Schrodinger
Inc.). These minimized structures, with the exception of Compound 7, were
employed as input structures for docking simulations. The lowest-energy
structure of Compound 7 had a bend conformation involving the Octyl
group, and it differed from the structure of Compounds 1-—6. We manually
selected a conformation with an extended Octyl group for Compound 7. The
receptor structures with favorable shape similarity measures were prepared
for docking simulations using the Protein Preparation Wizard Script within
Maestro. This protein preparation procedure involves removal of waters, op-
timization of contacts by changing hydroxyl group orientations, flipping of
Asn and Gln side chains, and selecting His tautomeric states, followed by
constrained energy refinement using the OPLS-AA force field.

Table 1. Structure and Activity of Quinoxalin-2-one Derivatives®"
HN
HN,
HN )/
0 Q N—CH,
L
Compound R ICs, (umol/1)®
1 Cyclohexylmethyl 0.030
2 n-Propyl 0.905
3 n-Butyl 0.020
4 n-Pentyl 0.007
5 n-Hexyl 0.010
6 n-Heptyl 0.050
7 n-Octyl 0.230

a) 1C;, values for the in vitro inhibition of PDGFf R auto-phosphorylation in human
AoSMC.
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Docking Protocol Our approach to docking Compounds 1—7 into the
predicted PDGF 3 R pockets utilized three main steps that take into account
several levels of structural flexibility and scoring criteria: (1) molecular
modeling of the Compound 1-PDGFf R complex by docking Compound 1,
considering both ligand and receptor flexibility, (2) rigid receptor docking of
Compounds 1—7 into the active site of PDGFf3 R, which was defined using
the Compound 1 complex obtained from the previous step and (3) re-scoring
according to the calculated binding free energy.

In order to account for both ligand and receptor flexibility in the first step,
the Glide ‘Induced Fit Docking (IFD)’ protocol®® (Schrédinger Inc.) was
utilized, followed by iteratively combining rigid receptor docking (Glide)
and protein remodeling by side-chain searching and minimization (Prime)
techniques. We generated 100 initial orientations of Compound 1 in a grid
box defined by the center of the two key residues, Thr681 (Gatekeeper
residue)® and Phe845 (Asp-Phe-Gly motif)*® using the Glide docking
(standard precision (SP) mode). Next, the soften-potential docking options,
which involve scaling the van der Waals radii by 0.25 for receptor and Com-
pound 1 atoms and substitution of Tyr683 and Leu833 by alanine residues.
We also introduced hydrogen-bonding constraints between the backbone NH
of Cys684 and the backbone carbonyl of Glu682 in the hinge region of
PDGFJ R, because this hydrogen-bonding formation is highly conserved in
almost all known complexes of kinases bound to ATP and to a wide variety
of inhibitors.?>3%37 %5 In the protein remodeling stage, all residues within an
8.0 A radius of each initial docked Compound 1 were refined using Prime.
Compound 1 was then re-docked into the refined receptor structure using
Glide in the extra precision (XP) mode. All of the docked structures were
then ranked according to an IFD score, which was based on the protein
structure energy and the GlideScore (XP mode).

After modeling of the Compound 1-PDGFf3 R complex using the IFD
protocol, grid generation and rigid receptor docking of Compounds 1—7
using Glide (XP mode) was carried out, using the hydrogen bonding con-
straint to connect a backbone NH and carbonyl pair in the hinge region, as
well as other hydrogen bonding motifs observed in the Compound 1-PDGFf3
R complex. Finally, the best orientation for each docked compound was
rescored according to its binding free energy, AG,; , Which was calculated
using the Prime MM-GBSA module in Maestro*® (Schrédinger Inc.).

Results and Discussion

Comparative Modeling The computer program DISO-
PRED2.0 was initially used to predict ordered and disordered
regions in the initial PDGFf R structure, and the kinase
insert region (700—792) was predicted to be disordered. The
disordered region was then truncated and represented by a
short pseudo-loop consisting of an Ala-Ala-Ala sequence.

Two earlier theoretical models of PDGFJ R have been
reported. Both of these studies carried out comparative mod-
eling based on the 3D structure of a kinase homologous to
PDGFp R. Gayathri et al.*” used c-Src as a structural tem-
plate, whereas comparative modeling of PDGFf R using
multiple templates (VEGFR2, FGFRI1, c-Abl and insulin
receptor kinase) was carried out by Béhmer et al.’® These
theoretical models allow one to evaluate the overall structural
similarity of the templates to PDGFf R. However, the pur-
pose of the present study is to accurately model quinoxaline-
2-one derivatives bound to PDGF 3 R. Experimental informa-
tion including an inhibition profile of Compound 1 with
respect to various tyrosine kinases was therefore taken into
account during template selection. According to the inhibi-
tion profile, along with direct radiometric assays for func-
tional inhibition against a diverse panel of kinases using the
KinaseProfiler service (Millipore Corporation, Billerica,
MA, U.S.A.), Compound 1 also effectively inhibits FGFR3
(whose 3D structure is unknown), FIt3 (PDB-ID: 1RJB) and
Lck (PDB-ID: 1QPD) activities. Therefore, we constructed a
molecular model of PDGFf R using FGFRI (instead of
FGFR3, PDB-ID: 1FGI), FIt3 and Lck as structural tem-
plates. Furthermore, since Compound 1 has been shown to
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Fig. 1. The Protein Sequence Alignment of PDGFJ R and Four Tyrosine Kinases Flt3, FGFR1, FGFR3, Lck Used in Comparative Modeling

Sequence alignment was performed using ClustalW. Asterisks () represent disordered predictions and dots (-) prediction of order by DISOPRED. The hinge region, kinase

insert region, and activation loop are in blue, magenta, and orange font, respectively.

Activation loop

Activation loop
(inactive)

(inactive)

Fig. 2. Cartoon Representation of the PDGFf3 R Kinase Model (Inactive
Form)

Blue, magenta, and orange colors, respectively, indicate the hinge region, the kinase
insert region replaced by Ala-Ala-Ala, and the activation loop.

inhibit auto-phosphorylation of PDGFf R, it apparently
binds to and stabilizes an inactive form of PDGFS R. In
order to reflect this observation in comparative modeling, the
PDGFp R activation loop (residues 844—866) and its neigh-
boring region (residues 606—614) were constructed using
only FIt3 as a template, because its PDB structure corre-
sponds to an inactive state. The sequence-structure alignment
is shown in Fig. 1. The final model shown in Fig. 2 was
selected from 100 conformations generated by MODELLER,
and then selected based on their structure quality scores from
the Verify3D protein structure evaluation program. The Ver-
ify3D score of the final model (0.99) was acceptable because
it exceeded the incorrect fold score threshold score (0.5).
Structure Refinement by MD The model selected after
the comparative modeling step was then refined further using
MD with explicit waters and the PME algorithm to generate
pre-docking conformations of PDGFf R. Before beginning
the 10 ns production phase, we performed an all-atom energy
minimization, including 300 ps for heating and 200 ps for
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Fig. 3. The RMSDs of PDGFf R (Blue Line) after a 10 ns MD Simulation

with Explicit Waters at 300 K

equilibration. Figure 3 shows the Co root-mean-square devi-
ations (RMSDs) from the initial structure after this produc-
tion phase was carried out. The Ca-RMSDs remained stable
at 2.5—3.0 A. Snapshots were taken every 1ps in the last
5ns production phase (5000 snapshots), and these were then
used for trajectory analysis. The ligand-binding pockets in
the receptor conformations generated by this MD simulation
were then characterized using a cluster of o-spheres gener-
ated by the SiteFinder module in MOE. The ligand-binding
pockets of the PDGFf R structures included Glu682 and
Cys684 (hinge region), Thr681 (Gatekeeper) and Phe845
(DFG motif), which can interact with the cluster of o-
spheres. As a result, 1673 configurations were found to have
a potential ligand-binding pocket. In order to select the re-
ceptor configurations that are likeliest to bind Compound 1
from the 1673 candidates, we calculated the sum of squared
deviations of three PMI values between the ligand-binding
pocket and Compound 1 and sorted the structures accord-
ingly. We used the five receptor configurations (Models 1—
5) with the lowest sum of squared deviations as input struc-
tures for the next docking step.

Ligand Docking and SAR Analysis Induced fit docking
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Table 2. IFDScore of Models 1—5 Table 3. Binding Energy (kcal/mol) Calculated by Prime MM-GBSA
Model IFDScore® Binding energy (kcal/mol)”
Compound
1 —648.82 Model 1 Model 5
2 —543.03
3 —551.66 1 —79.52 —77.68
4 —536.39 2 —75.71 —66.54
5 —651.11 3 —79.02 —73.26
4 —82.23 —74.26
a) IFDScore=GlideScore+0.05 PrimeEnergy. 5 —83.61 —74.47
6 —76.76 —78.78
of Compound 1 was carried out starting with the five struc- 7 —75.81 —79.47

tures from the previous step, and using the soften-potential
algorithm, alanine substitution and constrained hydrogen-
bonding interaction at the hinge region (as described in
Experimentals) Table 2 reports the IFD scores for Compound
1 docked with the five receptor models. As seen in Table 2,
Compound 1 bound to Models 1 and 5 had the lowest IFD
scores. Models 1 and 5, showing predicted complexes of
PDGFf R with Compound 1, are illustrated in Fig. 4. Both
models include interactions between backbone atoms (NH of
Cys684 and carbonyl of Glu682) in the hinge region of
PDGFp R and the quinoxalin-2-one-group of Compound 1.
However, the interaction profiles with a cyclohexyl-group in
Compound 1 differed between the two models. The key
residues of Model 1 that interacted with the cyclohexyl-
group of Compound 1 were Leu652, Met655, Val665,
Asn666, Leu667 and 11e679. In contrast, the key residues of
Model 5 that interacted with the cyclohexyl-group in Com-
pound 1 were Ile654, Met655, Leu658, Val664, Val665 and
11e679. In other words two different hydrophobic pockets in
PDGF R could interact fruitfully with the cyclohexyl-group
of Compound 1. Based on the information available at this
point, i.e. the IFD score, it was not possible to select the sin-
gle most likely binding mode for Compound 1. Therefore,
rigid receptor docking was performed for Compounds 1—7
using Models 1 and 5.

Experimental IC;, values are available for PDGFf R inhi-
bition by a group of quinoxalin-2-one derivatives with a vari-
ety of substituted alkyl groups (Table 1). These values indi-
cate that the alkyl group contributes to the interaction be-
tween quinoxalin-2-one derivatives and PDGF 8 R. Thus the
alternative models bound to Compound 1 could be evaluated
by analyzing the rigid receptor docking of Compounds 1—7.
The binding free energies were calculated and correlated
with —pIC,, values. Rigid docking of Compounds 1—7 was
carried out using Glide (XP mode). All of the docked confor-
mations were then re-ranked according to their binding free
energies (AG,;, ), as calculated using the MM-GBSA pro-
gram within Prime. The calculated binding free energies for
Compounds 1—7 docked into Models 1 and 5 are shown in
Table 3. Figure 5 also shows the proposed binding modes for
Compounds 1—7 bound to Models 1 and 5. Comparison of
binding free energies between Models 1 and 5 and correla-
tion with —pICy, are shown in Fig. 6. Compounds bound to
Model 1 showed a correlation tendency between binding
energies and —plCs, values, whereas compounds bound to
Model 5 showed a correlation tendency between binding
energies and the lengths of the alkyl groups. Based on these
results, Model 1 was chosen as the likeliest model for Com-
pounds 1—7 bound to PDGFS R (Model 1: R*=0.77 (0.77
for Compounds 2—7), Model 5: R*=0.11 (0.10 for Com-

a) Binding energy=complex energy —receptor energy —ligand energy+ligand strain
energy.

pounds 2—7)).

The following was suggested as an interaction profile.

- The C=0 and NH of the quinoxalin-2-one ring form
hydrogen bonds with the Cys684 (backbone NH) and
Glu682 (backbone C=0) of the hinge region, respectively.

- The C=0 and NH of the urea moiety form hydrogen
bonds with the Lys634 (side chain NH;") and Thr681
(side chain OH) of the hinge region, respectively.

- The N of the pyridine ring forms a hydrogen bond with
Arg604 (side chain NH, ).

+ The alkyl chains of Compounds 1—6 interact with the hy-
drophobic pocket comprised of Leu652, Met655, Leu667
and Ile679, located in the depths of an ATP binding site.
Interestingly the interaction profile for the alkyl chain of

Compound 7 was distinct from the others, and it resembled

the profile of Model 5. This suggests that the hydrophobic

pocket formed by Leu652, Met655, Leu667 and 11e679 could
interact with alkyl group volumes up to the heptyl group
degree. According to the binding energy of Compound 6 in
both models, its profile resembles the interaction profile of

Compound 7. However, it is difficult to compare the binding

energy with different PDGFf3 R models. To illustrate this, an

interaction profile for Compound 1 bound to Model 1 is
shown in Fig. 7. To understand the PDGFJ R selectivity for

Compound 1 based on this interaction profile, we compared

substitution of key residues indicated by the interaction pro-

file with those of the following kinases: vascular endothelial
growth factor receptor 2 (VEGFR2), epidermal growth factor
receptor (EGFR), hepatocyte growth factor receptor (c-Met)
and insulin growth factor 1 receptor (IGF-1R). Inhibitory

potencies of Compound 1 for these kinases are about 3—4

orders of magnitude lower (IC,>10 umol/l) than for PDGF 3

R. The interaction profile indicated that Leu652 of PDGF R

had a hydrophobic interaction with alkyl chains, and it corre-

sponds to Gly1128 of c-Met, Ala739 of EGFR, and Alal048
of IGF-1R. This suggested that the hydrophobic residue
exchange at the Leu652 in PDGFf R contributes signifi-
cantly to the activity differences between PDGFf R and
these other kinases. In addition, Thr681 of PDGF R, which
corresponds to Leul157 of c-Met, Val916 of VEGFR2, and

Met1076 of IGF-1R, was hydrogen bonded with the urea

moiety. The existence of a hydrophilic rather than a hy-

drophobic residue at this position in PDGFf R may have
influenced the selectivity of Compound 1. The model-derived

information obtained through this study regarding PDGF3 R

interactions with quinoxalin-2-one derivatives may prove

useful in future structure-based optimization studies.
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Fig. 4. Two Proposed Models for Compound 1 Binding to
PDGF R, from Induced Fit Docking

Green surface indicates the Compound 1 binding pockets on Models 1
and 5. Blue, magenta, and orange surface colors indicate the hinge region,
the kinase insert region replaced by Ala-Ala-Ala, and the activation loop,
respectively. Compound 1 is shown as a stick model.

Fig. 5. Two Proposed Models for Compounds 1—7 Binding to
PDGFp R, from Rigid Docking Based on Models of the Com-
pound 1-PDGF 8 R Complex

Green surface indicates the Compound 1 binding pocket on Models 1
and 5. Blue, magenta, and orange colors indicate the hinge region, the ki-
nase insert region has been replaced by an Ala-Ala-Ala pseudo-loop, and
by an activation loop. The stick models indicate Compounds 1—7. Colors
of Compounds 1—7: carbon atoms: yellow, Compound 1; cyan, Compound
2; magenta, Compound 3; orange, Compound 4; white, Compound 5; slate,
Compound 6; purple, Compound 7.
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Conclusions

A pocket that could bind quinoxaline-2-one derivatives
was present around an ATP binding site, and two distinct
binding modes for quinoxaline-2-one derivatives have been
suggested. Furthermore, the binding patterns revealed by
modeling of alkyl chains of quinoxaline-2-one derivatives in
the hydrophobic pocket within the ATP binding site showed
correlations between binding scores and ICs, values. There-
fore, interactions within this pocket apparently affect the
activities of quinoxaline-2-one derivatives. The models of
PDGFf R complexed with quinoxaline-2-one derivatives
were applied to structural prediction approaches to generate
more active and selective PDGFJ RTK inhibitors. We will
attempt to characterize the substitution of alkyl chains to
other cyclic and branched structures that can interact with the
hydrophobic pocket comprised of Leu652, Met655, Leu667
and I1e679 of PDGF R in future studies. Other future chal-
lenges will include utilizing this structural information and
approach to investigate substitutions at regions other than the
alkyl chains. In addition, we plan to carry out more detailed
structural studies of various compounds bound to tyrosine
kinase besides PDGF R.
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