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Introduction

Protein kinases represent attractive targets in oncology drug
discovery.[1] One such target is Abelson tyrosine kinase (Abl1),
for which small-molecule drugs are employed in the clinics to
treat chronic myelogenous leukemia (CML). However all cur-
rent drugs including imatinib, nilotinib and dasatinib are inca-
pable of inhibiting the most notable T315I gatekeeper mutant,
detected in 10–20 % of patients with CML after failure of imati-
nib therapy.[2, 3] Another interesting class of targets is the eryth-
ropoietin-producing human hepatocellular carcinoma recep-
tors (Eph), the largest family of receptor tyrosine kinases. The
Eph receptors have been implicated in sprouting angiogenesis
and blood vessel remodeling during vascular development.[4–7]

Furthermore, overexpression of several of the 14 known Eph
receptors, including ephrin type-A receptor 3 (EphA3), has
been linked to tumors and the associated vasculature, suggest-
ing a critical role in tumor-related angiogenesis.

The majority of small-molecule kinase inhibitors developed
so far target the ATP binding site of the kinase in its active
state (DFG-in), and are known as type I inhibitors.[8] However,
the first kinase-targeting small molecule to reach the market
was imatinib (Gleevec), a type II tyrosine kinase inhibitor that
binds to the inactive state of Abl1 characterized by a closed
conformation of the activation loop (DFG-out). The flip of the
DFG motif, a conserved triad (Asp–Phe–Gly) at the beginning
of the activation loop, induces remarkable changes in the ATP
binding site and exposes an additional hydrophobic pocket
that is less conserved in sequence.[9] Many kinase inhibitors
have failed in preclinical or clinical development due to their
lack of selectivity causing intolerable side effects, largely be-

cause the kinase ATP binding site is highly conserved in se-
quence and conformation.[10] The emergence of type II inhibi-
tors creates new opportunities by targeting the allosteric
pocket of the DFG-out conformation, offering selectivity and
intellectual property novelty.[11]

Structure-based virtual screening of type II inhibitors re-
quires experimentally available DFG-out protein structures,
which were initially limited in availability. As a result, most
known type II inhibitors to date have been developed via
quantitative structure–activity relationship (QSAR)-guided
modifications of ATP binding site ligands.[8] Several computa-
tional approaches have been proposed to convert a kinase
from a DFG-in into a DFG-out conformation, such as DOLPHIN
by deleting about six residues of the activation loop starting
with the DFG motif.[12] More recently, a protein remodeling
program has been used to model a DFG-out conformation by
using the DFG-in as a template structure.[13] At present, a few
pharmaceutically relevant kinases have been co-crystallized
with type II inhibitors. Even so, literature reports describing the
discovery of type II inhibitors by virtual screening remain rare.
One reason for this is an induced fit in the protein X-ray struc-
ture in favor of the co-crystalized inhibitor ; if the biased bind-

Several small molecules that bind to the inactive DFG-out con-
formation of tyrosine kinases (called type II inhibitors) have
shown a good selectivity profile over other kinase targets. To
obtain a set of DFG-out structures, we performed an explicit
solvent molecular dynamics (MD) simulation of the complex of
the catalytic domain of a tyrosine kinase receptor, ephrin type-
A receptor 3 (EphA3), and a manually docked type II inhibitor.
Automatic docking of four previously reported type II inhibi-
tors was used to select a single snapshot from the MD trajecto-
ry for virtual screening. High-throughput docking of a pharma-
cophore-tailored library of 175 000 molecules resulted in about
4 million poses, which were further filtered by van der Waals
efficiency and ranked according to a force-field-based energy

function. Notably, around 20 % of the compounds with predict-
ed binding energy smaller than �10 kcal mol�1 are known
type II inhibitors. Moreover, a series of 5-(piperazine-1-yl)iso-
quinoline derivatives was identified as a novel class of low-mi-
cromolar inhibitors of EphA3 and unphosphorylated Abelson
tyrosine kinase (Abl1). The in silico predicted binding mode of
the new inhibitors suggested a similar affinity to the gatekeep-
er mutant T315I of Abl1, which was verified in vitro by using
a competition binding assay. Additional evidence for the
type II binding mode was obtained by two 300 ns MD simula-
tions of the complex between N-(3-chloro-4-(difluoromethoxy)-
phenyl)-2-(4-(8-nitroisoquinolin-5-yl)piperazin-1-yl)acetamide
and EphA3.
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ing site of a single X-ray structure is used, poor dock-
ing results are common when using structurally di-
versified ligands. The unfavorable interactions, partic-
ularly clashes between putative ligands and the
kinase, on the other hand, would be accommodated
by the rearrangement of the protein target, due to
the plasticity of the loops around the ATP binding
site. The failure of docking diversified ligands thus
calls for a generalized binding site in structure-based
virtual screening, in order to explore a larger chemi-
cal space. The discovery of type II inhibitors is further
complicated in that such inhibitors target a relatively
scarcely populated protein conformation,[14] which is
presumably kinase dependent.[15]

Here, we report the identification of type II inhibi-
tors by flexible ligand docking into an EphA3 struc-
ture generated by molecular dynamics (MD). We first
run a constrained MD simulation with explicit solvent
to induce a fit of the EphA3 structure to a known
type II inhibitor that could not be docked into the
original X-ray structure. In silico screening was then
carried out by pharmacophore filtering, high-
throughput docking, and ranking based on an
energy function with continuum solvation and hydro-
gen bonding penalty. Retrospec-
tively, we identify ten classes of
known type II scaffolds, none of
which could be discovered
based on the original X-ray
structure and among which
some are reported to be active
against EphA3. Prospectively, our
endeavors lead to the identifica-
tion of a novel class of low mi-
cromolar type II inhibitors, which
retains inhibitory activity against
the T315I gatekeeper mutant of
Abl1.

Results and Discussion

Inducing a generalized DFG-
out conformation by MD

Induced fit in favor of a specific inhibitor exists in the X-ray
crystal structure of EphA3 co-crystallized with compound
1 (PDB: 3DZQ),[16] as none of compounds 2 to 4[17] (Figure 1)
can be docked into the X-ray structure in a type II binding
mode without clashes. Specifically, the glycine-rich loop (G-
loop), which can adopt various conformations,[10] collapses into
the ATP binding site and tightly encompasses the small type I
head group of compound 1. As a consequence, the bigger
type I head groups of compounds 2 to 4 in the ATP binding
site would clash with the G-loop. In addition, the side chain of
Tyr 742 blocks the entry of the piperazine group of compound
4 (Figure 2 a). Experimentally, different orientations of the
Tyr 742 side chain have been reported in the X-ray structures

of DFG-in EphA3 (PDB: 2QOB[18]) and EphA4 (PDB: 2Y6O and
2Y6M[19]). Computationally, we have observed that the Tyr 742
side chain can adopt two distinct, equally populated orienta-
tions in the DFG-out conformation based on ten 50 ns explicit
solvent MD simulations of EphA3 (PDB: 3DZQ) with a trifluoro-
methylbenzene in the allosteric site (Figure S1 in the Support-
ing Information). These MD simulations were carried out using
the protocols described in our previous work,[20] and a detailed
analysis of these results will be presented elsewhere.

In the present work, the c1 angle of the side chain of Tyr 742
was rotated from �1738 (as in 3DZQ) to �608, and compound
1 was manually replaced by compound 2 to obtain a general-
ized binding site that can accommodate diversified ligands. Ex-
plicit solvent MD with harmonic constraints on all Ca atoms ex-

Figure 1. Previously reported type II inhibitors of EphA3.[16, 17] The values next to the com-
pound number are the experimentally measured dissociation constant against phos-
phorylated EphA3 and the predicted binding free energy. The latter was calculated using
the MD-IF structure and a scoring function with continuum solvation and hydrogen
bonding penalty.[21]

Figure 2. Comparison of a) the crystal structure (PDB: 3DZQ) of the complex of EphA3 with inhibitor 1 and b) the
binding mode obtained by docking compound 4 into the MD-IF structure. The comparison shows the different
orientations of Tyr 742 and Phe 765, and the difference in the G-loop.
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cluding the G- and A-loops was then carried out for 2 ns. The
first 1 ns segment of the trajectory was discarded, and seven
snapshots in the second half of the trajectory were selected as
they preserve the five intermolecular hydrogen bonds shown
in Figure 3. These seven snapshots were minimized over 200

steps, and then compound 2 together with all water molecules
were removed. Flexible docking of compounds 1–4 into each
of the seven structures was further used to select a single
structure for screening according to the binding affinity, which
was estimated by a previously reported scoring function using
exactly the same parameters.[21] The selected snapshot is called
the molecular dynamics induced fit (MD-IF) structure. It should
be pointed out that the induced displacements of the G- and
A-loops and reorientation of Tyr 742 are not achievable by
simple energy minimization.

Pharmacophore tailoring the ZINC library

The majority of kinase inhibitors—including type II inhibitors—
are hinge binders. They usually form a key hydrogen bond
with the backbone NH of the hinge, which belongs to Met 702
in the case of EphA3. A hydrogen bond with the carbonyl
oxygen of Glu 700 is also observed, including the acidic CH
groups as donors.[21] For type II inhibitors, an additional pair of
hydrogen bonds can be observed with Asp 764 of the DFG
motif, and the catalytically important Glu 670 from the aC-
helix (Figure 3).[8] However, the hydrogen bond with Glu 670 is
surrounded by water molecules, and this hydrogen bond is ki-
netically not stable.[22] Aside from the hydrogen-bonding inter-
actions, most type II inhibitors can be mapped well into three
major hydrophobic interactions: ATP front site, ATP back site,
and the allosteric site (Figure 3). The combination of three hy-
drogen bonds with three hydrophobic groups and their rela-
tive separations used as constraints (Figure S2 in the Support-
ing Information) reduces the 9 millions compounds in the ZINC

library (August 2011) to less than 200 000 molecules (Figure 4)
within 6 h on a single Xeon 2.8 GHz central processing unit
(CPU).

Structure-based flexible ligand docking

The docking of 175 165 compounds by AutoDock yielded
about 3.8 millions poses. To improve computational efficiency,
three filters were applied to these poses, with focus on three
complementary aspects: potency, binding specificity, and hy-
drogen-bonding conditions of polar atoms (Figure 4). The van
der Waals efficiency of �0.1 kcal g�1[23] was used as the first
filter. Secondly, as the majority of kinase inhibitors are hinge
binders, the hydrogen bond with the NH group of Met 702
was used as the second filter to gain binding specificity, which

Figure 3. Pharmacophore mapping of the key interactions of type II kinase
inhibitors illustrated by compound 2 and EphA3. Hydrogen bonds are
shown as dashed lines. Pharmacophore elements used to filter the ZINC
library: two acceptors (dashed circles), one donor (solid circle), and three
hydrophobic rings (ovals). The hydrogen bond to Glu 670 was not used as
a pharmacophore because of the flexibility and solvent exposure of the
Glu 670 side chain (see text for discussion). Details of the geometric con-
straints are illustrated in Figure S2 in the Supporting Information.

Figure 4. Schematic illustration of the high-throughput virtual screening pro-
cess. The pharmacophore tailoring required 6 h, while the docking, minimi-
zation and evaluation of DG of binding were carried out on a computer
cluster of 300 cores within one week, which corresponds to approximately
1500 days, 300 days and 150 days, respectively, of the equivalent of a single
commodity processor.

ChemMedChem 2012, 7, 1983 – 1990 � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemmedchem.org 1985

MEDTyrosine Kinase Inhibitors

www.chemmedchem.org


is most efficient among the applied filters. Lastly, a hydrogen-
bonding penalty[21] of two was used to remove poses that
have polar atoms buried in hydrophobic sites. With these
three filters, the number of poses was reduced to about 71 000
of 35 000 compounds. Finally, the previously reported scoring
function[21] was applied with a cutoff value of �10 kcal mol�1,
which yielded 263 compounds for further evaluation (Figure 4).

Evaluation of screening results

Interestingly, among the top 263 compounds, 55 (21 %) are
known type II inhibitors of 10 different scaffolds, primarily tar-
geting Braf, Met, VEGFR, Abl1, SRC, Tie-2 and Eph
(Table 1).[16, 24–34] Kinase inhibitors, including type II, typically ex-
hibit cross activity on a subfamily, as observed experimental-
ly.[35] Indeed, some of the known inhibitors in the top 263 com-
pounds are reported to show low micromolar to nanomolar
activity on EphA3.[16, 17] The successful recovery of structurally
diversified known type II scaffolds out of millions of com-
pounds indicates that the use of an MD-IF structure is very ef-
fective. Notably, none of the above compounds can be docked

as type II into the original X-ray structure without clashes with
the G-loop, providing further evidence for the usefulness of in-
ducing a generalized binding site by MD-based sampling.

In vitro validation

Twelve compounds were further selected for experimental vali-
dation, based on their novelty and commercial availability.
Binding affinity was measured by a phage-display-based com-
petition assay[17] (see Experimental Section). Three of the
twelve compounds (piperazine derivatives 5, 6 and 8 ; Table 2)
showed micromolar activity against phosphorylated EphA3.
Unfortunately, it is not possible to carry out the same assay on
unphosphorylated EphA3 due to a lack of commercial availabil-
ity. It has been suggested that differential binding to phos-
phorylated and unphosphorylated forms of Abl1 can function-
ally differentiate compounds that prefer an inactive DFG-out
kinase conformation (type II inhibitors) from those that do not
(type I inhibitors), even for compounds that are not primarily
Abl1 inhibitors but exhibit modest affinity for Abl1.[36] Interest-
ingly, piperazine derivatives 5, 6, and 8 are active on unphos-

phorylated Abl1 (Table 2) and
inactive on phosphorylated
Abl1 (Table S1), which pro-
vides further evidence that
they are type II inhibitors.

The nitro group of these
compounds is not predicted
to be involved in binding
(Figure 5 a) and so could be
neglected for hit optimiza-
tion. Compound 5 was used
as the query scaffold for a sim-
ilarity search that yielded
a set of 20 derivatives in the
Enamine library. Four of these
20 derivatives (compounds 7
and 9–11) show micromolar
affinity for unphosphorylated
Abl1 (Table 2).

Binding to the T315I Abl1
mutant

In the predicted binding
mode obtained by docking
and validated by MD (see
below), the piperazine group
of compound 5 is away from
the gatekeeper Thr 699 (Fig-
ure 5 a). Automatic structural
alignment of the EphA3 MD-
IF structure to the complex of
Abl1 with the type II inhibitor
DCC-2036 (PDB: 3QRJ[2])
shows that the hydrogen
bonding donors and accept-

Table 1. Representative structures of previously reported type II inhibitors identified by virtual screening of the
ZINC library using the MD-IF structure of EphA3 for docking.

Core structure Primary
target

Core structure Primary
target

Braf[24–26] c-Met
VEGFR2[27]

VEGFR2[28] Abl1
SRC[29]

VEGFR
PDGFR[30] Met[31]

c-Met[32] Braf
VEGFR[33]

Tie-2[34]

Similar to
type II in-
hibitors
of
EphA3[16]
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ors, as well as the rings of compound 5, are positioned and ori-
ented in a similar way (Figure 5 b). The piperazine group of
compound 5 is a little further away from the gatekeeper resi-
due Ile 315 than the phenyl ring of DCC-2036 in structure
3QRJ. Since the affinity of DCC-2036 is only slightly affected by

the notable T315I gatekeeper
mutant of Abl1,[2] we speculate
that compound 5 might also
bind to this mutant, which is the
predominant mechanism of
drug-
induced resistance in imatinib-
treated patients. Indeed, in the
competition binding assay,[17]

compound 8 at 30 mm shows
a percent control (%ctrl) value of
5.8 % on unphosphorylated
T315I Abl1, which is very close
to the value of 2.8 % on unphos-
phorylated wild-type Abl1
(Table 2).

Validation of binding mode by
MD simulations

To provide further evidence of
the binding mode of compound
5, two explicit solvent MD simu-
lations were performed, starting
from the complex with the MD-

IF structure as obtained by docking (Figure 6; see also Fig-
ure S3 in the Supporting Information). Moreover, two MD runs
were started from the X-ray structure of the complex between
compound 1 and EphA3 (PDB: 3DZQ) as a basis for compari-
son. Overall, the binding modes of both compounds are stable

Table 2. Affinities (%) of compounds 5–11 for wild-type and mutant tyrosine kinases measured by phage-dis-
play-based competition binding assay.[a]

Compd Substituents EphA3 Abl1-unphosph
3 4 wild type wild type T315I

5 Cl OCHF2 53 12 (8.5 mm)[c] 45
6 Br H 63 48 >65
7 Cl CH3 61 48 >65

8[b] CF3 H >65 2.8 (3.9 mm)[c] 5.8
9[b] Cl OCH3 >65 28 >65
10[b] Cl F >65 38 >65
11[b] Cl H 60 21 55

[a] Percentage of kinase not displaced by the test compounds at 30 mm concentration with small values indi-
cating high affinity.[17] Compounds 5, 6, and 8 were identified by high-throughput flexible ligand docking into
the MD-IF conformation of the EphA3 receptor tyrosine kinase. Compounds 7 and 9–11 were identified by sim-
ilarity search using the scaffold of compound 5. [b] The indicated compounds are racemic mixtures, purity was
checked by in-house ESI-MS and then compounds were used as purchased. [c] The Kd value in parentheses is
the mean of two dose–response measurements of 11 points each.

Figure 5. Predicted binding mode of compound 5 in the MD-IF structure of a) EphA3 and b) in the Abl1 crystal structure. a) Compound 5 and the EphA3 side
chains involved in binding are shown by atom type coloring with carbon atoms in green, nitrogen atoms in blue, and oxygen atoms in red. b) The binding
mode of compound 5 (carbon atoms in cyan) in Abl1 is obtained by structural superposition of the Ca atoms of the MD-IF EphA3 structure (magenta) into
the crystal structure (PDB: 3QRJ) of Abl1 (green) in complex with the “switch control” inhibitor DCC-2036[2] (carbon atoms in gray). The superposition suggests
that a decrease in affinity for the T315I mutant of Abl1 would not occur because there are no contacts between compound 5 and the Ile 315 side chain.
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(Figure S5 in the Supporting Information). The hydrogen bond
between compound 1 and the hinge is broken in one of the
two MD runs, which is probably due to the electrostatic repul-
sion between the isoxazole oxygen and the carbonyl oxygen
of Glu 700. In contrast, the two polar interactions of compound
5 with the hinge, the hydrogen bond to the NH of Met 702
and CH···O=C bond involving the carbonyl of Glu 700 (d1 and
d2 in Figure 6; see also Figure S3 in the Supporting Informa-
tion), are stable in both 300 ns MD simulations except for
some transient ruptures. Both compounds are predicted to
form stable hydrogen bonds with the DFG motif (d3 and d4;
Figure 6), while the hydrogen bond between the amide NH of
compound 1 or 5 and the carboxylic group of Glu 670 (d5)
fluctuates strongly because the latter is solvent exposed. For
this reason, the hydrogen bond to Glu 670 was not used as
a pharmacophore to prefilter the ZINC library, although it is
frequently observed with type II inhibitors. Nevertheless, the

Glu 670 fluctuations are smaller for compound 5 than 1, which
is probably due to the favorable electrostatic interactions with
the positively charged piperazine ring of compound 5.

Conclusions

To obtain an inactive DFG-out conformation for high-through-
put docking, we have run an explicit solvent MD simulation of
the EphA3 receptor tyrosine kinase with a type II inhibitor
placed manually in the ATP binding site upon removal of the
original inhibitor of the crystal structure. Along the MD trajec-
tory, a snapshot that accommodates four previously reported
type II inhibitors was selected for high-throughput flexible
ligand docking. The docked library consisted of about 175 000
compounds derived from nearly 9 million molecules using
two-dimensional chemical descriptors and three-dimensional
geometric constraints (i.e. , relative distance and orientation of

Figure 6. Explicit solvent MD validation of binding mode of compound 5. (Left) MD run started from the X-ray structure of the complex between EphA3 and
inhibitor 1 (PDB: 3DZQ). (Right) MD run started from the docked pose of compound 5 into the MD-IF structure of EphA3. (Top) Two-dimensional illustrations;
(Bottom) time evolutions of hydrogen bonding distances measured between donor (or isoquinoline C3 atom of compound 5) and acceptor atoms. In the sim-
ulation with inhibitor 1, the amide group associated with d3, d4 and d5 flipped by 1808 at about 230 ns (see Figure S4 in the Supporting Information) and
flipped back at 290 ns. The d5 distance shows large oscillation because of fluctuation of the Glu 670 side chain. Note also that values around 5 � reflect single
water bridged hydrogen bonds with Glu 670. Another MD run for each of compounds 1 and 5 is shown in Figure S3 in the Supporting Information. Detailed
analysis is shown in Figures S4 and S5 in the Supporting Information.
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pairs of functional groups). Using this procedure, we have
identified a series of 5-(piperazine-1-yl)isoquinoline derivatives
that exhibited low micromolar affinities for unphosphorylated
Abl1 in a competition binding assay.

The following experimental evidence and computational re-
sults support the binding mode, which is predicted to be of
type II : 1) The discovered scaffold shows a higher affinity for in-
active than active Abl1 tyrosine kinase, a typical feature of
type II inhibitors;[36] 2) the docking pose suggests a similar af-
finity for the gatekeeper mutant T315I as for wild-type Abl1,
which was verified experimentally ; 3) the hydrogen-bonding
pattern and overall binding mode are preserved in two 300 ns
MD simulations, started from the pose obtained by docking.

In conclusion, we have discovered a novel chemical class of
type II tyrosine kinase inhibitors by using an in silico procedure
based on a combination of explicit water MD simulations and
high-throughput docking.

Experimental Section

Computational methods

MD simulations : The coordinates of missing atoms in the EphA3
crystal structure (PDB: 3DZQ), especially the long activation loop,
were generated by the program Modeller (version 9.0).[37] To repro-
duce physiological pH conditions, the side chains of aspartates and
glutamates were negatively charged, those of lysine and arginine
residues were positively charged, while all other residues were con-
sidered neutral. The MD simulations were performed with the pro-
gram NAMD (version 2.7)[38] using the all-atom CHARMM PARAM27
force field,[39] the TIP3P model of water,[40] and the CHARMM gener-
al force field for small molecules.[41]

The protein–ligand complexes were inserted into a cubic water
box, with a minimal distance of 12 � between any solute atom and
the boundary of the box. Chloride and sodium ions were added to
neutralize the system and to give an approximate salt concentra-
tion of 150 mm. If the distance between the water oxygen and any
atom of the complex or any ion was smaller than 2.4 �, the water
molecules overlapping with the solute atoms or the ions were re-
moved. Periodic boundary conditions were applied to avoid finite-
size effects. Electrostatic interactions were calculated within
a cutoff of 10 �, while long-range electrostatic effects were taken
into account by the particle mesh Ewald summation method.[42]

Van der Waals interactions were treated with the use of a switch
function starting at 8 � and turning off at 10 �. The temperature
was kept constant at 310 K by using the Langevin temperature
control with a damping coefficient of 1 ps�1, while the pressure
was held constant at 1 atm by applying a pressure piston. Before
the production runs, water molecules and ions were subjected to
energy minimization for 6000 steps, and a 1 ns equilibration with
harmonic constraints (1 kcal mol�1 ��2) applied to the positions of
protein Ca atoms excluding the G- and A-loop (residues 628–634
and 768–788, respectively). Covalent bonds involving hydrogen
atoms were constrained by means of the SHAKE algorithm, and
the dynamics were integrated with a time step of 2 fs.

Compound library : The compounds were downloaded from ZINC
all-now library.[43] The library was firstly filtered by physicochemical
properties, such as, number of donors and acceptors, molecular
weight, and number of rings, according to the pharmacophores
defined in Figure 3. Preparation included the assignment of

CHARMm atom types, force field parameters,[44] and partial charg-
es,[45] and energy minimization with a distance dependent dielec-
tric function using the program CHARMM.[46, 47] Finally, the pharma-
cophore software LIBO version 1.0 (Zhao and Calfisch, unpublish-
ed) developed in-house was used to filter the library by pharmaco-
phore constraints according to Figure 3.

Docking : AutoDock (version 4.0)[48] was used to generate the bind-
ing poses over the conformational search space using the Lamarck-
ian genetic algorithm. The binding site was determined by 4.0 �
away from any atom of compound 1 in the EphA3 MD-IF structure.
The number of energy evaluations was 1 750 000, and the number
of poses was 30. Poses were clustered using all atom RMSD cutoff
of 1.0 � to remove redundancy. All other parameters were set as
default.

Scoring function : Poses were further minimized by CHARMM in
the rigid protein, and then sequentially filtered by three filters as
defined in Figure 4. A previously reported scoring function was
employed for ranking. It incorporates the hydrogen bonding penal-
ty upon ligand binding, and uses the finite-difference Poisson ap-
proach to calculate electrostatic solvation.[21]

Biology

Phage-display-based binding assay : Experiments were performed at
Ambit Biosciences Inc. (San Diego, USA) using binding assays as
previously described.[17] Briefly, kinases were expressed as fusion
proteins to T7 phage. T7-Kinase-tagged phage strains were mixed
with known kinase inhibitors immobilized on streptavidin-coated
magnetic beads and with test compounds. Test compounds that
bind to the kinase ATP site displace the immobilized ligand from
the kinase/phage, which is detected using quantitative polymerase
chain reaction (PCR). The results are reported as the percentage of
kinase/phage remaining bound to the ligand/beads, relative to
a control (DMSO lacking a test compound). A small percent control
(%ctrl) value indicates strong binding.
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