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Death-associated protein kinases (DAPKs) function in the early stages of eukaryotic programmed cell
death. DAPKs are now emerging as targets for drug discovery in novel therapeutic approaches for
ischemic diseases in the brain, heart, kidney, and other organs.Using a structure-based virtual screening
approach, we discovered potent and selective DAPKs inhibitors. 6 was found to be the most potent
inhibitor with enzyme selectivity (IC50 = 69 nM for DAPK1).

Introduction

There has been significant scientific progress in the inter-
pretation of so-called programmed cell death.During the past
decade, various signaling molecules have been reported to be
involved in this process. Among such studies, Kimchi et al. at
the Weizmann Institute of Science in Israel identified a new
serine/threonine kinase and designated it as death-associated
protein kinase (DAPKa) because of its significant involve-
ment in programmed cell death.1 Subsequently, other seri-
ne-threonine kinases with significant homology in their
kinase regions were identified and also designated DAPKs.
At present, the DAPK family consists of at least five protein
kinases:DAPK1,DAPK2,DAPK3,DRAK1, andDRAK2.2

These kinases play a central role in programmed cell death
such as apoptosis and autophagy. The initially identified
kinase in the family, DAPK (now known as DAPK1), is an
ideal protein for understanding the significance of potential
targets for novel drug development. It has been reported that
DAPK1 is activated in nerve cells of the ischemic rat brain. In
addition, DAPK1-defective neurocytes in the rat hippocam-
pus show resistance to ceramide-induced cell death. These
results strongly suggest that inhibition of DAPK1 and its
related kinase activation has therapeutic relevance in the
treatment of brain infarction and acute coronary ischemic
diseases.3,4 In fact, Velentza et al. at Northwestern University
in Chicago reported that a nonselective inhibitory compound
for DAPK1 significantly reduced ischemic damage in a rat
brain ischemic model after a single injection, even at 6 h after
the ischemic event.5 However, potent and enzyme-selective
DAPK inhibitors have not yet been identified.
In the past several years, we have used customized in-house

programs based on structure-based virtual screening (SBVS).
These include CONSENSUS-DOCK, a customized version

of the DOCK4 program,6 in which three scoring functions
(DOCK4, FlexX,7 and PMF8) and consensus scoring9 have
been implemented. With this method, we were successful in
identifying potent agonists/antagonists or inhibitors for sev-
eral target proteins (e.g., GPCR, kinase, etc.) from a database
containing millions of commercially available compounds.10

In this paper, we report the application of CONSENSUS-
DOCK for finding novel DAPKs inhibitors using an SBVS
approach.
In this approach, preparation of an appropriate three-

dimensional protein structure is essential to obtain accurate
results in virtual screening. In the case of kinases, many
kinases have several X-ray crystal structures that can be used
for SBVS easily. However, we generated protein-ligands
complex models by molecular dynamics (MD) simulation to
identify compounds that have novel scaffolds and to increase
the efficiency of screening large-scale databases of com-
pounds.

Results and Discussion

Preparation of theBinding SiteModel.Although therewere
several X-ray crystal complex structures of DAPK (1IG1,11

1JKK,11 1JKL,11 1P4F,5 1WVX, and 1WVY) at the begin-
ning of our research, we constructed a protein-ligands com-
plexmodel with anX-ray crystal structure (PDB code 1WVX)
and four ligands observed in crystal complex structures
(ANP, 1IG1; DRG, 1P4F; BD4, 1WVX; and STU, 1WVY;
Figure 1) using MD simulation to gain better enrichment in
virtual screening. In this study, we used amolecular dynamics
simulation module in MOE12 (Chemical Computing Group
Inc., Montreal, Canada) by modifying an SVL script to build
the complex models. This SVL script, called MultiCopyMD,
was devised to enable several ligand molecules to be posi-
tioned in the binding site of the target protein simultaneously
during the simulation so that the consensus binding confor-
mation of that protein for multiple ligands can be generated.
Intermolecular forces between the protein and each ligand are
divided by the number of ligands included in the calculation,
and intermolecular forces among the ligands are excluded in
theMultiCopyMD simulation. Water molecules were soaked
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within 20 Å of the center of the ligands in the complex model
with wall restraints around them, while the side chain atoms
within 4.5 Å of the center of the ligands and the backbone
atoms of the glycine-rich loop were unfixed in the MD
calculations. The system was gradually heated to 300 K, and
an additional 1 ns simulation at constant temperature and
volume (NVTensemble,NPAalgorithm) was carried out.We
then clustered the coordinates in this trajectory and selected
several structures to compare each enrichment of virtual
screening. One of the complex model structures is shown in
Figure 2.

Virtual Screening Using CONSENSUS-DOCK. We com-
pared the enrichments among protein structures (X-ray
crystal complex structures and complex model structures
built by MD simulation) by small-scale (approximately a
1000-compound test set database) virtual screening using
CONSENSUS-DOCK. These 1000 compounds were se-
lected randomly from the commercially available compound
databases, filtered by druglikeness and clustering. The small-
scale testset database has these 1000 compounds and 4
ligands of the X-ray crystal complex structures (1IG1,
DRG; 1P4F, BD4; 1WVX, STU; and 1WVY), as well as

three kinase inhibitors (SP600125, SU11248, andLY333531)
reported by Fabian et al.13 (Figure 1) to have DAPK
inhibition activity.We found that a complexmodel structure
had the best enrichment (Figure 3) among the X-ray crystal
complex structures and other model structures. Thus, we
decided to adopt this structural model built by MD simula-
tion for large-scale (approximately a 400 000-compound
database) virtual screening. Formore efficient virtual screen-
ing, we typically use several hundreds of thousands com-
pounds that have been refined using druglikeness filtering
(reported by Hirayama et al.14) and clustered using principle
components analysis (PCA) on the basis of the MACCS
feature counts by MOE, from over millions of commercially
available compounds.10 For each compound in the database,
after molecules were washed (salt disconnection, removal of
minor components, deprotonation of strong acids, and
protonation of strong bases) byMOE, the three-dimensional
structure generator CORINA15 (version 3.10) was used to

Figure 1. DAPK ligands and inhibitors. Four compounds (ANP,DRG,BD4, and STU) inX-ray crystal complex structures were used tomake a
complexmodel. These four compounds and three additional compounds (LY-333531,SP-600125, andSU-11248)with reportedDAPK inhibition
activity13 were used in the small-scale (approximately a 1000-compound test set database) virtual screening using CONSENSUS-DOCK.

Figure 2. Structure of the DAPK-ligands complex model built by
MultiCopyMD. Ligands are ANP (light-green, PDB code 1IG1),
DRG (yellow, PDB code 1P4F), BD4 (orange, PDB code 1WVX),
and STU (light-blue, PDB code 1WVY).

Figure 3. Comparison of enrichment curves for protein structures
(complex model built by molecular dynamics simulation, using
X-ray crystal complex structures 1IG1, 1P4F, 1WVX, 1WVY).
The “MODEL” structure has the best enrichment among other
model structures selected in the trajectory of molecular dynamics
simulation.
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calculate three-dimensional structures, including stereo-
isomers.
In CONSENSUS-DOCK, three scoring functions

(DOCK4, FlexX, and PMF) may be implemented in the
DOCK4 program and consensus scoring is performed in the
pose selection and the ranking of compounds to complement
the weaknesses of each scoring function. CONSENSUS-
DOCK calculates these three scoring functions simulta-
neously. The consensus score of score 1, score 2, and score
3 is defined byMAX(score 1, score 2, score 3), whereMAX()
means the maximum value among the arguments. In other
words, we chose the most unfavorable value from the three
scores. By use of this definition of consensus score, each
scoring functions complements the others by hiding artificial
minimums of each scoring functions and false positives are
decreased in the screening. This methodology can bring
better results in virtual screening than using DOCK4 alone
(see Supporting Information). After the calculations of
CONSENSUS-DOCKwere generated, we selected 602 com-
pounds by consensus scoring9 (docking score of CONSEN-
SUS-DOCK), binding mode, and visual inspection.
Furthermore, for the kinase inhibition assay, we selected
100 of the initial 602 compounds by optimizing the pro-
tein-ligands complex structures using quantum mechanics/
molecular mechanics methods16 to allow three scientists to
visually inspect the compounds and select those compounds
having a suitable binding mode at the ATP binding site. The
outputs of CONSENSUS-DOCK are not done enough
optimization because the calculation time for each com-
pound was reduced to calculate the large number of com-
pounds (around 400 000) in the database. The optimization
steps were thought to improve the results.

In Vitro Assay of Kinase Inhibitory Activity after First

Virtual Screening.The compounds selected by virtual screen-
ing were tested in a DAPK3 inhibition assay, and seven
compounds showed appreciable inhibition at 10 μM.Four of
these seven compounds exhibited greater than 50% inhibi-
tion at this concentration (Table 1). Even at a final concen-
tration of 1 μM, 3 and 4 reduced DAPK3 enzyme activity by
71% and 12%, respectively.

The predicted binding mode of 3 in the active site of the
DAPK catalytic domain is shown in Figure 4. In this binding
mode, 3 forms a hydrogen bond between the nitrogen in the
pyridinyl group and the backbone NH of Val96 in the hinge
region. Furthermore, some hydrophobic interactions
(involving Ala40, Met146, and Ile160) can be considered
between 3 and DAPK. These hydrogen bonds and hydro-
phobic interactions should contribute to the stabilization of
the complex between 3 and the DAPK kinase domain.

Second Screening (Similarity Search). To increase the
inhibitory activity of the most potent hit compound (3) in
the first virtual screening, we carried out a similarity search
against the millions of commercially available compounds in
the database. We first calculated a fingerprint based on the
descriptors of the BIT_MACCS:MACCS structural keys for
the database and then carried out a similarity search using 3
as a query. Through these steps and visual inspection, we
selected 39 compounds, which were subsequently purchased
from several suppliers.
These 39 compounds were tested in the second DAPK

inhibition assay, and 20 of these showed appreciable inhibi-
tion at 10 μM. At this concentration, 16 compounds exhib-
ited greater than 50% inhibition. Four representative
compounds are shown in Table 2. Several compounds
selected in the second screening showed more potent inhibi-
tory activity than 3, probably because of the additional
hydrophobic interactions in the ATP binding cavity as a
result of substituting the bulkier phenyl group in 3. These
compounds were subjected to subtype DAPK inhibition
assay and showed potent inhibitory activity against DAPK1
and DAPK3 (Table 2). We found that 6was the most potent
DAPK inhibitor among those tested compounds in this
study. The inhibitory profile of 6 was then examined. When
assayed with 10 μM ATP, the IC50 values for DAPK1 and
DAPK3 were 69 and 225 nM, respectively (parts A and C of
Figure 5). The inhibition kinetics of 6 confirmed that the
compound is a competitive inhibitor of ATP substrate
against DAPK1 and DAPK3 (parts B and D of
Figure 5B). To test the enzyme selectivity of 6, a kinase panel
assay was carried out using ProfilerPro Kits (Caliper Life
Sciences, Inc., Hopkinton, MA). As shown in Table 3, 6
appeared to be a specific inhibitor of DAPK with respect to

Figure 4. Computational docking of 3 to the active site of the
DAPK catalytic subunit. This predictive binding mode was calcu-
lated by CONSENSUS-DOCK. Compound 3 forms a hydrogen
bond between the nitrogen in the pyridinyl group and the backbone
NH of Val96 in the hinge region. Furthermore, hydrophobic
interactions (involving Ala40, Met146, and Ile160) likely play a
role in the binding between 3 and DAPK.

Table 1. Structures of Four Compounds Exhibiting Greater than 50%
Inhibition at 10 μM in the First Virtual Screening
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the other 48 serine/threonine- or tyrosine-kinases tested to
date. Furthermore, compounds with the structure of
4-(pyridin-3-ylmethylene)oxazol-5(4H)-one indicated simi-
lar selectivity in the same assay.

Conclusions

Structure-basedvirtual screeningwas carriedout to identify
novel DAPK inhibitors using CONSENSUS-DOCK.Nearly
400 000 compounds were docked and ranked by consensus
score. Initially, 100 compounds were selected for the DAPK
inhibition assay and we identified four novel inhibitors. In a
further similarity search based on the structure of 3, we
identified the most potent and selective DAPK inhibitor

knowntodate (6; IC50=69nMforDAPK1).These successful
results indicate that structure-based virtual screening increases
the efficiency of identifying active compounds among large
numbers of compounds, particularly compared to high-
throughput screening. The novel, potent, and selective DAPK
inhibitors reported here will contribute to the development of
new therapeutic approaches for the treatment of ischemic
diseases in brain, heart, kidneys, and other organs.

Experimental Section

The database of commercially available compounds was pro-
duced by Namiki Shoji Co., Ltd. (http://www.namiki-s.co.jp/)
and included compounds produced by several suppliers. Tested
compounds in this paper were purchased from several suppliers
(e.g., Enamine, Pharmeks, Labotest). Their characterizations
were confirmed using 1H NMR and ESI-MS, and their purity
was greater than 95% as determined by HPLC.

Kinase Assay. Kinase assay was performed using the
Z’-LYTE kinase assay kit Ser/Thr 13 peptide (Invitrogen,
Carlsbad, CA). The standard reaction for compound screening
contained 1mMpeptide substrate, 10mMATP, 50mMHEPES
(pH 7.4), 10 mM MgCl2, 0.01% Brij-35, and 0.5% DMSO.
Human recombinant DAPK1 (Invitrogen) was used at a final
concentration of 2.6 μg/mL, and recombinant DAPK3
(Invitrogen) was used at a final concentration 1.5 mg/mL. To
test the enzyme selectively of the inhibitors, ProfilerPro kits
(Caliper Life Sciences, Inc., Hopkinton, MA) were used as
described in the protocol.

Note Added after ASAP Publication. This paper was
published on October 30, 2009 with an error in Table 1 and
the caption of Figure 5. The revised version was published on
November 4, 2009.

Supporting Information Available: Comparison of enrich-
ment curves for CONSENSUS-DOCK versus DOCK4 only.
Thismaterial is available free of charge via the Internet at http://
pubs.acs.org.
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