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Extracellular signal-regulated kinase 2 (ERK2) has become an attractive target for the development of
therapeutics for the treatment of cancer. We have been able to identify eight new inhibitors of ERK2
by means of a drug design protocol involving the virtual screening with docking simulations and
in vitro enzyme assay. The newly discovered inhibitors can be categorized into three structural classes
and reveal a significant potency with ICso values ranging from 1 to 30 uM. Therefore, all of the three
inhibitor scaffolds deserve further development by structure-activity relationship or de novo design
methods. Structural features relevant to the stabilizations of the newly identified inhibitors in the
ATP-binding site of ERK2 are discussed in detail.

© 2008 Elsevier Ltd. All rights reserved.

The extracellular signal-regulated kinases (ERKs) are involved
in the Ras/Raf/MEK/ERK signal transduction pathway whose acti-
vation is a common feature of many deregulated molecular lesions
in cancer. Indeed, a constitutive activation of this pathway has pro-
ven to cause the proliferation of many human cancers in lung, co-
lon, pancreas, kidney, and ovary.!~ The reason for the involvement
of the pathway in cancer lies in its role in controlling a variety of
fundamental cellular processes including cell survival, prolifera-
tion, motility, and differentiation. The Ras/Raf/MEK/ERK signal
transduction pathway can also serve as an intracellular mediator
in signaling aberrations in many inflammatory processes.®” There-
fore, this pathway represents an attractive target for pharmacolog-
ical invention in cancer and inflammatory diseases.

ERK acts as a central point where multiple signaling pathways
coalesce to drive transcription and thus plays a pivotal role in
downstreaming the pathways. There are two isoforms of ERK pro-
teins (ERK1 and ERK2) that are linked to the proliferation and sur-
vival of cancer cells.® The two isoform ERKs share 88% sequence
identity with the conservation of the residues in the ATP-binding
site. X-ray crystallographic data showed that ERK2 is a proline-di-
rected kinase whose phosphorylation site is similar in structure to
that of cyclin-dependent kinase 2 (CDK2).° The X-ray crystal struc-
tures of ERK2 in complex with selective inhibitors were also re-
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ported.’®12 The presence of structural information about the
nature of the interactions between ERK2 and small molecule inhib-
itors has made it a plausible task to design a good lead compound
for anticancer drugs. Indeed, several ATP-independent inhibitors
have been discovered by means of in silico screening with docking
simulations of a variety of small molecules in the active site of
ERK2."3

Nonetheless, discovery of ERK2 inhibitors has lagged behind the
pharmacological and structural studies. Only a few structural
classes of ERK2 inhibitors have been reported so far. Several deriv-
atives of 5-pyrazolo[1,5-a]pyridin-3-yl-1H-pyrazolo[3,4-c]pyrida-
zine scaffold proved to be competitive and selective inhibitors of
ERK1 and ERK2 with micromolar and submicromolar inhibitory
activity.'®!! Recently, various pyrazolylpyrrole derivatives have
also been identified as potent selective inhibitors of ERK2 with
multiple binding modes.!? A few micromolar inhibitors have also
been discovered with a structure-based virtual screening
approach.'?

In this study, we identify the novel classes of ERK2 inhibitors by
means of a structure-based drug design protocol involving the vir-
tual screening with docking simulations and in vitro enzyme assay.
The characteristic feature that discriminates our virtual screening
approach from the others lies in the implementation of an accurate
solvation model in calculating the binding free energy between
ERK2 and putative ligands, which would have an effect of increas-
ing the hit rate in enzyme assay.'“ It will be shown that the dock-
ing simulation with the improved binding free energy function can
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be a useful tool for elucidating the activities of the identified inhib-
itors, as well as for enriching the chemical library with molecules
that are likely to have desired biological activities.

The 3-D coordinates in the X-ray crystal structure of ERK2 in
complex with the inhibitor FR180204 (PDB code: 1TVO)'° were se-
lected as the receptor model in the virtual screening with docking
simulations. After removing the ligand and solvent molecules,
hydrogen atoms were added to each protein atom. A special atten-
tion was paid to assign the protonation states of the ionizable Asp,
Glu, His, and Lys residues in the X-ray structure of ERK2. The side
chains of Asp and Glu residues were assumed to be neutral if one of
their carboxylate oxygens pointed toward a hydrogen-bond
accepting group including the backbone aminocarbonyl oxygen
at a distance within 3.5 A, a generally accepted distance limit for
a hydrogen bond of moderate strength.!® Similarly, the lysine side
chains were assumed to be protonated unless the NZ atom was in
proximity of a hydrogen-bond donating group. The same proce-
dure was also applied to determine the protonation states of ND
and NE atoms in His residues.

The docking library for ERK2 comprising about 85,000 com-
pounds was constructed from the latest version of the chemical
database distributed by Interbioscreen (http://www.ibscreen.com)
containing approximately 30,000 natural and 320,000 synthetic
compounds. The selection was based on the drug-like filters that
adopt only the compounds with physicochemical properties of po-
tential drug candidates'® and without reactive functional group(s).
All of the compounds included in the docking library were then
subjected to the Corina program to generate their 3-D atomic coor-
dinates, followed by the assignment of Gasteiger-Marsilli atomic
charges.!” We used the AutoDock program'® in the virtual screen-
ing of ERK2 inhibitors because the outperformance of its scoring
function over those of the others had been shown in several target
proteins.'® AMBER force field parameters were assigned for calcu-
lating the van der Waals interactions and the internal energy of a
ligand as implemented in the AutoDock program. Docking simula-
tions with AutoDock were then carried out in the ATP-binding site
of ERK2 to score and rank the compounds in the docking library
according to their calculated binding affinities.

In the actual docking simulation of the compounds in the dock-
ing library, we used the empirical AutoDock scoring function im-
proved by the implementation of a new solvation model for a
compound. The modified scoring function has the following form:
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where Wyaw, Whbond» Welee, Wior, and Wy are the weighting factors
of van der Waals, hydrogen bond, electrostatic interactions, tor-
sional term, and desolvation energy of inhibitors, respectively. r;
represents the interatomic distance, and Ay, By, Gy, and Dj; are re-
lated to the depths of the potential energy well and the equilibrium
separations between the two atoms. The hydrogen bond term has
an additional weighting factor, E(t), representing the angle-depen-
dent directionality. Cubic equation approach was applied to obtain
the dielectric constant required in computing the interatomic elec-
trostatic interactions between ERK2 and a ligand molecule.?® In the
entropic term, Ny, is the number of sp bonds in the ligand. In the
desolvation term, S; and V; are the solvation parameter and the frag-
mental volume of atom i,%' respectively, while Occ™™ stands for the
maximum atomic occupancy. In the calculation of molecular solva-
tion free energy term in Eq. 1, we used the atomic parameters re-

cently developed by Kang et al.?? because those of the atoms
other than carbon were unavailable in the current version of Auto-
Dock. This modification of the solvation free energy term is ex-
pected to increase the accuracy in virtual screening because the
underestimation of ligand solvation often leads to the overestima-
tion of the binding affinity of a ligand with many polar atoms.'*

To obtain better binding configurations for ERK2-inhibitor com-
plexes, we have performed molecular dynamics (MD) in aqueous
solution. The most stable structures of ERK2-inhibitor complexes
obtained from docking simulation were equilibrated in solution
through 0.5 ns MD simulation with AMBER program, which had
been successful in modeling the structures of proteins®> and nucleic
acids®* in solution. This equilibration procedure started with the
addition sodium ions as the counterion to neutralize the total charge
of the all-atom model of ERK2. The system was then immersed in a
rectangular solvent box containing about 8000 TIP3P water mole-
cules. After 1000 cycles of energy minimization to remove bad van
der Waals contacts, we equilibrated the system beginning with
20 ps equilibration dynamics of the solvent molecules at 300 K.
The next step involved equilibration of the solute with a fixed con-
figuration of the solvent molecules for 10 ps at 10, 50, 100, 150,
200, 250, and 300 K. Then, the equilibration dynamics of the entire
system was performed at 300 K for 500 ps using the periodic bound-
ary condition. The SHAKE algorithm?® was applied to fix all bond
lengths involving hydrogen atom. We used a time step of 1.5 fs
and a nonbond-interaction cutoff radius of 12 A.

Of the 85,000 compounds subject to the virtual screening
with docking simulations, 150 top-scored compounds were se-
lected as virtual hits. One hundred and forty-eight of them were
available from the compound supplier and were tested for inhib-
itory activity against ERK2 by in vitro enzyme assay.?® As a re-
sult, we identified 23 compounds that inhibited the catalytic
activity of ERK2 by more than 50% at the concentration of
50 uM. Among them, eight compounds revealed a high potency
with more than 70% inhibition at the same concentration and
were selected to determine ICsy values. The chemical structures
and the inhibitory activities of the newly identified inhibitors
are shown in Figure 1 and Table 1, respectively. The structures
of the remaining 15 compounds revealing more than 50% inhibi-
tion of ERK2 activity at 50 uM are shown in Supplementary
information. We note that the compounds 1, 2, and 3 share a
common 3-benzyl-5-methylene-2-thioxo-thiazolidin-4-one scaf-
fold. In this inhibitor scaffold, the derivation of a hydrophobic
group at the end of molecular structure seems to have a nega-
tive effect on the inhibitory activity. Compounds 4, 5, and 6 pos-
sess the N-(5-amino-1-phenyl-1H-[1,2,4]triazole-3-yl)-benzamide
group as a common scaffold. Compounds 7 and 8 are structurally
very similar with the common 5-benzyloxy-2-(4-phenyl-1H-pyr-
azol-3-yl)-phenol scaffold and have moderate inhibitory activi-
ties with the ICsy values of 15-30 uM. The eight inhibitors
shown in Figure 1 can thus be divided into three structural clas-
ses. To the best of our knowledge, these compounds have not
been reported as ERK inhibitors so far. Therefore, all of the three
inhibitor scaffolds deserve further development by structure-
activity relationship (SAR) or de novo design methods.

Since the selectivity for ERK2 against other MAP kinases has
been the most important issue in the development of ERK2 inhib-
itors, we have compared the inhibitory activities of 1, 4, and 7 for
ERK2 and p38a protein. These inhibition assays for selectivity were
done in duplicates at the concentration of 100 uM. As can be seen
in Table 2, all three compounds reveal approximately 90% inhibi-
tion for ERK2 at the concentration of 100 1M whereas the catalytic
activities of p38a are reduced by no more than 25% at the same
concentration of inhibitors. Considering the structural similarity
between ERK and p38 protein, the inhibitors found in this study
seem to bind in novel way in the ATP-binding site of ERK2.
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Figure 1. Chemical structures of the newly identified ERK2 inhibitors.
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Table 1
ICsp values (in pM) of the reference and compounds 1-8 against ERK2
Compound ICs50 (ULM) Compound ICs50 (UM)
SB220025 19.0 5 183
1 5.5 6 25.6
2 14.3 7 16.9
3 23.7 8 274
4 83
Table 2

Comparison of the inhibitory activities of 1, 4, and 7 for ERK2 and p38 protein

Compound % Inhibition at 100 uM for ERK2 % Inhibition at 100 uM for p38a
1 92.7 £6.1 16.7+4.4
4 93.1+5.8 24553
7 87.9+8.6 123+£39

To obtain structural insight into the inhibitory mechanisms of
the identified inhibitors of ERK2, their binding modes in the ATP-
binding site were investigated in comparison with that of the
known inhibitor SB220025. Figure 2 shows the best-scored Auto-
Dock conformations of SB220025, 1, and 4 in the ATP-binding site
gorge of ERK2. As revealed by the superposition of the docked
structures, all of the inhibitors seem to be stabilized in the ATP-
binding site due in part to the interactions with the two catalytic
residues, Lys54 and Asp167. It is also a common feature in binding
modes that one of the terminal groups of the inhibitors resides in a
close proximity of the gatekeeper site, the interaction with which
can serve as a filter to screen the selective kinase inhibitors.?® In
order to examine the possibility of the allosteric inhibition of
ERK2 by the identified inhibitors, docking simulations were carried
out with the grid maps for the receptor model so as to include the
entire part of ERK2. However, the binding configuration in which
an inhibitor resides outside the ATP-binding site was observed nei-
ther for the new inhibitors nor for SB220025. These results support
the possibility that the inhibitors would impair the catalytic activ-
ity of ERK2 through the specific binding in the ATP-binding site.

To obtain an improved binding configuration of ERK2-1 com-
plex, we have carried out MD simulations of the complex in aque-
ous solution as described above. The representative MD trajectory

¢ ﬂ

gatekeeper

Figure 2. Comparative view of the binding modes of SB220025, 1, and 4 in the ATP-
binding site of ERK2. Carbon atoms of the amino acid residues of ERK2, SB220025, 1,
and 4 are indicated in cyan, black, green, and pink, respectively.

snapshot for the complex is shown in Figure 3. It is noted that the
carbonyl oxygen of the inhibitor receives a hydrogen bond from
the side chain Lys54. This structural feature is consistent with
the X-ray crystallographic data indicating a pivotal role of Lys54
in accommodating a ligand in the ATP-binding site of ERK2.1%-12
A stable hydrogen bond is also established between the phenolic
group of the inhibitor and the backbone aminocarbonyl oxygen
of 1le103. This hydrogen bond can serve as a clue for designing
the selective ERK2 inhibitors since Ile103 resides in the gatekeeper
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Figure 3. Representative MD trajectory snapshot of ERK2-1 complex. Carbon atoms
of the protein and the ligand are indicated in green and cyan, respectively. Each
dotted line indicates a hydrogen bond.

site that has been known as a key determinant for kinase inhibitor
selectivity.?® As can be deduced from the decrease in inhibitory
activity in going from 1 to 2 and 3 (see Fig. 1 and Table 1), a hydro-
gen-bonding group seems to be more efficient for inhibitor binding
in the gatekeeper site than hydrophobic groups. The inhibitor 1 can
be further stabilized in the ATP-binding site by the hydrophobic
interactions of its nonpolor groups with the side chains of Val39,
Lys54, Leu156, and Cys166. Judging from the overall structural fea-
tures of the ERK2-1 complex derived from docking simulations, the
inhibitory activity of 1 is likely to stem from the multiple hydrogen
bonds and hydrophobic interactions established simultaneously in
the ATP-binding site.

We now turn to address the possibility that the inhibitor 1
would form a covalent bond with the side chain of Cys166 in the
ATP-binding site. As shown in Figure 3, the thiolate group of
Cys166 points toward the side chains of Asn154 and Leul56 in-
stead of the o,B-unsaturated carbonyl moiety of 1. Furthermore,
the SG atom Cys166 stays away from carbonyl and B carbon atoms
of 1 at a distance longer than 5.5 A. Therefore, it seems to be diffi-
cult for the covalent bond between Cys166 and the inhibitor to be
formed in the ERK2-1 complex.

Figure 4 shows the representative MD trajectory snapshot for
ERK2-4 complex in aqueous solution. The binding mode of 4 differs
from that of 1 in that neither the side chain of Lys54 nor a back-
bone gatekeeper group is involved in the hydrogen-bond interac-
tions with the inhibitor. In ERK2-4 complex, however, the side
chains of GIn105, Asn154, and Asp167 form three hydrogen bonds
with the two amide groups of 4. Hydrophobic interactions should
also be a significant binding force for stabilizing 4 in the ATP-bind-
ing site of ERK2 because three phenyl rings of 4 form van der Waals
contacts with the side chains of Tyr36, Val39, Ala52, Lys54, and
[le103. We note that one of the phenyl rings of 4 is stabilized in
the gatekeeper site through the hydrophobic interaction with the
side chain of Ile103, as compared to a corresponding hydrogen
bond in the ERK2-1 complex. The loss of the hydrogen bond with
a gatekeeper residue seems not to be compensated by the increase
in the number of the other hydrogen bonds and the strengthening
of the hydrophobic interactions, which can be an explanation for a
little lower inhibitory activity of 4 than 1.

In summary, we have identified eight new novel inhibitors of
ERK2 by applying a computer-aided drug design protocol involving
the structure-based virtual screening with docking simulations un-
der consideration of the effects of ligand solvation in the scoring
function. These inhibitors can be categorized into three inhibitor

Figure 4. Representative MD trajectory snapshot of ERK2-4 complex. Carbon atoms
of the protein and the ligand are indicated in green and cyan, respectively. Each
dotted line indicates a hydrogen bond.

scaffolds and reveal a significant potency with ICso values ranging
from 1 to 30 uM. Therefore, each of the newly discovered inhibitor
scaffolds can deserve further development by structure-activity
relationship studies or de novo design methods. Detailed binding
mode analyses with docking simulation show that the inhibitors
can be stabilized in the ATP-binding site by the simultaneous
establishment of multiple hydrogen bonds and van der Waals
contacts.
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The test compounds selected from virtual screening, magnesium/ATP
cocktail substrate, and recombinant ERK2 were diluted in assay dilution
buffer I with pH 7.2 comprising 20 mM 4-morpholinepropanesulfonic acid
(MOPS), 25mM B-glycerol phosphate, 5mM ethyleneglycol-bis(2-
aminoethylether)-N,N,N',N'-tetraacetic acid (EGTA), 1mM Na3VO,, 1mM
dithiothreitol (DTT), and 0.005% bovine serum albumin. This diluted
mixture was then added to each well of the plates. Kinase-withdrawal
groups, vehicle groups, and the positive control SB220055 were used for the
inter-plate control and background level determination. After incubating for
1h at room temperature, primary anti-phospho-MBP antibody was diluted
to an appropriate concentration with blocking buffer (1:20,000 v/v). This
diluted antibody was then transferred to each well of the plates, followed by
the addition of the secondary anti-mouse HRP-conjugated polyclonal
antibody diluted with blocking buffer (1:5000 v/v). o-Phenylenediamine
dihydrochloride (OPD) substrate mixture solution was then added to each
well and the plates were incubated for 10 min. The enzymatic reaction was
stopped by 2.5M sulfuric acid, and HRP activity was measured at 490 nm.
Used as a reference was the known inhibitor SB220055 that has the ICso
value of 18 uM against ERK2?7.
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