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Abstract—The extracellular signal-regulated kinases (ERK1 and ERK?2) are important mediators of cell proliferation. Constitutive
activation of the ERK proteins plays a critical role in the proliferation of many human cancers. Taking advantage of recently iden-
tified substrate docking domains on ERK2, we have used computer-aided drug design (CADD) to identify novel low molecular
weight compounds that interact with ERK2 in an ATP-independent manner and disrupt substrate-specific interactions. In the cur-
rent study, a CADD screen of the 3D structure of active phosphorylated ERK2 protein was used to identify inhibitory compounds.
We tested 13 compounds identified by the CADD screen in ERK-specific phosphorylation, cell proliferation, and binding assays. Of
the 13 compounds tested, 4 compounds strongly inhibited ERK-mediated phosphorylation of ribosomal S6 kinase-1 (Rsk-1) and/or
the transcription factor Elk-1 and inhibited the proliferation of HeLa cervical carcinoma cells with ICsy values in the 2-10 pM
range. These studies demonstrate that CADD can be used to identify lead compounds for development of novel non-ATP-depen-

dent inhibitors selective for active ERK and its interactions with substrates involved in cancer cell proliferation.

© 2006 Elsevier Ltd. All rights reserved.

The mitogen activated protein (MAP) kinase family of
enzymes regulates most biological processes including
cell growth, proliferation, differentiation, inflammatory
responses, and programmed cell death. Changes in
MAP kinase activity have been implicated in the patho-
physiology of cancer, inflammatory diseases, and neuro-
degenerative disorders.!™

The three main members of MAP kinases include the
extracellular signal-regulated kinases (ERK), the c-Jun
N-terminal kinases (JNK), and p38 MAP kinases.> Cur-
rently, there is much interest in understanding the role of
MAP kinases in disease as these proteins may be prom-
ising targets of new chemotherapy and anti-inflammato-
ry agents.®
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The ERK proteins consist of 2 isoforms (ERKI1 and
ERK2; referred to as ERKI1/2) that are linked to
the proliferation and survival of cancer cells.” The
ERK1/2 pathway is commonly activated by extracellu-
lar ligands, which stimulate plasma membrane recep-
tors and the sequential activation of Ras G-protein
isoforms (H, K, and N-Ras), Raf isoforms (A, B,
and C-Raf), and the MAP or ERK kinases-1 and 2
(MEK1/2), which are currently the only known activa-
tors of ERK1/2.8 It is estimated that ERKI1/2 can
directly phosphorylate and regulate the activity of
close to 70 different substrate proteins.>® Many of
the ERK1/2 substrates include other kinases, nuclear
transcription factors, steroid hormone receptors,
enzymes involved in generating signaling molecules,
and structural proteins.® In the context of cancer cells,
genetic mutations in membrane bound growth factor
receptors, Ras, or Raf proteins can cause over-activa-
tion of the ERK1/2 pathway.>!° As such, much ef-
fort is being devoted to developing specific inhibitors
of growth factor receptors, Ras, Raf, or MEK for
new anti-cancer therapies. Several pharmacological
inhibitors of Ras G-proteins, Raf kinases, and
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MEK1/2 that have been developed are being tested in
cancer clinical trials.!!-1#

ERK1/2 regulation of dozens of different proteins
underscores the importance of these proteins in regulat-
ing a variety of cellular functions associated with normal
and diseased tissue. Thus, we and others propose that
selective ATP-independent inhibition of substrates in-
volved in the disease processes, such as cancer cell pro-
liferation, but not normal cell functions may be a
more rationale approach for developing new chemother-
apeutic agents.!>"!7 The approach to selectively block
ERK interactions with substrate proteins involves tar-
geting specific docking domains that have been identi-
fied within the C-terminal lobe of MAP kinases.!82!
The first ERK docking domains identified include the
common docking (CD) and ED domains, which are
located opposite the activation loop in the 3D crystallo-
graphic structure.?’ The CD and ED domains corre-
spond to residues D316/D319 and TI157/T158,
respectively, in the rat ERK2 protein and these residues
are conserved in the ERKI1 isoform in both rodent and
human species. In addition, other residues in the C-ter-
minal regions of ERK proteins have been implicated to
form docking sites involved in regulating the selectivity
and specificity of substrate interactions.'®

Our recent work has identified the first ATP-indepen-
dent inhibitors of ERK1/2.!> These findings used the
3D structure of unphosphorylated inactive ERK2 and
computer-aided drug design (CADD) to identify low
molecular weight compounds based on a structural
groove between the CD and ED docking domain re-
gions. Additional studies have demonstrated the feasi-
bility of using CADD to identify low molecular weight
inhibitors of protein—protein interactions.?>>> As the
activated ERK proteins are likely to be the more phys-
iologically relevant target in the context of proliferating
cancer cells, we extend the identification of lead com-
pounds that disrupt ERK function using CADD applied
to the 3D structure of the active phosphorylated ERK2
protein (Fig. 1). Out of 13 low molecular weight com-
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pounds identified by CADD and tested experimentally,
we report the identification of four new compounds that
inhibit ERK phosphorylation of substrate proteins.

The initial CADD 1in silico screening of active ERK?2
identified many of the same compounds that were iden-
tified using the unphosphorylated ERK2 structure sug-
gesting that conformational changes occurring in
ERK2 upon phosphorylation are minimal in this region
of the protein.** Comparison of the conformations of
the two forms of the protein from crystallographic stud-
ies?>27 shows both the overall structures (Fig. 1A) as
well as the regions in the vicinity of the CD and ED do-
mains to be similar (Fig. 1B). The considerable overlap
is consistent with the reported lack of a conformational
change in the ED region of active ERK as measured by
changes in deuterium exchange.** However, some
changes in deuterium exchange rates within the region
containing the CD domain have been observed.*> Such
differences, which may be due to either subtle differences
in structure or changes in the flexibility of the protein,
indicate that targeting active ERK2 may identify addi-
tional ERK docking domain inhibitors. As such, 45
new compounds were identified by CADD screening
the 3D structure of phosphorylated ERK2. The molecu-
lar weights of compounds identified using active ERK2
ranged from 188 to 486 amu with an average and stan-
dard deviation of 388 £ 68 amu. The 13 compounds that
were identified from the Chembridge chemical library
were purchased and tested further in biological assays.

The new compounds were first tested for inhibition of
ERK-mediated phosphorylation of the transcription
factor Elk-1, which is an important regulator of cell pro-
liferation.*® Cells were treated with EGF to activate the
ERK pathway and phosphorylation of Elk-1 on the
ERK site at S383 was detected by immunoblot analysis
(Fig. 2A). The test compounds inhibited Elk-1 phos-
phorylation by 20-100% compared to the EGF control
(Fig. 2A). Compounds 89, 92, 93, and 95 were most
effective at inhibiting Elk-1 phosphorylation at 100 pM
(Fig. 2A). The effects of the test compounds were also

Figure 1. Superimposed structures of the unphosphorylated (green) and phosphorylated (purple) forms of ERK2. (A) Superimposed ribbon image
showing the location and conformational changes associated with the ATP-binding domain, activation site, and the ED and CD domains. (B)
Superimposed ribbon image in the vicinity of the CD (Asp 316 and 319) and ED (Thr 157 and 158) domains.
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Figure 2. Effects of test compounds on ERK substrate phosphor-
ylation. HeLa cells were pre-treated with or without 100 uM of the
test compounds listed for 15 min prior to the addition of epidermal
growth factor (EGF or E) to stimulate the ERK pathway or
anisomycin (A) to stimulate p38 MAP kinase. Cells were harvested
and the extracted proteins were subjected to immunoblot analysis.
(A) Immunoblots of Elk-1 phosphorylated on S383 (pElk-1),
o-tubulin, and active ERK1/2 (ppERK1/2). The lower graph shows
the quantification of the ratio of pElk-1 to a-tubulin as measured by
densitometry. The pElk-1 phosphorylation in the presence of the test
compounds was compared to the EGF only treatment, which was
set at 100%. (B) Immunoblots of Rsk-1 phosphorylated on T573
(pRsk-1) and a-tubulin as a loading control. The lower graph shows
the quantification of the ratio of pRsk-1 to a-tubulin as measured
by densitometry. The pRsk-1 phosphorylation in the presence of the
test compounds was compared to the EGF only treatment, which
was set at 100%. (C) Immunoblot analysis of phosphorylated ATF2
(pATF2) and a-tubulin as a loading control. The lower graph shows
the quantification of the ratio pATF2 to a-tubulin as measured by
densitometry. The pATF2 phosphorylation in the presence of the
test compounds was compared to the anisomycin (A) only
treatment, which was set at 100%. The data were reproduced in
at least three independent experiments.

tested with Rsk-1, another ERK substrate involved in
regulating cell proliferation. Compounds 89, 91, and
95 were the most effective at inhibiting ERK-mediated
Rsk-1 phosphorylation (Fig. 2B).

It is not surprising that different test compounds have
different effects on these two ERK substrates. While
the inhibition of Rsk-1 can be explained by the test com-
pounds designed to bind to the CD region, which is re-
quired for Rsk-1 interactions with ERK2, it is not
entirely apparent why the test compounds would inter-
fere with Elk-1 interactions, which are thought to use
different ERK residues for interactions.!® It is possible
that the test compounds bind to other regions of ERK
proteins or that the test compounds have allosteric ef-
fects. Importantly, such differential inhibitory specificity
of the inhibitors indicates that the identification sub-
strate-specific inhibitors of ERK are feasible. Future
studies are aimed at characterizing the interactions be-
tween the active test compounds and ERK proteins.

The test compounds were also tested for selectivity for
ERK versus the p38 MAP kinase. The phosphorylation
of ATF2, a transcription factor substrate for the p38
MAP kinase, was not affected by any of the test com-
pounds (Fig. 2C). In addition, the test compounds did
not affect ERK1 and ERK2 phosphorylation, indicating
that they do not inhibit the upstream ERK activating
proteins, MEK1 or MEK?2 (Fig. 2A). Thus, the active
compounds appear to show selectivity toward ERK.
The structures of the 13 compounds tested are shown
in Figure 3.

The effects of the test compounds on cell proliferation
were tested using a colony formation assay.*’ In these
assays, HeLa cells are plated at a low density in the pres-
ence or absence of the test compounds. After 8-10 days
incubation the number of cell colonies that form were
stained and quantified under each condition. Test com-
pounds 86 and 89 were the most effective inhibitors of
cell proliferation with ICs, values of 5 uM or less (Table
1). Test compounds 93, 94, and 95 were also effective
inhibitors of cell proliferation with ICsy values in the
5-10, 25-50, and 10-25puM range, respectively.
Although test compound 92 was a potent inhibitor of
Elk-1 phosphorylation, the ICsy in the growth assay
was approximately 75 pM (Table 1). Test compound
89 was the most effective in inhibiting both Elk-1 and
Rsk-1 phosphorylation and cell proliferation (Fig. 2
and Table 1). These findings indicate that compound
89 may be a useful lead for further development as an
anti-cancer agent. Future studies are aimed at further
characterization of the ERK substrates affected by these
compounds.

Lastly, fluorescence spectroscopy experiments were used
as a preliminary determination of whether the active
compounds interact with the ERK2 protein.*® Fluores-
cence quenching of ERK2 by the test compounds is
indicative of binding interactions and potential protein
conformational changes. Compounds 92 and 95 were
effective in quenching ERK?2 fluorescence with Kp val-
ues of approximately 45 and 16 uM, respectively
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Figure 3. Chemical structures of the thirteen compounds tested in this study.

Table 1. Effects of test compounds on cell proliferation

cence quenching by compound 94 suggested that this
molecule did not bind ERK2 and that its effects on sub-

Compound ICso (UM) ¢ g :

%6 " strate .phosphorylatl.on and .c.ell proliferation were
87 >100 potentially non-specific. Additional test compounds,
88 >100 including 89 and 98, also caused fluorescence quenching
89 < indicative of interactions with ERK2 with an approxi-
90 >100 mate Kp of 13 and 20 uM, respectively (Fig. 4B).
91 >100 Although compound 86 also caused some fluorescence
92 ~75 quenching at concentrations of 20 uM or less, this com-
93 5-10 pound became insoluble at concentrations of 50 uM or
3‘5‘ fgj‘s) higher and was therefore not analyzed further.

96 >100 The findi . . . . .

po P e findings in this study extend our identification of
08 >100 novel compounds that may be used as substrate selec-

HeLa cells were plated at low density and incubated with a single dose
(0-100 uM) of the test compounds being tested. After 8-10 days, the
resulting cell colonies were stained, photographed, and counted to
estimate the ICsy. The data is derived from at least three independent
experiments.

(Fig. 4A). Compound 93, which caused some quenching
of ERK2 fluorescence, underwent auto-fluorescence at
higher concentrations (Fig. 4A). The lack of fluores-

tive ERK inhibitors. Using the 3D structure of active
ERK?2, CADD 45 new compounds with the potential
for interacting with the regions around CD and ED
docking domains. These new compounds were not
previously identified using the non-active ERK2 3D
structure.!® Of these, 13 molecules were tested in this
study with two of the compounds (89 and 95) interfer-
ing with the phosphorylation of ERK substrates,
inhibiting cell proliferation, and binding with purified
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Figure 4. Effects of test compounds on ERK?2 fluorescence. (A) Fluorescence titrations were done with test compounds 92 (open circles), 93 (closed
squares), 94 (open squares), and 95 (closed circles). (B) Fluorescence titrations with test compounds 86 (closed circles), 89 (closed squares), and 98
(open circles). The percentage of ERK2 fluorescence (F) was plotted against the log concentration in mol/l (Log [M]) of each test compound using the
peak fluorescence in the absence of test compound set at 100% as the reference.
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ERK2 protein as determined via fluorescence quench-
ing. Three other compounds (86, 93, and 94) inhibited
cell proliferation but were less effective at binding to
purified ERK?2. In addition, compound 98, which
binds ERK2 and partially inhibits substrate phosphor-
ylation, had no effect on cell proliferation. Important-
ly, none of the test compounds had any effect on the
phosphorylation of ATF2, a specific substrate for p38
MAP kinases. The varying effects on ERK signaling
by 6 of the 13 test compounds warrant further testing
and development of these molecules as substrate-spe-
cific ERK inhibitors. That the active compounds iden-
tified were from such a small pool of starting
molecules provides further evidence for the advantages
of using in silico pre-screening in order to save time
and expenses involved in doing biological assays with
large chemical libraries.
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placement by the sum of the electrostatic and van der
Waals (vdW) components. Interaction energies, IE, were
normalized via 1E, o, = IE/Nx, where N is the number of
non-hydrogen atoms in a ligand and x is a factor
empirically selected to correct for the bias of IE-based
scoring methods to favor large molecular-weight com-
pounds, as previously described;35 The GRID box dimen-
sions were 25.3x26.6x27.3 A centered around the
sphere set to ensure that docked molecules were within
the grid. Database screening targeted the set of 20,000
compounds previously chosen from method 1 docking of
800,000 compounds against the unphosphorylated, inac-
tive form of ERK.'> Docking applied the more rigorous
secondary docking procedure applied in the previous
study with the only difference being the use of the
phosphorylated ERK2 3D structure. Docking was per-
formed by dividing each compound into non-overlapping
rigid segments connected by rotatable bonds. Segments
with more than 5 heavy atoms were used as anchors, each
of which was docked into the binding site in 250
orientations and minimized. The remainder of the mole-
cule was built around the anchor in a stepwise fashion by
adding other segments connected through rotatable
bonds. At each step, the dihedral of the rotatable bond
was sampled in increments of 10° and the lowest energy
conformation was selected. All rotatable bonds were
minimized simultaneously during the stepwise building
of the molecule. Pruning of the conformations ensured
conformational diversity and more favorable energies.3%3”
Energy scoring was performed with a distant-dependent
dielectric, with a dielectric constant of 4, and using an all
atom model. The total interaction energies for the best
orientation of each were then normalized using x = 0, 0.33,
0.5, 0.67, and 1.0 yielding five sets of 500 compounds from
each normalization. Based on analysis of the molecular
weight distributions of the five sets the x = 0 and x = 0.33
sets, with average molecular weights of 264 and 255 amu,
respectively, were selected and the two sets combined. This
yielded a set of approximately 700 unique compounds for
similarity clustering after removing those compounds
common to both sets. Chemical similarity clustering of
the ~700 unique compounds was performed to maximize
the chemical diversity of the final compounds selected for
biological assay. Clustering calculations were performed
using the program MOE (Chemical Computing Group,
Inc.). The Jarvis—Patrick algorithm, as implemented in
MOE, was used to cluster the compounds using the
MACC_BITS fingerprinting scheme and Tanimoto coef-
ficient (TC). It first calculates the MACC_BITS finger-
prints which encode the 2D structural features for each
compound into linear bit strings of data. The pairwise
similarity matrix between each compound was calculated
based on the TC values.® TC is one of the metrics
available that provides a similarity score by dividing the
fraction of features common to both molecules by the
total number of features. The similarity matrix is then
converted into a second matrix in which each TC value is
replaced by a 0 or 1 representing similarity values below
and above the threshold value (S) provided by the user,
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respectively. The rows of the new matrix are treated as
fingerprints and the ‘TC’ value between each is calculated.
Molecules with values above the selected overlap thresh-
old (7) are put in the same cluster. A 70-40 similarity/
overlap value was used to cluster the compounds. Com-
pounds for experimental assay were chosen from the
individual clusters with emphasis on compounds with
drug-like physical characteristics as defined by Lipinski
et al.® Properties considered were the MW, number of
hydrogen donors (NHD) and acceptors (NHA), and the
log P values as calculated by MOE. However, exceptions
were made when all compounds in a cluster had one or
more physical characteristics beyond the range defined by
Lipinski et al.®® In addition, only those compounds that
were not previously studied'> were selected with a majority
of those compounds selected from clusters in which there
were no compounds that had been previously tested. Of
the total of 45 compounds selected via CADD those
available from ChemBridge (San Diego, CA, 13 com-
pounds total) were purchased and dissolved in DMSO at a
stock concentration of 25 mM. The identity of the test
compounds was verified by mass spectrometry.
Hoofnagle, A. N.; Resing, K. A.; Goldsmith, E. J.; Ahn,
N. G. Proc. Natl. Acad. Sci. U.S.A. 2001, 98, 956.

HeLa (human cervical carcinoma) cells were purchased
from American Type Culture Collection (ATCC,
Manassas, VA). HeLa cells were cultured in a complete
medium consisting of Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and antibiotics (Penicillin, 100 U/ml; Strep-
tomycin, 100 pg/ml) (Invitrogen, Carlsbad, CA). Epider-
mal growth factor (EGF) was purchased from Sigma
(St. Louis, MO) and used at 25 ng/ml final concentra-
tion. Antibodies against phosphorylated Rsk-1 (pT573),
Elk-1 (pS383), ATF-2 (pT71), and ERK (pT183, pY185)
were purchased from Cell Signaling Technologies
(Woburn, MA), Santa Cruz Biotech (Santa Cruz, CA),
or Sigma. The o-tubulin antibody was purchased from
Sigma. Prior to harvesting, cells were pre-incubated with
the test compounds for 15-20 min and then stimulated
with EGF or anisomycin to activate the ERK or p38
MAP kinase pathways, respectively. Control and treated
cells were washed twice with cold phosphate-buffered
saline (PBS, pH 7.2; Invitrogen) and proteins were
collected following cell lysis with SDS-PAGE loading
buffer. The protein lysates were then separated on SDS—
PAGE for immunoblot analysis, which was done as
previously described.**3

Trypsinized cells were plated on 12- or 24-well plates at
low densities (200-400 cells per well) in the absence
(DMSO only) or presence of test compounds. In addi-
tional experiments, cells were first allowed to adhere to the
culture dishes for 16h prior to treatment with test
compounds. The treated cells received a single dose of
the test compounds at the beginning of the experiments.
The control and treated cells were grown for 8-14 days to
allow the formation of colonies. Cells were then fixed for
10 min in 4% paraformaldehyde and stained with 0.2%
crystal violet in 20% methanol for 1-2 min. Following
several washes with distilled water, the colonies (contain-
ing at least 40 cells) were counted. Each individual
experiment was repeated on at least three separate
occasions.

(His)xes-tagged ERK2 was bacterially expressed and the
cells harvested in BugBuster protein extraction reagent
(EMD Biosciences, San Diego, CA). Clarified lysates were
loaded onto a Talon Co?*-IMAC affinity chromatography
resin column (BD Biosciences, San Jose, CA), and the
bound protein eluted using increasing concentrations of
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imidazole. SDS-PAGE electrophoresis and Coomassie
blue staining were used to identify the eluted fractions
containing the ERK2 protein. The ERK?2 protein concen-
tration was determined using Bradford Reagent (Sigma).
Fluorescence spectra were recorded with a Luminescence
Spectrometer LS50 (Perkin-Elmer, Boston, MA). For all
experiments, ERK2 protein was diluted into 20 mM Tris—
HCI, pH 7.5. Titrations were performed by increasing the
test compound concentration while maintaining the ERK?2
protein concentration at 3 pM. The excitation wavelength

was 295 nm and fluorescence was monitored from 300 to
500 nm. All reported fluorescence intensities are relative
values and are not corrected for wavelength variations in
detector response. Dissociation constants, Kp, were deter-
mined using reciprocal plots, 1/v vs 1/[1], where v repre-
sents the percent occupied sites calculated assuming
fluorescence quenching to be directly proportion to the
percentage of occupied binding sites, [I] represents the
concentration of the inhibitor compound, and the slope of
the curve equals the Kp.
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