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Abstract—Ribosomal S6 kinase 2 (RSK2) is a serine/threonine kinase that plays a role in human cancer and Coffin—Lowry
syndrome and is comprised of two nonidentical kinase domains, each domain with its own ATP-binding site. RSK2 can be
inactivated by different types of small organic molecules. Potent RSK?2 inhibitors include the two classic bisindole maleimide
PKC inhibitors, Ro31-8220 and GF109203X, and the natural product SL0101 that was shown to bind specifically to the ATP pocket
of the N-terminal domain (NTD). In this paper, we present an atomic model of the RSK2 NTD (residues 68-323), which was built
to simultaneously bind the distinctive molecular scaffolds of SL0101, Ro31-8220, and GF109203X. The RSK2 NTD model was used
to identify two novel RSK?2 inhibitors from the National Cancer Institute open chemical repository and to develop a preliminary

structure-based pharmacophore model.
Published by Elsevier Ltd.

1. Introduction

The p90 ribosomal S6 kinases (RSKs) are a family of
serine/threonine kinases. While RSK is characterized
by four isoforms (RSK1-4), RSK2 has been the focus
of considerable attention because it was shown to be
overexpressed in human breast cancer,””> and may be
linked to human prostate cancer® due to its role as an
important downstream effector of mitogen-activated
protein kinase (MAPK).# In addition, mutations in the
RSK2 gene are associated with Coffin—Lowry syndrome
(CLS), a rare disorder characterized by mental retarda-
tion and dysmorphism.>
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RSK2 consists of two non-identical kinase domains,
each with its own ATP-binding site. The N-terminal
domain (NTD) is similar to p70 S6 kinase (p70 S6K)
and protein kinase C (PKC), while the C-terminal
domain is similar to calcium/calmodulin protein
kinases.® RSK can be inactivated by different small mol-
ecules. Two pyrrolo®*4 pyrimidine derivatives have
been reported to be irreversible inhibitors of RSK?2
CTD.” Ro31-8220 1% and GF109203X 2.° which are
two classic bisindole-maleimides PKC inhibitors, are
also potent inhibitors of RSK2 with ICsy’s of 36 and
310 nM, respectively.!? Because of the sequence similar-
ity between the PKC and RSK2 NTD, it is reasonable to
assume that 1 and 2 bind at the ATP pocket in RSK2
NTD. Finally, the kaempferol-glycoside SL0101 3,!!
which was obtained from the tropical plant Forsteronia
refracta, inhibited RSK2 NTD with an ICsy of 89 nM,
and exhibited remarkable specificity for RSK relative
to other similar kinases, and is competitive with ATP.2
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Although RSK2 is a therapeutic target, its three-dimen-
sional structure has not yet been determined. Here we
present an atomic model of RSK2 NTD (residues 68—
323) that was used to identify two novel RSK2 NTD
inhibitors from the National Cancer Institute (NCI)
open chemical repository. Additionally, the RSK2
NTD model was used to propose binding models and
to develop preliminary pharmacophore model for
RSK2 inhibition.

2. Results and discussion
2.1. Construction of RSK2 NTD model

The molecular model of RSK2 NTD was constructed in
two stages. The first stage involved building a structur-
ally reasonable RSK2 NTD model that was both ener-
getically and hydropathically refined, and the second
stage centered on fine tuning the RSK2 NTD model to
be experimentally consistent, particularly with published
reports of RSK?2 inhibition by compounds 1-4 (Fig. 1).

In the first stage, an initial homology model of RSK2
NTD (residues 68-323) was constructed, using the
2.0 A X-ray structure of PKA (Protein Kinase A) com-
plexed with phosphoaminophosphonic acid-adenylate
ester (ANP) (PDB code 1CDK)!? as a template. Since
the autophosphorylation of Ser227 in RSK2 is linked
to maximal enzyme activity,!3 Ser227 in the model was
phosphorylated. The disallowed torsion angles and
highly unfavorable atom-atom interactions were cor-
rected using an integrated modeling methodology, as
previously described.!* The initial RSK2 NTD model
possessed the overall structure of a kinase, but unfortu-
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Figure 1. Chemical structures of 1-6 with their common names given
in parentheses. The red, yellow, cyan, and green spheres represent
pharmacophoric points Al, A2, DI, and D2, respectively. The orange
bond lines denote pharmacophoric point R1. Points Al and A2 are
hydrogen bond acceptors; points D1 and D2 are hydrogen bond
donors; R1 is a planar group.

nately, its ATP-binding site has not been optimized for
binding by small organic molecules. Since the structures
of kinases are highly dynamic, the ATP-binding site of
RSK2 is amenable to ligand-induced conformational
changes. For RSK2, what are these structural changes?
To address this question, we used the molecular struc-
tures of 1-4 to define the three-dimensional structure
of the ATP-binding site in RSK2 NTD. However, struc-
tural refinement of the ATP-binding site is complicated
by the fact that the bioactive conformations of 1-4 have
not been determined and their structure-activity rela-
tionships have not been fully elucidated.

In the next stage, we optimized the RSK2 NTD model
for ligand binding by 1-4. For this, there are two possi-
ble strategies. In the first approach, because 1-4 are
characterized by two structural classes (the bisindole
maleimide scaffold for 1 and 2, and the kaempferol mo-
tif for 3 and 4), two different RSK2 NTD models may be
constructed, one to suit 1 and 2, a second to fit 3 and 4.
A second approach is to construct a common RSK2
NTD model for 1-4, a task that involves canvassing
large conformational landscapes for overlap. Because
it affords greater potential in structure-based lead dis-
covery, a common RSK2 NTD model for 1-4 was
constructed.

To overcome the computational challenge, we built a
common RSK2 NTD model using a stepwise strategy.
To begin, 1 was manually docked into the RSK2 NTD
model. Because 1 and ATP have markedly different
molecular structures, it was not unexpected that 1 dis-
played severe steric clashes with RSK2. In order to re-
lieve these steric clashes, it was necessary to expand
the molecular volume of the ATP-binding site. The
2.50 A X-ray structure of PDK1 (3-phosphoinositide-
dependent protein kinase-1) in complex with 2 (PDB
code 1UUS8)'® was used as a template for directing these
conformational changes. This involved the rigid-body
movement of structural elements using constrained
molecular dynamics. Iterative cycles of simulations were
performed until the conformational changes in RSK2
NTD and 1 converged asymptotically on zero. In the
next step, 2 was docked into the RSK2 NTD:1 model,
and using a similar protocol as for 1, the structures
and interactions of RSK2 NTD and 2 were hydropath-
ically and energetically refined. Because of the structural
similarity between 1 and 2, RSK2 NTD did not undergo
significant conformational changes. Subsequently, com-
pound 3 was manually docked into the ATP-binding
site. To retain the ability of the RSK2 NTD model to
bind the bisindole maleimide moiety, 1 and 2 were not
removed from the ATP-binding site during this second
segment. Instead, while the atoms of 1 and 2 were fixed
in Cartesian space, the interactions between 3 and RSK?2
NTD were optimized, leading to major conformational
changes in the triphosphate region of the ATP-binding
site. Similarly, 4 was docked, and the complex was
refined. Removal of compounds 1-4 from the
ATP-binding site gave the final RSK2 NTD model.
Compounds 1-4 were re-docked into the final RSK?2
NTD model and energy minimized to produce their
respective binding models.
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2.2. Overall structure of RSK2 NTD model

Consistent with the PKA template structure, the RSK2
NTD model is bilobal with the ATP-binding site occu-
pying the cleft between the two lobes (Fig. 2A). The
small lobe is formed by the N-terminal part of the pep-
tide sequence, and has a three-dimensional structure
that is comprised of a helix and a five-stranded antipar-
allel B-sheet, while the large lobe is formed by the
C-terminal of the peptide sequence and has a molecular
structure that contains a three-stranded antiparallel
B-sheet and a four-helix bundle (Fig. 2B).

Figure 2C shows that the initial RSK2 NTD homology
model generated by the Homology module of InsightIl
closely resembles the template PKA X-ray structure

but that the final RSK2 NTD model is significantly dif-
ferent from both the initial RSK2 NTD model and the
template PKA structure. The initial and final RSK2
NTD models have a root mean square (r.m.s.) deviation
of 3 A. Because the initial and final RSK2 NTD models
have the same secondary structural elements, the open-
ing and closing of RSK2 NTD are mostly due to confor-
mational shifts of the structural elements. Structural
analysis indicates that the glycine-rich flap, which forms
a portion of the ATP-binding site, undergoes a major
conformational shift (Fig. 2C). As with other kinases,'®
the catalytic activity of RSK2 may be linked to the
opening and closing of its ATP-binding site. ATP binds
to the closed RSK2 state, while small-molecule ligands,
which are usually more rigid and larger than ATP, bind
to the more open RSK2 conformation.

Figure 2. Structure of the RSK2 NTD model. (A and B) RSK2 NTD:SL0101 model. Bound at the cleft between the two lobes, SL0101 is drawn in
CPK with carbon atoms colored green and oxygen atoms colored red. Hydrogen atoms are not shown for clarity. (A) RSK2 NTD is rendered as a
solid surface with the small lobe colored purple and the large lobe colored cyan. (B) The RSK2 NTD structure is rendered in ribbon with sheet
structures colored cyan, helical structures purple, and loop structures orange. (C) Superimposition of the template PKA X-ray structure (PDB code
1CDK), the initial homology model of RSK2 NTD generated from the Homology module of Insightll, and the final hydropathically refined and
experimentally consistent RSK2 NTD. The structures are rendered as rounded ribbon with PKA colored green, the initial RSK2 model in orange,
and the final RSK2 model in cyan. The yellow surface outlines the relative position of ATP in all three structures, and the transparent oval highlights
the glycine-rich flap. (D) Structural basis for the Argl14Trp mutation in RSK2 associated with Coffin—Lowry syndrome (CLS). The RSK2 NTD
model is rendered as ribbon with residues in the small lobe colored purple and those in the large lobe colored cyan. Residues Argl12, Argl14, and
phosphorylated Ser227 (pSer227) are also drawn as thick sticks with carbon atoms colored green, nitrogen atoms blue, oxygen atoms red, and
phosphate atoms purple. Hydrogen atoms are not shown. Hydrogen bonds are shown as yellow dashed lines.
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2.3. Structural basis of RSK2 mutations associated with
Coffin-Lowry syndrome

Mutations in the RSK2 gene have been associated with
the human Coffin—Lowry syndrome (CLS), a disorder
that is characterized by severe psychomotor retardation,
facial and digital dysmorphisms, and progressive skele-
tal deformation.!” Among the RSK2 inactivating-muta-
tions are Gly75Val and Ser227Ala.'® Previous
bioinformatics analysis of protein databases revealed
that Gly75 is within the putative ATP-binding site of
RSK2 and that Ser227 is the autophosphorylation site
located in the activation loop.'® Because of its topology,
the biological importance of Gly75 is evident, even in
the absence of an atomic model. However, Ser227 is
located outside of the ATP-binding site and is not in-
volved in the ATP-phosphoryl transfer onto the sub-
strate. Accordingly, the biological role of Ser227 is not
as apparent. For Ser227 and other RSK?2 inactivating-
mutations, the RSK2 NTD model may afford critical in-
sights. For instance, the Argl14Trp mutation of RSK2
has been identified in several patients with CLS. Previ-
ous protein database analysis showed that Argll4 is
located outside of the ATP-binding site in a conserved
region of the protein.!” In the RSK2 NTD model,
Argl14 is just outside of the ATP-binding site, and is
part of the helix in the small lobe. The guanidinium
group of Argll4 is hydrogen bonded to the phosphate
group of pSer227 which is part of the large lobe
(Fig. 2D). The Argl14—pSer227 hydrogen bond is com-
plemented by a similar hydrogen bond between Argl12
and pSer227. Since the small and large lobes are weakly
associated, these two strong hydrogen bonds may pro-
vide critical stability to the tertiary structure of RSK2.
In the Argl14Trp mutant, one or both of these hydro-
gen bonds is lost, which may destabilize the tertiary
structure of RSK2 and lead to RSK2 inactivation.

2.4. Architecture of the ATP-binding site

Figure 3 shows a side-by-side view of the ATP-binding
site in the RSK2 NTD model and in the PKA:ANP
X-ray structure. The two ATP-binding sites contain
the three characteristic regions of a kinase: an adenine,
a ribose and a triphosphate region. The PKA structure
represents a closed kinase conformation that is bound
to ATP, and the RSK2 NTD model represents a more
open conformation that is optimized for binding small
organic molecules.

In the adenine region of the RSK2 NTD model, the
backbone oxygen atom of Aspl48, the backbone
nitrogen atom of Leul50 and the hydroxyl oxygen
atom of Thr210 are capable of forming hydrogen
bonds to the bound ligand. The corresponding resi-
dues in PKA are Glul21, Vall23, and Thr183, respec-
tively. In addition, the plane representing the purine
motif is characterized by hydrophobic clusters on both
sides. In the RSK2 NTD model, Leu74 and Val82 are
on one side and Leu200 is on the other side. The pur-
ine plane in PKA has Leu49 and Val57 opposite
Leul73.

In the ribose region of the RSK2 NTD model, the side-
chain carboxylate of Aspl154 and the backbone oxygen
atom of Glu197 are positioned to form hydrogen bonds.
The corresponding residues in PKA are Glul27 and
Glul70, respectively. Although not bound to ATP, the
triphosphate region of the RSK2 NTD model has five
potential hydrogen bonding sites. These are the back-
bone nitrogen atoms of Ser78, Phe79, and Gly80, and
the side-chain amino nitrogen atoms of Lys100 and
Lys195. The corresponding residues in PKA are Ser53,
Phe54, Gly55, Lys72, and Lys168, respectively. Muta-
tional studies of RSK?2 indicate that Lys100 is essential

Figure 3. Comparison of ATP-binding site in RSK2 NTD model (A) and template PKA X-ray structure (B). The structures are rendered as round
ribbon with the RSK2 NTD colored cyan and the PKA template structure colored green. The key residues in each site are also rendered stick and
colored purple in both RSK2 and PKA structures. The yellow line represents the plane of the purine ring that separates the two hydrophobic sides of

the ATP-binding site.
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to kinase activity,?° and this is supported by the RSK2
NTD model that has the terminal -NH of Lys100 form-
ing a strong hydrogen bond to an a-phosphate oxygen
of ATP (data not shown).

2.5. Structure-based lead discovery

The ATP-binding site of the RSK2 NTD model was
used to virtually screen a subset of compounds from
NCI open chemical repository for new RSK?2 inhibitors.
The subset contained NCI compounds with inventory of
greater than 1 g, since these compounds are obtainable
for testing. Besides their steric and electronic comple-
mentarity to the ATP-binding site, compounds were also
selected for their unique chemical structures relative to
known RSK2 inhibitors. Nineteen candidate com-
pounds were identified and submitted for testing.
RSK2 inhibition was measured using a fluorescence-
based assay.

Among the 19 compounds tested, two were identified
as lead compounds, providing a remarkably high hit
rate of 10%. These compounds are NSC 356821 5
and NSC 51023 6, which have ICsy’s of 1 and
28 uM for RSK2, respectively (Fig. 1). Compound 5
is a dihydroxylnapthalene derivative and 6 is diamino-
nitrosopyrimidine derivative. Because both 5 and 6
have distinctly different chemical structures from one
another and to any published RSK inhibitor, their
identification as potent RSK2 inhibitors confirms the
utility of the RSK2 NTD model in de novo lead
discovery.

2.6. Binding models

Figure 4 shows the individual binding models of 1-6.
Each ligand establishes multiple hydrogen bonds to
RSK2. The frequency of hydrogen bonds is as follows:
(1) all six inhibitors are capable of forming hydrogen
bonds with Leul50 with a calculated distance range of
2.4-3.6 A, (2) five can form hydrogen bonds to Asp148
with a distance range of 2.4-3.7 A, and (3) four can
directly hydrogen bond to Glul97 with a distance range
of 2.6-2.8 A, (4) four can potentially hydrogen bond
Thr210 with a distance range of 3.5-4.2 A, and (5) one
can hydrogen bond to Glul54 with a distance of
2.8 A. Although some of these hydrogen bond distances
are greater than expected for typical hydrogen bonds,
the plasticity of the RSK2 NTD due to its function as
a kinase may allow these groups to establish hydrogen
bonds.

While 1 and 2 form similar hydrogen bonds using their
maleimide groups, their bisindole groups form different
hydrogen bonds. The unsubstituted indole group of 2
is hydrogen bonded to the carboxylate group of
Glul54. In contrast, since its indole nitrogen atom is
methylated, 1 cannot directly hydrogen bond to
Glul54. Additionally, whereas the isothiourea of 1 can
hydrogen bond to the side-chain carboxylate of
Glul197 via its terminal -NHs, the dimethylamino group
of 2 is not hydrogen bonded. Compounds 1 and 2 have
reported ICsy values of 36 and 310 nM for RSK2,
respectively.!® Because the isothiourea-carboxylate
hydrogen bond of 1 is a stronger interaction than the

Figure 4. Binding models of 1-6. RSK2 NTD is rendered in ribbon with helical structures colored orange, sheet structures cyan, and loop structures
purple. Residues Asp148, Leul50, Aspl154, Glul97, and Thr210, and compounds 1-6 are shown in stick with the carbon atoms of RSK2 NTD
colored white and the carbon atoms of 1-6 green. Nitrogen atoms are colored blue and oxygen atoms red. Hydrogen atoms are not depicted for
clarity. Yellow dashed lines indicate potential intermolecular hydrogen bonds. The compound number is at the top left corner of each panel.
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indole-carboxylate hydrogen bond of 2, this may explain
their difference in activity.

The kaempferol moieties of 3 and 4 have different orien-
tations in the ATP-binding site. For 3, the 5,7-dihydr-
oxyl moiety is hydrogen bonded to Aspl48 and
Leul50, and its carbonyl group is hydrogen bonded to
Thr210. In contrast, the kaempferol moiety of 4 is
aligned nearly 90° relative to 3 with its carbonyl and
5-hydroxyl groups hydrogen bonded to Aspl48 and
Leul50, respectively, and its 7-hydroxyl group hydrogen
bonded to Thr210. Additionally, because of its larger
size, compound 3 forms significantly more intermolecu-
lar contacts than 4. The 4’-hydroxyl and rhamnose
hydroxyl groups of 3 can simultaneously form hydrogen
bonds to the carboxylate group of Glul97, and the car-
bonyl oxygen and rhamnose ring oxygen atoms of 3 can
both form hydrogen bonds to the hydroxyl group of
Thr210. Favorable hydrophobic contacts include inter-
actions between the rhamnose methyl group of 3 against
the alipathic side chains of Val82 and Lys100. These
additional hydrogen bonds and hydrophobic contacts
may explain the greater inhibitory activity of 3 relative
to 4, which have ICso’s of 89nM and 15uM,
respectively.?

While the chemical structures of 5 and 6 are distinct
from 1 to 4, these two compounds can form similar
hydrogen bonds with RSK2. For 5, three hydrogen
bonds are evident in its binding model. The hydroxyl
groups of 5 are hydrogen bonded to Leul50 and
Thr210, and its amidine group forms a strong hydrogen
bond with the carboxylate group of Glul97. For 6, four
hydrogen bonds are possible. The 6-amino nitrogen and
nitroso oxygen atoms of 6 are hydrogen bonded to
Aspl48 and Leul50, respectively. These hydrogen
bonds are complemented by hydrogen bonds between
the phenolic oxygen atom of 6 and the carboxylate
group of Glul97, and between the 2-amino and the
hydroxyl group of Thr210. While 6 forms one additional
intermolecular hydrogen bond compared to 5, it is a
weaker RSK2 inhibitor, as evident by ICsy’s of 1 and
28 uM for 5 and 6, respectively. This difference in inhib-
itory activity may be explained by the fact that the
hydrogen bonds between RSK2 and 6 are not as strong
as those involving 5. Because of their topology, the 6-
amino and nitroso groups of 6 are not optimally posi-
tioned for forming hydrogen bonds with Aspl48 and
Leul50, respectively. This is indicated by the hydrogen
bond distances of 3.53 and 3.64 A for 6-amino and ni-
troso hydrogen bonds, respectively. Additionally, the
higher heteroatom content of 6 may make it less favor-
able in the hydrophobic pocket of the ATP-binding site.

2.7. Preliminary common pharmacophore

The binding models of 1-6 were used to construct a pre-
liminary pharmacophore model. The consistent struc-
tural features and recurring protein-ligand interactions
provided the basis for the pharmacophoric points. Five
pharmacophoric points were identified: two hydrogen
bond donors (D1 and D2), two hydrogen bond
acceptors (Al and A2), and a planar group (R1). The

pharmacophoric points were color coded into the chem-
ical structures of 1-6 in Figure 1. For 3, multiple hetero-
atoms represent points A2 and D2. In the binding model
of 3, the carbonyl and rhamnose ring oxygen atoms can
both form hydrogen bonds to the hydroxyl group of
Thr210, and therefore, may both be characterized by
point A2. Similarly, the 4'-hydroxyl and rhamnose
hydroxyl oxygen atoms of 3 can hydrogen bond to the
side-chain carboxylic acid of Glul97, and therefore,
may be described by point D2.

The pharmacophoric points Al and R1 are common to
all six compounds, and the hydrogen bond donor D1 is
common to five compounds with the one missing com-
pound being NSC 356821. This suggests that points
Al, D1, and R1 are essential for RSK2 inhibition. Other
kinase inhibitors such as the well-studied tyrosine kinase
inhibitor Gleevec?! are also characterized by these three
pharmacophoric features.

The two remaining pharmacophoric points A2 and D2
may contribute to binding affinity and specificity. The
two lead compounds 5 and 6 possess pharmacophoric
points A2 and D2. However, compound 5 lacks the
pharmacophoric points D1. Because of this, chemical
modifications that would give 5 a hydrogen bond donor
moiety at 5-position of the naphthalene ring is predicted
to increase the compound’s inhibitory property.

In summary, we have constructed an energetically and
hydropathically refined molecular model of RSK2 NTD
with an ATP-binding site optimized for binding multiple
structural classes of RSK2 inhibitors. The RSK2 NTD
model was used to identify two novel RSK2 inhibitors
with ICs¢’s of 1 and 28 uM from the NCI open chemical
repository, demonstrating its utility in lead discovery.
Additionally, the RSK2 NTD model may provide struc-
tural insights into disease-related mutations.

3. Experimental
3.1. General

All simulations were performed using the CFF91 force-
field with the nonbonded interaction limited to 13 A and
a distance-dependent dielectric constant using Discover
3.0 (Accelrys, San Diego, CA). The HINT program
(eduSoft, Richmond, VA) was used to evaluate the
hydropathic quality of the interatomic interactions, as
previously described.??

3.2. Structures of small molecules

The structures of 1-6 were constructed in the Biopoly-
mer module and energy minimized in Discover using
the CFF91 force-field and the VAQ9A algorithm with
a convergence criterion of 1.0 x 10~ kcal/mol.

3.3. Modeling of RSK2 NTD

The RSK2 NTD model was constructed in two stages.
The first stage involved building a structurally reason-



T. L. Nguyen et al. | Bioorg. Med. Chem. 14 (2006) 6097-6105 6103

able RSK2 NTD model that was both energetically and
hydropathically refined, while the second stage centered
on fine tuning the RSK2 NTD model to be experimen-
tally consistent, particularly with published data show-
ing RSK?2 inhibition by 1-4 (Fig. 1). Because of the
complexity associated with modeling a common RSK2
NTD structure for binding 1-4, the RSK2 NTD model
was achieved stepwise.

In the first stage, the 2.00 A X-ray structure of PKA
(PDB code 1CDK) in complex with ANP, a close ana-
logue of ATP, was sclected as the template for the
RSK2 NTD model. The sequences of PKA and RSK2
NTD (residues 68-323) were aligned using the alignment
method in the Homology module, and the Modeler pro-
gram was used to generate a RSK2 NTD model based
on this sequence alignment. Structural analysis of the
RSK2 NTD model using the Procheck?® and HINT pro-
grams revealed residues in the disallowed regions of the
Ramachandran plot, and unfavorable atom-atom
interactions.

Consequently, the RSK2 NTD model was subjected to
energetic and hydropathic refinement to remove disal-
lowed torsion angles and unfavorable atom—atom inter-
actions.'* To maintain the structural integrity of the
ATP-binding site during simulations, an ATP molecule
was manually docked into the ATP-binding site, and
its position was fixed in Cartesian space. In addition,
Ser227, which is a phosphorylation site in RSK2, was
phosphorylated in the model. Structural refinement in-
volved iterative cycles of: (1) manual adjustment of the
torsion angle until it was located in one of the allowed
regions, (2) constrained molecular dynamics simulations
that were performed for 500 fs in 500 steps with a time
step of 1 fs at 300 k and that incorporated distance con-
straints to incrementally separate the two atoms in-
volved in the unfavorable interactions, and (3) energy
minimization involving up to 5000 steps of Fletcher—
Powell optimization until the norm of the gradient was
<1.0 kcal/mol A%. The RSK2 NTD model was refined
to the hydropathic quality of the PKA:ANP template
X-ray structure. While the RSK2 NTD model was struc-
turally reasonable, preliminary docking studies showed
that the conformation of its ATP-binding site was not
optimal for binding 1-4 (Fig. 1).

In the second stage, the RSK2 NTD model was refined
to be biochemically reasonable. The RSK2 NTD model
was refined to hydropathically accommodate 1 in its
ATP-binding site. Compound 1 was docked into the
ATP-binding site with its maleimide functionality of 1
functioning as the bioisostere of the ATP purine ring.
The ATP molecule was removed. Compound 1 dis-
played severe steric clashes with RSK2, and in order
to relieve these steric clashes, it was necessary to expand
the molecular volume of the ATP-binding site. The
2.50 A X-ray structure of PDKI1 in complex with 2
(PDB code 1UUS8)!> was used as a template for directing
this conformational change. This involved the rigid-
body movement of the structural elements using
constrained molecular dynamics, while 1 was fixed in
Cartesian space. In the next stage, 1 was re-docked,

and while RSK2 NTD was fixed in Cartesian space,
molecular mechanics energy minimization was em-
ployed to find the nearest local minima of 1 in the
ATP-binding site. Iterative cycles of refinement were
performed until the conformational changes in RSK?2
NTD and 1 asymptotically approached zero. Com-
pound 2 was manually docked into the RSK2 NTD:1
model using 1 as a template. A similar refinement was
performed on RSK2 NTD:2. Afterwards, 1 was re-
docked into the RSK2 NTD to establish the capability
of the RSK2 NTD with 1. In the second stage, RSK2
NTD was refined to fit 3. Compound 3 was manually
docked into the ATP-binding site of the RSK2 NTD:1
model with its 5,7-dihydroxyl group functioning as the
bioisostere of the maleimide functionality of 1 and 2.
Compound 3 extends to the triphosphate region of the
ATP-binding site and provides the template for the con-
formation of this region. During the refinement of the
RSK2 NTD:3 model, 1 and 2 were kept in the ATP-
binding site, the positions of their atoms fixed in Carte-
sian space. The hydropathic quality of the interactions
between RSK2 NTD and 3 was refined. Afterwards, 4
was docked into the RSK2 NTD model and its interac-
tions with RSK2 were energetically and hydropathically
refined. In the end, removal of 1-4 from the ATP-bind-
ing site gave the final RSK2 NTD model.

3.4. Three-dimensional query of the NCI chemical
repository

The RSK2 NTD protein model was used to virtually
screen the NCI open chemical repository for potential
ATP-binding site inhibitors. The pharmacophore model
and the molecular volume of the ATP-binding site in the
RSK2 NTD model were used to identify 837 com-
pounds in the NCI repository as potential RSK?2 inhib-
itors. Detailed molecular docking studies of the 837
compounds indicated that 52 possessed suitable steric
and electrostatic fit to the ATP-binding site to be potent
RSK2 inhibitors. Of the 52 compounds, 22 had suffi-
cient inventory in the NCI repository to be obtainable
for biological testing. Nineteen compounds were actual-
ly obtained and tested, producing the two lead com-
pounds identified in this paper.

3.5. Biological assays

Kinase activity was assayed using recombinant RSK2
enzyme, which was prepared as previously described.?*
Fluoroscein-labeled peptide substrate for RSK2 and
IMAP™ beads for capturing phosphorylated product
were purchased from Molecular Devices. These reagents
were combined in assay buffer containing 10 uM ATP
and test compounds in 384-well Greiner (Matrical)
black plates (20 uL final volume). Phosphorylated
substrate was detected by fluorescence polarization
spectroscopy after binding to IMAP™ beads. Half-
maximal inhibitory concentrations (ICsy) were read
from concentration-response curves by linear interpola-
tion. Using this assay, SL0101 had an ICsq of 350 nM.
Compounds 5 and 6 were identified as new RSK2
NTD inhibitors with ICsy’s of 1 and 28 uM,
respectively.
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3.6. Binding models

Compounds 1-6 were docked into the ATP-binding site
of the RSK2 NTD model, using the maleimide and 5,7-
dihydroxyl moieties as bioisosteres of the ATP purine
ring, and were subjected to energy minimization, while
RSK2 NTD was held fixed in Cartesian space. Consis-
tent structural features and recurring protein—ligand
interactions were identified in the binding models and
were used to develop a structure-based pharmacophore.
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