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ABSTRACT

Due to its overexpression and activation in humamcer cells and tissues, an emerging molecularetarg
in cancer therapeutics is p90 ribosomal s6 kinagR2K2). While a growing number of RSK2 inhibitors
have been reported in the literature, only the talystructure of RSK2 in complex with an AMP anakeg
provides a structural basis for understanding R&##bition. To remedy this, we used our fluoreseen
polarization assay to determine the RSK2 activity & set of structurally diverse compounds, and
followed this by modeling their binding modes inadlratom, energy refined crystal structure of RSK2
These binding models reveal that Vall31 and Lewatdkey interaction sites for potent RSK2 inhilsitio
This structure-based pharmacophore is an importaok for new lead discovery and refinement.

Keywords: RSK2, binding modes, structure-based pharmaceghoancer, kinase, inhibition, interaction
sites, indirubins, flavopiridol, SL0101, BI-DI87R031-8220, GF109203x, NSC 356821
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INTRODUCTION

Ribosomal S6 kinase 2 (RSK2) is a serine/threokiin@se that belongs to the AGC subfamily in
the human kinome. RSK2 is among four RSK isofotinad are products of separate genes with
a 75%-80% sequence identity [1-4]. In the cellKR$plays an important role in the MAPK
signaling cascade and has attracted interest Aerapeutic target due to its link to different
human diseases [5,6]. The first disease associaiitd RSK2 was Coffin-Lowry syndrome
(CLS), which is a rare X-linked disorder that isachcterized by mental retardation and
dysmorphism. Mutations in the RSK2 gene were ifledt as the cause of CLS [7,8].
Additionally, RSK2 protein may play a role in HiIVifection. RSK2 is recruited and activated
by HIV-1 Tat, and is itself also important to notn¥at function [9]. Recently, RSK2 was
linked to human cancers due to its overexpressiooancer cells and cancer tissues [10,11].
RSK2 is activated in head and neck squamous cedlntana [12]. The mechanistic basis for
RSK2’s role in cancer is beginning to emerge whih tecent reports that RSK2 is a regulator in
cell transformations induced by tumor promoterq,[48d a regulator of fibroblast growth factor
receptor (FGFR) [14,15].

RSK2 contains two non-identical ATP-binding sitese located in its N-terminal kinase domain
(NTKD), and a second in its C-terminal kinase dom@TKD) [1]. While the CTKD ATP-
binding site is responsible for the autophosphaigteof RSK2, which permits maximal activity
of the enzyme [16], the NTKD ATP-binding site ispensible for phosphorylating exogenous
substrates [17]. Due to this, the primary siteifimestigative small molecule inhibition of RSK2
has been at the NTKD ATP-binding site. Crystalsgaric analysis of the RSK family of kinases
is beginning to provide important insights intoith&ructure and function. The RSK2 CTKD
has been solved to 2.00 A and provides a struchasis for the autoactivation of RSK [18].
Recently, the crystal structures of RSK1 NTKD inmpmex with adenosine-5B[y-
methylene]triphosphate, staurosporine, and pureala have been solved [19], and, the
structure of RSK2 in complex with AMP-PNP has besported [20].

A wide array of RSK2 inhibitors has been reportedhe literature, and among these, several
compounds have been shown to selectively bind ¢oNTNKD ATP-binding site [5]. Figure 1
shows a representative set of RSK2 NTKD inhibitor$he first inhibitor is kaemperfol-
glycosidel (SL0101) [21,22], which has a 4§ of 89 nM and was shown to be specific for the
RSK NTKD ATP-binding site. The second is dihydemidinone2 (BI-D1870) [23], which has

a RSK2 IGy's of 24 nM and was also shown to be specific far RSK NTKD ATP-binding
site. There are the two classic PKC (Protein Ken@3 inhibitors,3 (R0o31-8220) [24] and}
(GF109203X) [25], which inactivate RSK2 with & of 36 nM and 310 nM, respectively.
Additionally, we previously identified benzenecaxboidamide5 (NSC356821), a compound
obtained from the National Cancer Institute chehriepository, as a potent new RSK2 inhibitor
with an 1G, of 1 uM [26]. More recently, sizable panels ofairmolecule kinase inhibitors
have been examined against RSK2. Bain, J et@brted the activity of 65 well-known kinase
inhibitors against RSK1 and RSK2 [27], and Bambgtoet al. [28] reported the activity of 200
kinase inhibitors against RSK2. In this paper, determined the RSK2 activity of a set of
prototypical kinase inhibitors using our fluorescenpolarization assay, and modeled their
binding modes to delineate key interactions faauid binding.
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EXPERIMENTAL SECTION

Assay of RSK2 inhibition. Recombinant RSK2 enzyme was prepared as prdyidascribed
[29]. Fluoroscein-labeled peptide substrate foKRSITKD and IMAPO beads for capturing
phosphorylated product were purchased from MolecDavices. These reagents were
combined in assay buffer containing @8 ATP and test compound to a final volume ofj 20
After binding to IMAF] beads, phosphorylated substrate was detected Umyeficence
polarization spectroscopy. Half-maximal inhibitogpncentrations (I§3) were read from
concentration-response curves by linear interpmtati

Molecular modeling. Small molecule structures were built using thepdiymer module of
Insight Il (Accelrys, San Diego, CA) and energy mmized in Discover using the CFF91 force-
field and the VAO9A algorithm with a convergencetasion of 1.0 x 10 kcal/mol. All
simulations were performed using the CFF91 forefwith the nonbonded interaction limited
to 13 A and a distance-dependent dielectric cohstsing Discover 3.0 (Accelrys, San Diego,
CA). The HINT program [30] (eduSoft, Richmond, VAjRs used to evaluate the hydropathic
quality of the interatomic interactions, and theRRHECK program [31] was used to determine
the quality of the protein model. Sequence analysere performed using the Homology
module in Insight Il. PILOT is an in-house softeaprogram developed at the NCI for
pharmacophoric analysis of compound set.

Initially, the inhibitors were aligned in gas-phasih ATP in a pharmacophoric fashion, using
PILOT agglomerative clustering to identify commadmapmacophores in the series of molecules
as well as their corresponding conformational is@meThis clustering method initiates by
utilizing the most rigid compound and conformerdta# series as a template to prioritize triplet
center type identification. Pharmacophoric centenssist of hydrogen bond acceptor, hydrogen
bond donor, aromatic and hydrophobic types. Alhfoomers of the series are iteratively
clustered until all possible pharmacophore triplets assigned to a cluster. Within a given
cluster (pharmacophoric model), all molecules dignad to the template by singular value
decomposition least squares. The best pharmacaphwidel is determined as having the
greatest number of molecules with the lowest r.ndeviation for their respective
pharmacophoric triplets and steric overlaps. Subseity, this model is subjected is to a
secondary pharmacophoric organization to identdgi#tonal centers beyond the initial triplet
model.

The protein template for the binding models wasRISK2 NTKD crystal structure (PDB code
3G51) [20]. The individual gas-phase ligand comfations obtained from the PILOT were
docked into the ATP pocket of the RSK2 NTKD mod&he ligand conformations were energy
minimized and scored using the HINT program [3The best HINT scoring poses were further
refined using stepwise changes in the conformatidrizoth the RSK2 NTKD structure and the
ligands. Iterative cycles of constrained molecudgnamics simulations were employed to
remove unfavorable protein-ligand interactions. ribgi the initial minimization and dynamics
simulations, the ligand conformation was fixed iar@sian space using constraints. When the
conformational changes in RSK2 reached an asynoptgpioint, the constraints were released
from the ligand conformation. This process wasatt until the maximum HINT favorable
contacts were achieved.
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RESULTS

Identification of novel RSK inhibitor chemotype. We used our fluorescence polarization
assay to screen small chemical libraries for RSiK#bition. Figure 2 shows the chemical
structures and RSK2 activities of the top hits.mpounds5-20 have activity from 0.1 uM to 3.7
MM. Indirubin-3’-oxime6 and SB2167663 are the most active compounds and both have
ICs0's of 1 uM. The RSK2 activities of compounds8, 11, 12, 13, 15 and19 have previously
been reported by Bain, J et al. with similar atyivevels as shown here [27]. The relative
activities of6-19 reported here were used to determine their bindnogles in RSK2 NTKD
ATP-binding site.

Delineating a structural basis for inhibition using molecular modeling. To extend our
understanding of RSK2 inhibition, binding models reveconstructed for compounds19.
Binding models for compounds 4, and5 in complex with RSK2 NTKD has previously been
reported [26]. Examination of the binding modedsoas the different chemotypes revealed that
activity correlated with binding interactions atwveral key sites in RSK2 NTKD ATP-binding
site. For this report, these key interactionshaghlighted by contrasting the binding models of
highly potent inhibitor® and6 with those of weaker inhibitors7-19.

As shown in Figure 3, the binding modelaiflustrates how well the compound is suited fa th
NTKD ATP site. The optimal packing & in RSK2 may be the basis for its RSK specificity
[23]. Compound forms three hydrogen bonds to RSK2. One is betwke hinge residues
Leul50 amide NH and the 3-nitrogen of its pteridinactionality; the second is between the
Leul50 backbone oxygen atoms and the secondaryeathim third is between the Thr210 side
chain hydroxyl and the pteridine keto oxygen atofrthese hydrogen bonding interactions are
complemented by stabilizing hydrophobic interacéiorAt the bottom of the ATP site, the N-
methyl group o is wedged into a small hydrophobic pocket formgd/al131 and Leul47 and
at the top of the ATP site, the dichlorophenyl riagpacked against the aromatic side chain of
Phel49. Robust hydrophobic interactions are algsemwed between the methylisobutyl
functionality of 2 and the hydrophobic isopropyl side chain of Vaig8ih the two moieties
forming a highly favorable hydrophobic patch. Besa compound? contains a methyl
substituent at a chiral center, additional hydrdpbo packing is dependent on the
stereochemistry. In the R-isomer, this methyl grasi packed against the hydrophobic side
chain of Val82 whereas in the S-isomer, this metingup interacts with the side chain —CH
group of Thr210, as illustrated in Figure 3 whitlows the S-isomer.

The binding model 06 shows that the molecule closely interacts withhimge residues Asp148
and Leul50 with its indol-2-one group hydrogen kehtb the Asp148 backbone oxygen and the
Leul50 backbone nitrogen (Figure 3). Additionatlye indole functionality that forms these
two hydrogen bonds is wedged between the hydrophside chains of Vall31 and Leul4?7.
Outside of the adenine region, the oxime oxygeé isfhydrogen bonded to the carboxylate side
chain of Asp2l1l via a water bridge and the indalecfionality associated with this water-
mediated hydrogen bond is packed against the Gly75.

Figure 4 shows the binding models of the lowemdtffiinhibitors 17-19. This class of RSK2
inhibitors establishes similar hydrogen bonds ashiigh affinity class compounds. Fbf, the
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quinoline nitrogen is hydrogen bonded to the Leudaffide NH and its guanidine group is in a
reinforced hydrogen bond with the carboxylate sidain of Asp211 (Figure 4). Fas, its keto
and 5-hydroxyl groups are hydrogen bonded to bawkkaioms of Asp148 and Leul50. The
piperidine-substituted hydroxyl group is hydrogemdled to the backbone oxygen of Glu197
(Figure 4). Compound?9 is the smallest compound in the set with a mobacwleight of 220.
Not unexpectedlyl9 binds at the ATP site with its pyrazole motif hgden bonded to the hinge
residues Asp148 and Leul50 (Figure 4).

Identification of critical binding interactions. Mapping the contacts between the ligands and
RSK2 within specified distances is a robust metfarddetermining crucial binding contacts.
Table 1 shows the atom-atom contacts of compo@n@s17, 18, and19 to RSK2 that occur at
4.5 A or less. Consistent with their activitiesympounds2 and 6 are characterized by more
contacts than those evident fbr-19. In addition to the greater number of contacpectic
interaction sites appear to be crucial. Basedherrésidue alignments, these crucial interaction
sites belong to Val131 and Leul47. Whereas norbeothree lower affinity inhibitors display
contacts to Vall31 and Leul47, each of the pot&KRinhibitors2, 6, and20 are characterized
by extensive contacts to hydrophobic side chaingabf31 and Leul47.

Similar to the “hot spot” concept that was useddédineate the functional epitope at protein-
protein interfaces [32], Vall31 and Leul47 definee cof the core contacts that provide
significant binding energy as evident by the RSKHvities of compound® and 6 compared
with compoundsl7-19. Located in the hydrophobic interior of the APpBcket, Vall31 and
Leuld? are on opposite sides of the pocket, ami fohydrophobic pocket that appears to be
critical to binding affinity. The topology of VaBl and Leul47 allows inhibitors to wedge
themselves onto a large hydrophobic surface. Becde adenine motif of ATP does not
possess a similar wedge motif, these two “hot Spefsresent important binding sites for novel
small-molecule inhibitors. Because the hydrophdadfect is the central driving force behind
ligand binding, identifying these two key hydrophoimteraction sites provides a structural basis
for lead optimization for RSK2. The role of thase residues in binding affinity is currently
being investigated and will be the subject of ala¢port.

DISCUSSION

Counterpart binding modesin CDK, ROCK, PKA, and c-JNK. Because of their therapeutic
potential, it is not surprising that binding mod#s6-19 against other molecular targets have
been extensively investigated. In fact, the Xstayctures of nine of the fourteen (compouds
8,9 11, 12, 14, 15, 18, and19) have been determined in complex with serine/thremkinases
outside of RSK2. In each instance, the RSK2 maldeieding modes are similar to those in the
X-ray structures. For the hinge region, the camfations of the residues 148-154 of RSK2 are
similar to the hinge segments in CDK2, ROCK2, Pid &-JNK. This is depicted in Figure 5
which show the binding models 8f 9, 12, and19 relative to their binding modes in the X-ray
structures of PKA (PDB code 1YDR), CDK2 (1PF8), RCXC(2H9V), and c-JNK (1UKI),
respectively.

Besides their RSK2 activity, compoun@sl9 inhibited kinases such as CDK, Rafl, GSK-3,
ROCK, PKA, and c-IJNK, which are of therapeutic iegts in a variety of diseases. For
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example, CDKs are key regulators that govern noroal division, and accordingly, are
attractive anticancer targets [33]. Rafl is on¢hefproteins in the MEK-ERK pathway, which
is associated with neuronal survival [34]. GSKs&n important regulatory of multiple signaling
pathways and is associated with a number of diftefeuman diseases such as cancer,
neurodegenerative diseases, and inflammation [BE)CK is involved in cell motility [36] and
has therapeutic indications in hypertension [3Theeosclerosis [38] and immunosuppression
[39]. c¢c-JNK is a member of the mitogen-activatedt@in kinase (MAPK) group of signaling
proteins and is a therapeutic target for inflamorgtineurodegenerative diseases, obesity,
diabetes and cancer [40]. In the phylogenetic ¢fdbe human kinome [41], RSK2, ROCK and
PKA are members of the AGC subfamily, Rafl is a foeinof the TKL subfamily, and the three
kinases CDK, GSK-3 and c-JNK are constituents ef@MGC subfamily. Based on the activity
of 6-19, there appears to be a strong connectivity betweemGC subfamily of RSK and the
CGMC subfamily which is typified by CDK.

Crystallographic studies revealed tl@abinds at the ATP site of both CDK5 [42] (PDB code
1UNH) and GSK-B [43] (PDB code 1Q41). Because of its efficacyiagfaboth CDK and
GSK-3, compound6 is of immense medicinal interest. Compourl{SU9516) andl13
(GW5074) belong to the same indol-2-one based aas®mpoun® and possess igs of 0.24
MM and 1.0 uM, respectively. Compoud@SU9516) is reported to be a CDK inhibitor [44Han
its X-ray structure in complex with CDK2 has beaived (PDB code 1PF8) [45], and shows
that9 binds at the ATP site. Lastly3 is a Rafl inhibitor [34,46].

As a well-known GSK-3 inhibitor [47], compound (SB216763) is among the most potent
RSK2 small molecule inhibitors with an4€of ~0.1 uM. The pyridine class compouddY-
27632)is highly active against RSK2 with ansf®f 0.21 uM and was previously of interest as a
ROCK inhibitor [48]. Compoun@® exhibited a remarkable selectivity profile [49The crystal
structure of8 in complex with ROCK1 (PDB code 2H9V) [48] and wiPKA [50] (PDB code
1Q8T) confirmed that it is ATP-competitive.

Compounddl0 (HA-100), 12 (H-7), 11 (H-8), 15 (H-89), and17 (HA-1004), which have 1§'s
of 0.38 UM — 3.0 uM, are isoquinolines. Compoub@dsnd15 are well known in the literature
for their PKA activity [51-53]. As evident in thé-ray structures ofl2, 11 and15 in complex
with PKA [52], these compounds are ATP competitiv@ompoundl4 has an Ig, of 1 M in
the RSK2 assay and has previously been investigegea CDK inhibitor [54]. The binding
mode of14 in the ATP site of PAK4 (PDB code 2CDZ) has beetetmined in the crystal.

Compoundl9 is the weakest RSK2 inhibitor presented in thisggahowever, it is reported to be
an ATP-competitive and selective inhibitor of c-JJKossessing a Ki of 0.19 uM [55]. The
determination of the X-ray structure @® in complex with ¢c-JNK (PDB code 1UKI) [56]
confirms the binding 019 at the ATP site.

In conclusion, our energy refined, all-atom bindmgdels of a chemically diverse set of RSK2
inhibitors highlight key protein-ligand atomic cants of known RSK2 inhibitors, in addition to
leads that lack specific structural details chamazing their RSK2 binding. Of particular note
are the binding modes of the S-isomer 2fand (B) 6 which delineate a stereochemical
preference to binding. Furthermore, in additioiarming the typical hydrogen bonding pattern
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Figure 1. Chemical structuresof RSK2 inhibitorsalready reported in theliterature.
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Figure 2. Chemical structuresand inhibitory activities of RSK 2 inhibitors used in this study.
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Figure3. Stereoviews of the binding models of (A) S-isomer of 2 and (B) 6.

RSK2 is rendered in grey ribbon. The inhibitorsl &ainding site residues are shown in stick. Nigoegoxygen
and halogen atoms are colored blue, red, and pymglepectively. The carbon atoms are colored oegfing the
inhibitors, green for Asp148 and Leul50, which hgitts the interior of the ATP-binding site, andaoyfor Val131
and purple for Leu147, which demark key hydrophattieraction sites. For clarity, hydrogen atomsarot
depicted.

at ATP sites, compounds exhibiting inhibitory prdes usually interact with side chain
components of Asp148 and Leul50, which encompa&sper interior component of the RSK2
ATP-binding site, and of particular interest frohst study, ligands that form key hydrophobic
contacts with Val131 and Leul47, are common tartbst potent RSK2 inhibitors.
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Figure 4. Stereoview of the binding models of the lower affinity inhibitors (A) 16, (B) 17, and (C) 18
rendered in the samefashion asin Figure 3.
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Figure 5. Comparison of the RSK 2 bi
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CDK2, ROCK2, PK, and ¢c-JNK. (A) Compouwhih PKA (PDB code 1YDR). (B) Compouhih CDK2 (PDB
code 1PF8). (C) Compouri@ in ROCK2 (PDB code 2H9V). (D) Compoutiilin c-JNK (PDB code 1UKI).

Table 1. Thecontact patterns of high affinity ligands 2 and 6 and lower affinity ligands 17, 18, and 19 with
RSK 2 based on the binding models.
The residue-ligand contacts were based on atom-alistances of less than 4.5 A and involved mora thsingle

type of hydrogen-hydrogen contact.

Vall31 (colargahn) and Leul47 (colored purple) are common éortfost

potent inhibitors but not the weaker binders.

Residues within 4.5 A of inhibitor
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