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ABSTRACT

We have recently developed a fragment based selection strategy for targeting kinases, where a small mol-
ecule warhead can be non-covalently tethered to a phage-displayed library of peptides. This approach
was applied to the conversion of the promiscuous kinase inhibitor, staurosporine, into a potent bivalent
ligand for cAMP-dependent protein kinase (PKA). Herein we report a systematic evaluation of this new
bivalent ligand (BL); (a) Lineweaver-Burke analysis revealed that the BL, unlike substrate-based bivalent
kinase inhibitors, displayed non-competitive inhibition with respect to the peptide substrate, suggesting
an allosteric mechanism of action; (b) linker optimization of the BL, afforded one of the most potent, sub-
nanomolar, inhibitors of PKA reported to date; (c) the BL was found to be modular, where attachment of
active site targeted small molecule warheads in lieu of staurosporine could achieve similar gains in affin-
ity; and (d) profiling studies of both the staurosporine derivative and the BL (amide isostere) against a
panel of 90 kinases revealed almost unique enhancement in selectivity against PKA (>5-fold) compared
to the starting staurosporine derivative. These combined results provide new insights for BL discovery,
which has the potential to provide guidance toward the development of kinase selective reagents while

uncovering new allosteric sites on kinases for therapeutic targeting.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The greater than 500 human protein kinases are implicated in
the regulation of almost all cellular processes, ranging from cell
growth and homeostasis to cell death.!? Not surprisingly, the
deregulation of kinase activity has been implicated in diseases
such as cancer, inflammation, diabetes, as well as neurological
and immunological diseases.>™® Significant efforts have focused
on developing agents to modulate kinase activity, both as drugs
and as specific reagents for studying kinase biology. However, con-
sidering that the 500 human protein kinases all possess structur-
ally homologous active sites, achieving selectivity continues to
remain a central challenge."” To date, most research has focused
on generating inhibitors of kinase activity through direct targeting
of the ATP binding active site.® Methods for identifying specific
inhibitors include screens of heterocyclic compounds aided by
structure based design® and more recently, fragment based ap-
proaches.’®!! In spite of the enormous effort directed toward
developing selective kinase ligands, recent studies have demon-
strated a lack of selectivity for many widely used active site direc-
ted inhibitors when tested against large panels of kinases.'?"1°
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Though polypharmacology can be therapeutically useful,'® it
potentially limits the future utility of these compounds as research
tools for understanding biology and also thereby warrants the
search for new approaches for modulating selectivity.'®

To develop new and general strategies for selective kinase com-
pounds, sites other than the ATP binding cleft have recently been
targeted.!” These approaches include targeting of allosteric sites
that stabilize inactive conformations,'® protein substrate binding
sites,'® and non-catalytic domains. The generation of dual binding
or bivalent inhibitors was proposed when it was recognized that
protein kinases bind two substrates.?? Building on this concept,
covalently linked substrate analogs (bisubstrate inhibitors) have
achieved significant success with several kinases.?! 2% For example,
Cole and co-workers provided an elegant mechanism based ap-
proach for targeting the insulin receptor protein tyrosine kinase,??
while Schepartz and co-workers have engineered kinase surface
selectivity utilizing a substrate structure guided bivalent strat-
egy.?’ In general, most methods for generating new classes of
selective inhibitors rely on structural information of the targeted
kinase, protein substrate information, or domain-specific protein
partners; potentially limiting the use of these methods for kinases
for which such information is unavailable.

Toward providing alternative methods for targeting kinases, we
have recently developed a non-covalent fragment based approach
for the discovery of BLs utilizing phage display. This approach does
not rely on explicit structural information regarding ligands that
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bind outside the ATP-binding site.?® Our approach begins with an
ATP-competitive warhead that then acts as an anchor for the
selection of a peptide ligand that binds nearby such that the
two ligands may be covalently linked to generate a single BL
(Fig. 1). Specifically, an ATP-competitive small molecule directs a
phage displayed six residue cyclic peptide library to bind an adja-
cent site on a targeted kinase through non-covalent tethering of
the phage particle via a Fos/Jun coiled-coil interaction. This ap-
proach allows us to link high-affinity small molecule ligands to
the large chemical space encompassed by biological libraries. In
our proof-of-principle studies we successfully converted the pro-
miscuous kinase inhibitor, staurosporine, into a potent inhibitor
of the cAMP-dependent protein kinase (PKA) with an
ICso = 2.6 nM, a >60-fold and >21,000-fold relative increases when
compared to the staurosporine derivative, 1a, (ICso = 159 nM) and
the selected cyclic peptide, 1b, (ICso =57 uM) alone.?® Very re-
cently, Maly and co-workers have also utilized an elegant strategy
to develop highly specific bivalent kinase inhibitors that target
both the active site and an adjacent SH3 site in Abl- and Src-fam-
ily kinases.2®

Herein we focus our attention on this new class of BLs for ki-
nases generated using our approach with an emphasis on address-
ing issues that are unique to this class of reagents: (a) Is the mode
of binding competitive with respect to the kinase peptide binding
site? (b) Can binding be enhanced by optimization of linker length?
(c) Can the starting warhead, staurosporine, be replaced with an-
other user-defined small molecule and still benefit from the affin-
ity enhancement provided by the cyclic peptide? (d) Does the
peptide contribute unique selectivity for PKA as compared to the
promiscuous starting warhead staurosporine when interrogated
against a large commercial kinase panel? These studies should help
provide a framework for the further development of this new class
of kinase selective bivalent ligands.

A
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2. Results and discussion
2.1. Bivalent ligand optimization

The bivalent ligand (BL) for protein kinase A (PKA) is comprised
of three modules: an ATP-competitive ligand, a selected cyclic pep-
tide [cyclo(CTFRVFGC)G] ligand, and a linker tethering the two li-
gands (Fig. 1). We have previously shown that covalent linkage
of the small molecule to the cyclic peptide increased potency to-
ward PKA by over 60-fold as compared to the staurosporine deriv-
ative alone.?® Herein we first explore the mode of inhibition with
respect to the peptide substrate and the dependence of linker
length upon activity.

2.2. Mode of inhibition

Though the staurosporine warhead in the BL binds to the ATP
site, the mode of inhibition with respect to protein substrate can-
not be inferred a priori. Our bivalent selection strategy (Fig. 1) in
principle allows for the discovery of any peptide that binds adja-
cent to the ATP binding site but not necessarily to the substrate
site. Therefore, the mode of inhibition must be determined empir-
ically, and this analysis would be warranted for any ligand discov-
ered with our approach. Kinetic experiments were performed with
PKA to determine the mode of inhibition of the BL with respect to a
peptide substrate (Kemptide = LRRASLG). The first generation BL
containing a PEG linker, 1, (ICso = 2.6 nM) was used in these kinetic
experiments. The resulting data for the BL was fit to competitive,
noncompetitive, uncompetitive and mixed inhibition models (Sup-
plementary data, Fig. S1). A noncompetitive inhibition model was
found to best fit the observed data (Fig. 2), with a calculated K; of
2 nM and K, of 12 uM for the PKA substrate, Kemptide, which is
in good agreement with the ICsq value 2.6 nM of the inhibitor?®
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Figure 1. Bivalent ligands of protein kinase A (PKA). (A) The general strategy for generating bivalent ligands for protein kinases is shown, where an ATP-competitive warhead
directs the selection of a phage-displayed cyclic peptide through a coiled-coil interaction. (B) The initial BL targeting PKA, 1, consists of the staurosporine derivative, 1a,a 30 A

PEG linker and the cyclic peptide with a C-terminal glycine (R = Gly), 1b.
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Figure 2. The mode of inhibition of the bivalent ligand (BL), 1. The BL with a 30 A
PEG linker was evaluated in kinetic assays in duplicate at 0, 2nM, and 4 nM
inhibitor, with 20, 40 and 80 uM Kemptide. A noncompetitive inhibition model
provided the best fit with a K; of 2nM and a K, of 12 uM. These values are
consistent with the observed ICsy of 2.6 nM and the K;,, of Kemptide, 16 pM.

and reported K;;,.2! Furthermore, kinetic experiments with the cyc-
lic peptide, 1b, alone were also best fit to a noncompetitive inhibi-
tion model (Supplementary data, Fig. S2). Noncompetitive
inhibition with respect to the peptide substrate implies that the
cyclic peptide does not bind to the protein substrate binding site
of PKA. This is consistent with the optimal linker being signifi-
cantly longer (vide infra) than that required for binding to the sub-
strate site, which is directly adjacent to the ATP binding pocket. If
the cyclic peptide binds a remote site as suggested, an allosteric ef-
fect may contribute to the BL's potency in addition to the ATP com-
petitive binding by the staurosporine derivative. These results also
suggest that the relatively unbiased search for a BL has the poten-
tial to uncover new allosteric sites on kinases that may result in
new modalities for kinase inhibition.

2.3. Optimization of bivalent ligand spacers

For a BL containing tethered components that bind two distinct
sites on a protein, the length of the adjoining linker has the capac-
ity to significantly influence binding affinity. A short linker will
prevent simultaneous binding of both ligands, whereas a long lin-
ker would be entropically costly.3%3! This is evident in previous
work concerning designed bisubstrate inhibitors targeting two do-
mains of protein kinases.??! In these examples, the optimal linker
lengths were determined empirically, differing from the initial de-
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sign,?!32 even when the distance between the binding sites of both

ligands was known. In contrast the peptide binding site is un-
known in our selection approach, thus the optimal linker length
must be determined empirically. In principle the linker length will
at most approximate the separation between the warhead and cyc-
lic peptide when attached to the Fos/Jun dimer during the selection
process (Fig. 1). This corresponds to a radius of 10-42 A from the
ATP binding site. The initial ~30 A PEG linker was chosen to span
an intermediate length within the range of possible distances.?8

To determine the optimal linker length between the stauro-
sporine derivative and cyclic peptide, we varied the linker compo-
sition (3, 5, 7, and 9 B-alanines; compounds 2-5, respectively)
corresponding to approximate maximum lengths of 12-37 A.
These new BLs were initially evaluated in kinase assays with PKA
(0.5 nM), which indicated that the ICsy values of the most potent
compounds were approximately half of the enzyme concentration,
thus precluding the accurate determination of ICsq values (Fig. 3).
However, the relative potencies of the inhibitors were easily distin-
guishable at a single inhibitor concentration (3.3 nM) chosen to be
6-fold greater than the enzyme concentration (0.5 nM). From the
relative differences in their ability to inhibit PKA, the optimal lin-
ker was determined to consist of 7 B-alanine residues (Fig. 3),
which can theoretically span a maximum distance of ~28 A, The
relatively long linker suggests the peptide does not bind at the pro-
tein substrate site, which is consistent with the observed noncom-
petitive mode of inhibition (vide supra). Simultaneous binding of a
remote site would explain the increased potency of the BL, 4, (ICsq
<0.52 nM) compared to the cyclic peptide alone, 1b, (ICso =57 uM)
or ATP-competitive warhead, 1a, (ICso = 159 nM). The observed in-
crease in binding of the optimized BL is >300-fold when compared
to the starting staurosporine derivative. Thus this optimized inhib-
itor represents one of the most potent ligands for PKA reported to
date.3?

2.4. Modularity of the active site directed ligand

In our selection strategy a non-specific active site directed war-
head, staurosporine, was initially chosen,?® eventually resulting in
the identification of a potent and selective BL. However, the mod-
ularity of the BL was not known, that is could another ATP-cleft di-
rected small molecule ligand replace staurosporine post-selection
in the context of the optimized BL, 4? To address the modularity
of the small molecule warhead, an adenosine derivative®* was
substituted as the ATP-competitive ligand (Fig. 4) conjugated to
the cyclic peptide via the optimal 7 B-alanine linker, 6. The ICsq
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Figure 3. Bivalent ligand linker length optimization. (a) PKA assays of the BLs (2-5) of varying linker length were performed at 0.5 nM PKA. Since full ICs, curves could not be
obtained, the BLs were reevaluated at a single concentration of 3.3 nM against PKA (0.5 nM) to ascertain the relative activities.
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of the adenosine derived BL was found to be 2.9 uM, which is a
>300-fold improvement from the adenosine derivative, 6a, (ICsq
>1 mM). These results suggest that the bivalent selection strategy
can in principle provide a peptide ligand for a kinase juxtaposed
to the ATP cleft facilitating rapid modification of new ATP-site
binding small molecules to rapidly increase affinity in a fragment
based fashion. Thus this method potentially affords access to more
selective BLs, since a promiscuous warhead can be readily ex-
changed with a user-defined selective warhead.

2.5. Selectivity profiling of the bivalent ligands

Our earlier results demonstrated that the cyclic peptide module
of the BL selectively increased affinity for PKA when compared
against four other kinases that have similar affinity for stauro-
sporine.?® However, the presence of the disulfide moiety precluded
a more extensive profiling of the BL, since the disulfide is suscepti-
ble to the reducing conditions (7.5 mM DTT) of large kinase panel
screens and loses substantial activity when assayed in these condi-
tions (Supplementary data, Fig. S6). Thus to profile the cyclic pep-
tide, an amide isostere, 7, that replaced the disulfide moiety in the
BL was synthesized utilizing orthogonal solid phase peptide syn-
thesis.>* The amide BL, 7, ICs, was determined to be 12.6 nM,
maintaining a 12-fold improvement as compared to the stauro-
sporine derivative, 1a. Similar decreases in overall activity have
been previously observed for disulfide replacements in cyclic pep-
tides.3>-3” However, importantly the amide compound was insen-
sitive to reducing conditions as determined by kinase assays in the
presence of 7.5 mM DTT (Supplementary data, Fig. S4). Thus with
the amide compound, 7, in hand, the selectivity of the BL could
be addressed in the Ambit kinase screen which evaluates a com-
pound’s kinase binding profile in a competitive binding assay.!®
As our reference compound in the screen, we also evaluated
staurosporine derivatized with a 3 B-alanine linker, 1a, which has
an ICsg of 159 nM (Supplementary data, Fig. S5). To ensure similar
levels of compound binding for PKA in the 90 kinase panel screen, a
10-fold higher concentration of the 3-B-alanine staurosporine
derivative, 1a, (500 nM) was utilized as compared to the amide iso-
stere BL, 7, (50 nM).

We first chose to evaluate changes in staurosporine affinity for
the kinase panel attributable to the addition of the 3-B-alanine lin-
ker. The results (Fig. 5) revealed a significantly altered binding pro-
file, when compared to the reported binding profile for the parent
warhead, staurosporine. Of the kinases tested, 39 kinases did not
show significantly altered affinity for the staurosporine derivative
(within 2-fold), 45 kinases displayed a >2-fold decrease in affinity,

Derivative

% \: /1, RTVLEXS\\ P
W k4

Adenosine Derwatlve 6a

Warhead  Linker Peptlde
Setes @3&&@
Staurosporine \5)' 9 o

6199

while six kinases gained >2-fold in affinity. Co-crystal structures of
staurosporine with kinases have shown that the secondary amine
of staurosporine can potentially form hydrogen bonds to the active
site residues of several kinases.>®~4° It has been proposed that the
affinity of staurosporine for other kinases is also modulated by
these hydrogen bonding networks.>®>*!%? To understand if hydro-
gen bonding was responsible for the reduction in activity for the
39 kinases, we analyzed the 10 available co-crystal structures
amongst the 90 kinases screened (Table II, Supplementary data).
Amongst these kinases, hydrogen bonding interactions with the
aminomethyl group of staurosporine was clearly observed in sev-
eral cases (PKA3® CHEK1,*'" PDPK1,** CDK2,** PIM1,%° JAK3*
ZAP70,® PIK3CG*?). For kinases that make 2 hydrogen bonding
interactions where at least one residue is an aspartic or glutamic
acid, the staurosporine derivative showed decreased affinity rang-
ing from 7 to > 80-fold lower than the parent, staurosporine. An
exception was PIK3CG, which has two potential hydrogen bonding
residues, T886 and D964, but binds compound 1a with a 6-fold
higher affinity. For GSK3B there are no observable hydrogen bond-
ing interactions with the aminomethyl group of staurosporine, and
the resulting change in affinity (7-fold worse) may possibly arise
from unfavorable sterics. For JAK3 and ZAP70, the interacting res-
idues are arginine residues which may perhaps interact favorably
with the amidated aminomethyl group. It is worth noting that
when grouped according to kinase subfamily, the amidated stauro-
sporine does not appear to favor any particular kinase subfamily
(AGC, CAMK, CMGC, CK, STE, TK, TKL, or lipid) any more than does
staurosporine.

To determine the enhancement in selectivity brought about by
the addition of the cyclic peptide module of the BL, we normalized
for the relative potency of the starting staurosporine derivative, 1a,
(500 nM) as compared to the amide isostere, 7, (50 nM). Thus, the
profiling data is presented as a ratio of kinase binding values for
the two inhibitors (Fig. 6). In this analysis, a value of 1 + 0.2 implies
little change in affinity profiles (33 kinases); a value of >1.2 indi-
cates a gain in affinity imparted by the cyclic peptide (2 kinases);
and a value of <0.8 indicates that the attachment of the peptide,
surprisingly, diminishes binding (55 kinases) (Fig. 6). It is immedi-
ately clear from this analysis (Fig. 6) that we only achieve a signif-
icant enhancement of selectivity (5-fold) for PKA. It is worth noting
that the disulfide constrained BL under the same reducing condi-
tions of the assay (7.5 mM DTT) demonstrated a significantly lower
preference (2.7-fold) for PKA (Fig. S6, Supplementary data). The
only other kinase among the 90 analyzed that showed a small in-
crease in selectivity (1.8-fold) by addition of the peptide was
SNARK. It is interesting but difficult to explain why addition of
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Figure 4. Testing the modularity of the warhead. The original warhead, staurosporine, was replaced in the BL with another weak ATP-competitive ligand, an adenosine
derivative, 6a. The significant improvement of the BL, 6, (ICso = 3 M) versus the starting warhead, 6a, (ICso >1000 M) demonstrates that attachment of the peptide module

can confer significant improvement in affinity in an warhead independent fashion.
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Figure 6. Selectivity profiling of the amide BL, 7, isostere (50 nM) for kinases relative to
the modified staurosporine warhead, 1a (500 nM). The greatest enhancement is observed
for the target kinase: PKA-Ca, with an overall 5-fold enhancement in binding, while almost
all other kinases in the panel are not targeted by the peptide with the exception of SNARK.

the peptide module results in a drastically reduced binding (>2-
fold) for many kinases (55 kinases), when compared to the starting
staurosporine derivative. Thus overall, the profiling data goes to-
ward directly confirming that the bivalent selection approach
yields cyclic peptide modules that can confer significant selectivity,
likely due to the low homology shared between kinase surfaces
when compared to the ATP binding cleft.

3. Conclusions

We have thus demonstrated that this approach for bivalent li-
gand discovery, selected by means of a fragment-based approach,
has the potential to discover new and potential allosteric sites at
the kinase surface. The cyclic peptide was shown to impart very
high affinity (sub-nanomolar) as well as enhanced selectivity
(>5-fold) for the targeted kinase when compared to a panel of
90 kinases. Furthermore the demonstrated modularity, where
staurosporine was substituted for an adenosine analog, poten-
tially implies that BLs derived from our selection methodology
can be rapidly reconfigured to be more specific by replacement
of the starting promiscuous inhibitor, staurosporine, with a
user-defined kinase selective ligand. We believe that several of
the considerations addressed herein (mode of binding, linker
optimization, modularity, selectivity) are generally applicable to
future ligands discovered by this fragment-based bivalent
in vitro selection approach. Furthermore, a careful analysis of
changes in affinity/selectivity brought about by modifications to
the active-site directing warhead, in this case staurosporine,
should also be an essential component for evaluating bivalent
selection approaches.

4. Experimental
4.1. Compound synthesis

The peptide portion of each BL was synthesized using standard
Fmoc protection strategies in solid phase peptide synthesis on Rink
Amide resin (substitution level = 0.3 mmol/g). Coupling conditions
were PyBOP (3 equiv), DIEA (6 equiv) and 3 equiv of the appropri-
ate Fmoc protected amino acid in DMF. The synthesis of the succi-
nic acid staurosporine derivative and the oxidized adenosine
derivative were carried out as described previously.?® Coupling of
the staurosporine derivative (1.5 equiv) was carried out with pro-
tection from light under standard Fmoc strategy conditions, as
above. Coupling of the adenosine derivative was carried out as
with Fmoc protected amino acid residues with no further precau-
tions taken. BLs were cleaved from the resin with 94% TFA, 2.5%
EDT, 2.5% water, and 1% TIPS for 2 h. They were then precipitated
in chilled ether. Oxidation to yield the cyclic peptide portion was
achieved by dissolving the compound in 20% DMSO in PBS, pH
7.4, at 37 °C for 36 h and was monitored with Ellman’s Reagent.*’
Compounds were purified by HPLC (20-65% acetonitrile gradient
in water with 0.1% TFA). Fractions containing the compounds were
pooled and lyophilized. The compounds were characterized by
MALDI mass spectrometry and amino acid analysis.

4.2. Amide isostere

The solid phase peptide synthesis was performed as with all
other compounds. Allyl/Alloc amino acids: Fmoc-L-Dap(Alloc)-OH
(AnaSpec, Inc.) and Fmoc-1-Asp(Allyl)-OH (Fluka) were coupled
and orthogonally deprotected with 0.2 equiv Pd(PPhs); and
20 equiv PhSiH; in Drisolv DCM for 1 h.>* The resin was extensively
washed with DCM and the side chain cyclization was performed
under standard amide coupling conditions. After cyclization on
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the resin, the linker and staurosporine derivative were coupled as
with the other BLs, and was then cleaved and purified by HPLC.

4.3. Kinetic assays

Kinetic assays were performed in duplicate. In a 60 pl final vol-
ume, [y->?P]ATP (30 uM) initiated the reaction with 0.52 nM PKA
and Kemptide (LRRASLG, 20, 40, and 80 uM) in the presence of
the BL (0, 2, and 4 nM) in PKA Assay Buffer (40 mM Tris, 20 mM
Mg Acetate, pH 7.4) with 0.01% BSA and 2.5% DMSO. At 7 min inter-
vals, 10 pl of the reaction mixture was spotted on P81 phosphocel-
lulose paper. The samples were washed three times in 500 ml of
0.85% phosphoric acid and once in 500 ml of ethanol for 5 min
each. The amount of 3?P labeling of the peptide substrate was
quantified using a Beckman LS 6000IC liquid scintillation counter.

4.3.1. PKA inhibitor IC5¢ determination

Kinase assays were performed in triplicate under similar condi-
tions to those described above. In a 30 ul final volume, [y->2P]ATP
(30 uM) initiated the reaction with 0.5nM PKA and Kemptide
(LRRASLG, 30 uM) in PKA Assay Buffer (40 mM Tris, 20 mM Mg
Acetate, pH 7.4) with 0.01% BSA and 2.5% DMSO. The reaction
was quenched with 15 pl of 1.8% phosphoric acid, and 30 pl of
the reaction mixture was spotted on P81 phosphocellulose paper.
The samples were washed, and the extent of 3?P labeling of the
peptide substrate was quantified as described above. Data were
normalized to reactions containing no inhibitors, which were run
in triplicate.

4.4. Kinase panel screen

Stock solutions of each screened kinase inhibitor were provided
to Ambit Biosciences (San Diego, CA) in DMSO at the appropriate
concentrations. Inhibitors were screened at Ambit Biosciences
against the scanEDGE kinase panel under reported conditions.'?
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