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Abstract

Using a newly developed competitive binding assay dependent upon the reassembly of a split
reporter protein, we have tested the promiscuity of a panel of reported kinase inhibitors against the
AGC group. Many non-AGC targeted kinase inhibitors target multiple members of the AGC
group. In general, structurally similar inhibitors consistently exhibited activity toward the same
target as well as toward closely related kinases. The inhibition data was analyzed to test the
predictive value of either using identity scores derived from residues within 6 A of the active site
or identity scores derived from the entire kinase domain. The results suggest that the active site
identity in certain cases may be a stronger predictor of inhibitor promiscuity. The overall results
provide general guidelines for establishing inhibitor selectivity, as well as for the future design of
inhibitors that either target or avoid AGC kinases.

Introduction

Protein kinases are characterized by their ability to specifically phosphorylate the hydroxyl
group of serine, threonine, or tyrosine residues on client proteins, thereby affecting almost
all intracellular signal transduction pathways. More than 500 protein kinases comprise the
human kinome® and many kinases have been extensively targeted with small molecule
inhibitors as therapeutics for the treatment of disease and also for the development of
reagents for elucidating the function of a particular kinase in a signaling pathway.2 The high
degree of similarity among kinases often results in off-target inhibition, which can be a
significant impediment for correctly interpreting a small molecule’s effect on signal
transduction? as well as resulting in undesirable side-effects in therapeutic applications.
Thus there is continued interest in the assessment of the selectivity of small molecule
inhibitors to afford appropriately selective biological probes and therapeutics.

The human kinome is commonly divided into seven major groups, based primarily upon
function and sequence identity, one of which is the serine/threonine group of AGC kinases.
The AGC group of protein kinases consists of 60 related proteins and is so named for three
key members: cAMP-dependent protein kinase catalytic subunit alpha (PRKACA,; also
known as PKA), cGMP-dependent protein kinase 1 (PKG1), and protein kinase C (PKC).4°
As is common among kinases, members of this group are involved in the regulation of cell
proliferation, differentiation, and survival. Many of the AGCs are believed to phosphorylate
a large number of substrates in vivo, and they play diverse roles in signaling, from the
phosphorylation of BCL2-antagonist of cell death to prevent the activation of the apoptotic
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pathway,® to the direct control of gene regulation through phosphorylation of transcription
factor forkhead box O.” The consensus substrate motifs recognized by each of the AGC
kinases tend to be quite similar within the group, and this redundancy perhaps exists to
allow various extra-cellular stimuli to modulate the same downstream effect through
different mechanisms.®

A number of AGC kinases have emerged as potential therapeutic drug targets for the
treatment of cancer and diabetes.?> Oncogenic mutations resulting in the increased activity of
both AKT1 and PDPK1 have been shown to play a role in the survival of certain
cancers.8-10 Recent years have seen a push toward multi-kinase targeted inhibitors,11 but the
off-target inhibition of kinases critical to normal cellular function can have significant
negative consequences.12 For example, the inhibition of AMP-activated protein kinase by
sunitinib, a multi-target tyrosine kinase inhibitor used in the treatment of a number of solid
tumors, has recently been implicated in cardiotoxic side effects associated with its use.13
Adverse side effects caused by off-target interactions are perhaps acceptable for the short-
term treatment of cancer,14 however, long-term therapies will likely require improved
selectivity in order to minimize undesirable side effects.

A number of recent publications have detailed significant strides toward screening kinase
inhibitors against increasingly larger portions of the kinome. More thorough preclinical
screens can be expected to improve clinical outcomes,12 enhance the ability of medicinal
chemists to design optimally selective therapeutics,1! and aid in the identification of truly
selective small molecule probes for in vivo signal transduction studies. Seminal papers by
Cohen and coworkers represent some of the earliest efforts toward developing more
complete selectivity profiles of commonly used signal transduction reagents.31%16 More
recently, several datasets of small molecules profiled against kinase panels have been
published by Ambit Biosciences,1”-18 GlaxoSmithKline,1%20 and Abbott Laboratories.?
While the Ambit results focused primarily on generating comprehensive selectivity profiles
for already characterized kinase inhibitors and therapeutics,17:18 the studies from
GlaxoSmithKline and Abbott laboratories sought to identify characteristics common to
kinase inhibitors and what types of chemical scaffolds afford the ability to target different,
distally related kinases, with particular focus upon the tyrosine kinases.19-21 Taken together,
these efforts represent a major step in painting a clearer picture of kinase pharmacology.

Many commercially available small molecule sets are used to dissect signal transduction
pathways, though their potential off-target effects have not been systematically investigated.
Herein we seek to improve the knowledge base regarding kinase inhibitor selectivity,
particularly with regard to understanding potential off target effects against the AGC family.
To this end we have screened a library of 80 previously characterized kinase inhibitors
against a panel of 27 protein kinases. This panel was comprised of 23 AGC kinases as well
as the three Aurora kinase isoforms and STK32B because of their relatively high identity to
this group (Figure 1). Of the 80 compounds tested, only 10 of them have been reported to
selectively target members of the AGC group. We employed a recently reported cell-free
kinase inhibition assay which relies upon competitive active-site interactions to effect
luminescence generation.22 This method allows for the rapid interrogation of many kinases
without first having to optimize recombinant protein expression or identify substrates for
poorly studied kinases. The selectivities of each compound were evaluated by examining
how similarly structured small molecules affected highly similar kinases. In order to
appraise the relationship between kinase identity and inhibitor promiscuity, kinase identity
groups of either the kinase domain or only active-site residues were scored for inhibition
frequency and compared between identity groups.

J Med Chem. Author manuscript; available in PMC 2013 February 23.
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Results and Discussion

Kinase Library Construction and Screening Assay

In order to utilize the aforementioned competitive binding assay, each kinase was prepared
by first fusing the protein kinase domain of 27 kinases to the C-terminal half of firefly
luciferase (Cfluc) through a 13-residue linker (Supporting Information, Table S1). Only the
kinase domain and the AGC C-terminal domain, 23 where relevant, were included for these
constructs. Because we were interested in interactions at the active site of the kinases, and in
particular the ATP-binding site, peripheral domains were excluded to prevent potential
interference. Several of the kinases used in this study contain two kinase domains, namely
the ribosomal protein S6 kinases (RSKSs), and in these instances only the N-terminal kinase
domain was attached to the appropriate luciferase half. A second construct consisting of the
complementary N-terminal half of luciferase (Nfluc) was attached to the coiled-coil Fos and
translated in reticulocyte lysate alongside each Cfluc-kinase chimera. The Jun peptide,
which binds Fos, was conjugated to an ATP-competitive kinase inhibitor, a staurosporine
analog, and added to a mixture of these two proteins, resulting in increased luminescence
due to a functional ternary complex (Figure 2A). Because of its promiscuity, staurosporine
(1) provides an ideal active-site anchor, allowing us to interrogate any kinase that binds our
modified staurosporine conjugated to Jun (2).2425 Following the formation of the light-
generating ternary complex, the addition of free kinase inhibitors targeting the ATP-binding
site could be used to outcompete staurosporine binding, resulting in a loss of luminescence.
A library of 80 common kinase inhibitors, designed to target a diverse array of kinases, was
screened against each of the 27 kinases in a 96-well format to identify potential interactions.
All inhibitors were tested at a final concentration of 10 uM in order to qualitatively generate
selectivity profiles for each small molecule against the AGC group of kinases. The extent to
which luminescent signal was abrogated by the addition of a compound was tabulated as
percent inhibition values; a higher percent inhibition means a greater relative loss of
luminescence. A full table of all of the results can be found in the Supplementary
Information (Table S2).

Nonselective Kinase Inhibitors

Several of the small molecules screened in this panel were quite promiscuous and were
found to have activity against a relatively large fraction of the kinases tested. Many of these
“nonselective” inhibitors share very similar structural elements to 1, containing a
bisindolylmaleimide or indolocarbazole scaffold. Interest in these structural motifs has not
waned as can be seen from recent drug discovery efforts by Novartis26 and ArQule.2” Two
inhibitors, SB 218078 (3) and PKC-412 (4), possess the most staurosporine-like structural
features and were also the most promiscuous compounds in this set (Figure 3). Interestingly,
3 is marketed as being a selective inhibitor of checkpoint kinase (CHK1),28 and 4, also
known as midostaurin, is currently in phase 111 clinical trials for the treatment several cancer
types.14 Every kinase in the panel was inhibited at least 20% by one or both of these
compounds. Most of the kinases were inhibited relatively equally by both compounds, but
some of them demonstrated a preference for one over the other. For example, 4 was much
more active against PKG1 and STK32B, while SGK2 showed >60% more inhibition by 3.

Two bisindolylmaleimides, Ro 31-8220 (5) and GF 109203X (6), constitute a second pair of
staurosporine-like compounds sharing similar structural features, but these two
demonstrated more selectivity than 3 and 4. Both 5 and 6 were originally developed as PKC
inhibitors2%:30 with the former inhibiting all five of the PKC isoforms tested at least 47%.
Across the board, 5 was the more potent and less selective inhibitor of the two, with no
kinase exhibiting greater inhibition by compound 6. Three of the PKC isoforms, y, n, and 6,
appeared relatively tolerant to differences between the two compounds and showed less loss
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in inhibitory activity by 6 than did many of the other kinases. It is significant to note that
only PDPK1 and the three Aurora kinases were not appreciably inhibited by either of these
compounds.

Arcyriaflavin A (7), PD 407824 (8), and CGP 53353 (9), represent minimal analogs of
staurosporine, where 7 and 8, containing an indolocarbazole scaffold, have been reported to
selectively inhibit cyclin-dependent kinase (CDK) 4/cylin D1 and CHK1 and Weel
respectively.31:32 Eight of the kinases tested showed no inhibition by either compound, but
more than half were inhibited >25% by one or both. 9, a PKC inhibitor selective for the Bl
isoform,33 was the lone selective compound within this group, possibly because of lack of
potency, inhibiting only PKCy and DMPK at 22% and 30% respectively. In contrast with
the other compounds similar to staurosporine, 9 lacks the indole ring and is by far the most
conformationally flexible of this class of compounds. Two other maleimide-based
compounds, SB 415286 (39) and SB 216763 (40), were also tested, and neither molecule
exhibited better than 25% inhibition against any of the kinases tested.

Sunitinib (10), a tyrosine kinase inhibitor currently FDA-approved for the treatment of
gastrointestinal stromal tumors, was the most promiscuous inhibitor lacking significant
structural similarities with staurosporine, aside from an indolone ring. All six of the
members of the RSK family were inhibited >50%, with eight additional kinases inhibited
>25%.

Selective Kinase Inhibitors

In contrast with the staurosporine-like group of inhibitors, the overwhelming majority of
compounds in our library exhibited more limited selectivity profiles. In fact, a large number
of the small molecules showed no measurable activity at 10 pM against any of the kinases
tested here. While some of the compounds possess decidedly unique structures relative to
other library members, several groups of molecules sharing conserved or similar
substructures can be readily identified. Similarly structured inhibitors consistently
demonstrated activity toward the same protein kinase and frequently against groups of
proteins sharing high identity.

One such group of structurally similar small molecules found in this library is the
sulfonylisoquinoline-containing molecules: H-89 (11), fasudil (12), and HA-1100 (13; also
known as hydroxyfasudil). Two other compounds can be included in this group because of
structural similarity (ML-9, 14) and a common identified target (Y-27632, 15). 11 has been
marketed as a relatively selective inhibitor of PKA, but is known to exhibit activity against a
number of other kinases,31> and AKT1 and eight other AGC kinases were inhibited at least
20%. Among those inhibited were both isoforms of serum/glucocorticoid-regulated kinase
(SGK), PKCn, and PKC6. Additionally, all three members of the PKA family (PKA, PKApB,
and PRKX) and the highly similar PKG1 were inhibited by more than 65%. 12, its active
metabolite 13, and 15 have been identified as potent inhibitors of Rho-associated protein
kinase 1 (ROCK1),34-36 and all of them exhibited activity toward PKG1 and PRKX, with
12 also inhibiting PKA and PKAR. All four of these targets are fairly similar, based on
kinase domain identity, and some cross-kinase activity for relatives is not unexpected.
Interestingly, 14 is structurally similar to 13 but is a considerably less potent inhibitor of
PKG1 and PRKX. This is likely due to the replacement of the isoquinoline nitrogen with a
carbon and the substitution of a hydroxyl for a chloro group. Based on the crystal structures
of 13 bound to ROCK1 and PKA, the nitrogen and hydroxyl group make important
hydrogen bonds to a backbone carbonyl and amide nitrogen respectively.37-38 The inability
of ML-9 to form this hydrogen bond is perhaps the basis for the low activity of this
compound toward this set of kinases.
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A second group of compounds sharing a pyrazolopyrimidine core includes PP1 (16), PP2
(17), 1-naphthyl PP1 (18), and CGP 57380 (19). 16 and 17 were first identified as potent
inhibitors of Src family kinases,184 but further studies revealed activity toward several non-
tyrosine kinases and that this is controlled by the residue size at a putative gatekeeper
site.185.186 The kinases most potently inhibited by PP1 possess either a valine or threonine at
this position (Figure 5.4), while those which are weakly inhibited usually contain a larger
hydrophobic residue, such as isoleucine, leucine, or methionine. Using a chemical genetics
approach, 18 was developed to target mutant kinases with a glycine in the gatekeeper
position, enabling the active site of such mutants to accommodate the larger naphthyl ring,*2
but has also demonstrated activity against a number of wild-type kinases.3 Among the
members of the panel tested here, STK32B was the most potently inhibited by 16, 17, and
18 and was the sole kinase to contain a valine at the gatekeeper site. The other 26 kinases
tested have either a leucine or methionine at this position. The only other kinases to be
inhibited by all three of these compounds were PKA and DMPK, though weakly (between
19% and 32% inhibition). In spite of it having been designed to be more selective, 18
exhibited >20% inhibition against seven kinases. While it lacks the t-butyl functional group
and contains a secondary amine linkage to a fluorophenyl modification, 19 can be included
in this group as well because it contains the same pyrazolopyrimidine substructure.
Reportedly selective for MNK1 over Src and several other kinases inhibited by 16,43 19 was
significantly active only against STK32B (42% inhibition). STK32B was the only kinase to
be inhibited >40% by any and all of the four pyrazolopyrimidine-based inhibitors.

Due to their involvement in NFkB signaling, a number of protein kinases are potential
targets for the treatment of rheumatism and inflammation.*# Recent work by Novartis led to
the development of a selective inhibitor for 1kB kinases 1 and 2 (IKK1 and IKK2), IKK 16
(20).%% In our assay, this molecule was found to be one of the few non-staurosporine-like
compounds to potently inhibit SGK2 and SGK3, both at >60% inhibition. Compound 20
was also observed to inhibit Aurora kinase B (AURKB), PRKX, and three of the five PKC
isoforms (g, , and 8) >29%. PKCn was the most potently inhibited of these 7 kinases at
83% inhibition, which was the greatest inhibition measured by any of the compounds
against this kinase.

Several purvalanol derivatives, purvalanol A (21), purvalanol B (22), and aminopurvalanol
A (23), were also included in the inhibitor screen. All three of these compounds were
engineered to target cyclin-dependent kinases*647 but have been reported to have
significant, though less potent, activity toward several other kinases, including RSK1.3:16
Each of the three purvalanol compounds was found to inhibit at least three of the six RSK
family members at >40% inhibition. 21 was the least potent, with 22 and 23 exhibiting
comparable activity against five RSKs. Nuclear mitogen- and stress-activated protein kinase
1 (MSK1) was the only member of this family not to be inhibited >40% by at least two of
these compounds. Roscovitine (41) and olomoucine (42), two other CDK-targeted inhibitors
with structures similar to the purvalanols,*849 were seen to have negligible activity against
any of the kinases tested.

Two inhibitors, Ki 8751 (24) and ZM 447439 (25), were among several compounds to show
activity against one or more of the Aurora kinases. Compound 24, reported to be selective
for vascular endothelial growth factor receptor 2 over a number of other receptor tyrosine
kinases,>0 was quite effective at inhibiting several AGC kinases. In particular, all three
Aurora kinases were inhibited the most, between 41-80%, and four of the RSK family
kinases were inhibited >20%. 25, an inhibitor found to preferentially target AURKB and
AURKC over AURKA and a number of other kinases,51 was found to be very selective for
its targets. Within the subset of protein kinases assayed, both AURKB and AURKC were

J Med Chem. Author manuscript; available in PMC 2013 February 23.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jester et al.

Page 6

inhibited >50% at 10 uM, with the compound failing to show appreciable activity toward
any other kinase.

SD 208 (26) was first derived as an inhibitor of transforming growth factor-beta receptor 1
(TGFBR1).52 Transforming growth factor-beta signaling has been implicated in playing a
role in the migration and invasion of malignant glioma,®3 and as such, its receptor, TGFBR1,
has drawn interest as a target in order to block signaling by this ligand. In our assay, 26 was
shown to have >25% inhibition toward all three AKTs and as well as three of the PKC
isoforms (g, n, and 0).

Though quite structurally distinct inhibitors, TPCA-1 (27), PHA 665752 (28), and GW
843682X (29) demonstrated somewhat similar patterns of inhibition. Intended to target
IKK2, c-MET, and polo-like kinase 1 respectively,>*-56 each of these molecules showed
activity against AURKB, AURKGC, and at least two of the RSKs at >25% inhibition.
Compound 27 was the only one of these to also significantly inhibit PKCn.

A number of compounds showed activity against just one or two of the kinases tested. This
group of inhibitors included flavopiridol (30),%” which hit PKC6 and AURKC; GW 5074
(31),%8 LY 364947 (32),%9 and gefitinib/Iressa (33),%0 which hit AURKB; terreic acid (34),61
SB 239063 (35),52 and SB 203580 (36),53 which hit STK32B; and Ro 08-2750 (37);54 and
rottlerin (38),%° which hit PKCy. Very few structural similarities exist between these
molecules, and their activities were relatively lower than some of the other inhibitors, with
no inhibition >40% being measured.

Interestingly, 36 of the 80 compounds tested showed little to no activity (<25% inhibition) at
10 uM against any of the kinases tested (Figure 6). Given the conserved nature of protein
kinase active sites, this level of selectivity against the AGC family is encouraging for the
future development of highly selective molecular probes. These scaffolds may provide a
starting point for designing new inhibitors that avoid the off-target inhibition of the AGC
family of kinases tested here. Despite many of these compounds having unusual scaffolds
for kinase inhibitors, all of the compounds tested are marketed as potent and selective kinase
inhibitors. It is worth noting that several of these compounds, namely 51 and 54-58, can
potentially function as Michael acceptors, an activity that could be quenched by any number
of components found in the lysate assay milieu.

Trends in Inhibition

To analyze the extent to which kinase identity plays a role in the patterns of inhibition
observed among the AGC kinases tested, we compared the relationship between kinase
domain identity and the likelihood of cross-kinase activity. A cursory examination of the
data already discussed suggests that more similar kinases tend to be inhibited consistently by
the same inhibitors. In attempting to generate a more quantitative evaluation of this
phenomenon, we sought to answer the question “If an inhibitor shows activity against any
given kinase, what is the likelihood that it will inhibit other similar kinases?” Toward this
goal, we aligned each kinase against every other kinase tested to tabulate all possible
pairwise identity scores using only their respective kinase domains (Supporting Information,
Table S3). Kinase identity groups were defined based upon what set of kinase domains are
linked to each other through a minimum percent identity score. We then analyzed the
inhibition data using the following equation that describes the probability of an inhibitor
hitting multiple kinases (F) within a given identity group:

J Med Chem. Author manuscript; available in PMC 2013 February 23.
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For a group of kinases connected through a given percent identity, x is defined as the
number of inhibitors showing >25% inhibition against each kinase in that group, n is the
number of kinases in that identity group, and T is the total number of unique inhibitors to
demonstrate >25% inhibition against at least one of the kinases within the identity group.
This function was applied to each kinase group at several different identity cutoffs, and the
aggregate F values at each cutoff were averaged to observe general trends across the identity
groups (Figure 7A). The identity cutoffs were selected based upon what minimum percent
identity would result in a change in the number of possible identity groups. For example, at
100% identity, each kinase is related only to itself, resulting in 27 groups consisting of one
kinase each and an F value of 100%. At the opposite extreme, all kinases would be lumped
into one group and necessarily have the same F value, in this case 22%. The data for all
intermediate numbers of groups, including the percent identity cutoffs used to acquire that
group number, can be found in Supporting Information, Table S4. The spread of pairwise
identity scores for the kinase domains ranged from 95% to 29%. In general, these results
confirm that as the identity cutoff is lowered and the relationship between kinases becomes
more different (fewer groups) the calculated F values also decrease.

In order to compare how the consistency of inhibition might trend differently for active site
residues relative to the full kinase domain, we also rescored the F values using identity
groups based on active site homology (Figure 7A). A pseudosequence of active site residues
was assigned to each kinase by identifying any residues within 6 A of the kinase active site.
The crystal structure of PKA was aligned with the structures of two other AGC kinases,
AKT2 and AURKA, and any amino acids that were within 6 A of the ATP analogs bound in
the active site of all three structures were included in the 34 residue pseudosequence (Figure
7B). AKT2 and AURKA were chosen to ensure that structural elements important for
substrate binding in kinases more distantly related to PKA were not neglected. The
corresponding pseudosequence residues in all 27 kinases were used to generated pairwise
percent identity values based on the active site only (Supporting Information, Table S5).
Newly defined identity groups were then used to regenerate the frequency of inhibition
values for the same percent identity cutoffs used with the full kinase domain (Supporting
Information, Table S6). Relative to the full kinase domain, the range of percent identity
values for the active site pseudosequence alignment was much narrower, ranging from 100%
to 47%. By binning the kinases into groups according to what minimum percent identity
results in new connectivities, any bias that would otherwise be introduced by trying to
directly compare the two sets of identity scores is normalized. As is clearly illustrated by a
comparison of this data with that for the full kinase domain (Figure 7A), the aggregate F
values follow a nearly identical trend. This is somewhat surprising, given that it may be
expected that a different curve would result for the active site residues alone, which more
directly dictate active site structure, and therefore the shape of inhibitor binding pockets,
than the more subtle structural constraints imposed by distal residues.

Even so, important differences still exist between the identity groups defined by the full
kinase domain or the active site alone. This shift in identity connectivities can be more
readily illustrated by comparing the homology maps when 9 groups are present using the
pairwise kinase-to-kinase identity scores of either the full kinase domain (Figure 7C) or the
active site pseudosequence (Figure 7D). The percent identity cutoffs used to generate these
groups were 54% and 82% respectively. Some kinases are more closely associated with
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alternative sets of nearest-neighbor kinases when comparing the two homology maps. For
example, the kinase domains for SGK2 and SGK3 share a higher identity with the three
AKT kinases (52-55%) than they do with the six RSKSs (44-49%), but when looking at only
the active site proximal residues, they appear more identical to the latter (73-85%) rather
than the former (73-76%). This difference in sequence could potentially explain why both
SGKs and the RSKSs are inhibited by the staurosporine analogs 7 and 8, while the AKTSs are
not. Likewise, several of the PKCs (3, v, €) exhibited no inhibition by 7 and 8, similar to the
three AKT isoforms. With respect to kinase domain identity, the AKTs are more closely
related to the SGKs than the PKCs. In terms of active site residues, all three AKTSs are closer
in identity to PKCy and PKCg (76—-82%) than to either SGK (73-76%), possibly providing
an explanation as to why only the SGKs were inhibited by 7 and 8. Interestingly, PKA,
shares >70% identity with the active site residues of 20 other kinases, more than any other
kinase used in the present study, and thus may provide a good general model for the routine
testing of off-target inhibition of the AGC family. Importantly, a comparison of these
homology maps suggests that when a new inhibitor is developed and resources are limited, it
may ultimately be more informative to test for off-target activity against kinases which are
closely related by active site as opposed to the entire kinase domain. Certainly, testing a
small molecule against the largest fraction of the human kinome as possible is more
desirable when resources permit, because off-target activity can be exceptionally
unpredictable, with inhibitors demonstrating potency for kinases that are very poorly related
to the intended target. If a limited subset of kinases must be selected, profiling inhibitors
against a panel of active site relatives may be more representative of overall selectivity. It is
worthwhile to note that this simplification may have caveats, as a few kinases which are
completely identical in their active site residues by our analysis still demonstrate differential
preference for small molecules inhibitors. For example, RSK1, RSK2 and RSK4 contain
identical active site pseudosequences, yet 21, 22, 27 and 29 exhibited at least 30% more
inhibition for one or two of these kinases over the others.

Conclusions

Herein, we have reported the inhibition profiles of 27 AGC kinases with a library of 80
commercially available protein kinase inhibitors, with the aim of contributing to publicly
available knowledge of compound selectivities. The small molecule profiles against the
AGC family may aid in the design of new inhibitors that target this family and at the same
time allow for understanding the biological effects of these compounds arising from off-
target activities described herein. As small molecule intervention continues to play an
important part in resolving the physiological role of protein kinases in signal transduction
and disease, the level of confidence applied to cell-based assays studying the modulation of
kinase signaling and the predictability of kinase related off-target toxicity caused by
therapeutics is of concern. The most expedient method of improving confidence in
experimental conclusions is through more thorough inhibitor screens for small molecule
promiscuity. Off-target kinases expressed ubiquitously and at a high level are the most likely
candidates to interfere with experimental results reliant upon selectively inhibiting a
particular protein kinase with a small molecule inhibitor. Cell-based signaling studies can
overcome this issue by using cell lines that don’t express these enzymes or by confirming
results with two or more structurally distinct small molecules.® Poorly selective molecules
may still prove useful for implicating a target kinase in certain cellular processes,1® but in
the absence of truly comprehensive inhibitor profiling, only limited conclusions can be
drawn regarding a more fundamental role for a specific kinase in a given signal transduction
pathway. Relatively little is known about several of the kinases tested here, like STK32B
and PRKX, and a suitable probe would prove efficacious toward the identification of
physiological substrates and revealing the mechanism of action. Furthermore, selective
inhibitors do not yet exist for the vast majority of AGC kinases.® Though the last several
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years have seen the publication of the most comprehensive kinase inhibitor screens to date, a
great number of commercially available reagents have yet to be comprehensively screened
for the frequency and potency of off-target interactions.

We have shown that the screening of a group of closely related kinases is useful for
identifying patterns of inhibition and in confirming the structural determinants of ligand
binding. While the staurosporine-like series of compounds tested were promiscuous, many
of the molecules demonstrated limited off-target associations, with about half of the library
compounds demonstrating minimal activity toward any of the AGC kinases tested here. As
trends in therapeutic inhibitor design continue to move toward a multi-targeted
approach,11:67 the ability to avoid off-target interactions will be improved by screens that
identify molecular starting points that do not inhibit a large number of kinases. One general
trend that can be identified within these results is that like inhibitors frequently exhibit
activity toward like kinases. Nearly identical small molecules differing only by minor
functional groups would be anticipated to have subtly modulated effects on the inhibition of
a given target. This is reinforced by the correlation between high sequence identity and the
frequency with which related kinases are inhibited by the same set of small molecules. As an
example, 16 different compounds inhibited at least one of the RSKs >25%, with more than
half of those molecules hitting at least five of the six kinases in that family. An analysis of
the results of small molecule screens supported by kinase-ligand co-crystal structures can
also provide explanations for why seemingly similar inhibitors show differential activity for
certain targets, as in the case of ML-9 (14), and how selectivity can be dictated by specific
active site residues, as in the case of PP1 (16). Our confidence in predicting inhibitor
selectivity and promiscuity will surely increase with future work aimed towards an extensive
profiling of this and other compound classes against larger kinase libraries made possible
with the development of simple, inexpensive and high-throughput screens.

Experimental Section

Construction of the Fusion Proteins and mRNA Synthesis

Kinase and Fos constructs attached to luciferase fragments were prepared as previously
reported.2? Briefly, DNA fragments encoding their respective proteins were generated by
PCR and cloned into either pETDuet-1 or pRSFDuet-1 vectors (Novagen). Each fusion
construct was linked to its respective luciferase fragment via a 13 residue (GGS)j, linker.
PCR fragments were prepared with appropriate primers from template sequences, and
cloning results were verified by dideoxyoligonucleotide sequencing. A full list of the
luciferase constructs and kinase NCBI reference sequence numbers can be found in the
Supporting Information, Table S1. A PCR product of each fusion construct was generated
with primers containing a T7 RNA polymerase promoter, a mammalian Kozak sequence,
and a 3’ hairpin loop®8 as a template for in vitro mMRNA synthesis. RiboMax Large Scale
RNA Production System-T7 kits (Promega) were used to prepare mMRNA from PCR
fragments.

Synthesis of the Jun-staurosporine conjugate

The peptide-ligand conjugate (>95% purity by HPLC) used here has been previously
reported in the literature and used as such.22:24.25

Small Molecule Inhibitor Profiling

Plate-based small molecule screens were performed as previously reported.22 mRNA for
each of the Cfluc-kinase fusions was co-translated with mRNA for Fos-Nfluc in rabbit
reticulocyte lysate (Luceome Biotechnologies) at a sufficient volume to take measurements
of each control and assay point in duplicate. Bulk translations (~4.5 mL of lysate) were
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divided into 400 pL aliquots and incubated at 30 °C for 90 min. After incubation, aliquots
were stored at —80 °C overnight before being thawed on ice, collected, and assayed. Several
24 pL aliquots from the recollected bulk solution were set aside and treated with 1 pL of
Buffer A (6.76 mM Tris HCI, 3.38 mM Mg(OAc),, pH 7.45) per aliquot to serve as a
negative control. The remaining lysate was treated with 3.125 uM 2 in Buffer A, to a final
concentration of 125 nM. Treated lysate was then aliquoted into appropriate wells of a 96-
well Lumitrac 200 plate (Greiner Bio-one) containing either 1 uL. of DMSO for controls or 1
pL of an inhibitor diluted to 250 uM in DMSO. All of the inhibitors tested were taken from
the Tocris Kinase Inhibitor Toolbox (Tocris Biosciences) with the exception of PKC-412
(LC Laboratories), Sunitinib (LC Laboratories), Flavopiridol (Alexis Biochemicals), and
Roscovitine (LC Laboratories). The final concentrations of 2 and inhibitor prior to the
addition of a luciferase reagent were 120 nM and 10 pM, respectively. Plates were covered
and allowed to incubate 1 h at room temperature prior. Luminescence measurements were
taken immediately upon addition of 80 uL of a luciferin assay reagent to each well using a
Centro XS LB 960 plate reader (Berthold Technologies) and a 1 s integration time.

Percent Inhibition Calculations

Percent inhibition values for each inhibitor were calculated by first normalizing to the
relevant controls. The luminescence measured for each negative control (no 2) was
subtracted from the raw positive control (with 2) and inhibitor values. Measurements for
each inhibitor were normalized to the positive control and subtracted from 1 to generate
percent inhibition values. A control of dimerized Fos-Nfluc and Cfluc-Jun was used to
identify small molecule activity against reassembled luciferase, and the measured percent
inhibition values of each inhibitor for Fos/Jun were subtracted from the corresponding
inhibition values for each kinase, with percent inhibition values <0 adjusted to 0%
inhibition. Some molecular scaffolds, such as quinolines, are known to act as potent
inhibitors of kinases® as well as luciferase,’® and the observance of activity toward
luciferase in library screens has been estimated to be at least 3% of compounds.’%7! Eight of
the initial 80 compounds tested were excluded from the final analysis because they affected
luciferase activity in the Fos/Jun control, and their structures can be found in the Supporting
Information, Figure S1. The full table of percent inhibition values is located in the
Supporting Information, Table S2. The results for PKA and AKT1 are reproduced from a
previously published report.22

Kinase Sequence Identity and Homology Mapping

The kinase domain sequences used in alignments were taken from the corresponding Swiss-
Prot annotations found at the UniProt website (http://www.uniprot.org). Pairwise percent
identity scores were generated using a ClustalW2 alignment tool hosted by the European
Bioinformatics Institute. Residues within 6 A of an ATP analog were identified using the
aligned structures of PKA (PDB ID: 307L), AKT2 (PDB ID: 106K), and AURKA (PDB
ID: 2DWB) in PyMOL (http://www.pymol.org). The 34 amino acids retrieved by this search
were used to define a pseudosequence for these three kinases. This pseudosequence was
extrapolated to the other 24 kinases by identifying homologous residues in an alignment of
all of the kinase domains. Active site pseudosequences were aligned to obtain percent
identity scores as previously mentioned. Full tables of the identity scores acquired for both
the kinase domain and the active site pseudosequence alignments can be found in the
Supporting Information (Tables S3 and S4). The homology maps were created by importing
the tables of identity scores into Cytoscape (http://www.cytoscape.org) and filtering out the
lowest ~90% of identity scores.
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Abbreviations

AKT RAC serine/threonine-protein kinase

AURK aurora kinase

c-MET hepatocyte growth factor receptor

CDK cyclin-dependent kinase

Cfluc C-terminal fragment of split-firefly luciferase

CHK1 checkpoint kinase 1

DMPK myotonic dystrophy protein kinase

IKK inhibitor of nuclear factor kappa-B kinase

MNK1 MAP-kinase interacting serine/threonine-protein kinase 1

MSK nuclear mitogen- and stress-activated protein kinase

Nfluc N-terminal fragment of split-firefly luciferase

PDPK1 3-phosphoinositide-dependent protein kinase 1

PKC protein kinase C

PKG cGMP-dependent protein kinase

PKA cAMP-dependent protein kinase catalytic subunit alpha

PRKX protein kinase X

ROCK1 rho-associated protein kinase 1

RSK ribosomal protein S6 kinase

SGK serum/glucocorticoid-regulated kinase

Src proto-oncogene tyrosine kinase Src

STK32B serine/threonine-protein kinase 32B

TGFpR1 transforming growth factor-beta receptor 1
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A dendrogram of the 27 protein kinases screened in this study. Six families are highlighted.
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Scheme of the competitive binding assay using split-luciferase reassembly. (A) A protein
kinase and the Fos peptide were fused to complementary halves of firefly luciferase, Cfluc
and Nfluc respectively. The addition of a Jun-staurosporine conjugate leads to luciferase
activation. Small molecules capable of binding in the active site of the kinase prevent
complex formation and result in a loss of luminescence. (B) Structures of staurosporine (1)

and its modified analog attached to Jun (2).
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Figure 3.

Selectivity profiles for the screened compounds 3-14, with the results mapped to the AGC
dendrogram. Each pink circle is proportional in size to the measured % inhibition for each
kinase, with only % inhibition >25% being shown.
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Figure 5.

Selectivity profiles for the screened compounds 27-38, with the results mapped to the AGC
dendrogram. Each pink circle is proportional in size to the measured % inhibition for each
kinase, with only % inhibition >25% being shown.
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Structures of compounds 39-74, which were found to demonstrate <25% inhibition for

every kinase tested.
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Figure 7.

Comparison of inhibition frequencies between kinase domain or active site identity groups.
(A) Average F values for incrementally binned identity groups were plotted for either the
full kinase domain or active site residues. (B) The crystal structures and pseudosequence of
residues within 6 A of an ATP analog (green) aligned for PKA, AKT2, and AURKA.
Homology maps generated using a percent identity cutoff that results in the formation of
nine groups for the (C) kinase domain and (D) active site residues.
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