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In addition to target efficacy, drug safety is a major requirement during the drug discovery process and is
influenced by target specificity. Therefore, it is imperative that every new drug candidate be profiled
against various liability panels that include protein kinases. Here, an effective methodology to streamline
kinase inhibitor profiling is described. An accessible standardized profiling system for 112 protein kinases
covering all branches of the kinome was developed. This approach consists of creating different sets of
kinases and their corresponding substrates in multi-tube strips. The kinase stocks are pre-standardized
for optimal kinase activity and used for inhibitor profiling using a bioluminescent ADP detection assay.
We show that these strips can routinely generate inhibitor selectivity profiles for small or broad kinase
family panels. Lipid kinases were also assembled in strip format and profiled together with protein ki-
nases. We identified two specific PI3K inhibitors that have off-target effects on CK2 that were not re-
ported before and would have been missed if compounds were not profiled against lipid and protein
kinases simultaneously. To validate the accuracy of the data generated by this method, we confirmed that
the inhibition potencies observed are consistent with published values produced by more complex

technologies such as radioactivity assays.
© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Kinases, one of the largest enzyme families in the cell, represent
important biological intersections in signaling pathways [1]. By
phosphorylating a diverse array of substrates of various chemical
natures (e.g., proteins, lipids, sugars), kinases catalyze the largest
number of post-translational protein modifications (PTMs); it has
been reported that more than 75% of PTMs are phosphorylations
[2]. Kinases orchestrate a multitude of biological processes such as
cellular growth, division, and differentiation [1—3]. As a corollary,
disruption of these biological processes due to abnormal kinase
activity can have a deleterious effect on the cell, leading to serious
diseases such as cancer, inflammation, and diabetes. For nearly two
decades, kinases have been one of the most targeted enzyme
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throughput screening; CK, casein kinase families.
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groups in drug discovery research [4,5]; some 30 kinase-based
drugs have been approved by the U.S. Food and Drug Administra-
tion (FDA), and many are currently undergoing development or in
clinical trials [5,6].

In 2001, Gleevec (against ABL kinase) was the first kinase in-
hibitor approved to treat a cancer, chronic myelogenous leukemia
[7]. It became a promising proof of concept that drugs could also be
developed against other diseases involving dysregulated kinase
activity. Although many kinases were validated as drug targets for a
variety of diseases, the majority of approved kinase inhibitor drugs
up to now are for treating different types of cancer; only three have
been approved for non-oncological diseases. For example, myelo-
fibrosis, rheumatoid arthritis, and idiopathic pulmonary fibrosis are
treated with the kinase inhibitors ruxolitinib (JAK1/2), tofacitinib
(JAK3), and nintedanib (VEGFR, FGFR, and PDGFR), respectively
[8—10]. If success in developing kinase inhibitor drugs has been
limited, one reason is that the majority of inhibitors bind to the
evolutionary conserved ATP binding pocket common to all kinases.
Therefore, it is challenging to identify highly selective inhibitors
that will not inhibit off-target kinases and affect other crucial
signaling pathways leading to side effects when used as a therapy.

0003-2697/© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Reduced selectivity may be a lesser concern when treating cancer
given that some off-target effects may be tolerated for the greater
benefit of the therapy [11]. However for nonlethal maladies, high
target selectivity is critical for avoiding side effects due to drug
toxicities that could outweigh the therapeutic benefits of the drug
and cannot be managed. This could explain why the majority of the
drugs approved are for the treatment of cancer. Many pharma-
ceutical companies endeavor to develop drugs that have the right
balance between potency and selectivity for cancer and for other
ailments [5] such as chronic inflammatory and autoimmune dis-
eases [12], hypertension, and Parkinson's disease [13].

Many drug discovery programs are devoted to the identification
of kinase inhibitors with an adequate balance between potency and
selectivity. To achieve this balance, new drug entities need to be
profiled against various liability panels including protein kinases.
Profiling a compound against a broad panel of kinases provides a
better understanding of its mode of action and may reveal potential
toxicities [14,15]. Moreover, defining specificity of inhibitors toward
a particular kinase or kinase group has proved to be useful to the
research community in general and to the cell-signaling commu-
nity in particular [16,17].

Several kinase detection assays have been developed for kin-
ase—small molecule interactions in low-to high-throughput set-
tings [18—21]. These technologies are used either to measure the
effect of the small molecule on the catalytic activity of the kinase or
to assess the binding affinity to the ATP binding pocket. Although
these assays are classically used for a small number of kinases at a
time in a screening or characterization mode, they are mostly
deployed for profiling in a fee-for-service model by service pro-
viders [22—27]. Some offer large kinase panel profiling using
activity-based radiometric assays [23,26]. Others use phage
display-based binding assays because they provide large kinase
panel profiling service [24,25]. Other technologies, such as mobility
shift kinase assays, were also adopted by others to provide large
kinase panel profiling service. This fee-for-service model is attrac-
tive given the difficulty of setting up large profiling kinase panels.
However, although cost, time, and confidentiality factors may
prohibit the use of a service provider, the alternative of creating and
maintaining kinase panels in-house may also be cost prohibitive
and cumbersome. It would involve rigorously optimizing each
enzyme across the panel and keeping a large number of kinase
stocks in a perfect stable condition to be used each time a com-
pound selectivity profile is needed [28—30].

In this article, we describe the development of a pre-configured
and standardized kinase profiling system that can be implemented
as a cost-effective in-house approach. The system is based on
luminescent ADP detection by the ADP-Glo kinase assay, a universal
platform that has been validated with a large number of kinases for
drug discovery, enzyme characterization, and inhibitor mode of
action studies [19,31—36]. The kinase profiling systems are a set of
kinases presented in one-time-use multi-tube strips containing
eight enzymes each with their corresponding substrate strips and
are standardized for optimal kinase activity. The strip system pro-
vides flexible kinase inhibitor profiling because each strip can be
used to profile compounds at a single dose or to create a dose range
against eight kinases at once. We created a profiling panel con-
taining 112 kinases belonging to all kinase branches of the kinome
[1]. We show that this kinase profiling strip approach can routinely
generate selectivity profiles against small or large kinase panels and
can identify compound promiscuity across the kinome.

Finally, because chemical compounds specific for one class of
kinases such us lipid kinases can potentially have off-target effects
and inhibit kinases in other groups of the kinome, we also assem-
bled four class I PI3 kinases in strip format and tested them in an
inhibitor profiling experiment. When these were used with protein

kinases in the same profiling experiments, unknown off-target ef-
fects of specific PI3 kinase inhibitors were identified, emphasizing
the importance of profiling lipid and protein Kkinases
simultaneously.

Materials and methods
Materials

Kinases, substrates, and cofactors were obtained from Signal-
Chem (Richmond, BC, Canada), except PKA, PKC, DNA-PK, PI3 ki-
nases d, B, v, and 3, neurogranin, kemptide, and DNA-PK peptide,
which were obtained from Promega (Madison, WI, USA). Table S1 in
the Online Supplementary Material provides a list of all the kinases,
substrates, and cofactors used in this study. SB203580 was obtained
from Promega. Gefitinib, roscovitine, dasatinib, tofacitinib, toza-
sertib, LY294002, AZD6482, AS252424, and AS605240 were pur-
chased from LC Laboratories (Woburn, MA, USA). The ADP-Glo
kinase assay was obtained from Promega. Low-volume, 384-well,
white round-bottom untreated polystyrene microplates and half-
area 96-well white untreated microplates were obtained from
Corning (Corning, NY, USA). Bovine serum albumin (BSA; blot-
qualified BSA, cat. no. 3841) was obtained from Promega.

Kinase assay conditions

All kinase reactions were performed in kinase reaction buffer
(40 mM Tris [pH 7.5], 20 mM MgCl,, 0.1 mg/ml BSA, and 50 uM
dithiothreitol) supplemented with 10 uM ATP and various cofactors
(Table S1). All kinase reactions were performed in a 5-ul volume in
384-well plates and were incubated for 1 h at room temperature
(22—25 °C).

Kinase and substrate strip assembly

All of the kinases were serially diluted starting from 200 ng per
reaction with their substrate and cofactors (concentrations indi-
cated in Table S1). Once optimal kinase concentration was defined,
the kinases were diluted in a kinase storage buffer to make a 50x
concentrated stock and the substrates/cofactors were diluted to
make a 3.3 x concentrated stock. These kinases and substrates were
grouped by kinase family, assembled in multi-tube PCR strips (eight
kinases or eight substrates per strip), and stored at —80 °C as one-
time-use aliquots. The kinase and substrate aliquots are 5 and 45 pl
per tube, respectively.

Kinase profiling system general protocol

Each kinase stock in the kinase strip was diluted with 95 pl of
2.5x kinase reaction buffer, and each substrate/cofactor stock in
the substrate strip was diluted with 15 ul of 100 uM ATP. Both
kinase and substrate/cofactor concentrations are now 2.5x. As
described in Fig. 3 (see Results and Discussion), 2 pl of the kinase
working stocks and 2 ul of the ATP/substrate working stocks were
dispensed in the 384-well plate wells along with 1 pl of buffer,
compound, or 5% dimethyl sulfoxide (DMSO; vehicle) in a buffer.
The reactions were incubated for 1 h at room temperature. To
detect the activity of each kinase, the ADP-Glo kinase assay was
used according to the manufacturer's protocol and previously
published method [19]. Briefly, to the 5-pl kinase reactions, 5 pul of
ADP-Glo reagent was added to stop the kinase reaction and
deplete any ATP remaining. The mixture was incubated for 40 min
at room temperature. Then, 10 pl of kinase detection reagent was
added and the mixture was incubated for an additional 30 min to
convert the kinase-produced ADP to ATP and then to light using
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Fig.1. Kinase targets selected for the kinase profiling panel. The kinases are presented on a kinome dendogram based on their relationships in terms of sequence homology and for
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kinases spread all over the kinome have a gray color. The bottom panels represent how the 112 kinases are organized in the 14 eight-strip tubes.

luciferase/luciferin reaction. The light generated was measured
using a luminometer (GloMax Discover, Promega). The lumines-
cent signal generated is proportional to the ADP concentration
present, and it is correlated with the amount of kinase activity.
More details about the ADP-Glo assay protocol and its applications
were described previously [19].

Kinase inhibitor profiling

Six compounds were used to validate the profiling system's
ability to accurately create kinase inhibition profiles. The systems
were tested with inhibitors as a single-dose inhibition or in dos-
e—response mode to calculate percentage activity remaining after
incubating with one inhibitor dose or to calculate ICsq values for
eight enzymes at a time. Step-by-step profiling methods described
previously, and illustrated in Figs. S1 and S2 in the Supplementary
Material, were followed [37]. Briefly, kinase assays were assembled
using 1 pl of 5% concentrated compound, 2 pl of kinase working
stock, and 2 pl of the corresponding ATP/substrate working stock in
a 384-well plate. The volumes aliquoted in the kinase profiling
strips are sufficient for either one 10-point inhibitor dose response
or up to 10 compounds tested at a single dose. In every experiment,
no-enzyme and no-compound control reactions were included to
represent background luminescence (0% activity) and non-
inhibited kinase activity (100% activity), respectively. The re-
ported percentage kinase activity was calculated by subtracting the

average no-enzyme control luminescence from all kinase-
containing reactions with or without compound and then con-
verting these net luminescence values to percentage activity based
on the no-compound control reactions representing 100% kinase
activity.

Results and discussion

To profile a small molecule kinase inhibitor using an activity-
based kinase assay, different kinases are simultaneously assayed
in the presence and absence of the compound to be profiled. First,
an assay that is compatible with all of the kinases to be profiled is
selected. Second, prior to profiling, a titration of each enzyme is
used to select an appropriate amount to be used in the profiling
reactions. This amount of kinase should be as low as possible, in the
linear range of the enzyme activity and the assay, and should
produce a reasonable assay window (e.g., signal-to-background
ratio >10). This can reasonably managed with a small number of
kinases [29]. However, for large kinase panels or for repetitive
routine profiling, the logistics of maintaining enzyme stocks and
assay optimization become cost and labor intensive [28,30].
Therefore, we standardized the kinases for activity and created
one-time-use kinase and substrate stocks that can be stored in the
freezer with stable activity over time. The amounts chosen for each
kinase produce similar signal-to-background ratios across the
panel to create meaningful inhibitor potency comparisons. In



12 J. Hennek et al. / Analytical Biochemistry 495 (2016) 9—20

]le EGFR

Luminescence (RLU)

0.1 1 10 100 1000
Kinase (ng)

Luminescence (RLU)

0.1 1 10 100 1000
Kinase (ng)

= InsR

Luminescence (RLU)

0.1 1 10 100 1000
Kinase (ng)

2500014 ppGFRo

20000-

- =
o O
o O
o O
L <

Luminescence (RLU)
]
(=]
(=]
o

10 100 1000
Kinase (ng)

PQ
-
-

40000+
o HER2
30000+
20000+

10000+

Luminescence (RLU)

0- T T |
0.1 1 10 100 1000
Kinase (ng)

60000+
50000+
40000+
30000+
20000+
10000+

o IGF1R

Luminescence (RLU)

0.1 1 10 100 1000
Kinase (ng)

600007, KpR

Luminescence (RLU)

0.1 1 10 100 1000
Kinase (ng)

— 60000-
3
& 50000
8 40000
g 30000
2 200004
E 10000-
-
0.
0.1 1 10 100 1000
Kinase (ng)

v PDGFRp v

Fig.2. Standardizing kinase activities. Kinases were titrated eight at a time in 384-well plates using a 5-pl reaction volume, and their activities were analyzed using ADP-Glo assay as
described in Materials and Methods. The dashed insets represent the linear area of each kinase curve where the amount selected for each enzyme produces approximately 10—30%
ATP to ADP conversion with at least a signal-to-background ratio of 10 at 10 uM ATP. Curve fitting was performed using a sigmoidal dose—response (variable slope) equation in
GraphPad Prism software. An ATP-to-ADP conversion curve in the 10 uM total nucleotide concentration was performed at the same time to correlate the percentage ADP produced
to each RLU (relative light units) value as described previously [19]. Luminescence values represent the averages of two replicates.

addition, to streamline the process, we created a simple protocol
with a small number of dispensing steps.

Kinase selections and grouping

To create a meaningful kinase profiling panel, at least eight
representative kinases from each branch of the kinome were
selected. This provided at least one multi-tube strip containing
eight kinases from each subfamily (Fig. 1). The 112 kinases depicted
in Fig. 1 and grouped in 14 strips constitute a panel that covers the
human kinome in a representative fashion and contains the ma-
jority of drug targets identified to date. In addition, the kinases in
each branch of the kinome were chosen based on published panels
used for profiling during the last decade. The kinases selected have
been either commonly profiled in the literature or described in
different kinase drug discovery programs [5,28,38]. We included

kinase targets of the majority of FDA-approved kinase inhibitors [6]
that may serve as inhibition controls (Table 1).

Standardizing kinase activities

Available recombinant kinases have a wide range of specific
activities, such that different volumes need to be dispensed from
each kinase stock to generate similar activities across a set. To
facilitate this process, we chose an amount of each enzyme that
converts approximately 10—30% ATP to ADP and produces a signal-
to-background ratio of at least 10 at 10 uM ATP. Based on this
amount of kinase, stock solutions were created in equal volumes so
that after a standardized dilution step, 2 ul of each kinase could be
used for each reaction.

The selected enzymes were titrated, eight at once starting
from 200 ng per reaction, using assay conditions that we
developed previously to create 174 kinase enzyme systems
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segment of the EGFR curve is represented in bold in Table 2 (e.g.,
12.5 ng/5 pul reaction). Because the kinases are sensitive to freeze/
thaw cycles and can lose activity when stored at low concen-
trations, a 50x concentrated stock of the amount identified by
titration was prepared in a storage buffer containing BSA and
glycerol. For the EGFR example, the 50x stock is 125 ng/ul, which
is aliquoted to 5 ul per strip tube and used one time to create
multiple profiling reactions. The volumes aliquoted in the kinase
profiling strips (5 pl) are sufficient for either one 10-point in-
hibitor dose response or up to 10 compounds tested at a
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developed previously and can be stored in a more diluted state than
\l, the kinases. The substrate and cofactor mixtures were shown to be
stable in —80 °C storage (data not shown). Therefore, we mixed the
substrate peptides or proteins and any needed cofactors such as
MnCl;, AMP, and lipids to make 3.3x concentrated stocks (see
Table S1 in Supplementary Material) and dispensed 45 ul per strip
tube. Each eight-kinase strip was paired with its corresponding

1ul

Incubate for 60 min

Analyze Kinase activity

Fig.3. Kinase profiling systems principle. Kinase stocks (50x) were diluted directly in
the strip tubes with 2.5x kinase buffer, and substrates/cofactor stocks (3.3x) were
diluted with 100 uM ATP solution to create working stocks (2.5x). Kinase reactions
were performed using 1 pl of compound or vehicle control, 2 pl of kinase working

stock, and 2 pl of ATP/substrate working stock. After a 1-h incubation at room tem-
perature (22—25 °C), kinase activity was quantified using the ADP-Glo kinase assay.
The luminescent signal generated is proportional to ADP concentration and is corre-
lated with kinase activity.

substrate/cofactor strip and stored at —80 °C.
For ease of use, the profiling protocol was also standardized
(see Fig. 3 below) so that only one dilution each is required for the

kinase and the substrate stocks to create working solutions. Each
kinase and substrate stock is diluted with the same volume of

Table 1
FDA-approved small molecule drugs and their kinase targets present in the profiling system panel described here.

Drug Year approved Known target(s)™" Profiling family strip(s)
Afatinib 2013 EGFR TK-1

Axitinib 2012 VEGFR1/2/3 (FLT1) TK-4

Bosutinib 2012 ABL, SRC, LYN, HCK TK-2

Cabozantinib 2012 RET, MET, VEGFR1/2/3, AXL, KIT, TRKB, FLT3, TIE2 TK-4, TK-3

Ceritinib 2014 ALK, IGF1R, InsR, ROS1 TK-1

Crizotinib 2011 ALK, c-MET, ROS TK-4

Dasatinib 2006 ABL, SRC, LCK, FYN, PDGFRb, YES, KIT, EPHA2 TK-2, TK-1

Dabrafenib 2013 B-RAF N/A

Erlotinib 2004 EGFR TK-1

Gefitinib 2003 EGFR TK-1

Ibrutinib 2013 BTK TK-2

Idelalisib 2014 PI3Kd PI3K small panel
Imatinib 2001 ABL, PDGFR, KIT TK-2, TK-1

Lapatinib 2007 EGFR; HER2 TK-1

Lenvatinib 2015 VEGFR, FGFR, RET, PDGFR, KIT TK-4, TK-1

Nilotinib 2007 ABL, PDGFR TK-2, TK-1

Nintedanib 2014 VEGFR, FGFR, PDGFR TK-4, TK-1

Palbociclib 2015 CDK4/6 CMGC-2

Pazopanib 2009 VEGFR, FGFR1/3, FMS, PDGFR, KIT, LCK, ITK TK-4, TK-1, TK-2, TK-3
Ponatinib 2012 ABL and ABL T315I, VEGFR, PDGFR, FGFR, SRC, KIT, RET TK-2, TK-4, TK1
Regorafenib 2012 VEGFR, ABL, B-RAF, KIT, PDGFR, RET, FGFR1/2, TIE2 TK-4, TK-2, TK-1
Ruxolitinib 2011 JAK1/2 N/A

Sorafenib 2005 RAF, KIT, FLT3, RET, VEGFR, PDGFR TK-4, TK-1

Sunitinib 2006 PDGFR, VEGFR, KIT, FLT3, CSF-1R, RET TK-1, TK-4

Tofacitinib 2012 JAK3 TK-3

Trametinib 2013 MEK1/2 N/A

Vandetanib 2011 EGFR, VEGFR, RET, BRK, TIE2, EPHA, SRC family TK-1, TK-4, TK-2, TK-3
Vemurafenib 2011 A/B/C-Raf, B-Raf (V600E) N/A

@ The targets shown here are primary and secondary for each drug.
b The targets included in the profiling systems are shown in bold.
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Table 2

EGEFR titration to define 50x concentration for profiling system development.
EGFR (ng)™: 200 100 50 25
RLU 56555 46326 36021 28000
S/B 358 293 228 117
% ADP 88 73 58 46

12.5 6.3 3.1 1.6 0.8 0

13879 5887 2506 1072 568 158
88 37 16 7 4 1
22 9 4 2 1

Note. RLU, relative light units; S/B, signal-to-background ratio.
2 The optimal amount chosen for EGFR from the curve is represented in bold.

buffer or ATP. The working solutions become 2.5x concentrated
and are ready to be added to the kinase reaction. Because the
kinases were standardized for activity in 5-pl reactions, identical
volumes of both kinase and substrate working solutions (2 ul
each) are added across the plate to create a 1x reaction concen-
tration after 1 pl of buffer, compound, or vehicle (e.g., DMSO) is
added to the well. The incubation time was also standardized to
1 h to allow all of the kinases to generate similar percentage ATP
conversion.

To test the consistency of our approach, multiple 50x and 3.3 x
stocks of kinase and substrate strips, respectively, were made, and
their performances were compared with each other and with initial
pilot stocks following the same protocol. Fig. 4 shows a comparison
between the performances of two stocks for eight kinases from the
CMGC family strip in terms of luminescence signal and signal-to-
background ratio. It shows that the stocks made and frozen over
time generated similar data in the previously specified activity
range. Multiple additional stocks that were generated showed
consistent performance and were stable for at least 9 months to 1
year at —80 °C (data not shown). This demonstrates the validity of
this approach for developing profiling reagents in a large stock to be
aliquoted and used routinely.

Validating kinase profiling systems with known inhibitors

We showed that consistent kinase activity measurement from
the kinase profiling systems can be obtained. To validate the utility
of our system for inhibitor profiling, we created single-dose and
dose—response inhibition profiles following the protocol described
in Fig. 3 and in Figs. ST and S2 of the Supplementary Material. For
single-dose inhibition, four strips of eight kinases were used with
five known small molecule kinase inhibitors, either approved drugs
or research compounds. A single-dose profiling protocol described
in Fig. S1 was used, and we generated data representing percentage
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Fig.4. Reproducibility of the kinase strip approach. Two independently made kinase
stock batches (50x) of eight kinases from the CMGC group were created according to
the described protocol and stored at —80 °C. The activities of both kinase sets were
tested using the strip protocol and compared. Luminescence (relative light units, RLU)
and signal-to-background (S/B) ratios shown are averages of replicates of both
measurements.

of activity remaining in the presence of the compounds. The data
presented in Fig. 5 are consistent with previously published liter-
ature. The kinase profiling systems allowed the accurate detection
of different types of inhibition: (i) specific kinase inhibitors such as
tofacitinib, which is a potent and selective JAK3 inhibitor approved
for rheumatoid arthritis [9]; (ii) family selective inhibitors such as
gefitinib, which targets EGFR and HER2 in the family of ErbB ki-
nases [39], or dasatinib, whose main targets are ABL kinase and the
SRC family, along with several other tyrosine kinases, but not ErbB
family kinases such as EGFR and HER2 [40]. Moreover, the profiling
systems also distinguished inhibition nuances between selective
and potent kinase subfamily inhibitors such as dasatinib and less
potent but very selective subfamily inhibitors such as roscovitine.
Roscovitine is very selective for a number of cyclin-dependent ki-
nases (CDKs) but with less potency than the tyrosine kinase in-
hibitors described above [41]. As a control for our validation
experiment, the p38 MAPK specific inhibitor SB203580 [42,43] was
used and no inhibition was observed with the non-target kinases
used.

To validate the profiling system for dose—response inhibition,
the p38 MAPK family selective inhibitor SB203580 was used to
identify the ICs9 rank order among 16 different CMGC family
kinases and more specifically in the p38 kinase subfamily. A
dose—response profiling protocol described in Fig. S2 was
applied here to generate ICsy data for each kinase that are
consistent with published literature [42] (Fig. 6A). SB203580 was
more potent against the target kinases p38a (IC59: 16 nM) and
p38p (IC50: 114 nM) than the other p38 kinases. Other members
of the CMGC family were either not inhibited (p38y, 9, ERK2,
and CDKs) or weakly inhibited (JNK1, JNK3, and GSK3B ICsg
values = 3.3, 0.5, and 1.5 pM, respectively). These results validate
the robustness and practicality of our kinase profiling
strip concept in accurately identifying kinase inhibitors and
potencies.

Kinase inhibitor profiling for 112 kinases

The profiling strip approach proved to be useful for quick kinase
inhibitor profiling for small kinase panels. To validate these
profiling systems with a larger kinase panel, all 112 kinases in the
14 strips were used in one experimental setup. We adopted two
strips per 384-well plate for a total of seven plates and followed the
protocol for dose—response inhibitor profiling (Fig. S2). The
approach was simple enough for all solution dispensing to be done
manually. Seven replicate plates containing compound serial di-
lutions were created by dispensing 1 pl of pre-prepared SB203580
serial dilution stocks. Next, using two different kinase strips per
plate, kinase and substrate stock solutions were dispensed and the
plates were incubated before kinase activities were detected using
the bioluminescent ADP detection assay. To simplify data analysis
when large data sets are generated, worksheets (SMART protocols
at http://www.promega.com/resources/tools/) were created in
Microsoft Excel for calculating ICsg values according to a published
method [44]. To easily visualize the SB203580 inhibition profile of
the 112-kinase panel, we created a bubble plot on the kinome
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Fig.5. Validation of the strip approach for single-dose inhibitor profile creation. A total
of 32 kinases from four different kinase strips were profiled against five kinase in-
hibitors (1 uM) at once using the single-dose inhibition protocol described in Fig. S1 of
the supplementary material. One 384-well plate column was used for each compound/
kinase strip pair reaction, one column was used for no-enzyme controls (0% kinase
activity), and one column was used for no-compound controls (100% kinase activity).
The percentages of activity remaining for kinase/compound pairs are shown and
represent the averages of two replicates. Data were collected using the single-dose
SMART protocol (http://www.promega.com/resources/tools/), which calculates the
percentage kinase activity by subtracting the no-enzyme control luminescence from all
kinase-containing reactions and then converting the net luminescence values to per-
centage activity based on the no-compound control reactions.

image where bubbles represent ICsg values for all of the kinases
with size in proportion to potency (Fig. 6B). As predicted, the data in
Fig. 6B and Table 3 show that SB203580 is a potent and selective
inhibitor for both p38a and p38p. We were able to identify an off-
target kinase RIPK2 from a different kinome branch (TKL). RIPK2
was potently inhibited with an ICs¢ of 46 nM, which is closer to
p38a (IC50 = 16 nM) than the other inhibited CMGC kinases such as
p38p and JNK3 (Fig. 6A and B and Table 3). RIPK2 was confirmed to
be inhibited by SB203580 with a similar IC5g9 in a separate dos-
e—response experiment (data not shown), and this has also been
reported in the literature [45].

For a quick assessment of the overall selectivity of a small
number of compounds identified during compound library
screening, it is useful to perform a single-dose inhibitor profiling.
To validate our approach for this purpose with a large kinase panel
in a single-dose profiling, 112 kinases were used in one experi-
mental setup with six compounds. We adopted three strips per
each 384-well plate for a total of 5 plates. The remaining kinase
activity for the 112 kinases in response to 1-puM inhibitor treat-
ments is presented as a heat map in Fig. 7 (right panel). As shown
previously, all of the specific and family inhibitions were
confirmed. In addition, off-target activity of SB203580 on RIPK2
was confirmed. Interestingly, RIPK2 was also inhibited by gefitinib
and dasatinib, which are tyrosine kinase family inhibitors. RIPK2
inhibition by these two inhibitors has also been reported in the
literature [23,45].

Many useful features of a convenient profiling approach have
been described here, showing that once profiling strips are made
and stored, compound selectivity assessments can be routinely
performed. This approach saves time, and because of its flexibility it
can be used in various stages of kinase drug discovery. For example,
numerous hits from high-throughput screening (HTS) can be tested
simultaneously for selectivity in single-dose mode, or a few lead
compounds can be assessed for their potency in dose—response
mode across a large kinase panel. Although 112 kinases constitute
good coverage of the kinome and provide a general view of in-
hibitor selectivity, one shortcoming for the selected panel is that
the inhibition of some of the kinases not represented might be
missed.

Comparison of bioluminescent and radioactive kinase inhibitor
profiling

Radioactivity-based methods are considered the “gold stan-
dard” for many detection assays. However, additional assay for-
mats such as fluorescence, luminescence, and absorbance have
been developed. When used for kinase activity detection, these
systems have some advantages such as ease of use, safety, and
homogeneous formats making them HTS friendly. But some
nonradioactive approaches have drawbacks such us high false
positive rates due to compound fluorescence or absorbance, low
sensitivity, and requirements for modified substrates or different
antibodies for each assay [46]. Previously, we and others have
shown that bioluminescent ADP detection-based kinase assays
are similar to radioactive assays in sensitivity and ICs9 de-
terminations [19,47]. We needed to validate the data generated
by the kinase profiling strips approach by comparing the inhi-
bition values obtained with previously published profiling data.
Several approaches were used for generating large biochemical-
based kinase profiling maps, measuring either the binding of
the small molecule to the kinases [24,48—50] or the inhibition of
kinase catalytic activity [23,26,27]. Here, we chose to compare
profiling strip data with a radioactive method because both as-
says are based on biochemical kinase activity detection. A com-
mon radiometric approach is based on filter binding where the
kinase reaction is performed in the presence of [y-3?P]ATP or
[Y-*P]ATP, followed by binding of the radioactive product to
filters. This technique requires washing to eliminate unbound
radioactive material before quantification. Because of the
washing steps and safety concerns associated with radioisotope
handling, these technologies are not homogeneous and are un-
attractive to many researchers for large-scale kinase screening or
profiling. However, corporations such as Reaction Biology and
EMD Millipore do offer large-scale kinase profiling using radio-
metric assays as a fee for service. Anastassiadis and coworkers
described one of the largest profiling data sets using the
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Fig.6. Validation of the strip approach for dose—response inhibitor profile creation. (A) The p38 kinase inhibitor SB203580 was tested on two CMGC kinase strips in 10-point
inhibitor dose response as described previously and in Fig. S2 of the Supplementary Material. Curves were fit to a sigmoidal dose—response (variable slope) equation using the
dose—response SMART protocol (http://www.promega.com/resources/tools/). The percentages of activity remaining for kinases are shown and represent the averages of two
replicates. (B) Profiling the SB203580 compound against the 112-kinase panel using the strip approach. Using the dose—response SMART protocol, ICsq values for kinases were
collected and converted in Microsoft Excel to different size bubbles to represent the potency of the compound against the kinases.

radiometric HotSpot technology offered by a service provider
[23]. A panel of 300 recombinant protein kinases was used with a
library of 178 compounds. Only 106 kinases from our panel were
profiled in the radiometric panel. Therefore, we compared the

Table 3
ICso values calculated for SB203580 toward the
kinases in the panel.

Kinase® ICs5o (nM)
p38a 16
RIPK2 46
p38p 114
JNK3 466
ALK4 853
CK1e 937
BRK 1334
TNIK 1382
GSK3p 1513
HER2 2081
CK1a1 3007
RET 3219
JNK1 3272
ALK2 4872
HER4 5053
FGFR1 7271

2 For the rest of the kinases, no ICsy could be
calculated because the compound had no
detectable potency.

data generated with our panel for six compounds with the data
generated using the radiometric assay for those 106 kinases. The
heat map comparison in Fig. 7 shows good correlation between
bioluminescent profiling strip data and the HotSpot data. Indeed,
more than 95% of the inhibition values fall within the same range
of activity. Because our assay was performed at 1 uM compound
concentration compared with 0.5 uM for the radiometric assay, a
few kinases show a slight shift in inhibition profile either from
high activity remaining (blue) to medium activity (white) or from
medium activity remaining (white) to low activity (red). An
example of the latter is RIPK2, whose inhibition by three of the
small molecules tested was also confirmed. The observed close
correlation to a radiometric kinase assay method reinforces the
validation of the profiling strips method to generate accurate
inhibitor profiles in an uncomplicated fashion. By using the
bioluminescent approach to generate profiling data, we elimi-
nated undesirable aspects associated with the use of radioactivity
or outsourcing.

Simultaneous profiling of protein and lipid kinases

A desirable component of a simple profiling technique is an
assay that detects the activity of all the kinases simultaneously.
Lipid kinases have special requirements for assay development
due to the intricate nature of the lipid substrates. Therefore,
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specific assays are used to assess their activities, making them
difficult to be included with protein kinases in one setup. This is
not an issue when using the luminescent ADP detection assay
given that it was previously validated for its robustness and ac-
curacy in detecting the activity of lipid kinases such as PI3 and PI4
kinases [47,51]. We applied our kinase standardizing approach to
lipid kinases and created a strip containing the PI3 kinases «, f, v,
and J. The PI3K strip was used along with the “Other/CK1” strip
containing protein kinases from the CK1, the “Other” kinome
branch, and DNA-PK. We analyzed the activity of four known PI3K
inhibitors: broad-spectrum PI3K inhibitor L[Y294002, specific
PI3Kp inhibitor AZD6482, and two PI3Ky inhibitors AS252424 and
AS605240. The inhibition profiles of these inhibitors are presented
in Fig. 8, and the ICsg values generated are shown in Table S2 of
the Supplementary Material. All four inhibitors are active with
different potencies and different ICso ranges against all of the PI3
kinases. An exception is AS252424, which inhibits the target PI3Ky
with a low ICsg of 52 nM and the other PI3 kinases with high ICsq
but does not inhibit PI3Kp (Fig. 8D). DNA-PK, which belongs to the
same “ATYPICAL” kinome branch as the PI3 kinases (Fig. 1), was
also inhibited, as was previously shown by AZD6482 and
LY294002 compounds [52]. We found that AS605240 showed the
highest potency against DNA-PK with an ICsg of 16.3 nM, which is
within the same range to its PI3Ky inhibition (6.4 nM) that this
compound is known to be selective for (Fig. 8C and Table S2). The
IC50 values obtained and the rank orders for these inhibitors are
also similar to those in previous reports [52—54]. Surprisingly, we
found that in the “Other/CK1” family the protein kinase CK2 was
inhibited by AS605240 and AS252424 with potencies similar to
that for PI3Ky (Fig. 8C and D). AS252424 was previously reported
to inhibit CK2 with no discussion from the authors of the report
about a potential effect on the CK2 pathway [54]. AS605240 was
not reported to inhibit CK2. Both compounds were reported to
specifically inhibit the PI3Ky pathway, leading to conclusions that
these compounds could have potential application in the treat-
ment of PI3K-mediated chronic inflammatory diseases such as
glomerulonephritis [55—57]. CK2 phosphorylates hundreds of
substrates and potentially participates in the regulation of diverse
cellular processes [58]. During recent years, this ubiquitous kinase
was also shown to be involved in inflammation [59,60]. Our
finding that CK2 is highly inhibited by these PI3Ky compounds
suggests that the effects observed on the regulation of inflam-
matory responses could be attributed to CK2 or could synergisti-
cally involve both the PI3Ky and CK2 pathways [55,60]. This
emphasizes the importance of including lipid and protein kinases
in profiling experiments to rule out any misinterpretations or
erroneous conclusions related to the effects of compounds at the
cellular level.

We have shown here that lipid kinases can also be assembled in
strip format to be used with protein kinases in the same profiling
experiments. Profiling these kinases in strips easily identifies
compound selectivity toward members of the PI3 kinase family and
defines rank orders. Finally, because compounds were profiled
simultaneously against lipid and protein kinases, unknown off-

Fig.7. Comparison of large selectivity profiles generated with the luminescent and
radiometric approaches. Right panel: A total of 106 kinases from the kinase strips panel
were tested in the luminescent method described here against six compounds known
for their specific inhibition profiles at 1 uM concentration. The single-dose inhibition
protocol and data collection were performed as described in Fig. 3. Percentages of
activity remaining for kinase/compound pairs are shown as a heat map representing
different kinase activity ranges. Left panel: Data produced by a radiometric assay [23]
for the same 106 kinases was collected from the publication and converted to a heat
map for comparison with the luminescent approach.
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Fig.8. Selectivity profiling of PI3 kinase inhibitors. Lipid kinase inhibitors LY294002 (A), AZD 6482 (B), AS605240 (C), and AS252424 (D) were profiled against PI3 kinases and
selected protein kinases simultaneously using the strip approach. To have the 12 kinases together in one graph, curves were fit to a sigmoidal dose—response (variable slope)
equation using GraphPad Prism software. The percentages of activity remaining for kinase/compound pairs are shown and represent the averages of two replicates. ICso values

calculated are presented in Table S2 of the Supplementary Material.

target effects that would have been missed otherwise were
identified.

Conclusions

During drug development, profiling kinase inhibitors is a crucial
step that allows medicinal chemists to pursue lead compound
optimization and dial in a good balance between potency and
selectivity. Early and iterative availability of this information during
the optimization process supports the development of efficacious
drugs with minimal side effects later in the clinic and lowers the
attrition rate of drug candidates. Many techniques are available to
assess the potency of an inhibitor on kinase activity. However, to
assess selectivity of a compound, there are many challenges that
can be encountered. First, to perform a profiling experiment, mul-
tiple kinases need to be assayed at the same time, and one kinase
assay method might not be suitable for all of them. This challenge
can be overcome with a generic assay that detects the activity of all
kinases regardless of the nature of their substrates. We accom-
plished this in the current examples with an assay that measures
production of the universal kinase product ADP. Second, assay
development for each kinase in the profiling panel and the main-
tenance of kinase enzyme stability and supply can be challenging.
We overcame this challenge by developing a simple biolumines-
cent profiling platform based on the functional ADP detection
assay. Our method relies on standardizing kinase activities and
creating pre-configured kinase stocks that are used in kinase re-
actions to create either inhibitor single-dose or dose—response
profiles. Our method provides a simple but powerful tool to
streamline the profiling process and routinely generate profiling
data in an uncomplicated manner. The data generated by this new
approach are comparable to previously reported methods without
the associated technical challenges such as heavy assay

development, safety due to radioactive material management, and
inconveniences related to outsourcing. We showed that by using
the kinase profiling strip approach, we could easily generate
selectivity profiles with either small or large kinase panels. This
novel approach can be easily adopted by scientists such as medic-
inal chemists and chemical biologists for regular in-house kinase
inhibitor profiling.
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