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ABSTRACT: Kinases have emerged as one of the most prolific therapeutic targets. An important
criterion in the therapeutic success of inhibitors targeting the nucleotide binding pocket of kinases is
the inhibitor residence time. Recently, covalent kinase inhibitors have attracted attention since they
confer terminal inhibition and should thus be more effective than reversible inhibitors with transient
inhibition. The most robust approach to design irreversible inhibitors is to capitalize on the
nucleophilicity of a cysteine thiol group present in the target protein. Herein, we report a systematic
analysis of cysteine residues present in the nucleotide binding site of kinases, which could be
harnessed for irreversible inhibition, taking into consideration the different kinase conformations. We
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demonstrate the predictive power of this analysis with the design and validation of an irreversible
inhibitor of KIT/PDGFR kinases. This is the first example of a covalent kinase inhibitor that combines a pharmacophore addressing the

DFG-out conformation with a covalent trap.

B INTRODUCTION

The sequencing of the human genome resulted in the
identification of 518 protein kinases, which constitutes about
1.7% of all human genes.' Most protein kinases belong to a single
superfamily containing a eukaryotic protein kinase' catalytic do-
main. This domain is composed of approximately 270 amino
acids and promotes the transfer of the ATP 7y phosphate to serine,
threonine, or tyrosine residues of protein substrates (Figure 1A).
Kinases are responsible for the phosphorylation of about one-third
of the proteome, endowing them with a central role in regulating
biochemical pathways. Dysfunction in kinase regulation is respon-
sible for numerous pathologies ranging from inflammation to
cancers””® and has been the subject of numerous drug discovery
efforts. Thus far, the most successful approaches to designing
selective kinase inhibitors targeting the nucleotide binding pocket
have been based on the presence of an inactive conformation
adopted by some kinases, which provides an enhanced level of
discrimination within the kinome. Indeed, “type 1%2”” and “type
2”% inhibitors, such as lapatinib” and imatinib,'® which target the
inactive “C-helix-out”"! (Figure 1B) and “DEG-out”"? (Figure 1C)
conformations, respectively, have been reported to be more specific
than inhibitors targeting the active conformation,™ which is highly
conserved throughout the kinome. Alternatively, efforts have
focused on the unique position of cysteine residues within the
nucleotide binding site to develop irreversible inhibitors (Figure 2).
Indeed, the most selective kinase inhibitor reported to date takes
advantage of two selectivity filters, a bulky gatekeeper residue in
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conjunction with a cysteine residue present in only 11 kinases, to
achieve inhibition of ribosomal protein S6 kinases (RSKs) only.'*
Irreversible inhibitors have a long history in therapeutic inter-
vention,'” and several efforts in the kinase area have progressed to
clinical trials: HKI-272,'° CI-1033,"” EKB-569,'® and BIBW 2992,"
which are directed against lung cancer by inhibiting the epidermal
growth factor receptor (EGFR) kinase.”® Encouragingly, these
irreversible inhibitors overcame some of the limitations of reversible
EGFR inhibitors as they retain activity against the otherwise
debilitating T790—M mutation,'® while maintaining a very good
selectivity profile.*"**

To date, only four distinct cysteine positions in the ATP
binding site have been harnessed for irreversible inhibition (the
positions are marked in orange in Figure 3A), and efforts have
been restricted to cysteines accessible in the “active conforma-
tion”. A cysteine, located just after the hinge region and present in
11 kinases, is targeted with covalent EGFR'®*72° or Bruton's
tyrosine kinase (BTK)*” inhibitors. A second cysteine, located on
the second B-strand, is targeted by the covalent inhibitor CMK,**
directed against RSK kinases. Covalent inhibitors exploiting a
third cysteine shared by 48 kinases, which is localized before the
DFG motif, have been discovered from a natural product family
(resorcylic acid lactones such as hypothemycin).** >" The most
recent covalent inhibition that has been reported targets a

Received:  October 28, 2010
Published: February 15, 2011

1347 dx.doi.org/10.1021/jm 101396 | J. Med. Chem. 2011, 54, 1347-1355



Journal of Medicinal Chemistry

N-terminal
lobe

[
! Hinge
iregion

C-terminal
lobe

(A) Active conformation

(C) Inactive “DFG out” conformation

Figure 1. Catalytic kinase domain and its structural elements. (A) cAMP-dependent kinase (PDB code 1ATP) in the active conformation. The
nucleotide binding loop is in yellow; the third 5-strand of the [3-sheet, bearing the catalytic lysine, is in brown; the C-helix, bearing the catalytic glutamic
acid residue, is in blue; the catalytic loop is in purple; the activation loop, starting with the DFG motif, is in red; the peptide substrate is in green; ATP is
represented in sticks and located in its binding site. Nucleotide and substrate binding sites are outlined in dashed line. (B) Cell division protein kinase 2
(CDK2): superimposition of the inactive C-helix-out conformation (in blue; PDB code 1PXN) with the active one (in gray; PDB code 3BHV). In the
C-helix-out conformation, the glutamic acid residue (shown in stick in the two structures), located on the C-helix, is moved away from the ATP binding
site due to the ionic interaction disruption with the catalytic lysine residue, involving a general displacement of the C-helix. Apart from the DFG motif,
the activation loop is also highly displaced. (C) KIT kinase: superimposition of the inactive DFG-out conformation (in red; PDB code 1T46) with the
active one (in gray; PDB code 1PKG). The phenylalanine of DFG motif is shown in stick in the two structures, to see its displacement in the DFG-out

conformation, due to a general movement of the activation loop.
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Figure 2. Representative irreversible kinase inhibitors reported to date.

cysteine located on the nucleotide binding loop of basic fibro-
blast growth factor receptor (FGFR) kinases.>”

In their review, Zhang et al.® identified about 200 kinases
bearing a cysteine in the nucleotide pocket, thus highlighting the
broad applicability of this approach. While several reports have
described the use of bioinformatics approaches®'****® to iden-
tify a targetable cysteine, a systematic analysis taking into account
the kinase conformation and accessibility to the thiol has not
been reported.

B RESULTS

Workflow Overview. The workflow presented here allows
access to all residues whose side chain robustly participates in the

kinase nucleotide binding site for a large number of protein
kinase crystal structures (Figure 3). The beginning of the work-
flow is tuned to process all available crystal structures of the
kinase catalytic domain and classify them into conformations. As
a result, the structures were mainly classified into three confor-
mations: active,'® inactive C-helix-out,'! and inactive DFG-out."?
This classification is important for the subsequent analysis since
the shape of the ATP binding pocket varies in function of the
conformation."* The workflow allowed side chains that were not
pointing toward the ATP binding site to be discarded. Further-
more, positions with low occurrence in the sequence alignment
(non-robust positions) were also not included. At the end of the
workflow, a list of residue positions robustly participating with
the ATP binding site was obtained for each conformation. Such
information was propagated to kinases without structural data
associated. A first application consisted in finding out which
kinases have accessible cysteines in their ATP binding site, with
the objective to design covalent inhibitors.

Cysteine Residues Inside the ATP Binding Site. As a result
of the workflow, 33 robust residue positions were obtained to
describe the ATP binding site of kinases adopting the active con-
formation. In such a conformation, 211 proteins (43% of eukaryotic
protein kinases, Table SI1 in the Supporting Information) have at
least one cysteine in the ATP binding site, distributed over 27
positions (Table 1 and Figure 3A). We then turned our attention to
the other conformations. To date, 42% of crystallized human
kinases adopt inactive conformations (to be submitted, Leproult
et al.). The inactive C-helix-out conformation confers a globally
larger ATP pocket than in the active conformation, and six addi-
tional cysteine positions were identified (Table 1 and Figure 3B)
resulting in 66 kinases with a targetable cysteine (Table SI2 in the
Supporting Information). For the inactive DFG-out conformation,
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Figure 3. Workflow overview and mapping of the cysteine positions with respect to the kinase conformation. The number inside each sphere denotes
the number of kinases sharing a given cysteine position. Orange spheres denote previously targeted cysteine positions. (A) Active conformation, 27
cysteine positions; (B) C-helix-out conformation, six additional positions; and (C) DFG-out conformation, 10 additional positions. The position
marked with a cyan sphere corresponds to the targeted position in the present work.

Table 1. Number of Kinases Having Cysteines in the Nucleotide Binding Pocket and Number of Positions Where Cysteines Are

Located, Related to the Kinase Conformation”

Conformation Nc Nk AGC CAMK CK1
Active 27 211 (47) 15 36 2
DEG-out 10* 127 (7) s 35 1
C-helix-out 6" 66 (2) 32 6 1

CMGC RGC STE TK TKL OTHER Nx

16 S 28 42 13 54 44
26 1 19 20 N 15 11
3 0 10 7 1 6 1

“Nc, number of cysteines positions; *, specific positions of the inactive kinase conformations of which all positions found for the active conformation
have to be added; Nk, number of kinases having at least one cysteine (number of kinases having more than one cysteine); Ns, number of kinases per
kinase subfamily; and Nx, number of kinases having crystal structures in the desired conformation.

10 additional cysteine positions (Table 1) with respect to the active
conformation were found (Figure 3C). These are all located in the
extended pocket characteristic of the DFG-out conformation.
Globally, 127 kinases have at least one cysteine located in this
extension (Table SI3 in the Supporting Information), which is not
accessible in the active conformation and provides opportunities
that have thus far not been explored.

Design of a Covalent Kinase Inhibitor Targeting the
Inactive DFG-out Conformation. The analysis of cysteine
positioning revealed a unique opportunity to discriminate among
kinases targeted by pharmacophores designed for the DFG-out
conformation, for example, imatinib'® (Figure 4B). This con-
formation has been observed for 16% of the crystallized kinases,
and indeed, while imatinib was designed to selectively target
Abelson tyrosine kinase (ABL), it is now known also to inhibit
two other therapeutic targets:*>** the mast/stem cell growth
factor receptor (KIT) and the platelet-derived growth factor
receptor (PDGFR). Among these three kinases, only KIT and
PDGEFR kinases bear a cysteine at the beginning of the catalytic
loop (position equivalent to Cys788/Cys814 in KIT/PDGFRa
kinases, Table SI3 in the Supporting Information), which could

be exploited as a second selectivity filter to further refine the
selectivity of an inhibitor and provide terminal inhibition. This
position is located in the extension of the ATP binding site when
the kinase adopts the inactive DFG-out conformation (the
position is marked in cyan in Figure 3C).

Two crystal structures of the KIT and ABL kinases exhibiting
the DFG-out conformation in complex with imatinib are avail-
able in the Protein Data Bank (PDB)>® (Figure 4A; codes: 1T46
and 2HYY, respectively). The cysteine suggested by our study is
solvent exposed and should thus be accessible for covalent bond
formation. The striking proximity between this cysteine and the
methylpiperazine group of imatinib in the KIT crystal structure
suggested that modification of imatinib to include a suitably
positioned electrophilic moiety should result in a reaction with
cysteine. As shown in Figure 4B, starting from the imatinib
heteroaromatic core structure, the aniline was acylated with
4-chloromethyl benzoyl chloride to afford compound 1. The
benzyl chloride was then converted into the benzyl amine
(compound 2) under the action of ammonia and acylated with
chloroacetic anhydride, crotyl anhydride, or methylacrylic anhy-
dride to provide compounds 3, 4, and S, respectively. This
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Figure 4. Design, synthesis, and characterization of irreversible inhibi-
tors of KIT and PDGFR kinases in the DFG-out conformation. (A)
Superimposition of two kinase crystal structures adopting the inactive
DFG-out conformation in complex with imatinib: ABL (in light gray;
PDB code 2HYY) and KIT (in dark gray; PDB code 1T46). (B)
Synthesis of compounds 1—5 (electrophilic traps are shown in red).
(C) Homology modeling of PDGEFR kinase in complex with molecular
models of imatinib analogues 1 and 3 bearing different electrophilic
traps. (D) Sequencing by MS/MS fragmentation of PDGFR tryptic
digest showing the expected shift in molecular weight for the cysteine
adduct having reacted with compound 3.

synthesis thus afforded four compounds with slightly different
distances between the heteroaromatic core and the electrophilic
trap as well as two different reactivity modes (Michael addition or
nucleophilic substitution). While molecular models suggested
that compound 3 (Figure 4C) should have the optimal align-
ment, we reasoned that a certain level of mobility in the side chain
may in fact favor other geometries. The inhibition ICg, of these
five compounds, together with imatinib, was measured for ABL1,
KIT, and PDGFRa. (Table 2). While this assay measures kinase

activity and thus requires the phosphorylated state that favors the
active conformation, we reasoned that the comparison between
the five compounds and the imatinib would remain relevant and
would provide an indication whether the modifications had had a
deleterious impact. As the kinase substrate is added simulta-
neously with the kinase and the assay is allowed to proceed for
only 60 min, we did not anticipate a pronounced impact stemm-
ing from covalent inhibition. Aside from compound 1, all other
derivatives lost their activity against ABL, presumably due to the
loss of ionic interaction between the positively char§ed methy-
lated nitrogen of the piperazine ring of imatinib®® and the
carbonyl groups of Ile 789 and His 790 (KIT kinase numbering).
On the other hand, the compounds containing the different elec-
trophilic traps retained their activity against KIT and PDGFR. To
confirm the formation of a covalent adduct between the imatinib
analogues and the y-sulfur of the targeted cysteine residue,
tryptic digests of the kinases incubated with the different inhi-
bitors were analyzed by mass spectrometry (MS). Compound 3,
bearing the chloroacetamide group, indeed led to the disappear-
ance of the fragment containing the targeted cysteine residue and
to the appearance of a new peak corresponding to the peptide—
inhibitor adduct for both KIT and PDGFRa.. Further sequencing
by MS/MS fragmentation indicated the expected shift in molec-
ular weight (450 amu) for the cysteine adduct having reacted
with compound 3 (Figure 4D). Other compounds failed to show
similar covalent adducts. This can be rationalized by a less
optimal positioning of the electrophile (for example, the angle
between compound 1 warhead and the sulfur atom is unfavorable
for Sn2 substitution; Figure 4C) or a lack of sensitivity in the
mass spectrometry assay.

To further assess the specificity of compound 3, which did
form a covalent adduct with KIT and PDGFRQ, it was profiled in
a competition assay with 440 kinases (376 distinct human kinases
and mutants or kinases of pathogenic organisms®**”) measuring
residual binding of kinases to competitive binders. From this
profile, nine kinases [KIT, PDGFRa/f3, c-Jun NH2-terminal
kinases (JNK) 1—3, epithelial discoidin domain-containing
receptor 1 (DDR1), BRAF (V600E), and macrophage colony-
stimulating factor 1 receptor (CSF1R)] were identified as having
less than 10% residual binding (i.e., 90% binding inhibition; see
Table SI4 in the Supporting Information for a complete list).
Among the 20 kinases that have a cysteine at the suitable
position, 17 were tested, and only four show significant binding
to compound 3 (KIT, PDGFRa./(3, and CSF1R; Table 3). When
comparing the binding of kinases with less than 10% residual
binding (1 e, 90% binding inhibition) for either compound 3 or
imatinib®® (Table 4), the modification of the methylpiperazine
group for the chloroacetamide affords an improved affinity for
the JNK1—3 as well as the mutant of BRAF(V600E) despite the
lack of a predictable covalent interaction.

H DISCUSSION

The workflow presented here allowed the analysis of a large
number of crystal structures of human protein kinases, which
takes into account the conformational diversity within the
nucleotide binding pocket. Indeed, depending on the conforma-
tion adopted by the kinase catalytic domain, the ATP binding site
is more or less extended in different dlrectlons, hence providing
opportunities to refine inhibitor selectivity."> Nevertheless, de-
spite the success of kinase inhibition, there has been a high
attrition of kmase inhibitors in clinical development due to off-
target toxicity™> and lack of efficacy.'®**** The preponderance of
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Table 2. ICso Inhibition of Kinase Activity by Imatinib and Five Analogues, of Which Four Have an Electrophilic Moiety

ICs (M) (residue at the position corresponding to the cysteine targeted by electrophilic trap)

Compound ABL1 wt (phenylalanine) KIT wt (cysteine) PDGFRa wt (cysteine) Electrophilic moiety
imatinib 27x10°¢ 370 x 1077 1.60 x 1077 no
1 6.95x10°¢ 245x 1077 139 x 1077 yes
2 >2x10°° 7.88 % 1077 1.54x 10°° no
3 >2%x10°° 7.88 X 1077 1.08 x 107°¢ yes
4 >2x10°° 471x10°° 489 % 10°¢ yes
5 >2x10°° 274 x10°¢ 411x 10 ¢ yes

Table 3. Affinity Profile of Compound 3 for the 20 Kinases
Containing the Suitably Positioned Cysteine”

kinase compound 3 imatinib
AnpA ND ND
CDKL1 100 ND
CDKL4 ND ND
CSFIR S 0
Fer 9s 91
Fes 100 78
Fgfrl 100 80
Fgfi2 92 100
Fgfr3 100 97
Fgfr4 100 99
Fltl 86 78
Flt3 81 76
Flt4 100 85
Jak3 (domain 1) 100 100
Kit 0 0
PDGFRa 0.7 0.15
PDGFRS 0 0
Pyk2 68 93
STLK6 ND ND
Vegfr2 (KDR) 64 57

“ The assay was performed as described® using 1 «M compound 3 and
compared to the results reported for imatinib (the reported data were
obtained using 10 #M imatinib). The data represent residual binding of a
competitive binder to the kinases. Thus, the lowest values reflect the
strongest inhibition.

cysteine residues within the nucleotide binding pocket offers the
opportunity to rationally design inhibitors capable of terminally
inhibiting such kinases. While several inhibitors in clinical devel-
opment have already highlighted the potential of covalent kinase
inhibition, with the most advanced candidates in phase III,
reported efforts have been restricted to very few kinases. In
addition, a systematic analysis of the cysteine landscape taking
into account kinase conformation and solvent accessibility of the
cysteine's thiol has not been reported. While the endogenous
function of most of these cysteines remains unchartered, at least
in the case of the I«b signaling pathway, one of the natural
modulation of the Ikb kinase activity is leveraged on covalent
inhibition by a prostaglandin bearing a Michael acceptor.*’
Clearly, the covalent link between an inhibitor and its
target generates long dissociation half-lives,*' which prolongs
efficacy beyond the clearance of the inhibitor, thus potentially
allowing a reduction in drug exposure and a decreased risk of off-

Table 4. Table of Kinases for Which Compound 3 or Imatinib
Resulted in Less than 10% Residual Binding of Competitor
(i.e., More Than 90% Binding Inhibition)”

residue at the position

corresponding
to the cysteine targeted compound
kinase by electrophilic trap 3 imatinib

ABL1 Phe 67 1.4
ABL2 Phe 49 0.4
BLK Ser 69 0.8
BRAF (V600E) Ile 46 20
CAMKK1 Ile 100 1.4
CAMKK2 Ile 100 2.1
CSFIR Cys S 0
DDRI1 Phe 0.5 0.2
DDR2 Phe 31 7.4
DRAK1 Val 100 5.2
EPHAS Tyr 100 7.2
GAK Ile 18 5.1
Jnkl Ile 045 14
Jnk2 Tle 46 7S
Jnk3 Tle 1.9 5.6
Kit Cys 0 0
Kit (V559D) Cys 0 0
Kit (V559D, V6354A) Cys 7 0.3
LCK Tyr 64 1
LYN Tyr 76 3.2
Mark2 Tle 100 8.8
Mst2 Lys 100 4.8
PDGFRa. Cys 07 015
PDGERS Cys 0 0

“The assay was performed as described® using 1 «M compound 3 and
compared to the results reported for imatinib (the reported data were
obtained using 10 #M imatinib). The data represent residual binding of a
competitive binder to the kinases. Thus, the lowest values reflect the
strongest inhibition.

target effects.*> Moreover, covalent inhibitors can be efficacious
against kinases endowed with high k,, value for ATP,'** by
ultimately shifting the equilibrium between the free and the
inhibitor-bound forms.*® Another important advantage of cova-
lent inhibitors is the opportunity to refine their selectivity profile
by exploiting unconserved cysteine among kinase family,'>** a
strategy that is complementary and synergic with other design
approaches.
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The design of such covalent inhibitors requires the identifica-
tion of all human kinases having cysteine residues in their ATP
binding site. The active kinase conformation gives access to 27
cysteine positions in the ATP binding site (Figure 3A) shared
between 211 kinases (Table 1 and Table SII in the Supporting
Information). The C-helix-out and DFG-out kinase conforma-
tions give access to 6 (Figure 3B) and 10 (Figure 3C) additional
cysteine positions shared between 66 and 127 kinases, respec-
tively (Table 1 and Tables SI2 and SI3 in the Supporting Infor-
mation). Kinases bearing equivalent cysteines are not necessarily
from the same kinase subfamily. For example, the majority of the
11 kinases sharing the cysteine position equivalent to Cys797 in
EGEFR kinase (Table SI1 in the Supporting Information) belong
to the tyrosine kinase (TK) subfamily, unlike the five kinases
sharing the cysteine position equivalent to Leu792 in EGFR
kinase (Table SII in the Supporting Information), which belong
to TK, calcium/calmodulin-dependent kinases (CAMK), AGC,
and other subfamilies. Interestingly, the number of kinases
having one cysteine in a particular position of the nucleotide
binding site is not homogeneous for all positions (Figure 3A—
C). While most cysteine positions are populated with more than
one kinase, other factors may contribute to the selectivity of
inhibitors targeting a particular cysteine residue. For example,
broad profiles of the resorcylic acid lactones targeting a cysteine
residue present in 48 kinases show a marked selectivity for
vascular endothelial growth factor receptors (VEGFRs) and
mitogen-activated protein kinase kinases (MEKs). Surprisingly,
despite the numerous opportunities offered by cysteines in the
nucleotide binding pocket, only a few cysteine positions have
thus far been targeted by covalent inhibitors'*'***** (Figure 2
and Figure 3A).

The results of this structural analysis were exploited to design
compounds 1 and 3—S5 to retune selectivity through covalent
trapping. The targeted cysteine appears in the nucleotide binding
pocket only when these kinases adopt the inactive DFG-out
conformation. Among the kinases that can adopt the required
conformation to accommodate the imatinib pharmacophore,
only KIT, PDGFRs, and CSF1R have a suitably positioned
cysteine residue at the beginning of the catalytic loop. Indeed,
compound 3 that forms a covalent adduct with KIT and PDGFR
did inhibit their activity but not that of ABL kinase. A broad
profile of compound 3's affinity against a large panel of kinases
reveals that the electrophilic trap did not confer promiscuity for
other cysteine-containing kinases (see Figure S for graphical
representation of selectivity). Indeed, among the kinases bearing
the suitably positioned cysteine residue (20 kinases), only a small
subset (KIT, PDGFRs, and CSF1R) are known to accommodate
the imatinib pharmacophore and were targeted by compound 3.
The substitution of the methylpiperazine group in imatinib for
the chloroacetamide in compound 3 led in one case to an
improved affinity (JNKs) among the kinases that are known to
bind imatinib (over 20), albeit the cellular relevance of such
reversible and transient interactions remains to be established.
This is the first example of a covalent kinase inhibitor that
exploits a cysteine not available in the active conformation in
combination with a pharmacophore broadly selective for the
DFG-out conformation.

In conclusion, the structural analysis described herein provides
a thorough landscape of cysteine positions that can be exploited
for irreversible inhibition. Taking into account the different
conformations of kinases has revealed previously unrecogni-
zed opportunities. The identification of an inhibitor that

TKL

Figure S. Graphical representation of compound 3's selectivity. Red-
and yellow-filled circles represent covalently and reversibly targeted
kinases (less than 10% residual binding of competitor), respectively.
Empty circles represent kinases bearing the suitably positioned cysteine
but devoid of binding due to pharmacophore specificity.

discriminates between ABL and KIT/PDGFRs illustrates the
opportunities to enhance selectivity by harnessing unconserved
cysteine residues. Taken together, the results provide a frame-
work to extrapolate this approach to other members of the
kinome.

B EXPERIMENTAL SECTION

Human Kinase Data Set. Sequences corresponding to the 491
kinase catalytic domains of the 478 human eukaryotic protein kinases
and their sequence alignment file were retrieved from the published data
generated by Manning et al." This alignment has been refined for the
purpose of this study (available upon request). For each kinase, the
corresponding crystal structures were downloaded (July 2010) from
the Protein Data Bank® via the BIRD system.*”** The part of the
workflow (Figure 3) explaining the data cleaning of all chains extracted
from crystal structures, as well as the classification into conformations, is
detailed in Leproult et al. (to be submitted). This led to a total of 1357
chains, of which 974, 250, and 133 chains were classified into active,
C-helix-out, and DFG-out conformations, respectively.

ATP Binding Site Pocket Detection. Each chain was prepared
with the PDB2PQR program®, which was efficient for automatically
removing ligands, solvent, and ions. This was also used to add hydrogens
to all atoms in a manner consistent with favorable hydrogen bonding. To
automatically detect empty pockets inside the chains, the in-house Pck
program®” was used. This program is dedicated to the geometric-based
detection and characterization of pockets. This uses the alpha shape
theory® to represent the surface of proteins and then implements
algorithms specific of some types of pockets. Among these algorithms,
CAST™ was preferentially chosen due to its ability to detect partially
buried pockets, as observed for the kinase ATP binding site. Because the
classification into conformations required the superimposition of all
chains (to be submitted, Leproult et al.), the pocket corresponding to
the ATP binding site was located by testing whether it contains a
virtually created 3D point placed in the ATP binding site nearby the
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hinge region. In the end, only 23 chains were reported as having no
detected ATP binding site pocket. Further inspection of these chains
revealed that most of them have either a small pocket or a side chain that
blocks a part of the ATP binding site, resulting in an autoinhibition
phenomenon.

Amino Acid Selection Inside the ATP Binding Site. Among
the amino acids having atoms participating in the detected ATP pocket,
those having at least one atom of the side chain that participates in the
pocket are selected for the next part of the workflow. For those that only
have main chain atoms that participate in the binding site, the secondary
structure information using DSSP program50 is taken into account.
Indeed, if the amino acid is located on a flexible structural element, such
as aloop or a turn, then the amino acid is selected. The only peculiar case
concerns glycine amino acid when located on a nonflexible structural
element. Because a glycine amino acid does not have a side chain, the
two hydrogens attached to the C, atom are investigated. If the one
generating an R chirality when mutated to the side chain of a cysteine
participates in the detected ATP binding site pocket, then the glycine is
selected.

Robust Amino Acid Positions and Propagation to All
Human Kinases. Each previously selected amino acid is highlighted
in the sequence of the corresponding kinase, inside the sequence
alignment file." This gives access to an amino acid position. Once the
amino acid positions have been obtained for all chains, the ones
appearing in more than 30% of all chains, with respect to the conforma-
tional class, are considered as robust positions. This step avoids keeping
rare positions located in abnormally extended ATP binding sites. Indeed,
the detection of some large ATP binding sites by Pck was due to the
proximity of the ATP binding site with other domains or the lack of
structural elements forming the ATP binding site in the chain. Next,
robust amino acid positions are propagated to all human kinases using
the sequence alignment. This allows the inference of amino acids having
a side chain subject to participation in the ATP binding site for every
human kinase in every conformation. The robust cysteine positions are
the focus of this study and can be visualized in 3D on the following
website: http://Ibgi.igbmc.fr/Kinatown.

Inhibition 1Csy for ABL1T wt, KIT wt, and PDGFRa wt
Kinases. A radiometric protein kinase assay (**PanQinase Activity
Assay) was used for measuring the kinase activity of ABL1 wt, KIT wt,
and PDGFRa. wt kinases (Proginase, Freiburg, Germany). All kinase
assays were performed in 96-well FlashPlates from Perkin-Elmer
(Boston, MA) using SO uL of assay buffer (60 mM HEPES-NaOH,
pH 7.5, 3 mM MgCl,, 3 mM MnCl,, 3 uM NazVO,, 1.2 mM DTT,
50 ug mL~ " PEG2000, and 1 #M [y-**P]ATP), 20 ng of kinase, and a
generic substrate (polyGluTyr for KIT and polyAlaGluLsTyr for ABL
and PDGFRa) with 1% DMSO. The test compound concentration
ranged from 20 uM to 0.1 nM (semilog dilution). The assays were
performed by premixing the ATP solution with the test compound and
addition of this solution to the kinase/substrate solution. After 60 min at
30 °C, the reaction was stopped with 50 #L of 2% H;PO,, plates were
aspirated and treated with 200 uL of 0.9% NaCl (2 ), and the level of
*P incorporation was determined with a microplate scintillation
counter (MicroBeta, Wallac).

Mass Spectrometry of KIT Kinase and PDGFRa Kinase
Complexes. A S0 uM solution of each compound was incubated with
2 ug of each kinase in 60 mM Hepes-NaOH, pH 7.5 (3 mM MgCl, and
3 Mm MnCl,), for 12 h. The proteins were then isolated by one-
dimensional sodium dodecyl sulfate—polyacrylamide gel electrophor-
esis gel, subjected to in-gel trypsin digest, and analyzed by matrix-
assisted laser desorption/ionization. As compound 2 cannot form a
covalent adduct, this sample was used as a negative control. Only com-
pound 3 showed a new peak corresponding to the expected molecular
weight from the peptide adduct (peptide containing Cys 466, MW =
1092.487 for recombinant KIT Kinase, and Cys 491 for recombinant

PDGFRa kinase, MW = 1078.472). To further confirm the identity of
the peptide sequence of the new peak, MS/MS experiments were
performed, which indeed provide the expected degradation product
corresponding to the following sequences: KIT = NC(compound
3)IHR; PDGFRa = NC(compound 3)VHR.

Kinase Selectivity Profile. The selectivity profile was measured
by using the KinomeScan technology (http: //www.kinomescan.com/)
based on active site-dependent competition binding assays.>**” The
results are expressed as a percentage of signal between a negative
(DMSO) and a positive (known binder) control. Residual binding
(%) = [(tested compound — positive control)/(tested compound —
negative control) x 100].
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