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ABSTRACT

The Kit proto-oncogene was found as a consequence of the discovery of the feline v-kit sarcoma oncogene. Stem
cell factor (SCF) is the Kit ligand and it mediates Kit dimerization and activation. The Kit receptor contains an
extracellular segment that is made up of five immunoglobulin-like domains (D1/2/3/4/5), a transmembrane
segment, a juxtamembrane segment, a protein-tyrosine kinase domain that contains an insert of 77 amino acid
residues, and a carboxyterminal tail. Activating somatic mutations in Kit have been documented in various
neoplasms including gastrointestinal stromal tumors (GIST), mast cell overexpression (systemic mastocytosis),
core-binding factor acute myeloid leukemias (AML), melanomas, and seminomas. In the case of gastrointestinal
stromal tumors, most activating mutations occur in the juxtamembrane segment and these mutants are initially
sensitive to imatinib. As with many targeted anticancer drugs, resistance to Kit antagonists occurs in about two
years and is the result of secondary KIT mutations. An activation segment exon 17 D816V mutation is one of the
more common resistance mutations in Kit and this mutant is resistant to imatinib and sorafenib. Type I protein
kinase inhibitors interact with the active enzyme form with DFG-D of the proximal activation segment directed
inward toward the active site (DFG-Dy,). In contrast, type II inhibitors bind to their target with the DFG-D
pointing away from the active site (DFG-D,,,). Based upon the X-ray crystallographic structures, imatinib, su-
nitinib, and ponatinib are Type II Kit inhibitors. We used the Schrédinger induced fit docking protocol to model
the interaction of midostaurin with Kit and the result indicates that it binds to the DFG-D;, conformation of the
receptor and is thus classified as type I inhibitor. This medication inhibits the notoriously resistant Kit D816V
mutant and is approved for the treatment of systemic mastocytosis and is effective against tumors bearing the
D816V activation/resistance mutation.

1. Functions of the stem cell factor (SCF) ligand and its receptor

(Kit)

Protein kinases catalyze the following reaction:

MgATP'~ + protein-O:H — protein-O:PO3>~ + MgADP + H*

Protein kinases are enzymes that perform a central role in nearly
every aspect of cell biology and biochemistry [1,2]. They form signaling
modules that regulate apoptosis, cell cycle progression, proliferation,
cytoskeletal rearrangement, differentiation, development, motility,
nervous system function, transcription, and translation. Owing to the
extensive actions of protein kinases, it is essential that they are strin-
gently regulated because abnormal activity of these enzymes leads to
cardiovascular, inflammatory, and nervous disorders along with cancer
and diabetes. Because mutations, overexpression, and dysregulation of
protein kinases play causal roles in the pathogenesis of human disease,
these enzymes represent attractive drug targets [3].

Based upon the nature of the phosphorylated —OH group, these
protein catalysts are classified as protein-serine/threonine, protein-
tyrosine, or dual specificity protein kinases. Manning et al. catalogued
478 typical and 40 atypical protein kinase genes in humans (518 total)
along with 106 pseudogenes [4]. The entire family includes 385 pro-
tein-serine/threonine kinases, 90 protein-tyrosine kinases, and 43 pro-
tein-tyrosine kinase-like enzymes. Of the 90 protein-tyrosine kinases, a
total of 32 are cytosolic non-receptor enzymes and 58 are receptors
with an extracellular, transmembrane, and intracellular domain. A
small group of enzymes, which includes MEK1 and MEK2, are cytosolic
dual-specificity kinases that catalyze the phosphorylation of both
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threonine and then tyrosine. These enzymes closely resemble and are
classified with protein-serine/threonine kinases. Based upon chromo-
somal mapping, Manning et al. reported that 244 of 518 protein kinase
genes are located at disease loci or cancer amplicons (gene amplifica-
tions) [4], a result that further emphasizes the importance of protein
kinase antagonists as possible drug targets. The protein-phosphatase
superfamily of enzymes mediates the dephosphorylation of proteins
thereby making phosphorylation-dephosphorylation an overall re-
versible process [5].

Besmer et al. identified the Hardy-Zuckerman 4 feline retroviral
sarcoma oncogene in 1986 and designated the oncogenic transforming
factor as v-kit [6]. The original sample was obtained from a 7-year-old
domestic cat (St. Louis, Missouri USA); thus, the v-kit designation does
not refer to kitten and is entirely arbitrary. Yarden et al. subsequently
cloned the gene and determined the primary structure of Kit, the
normal cellular homologue or proto-oncogene corresponding to v-kit
[7]. They reported that the amino acid sequence of Kit corresponded to
a receptor protein-tyrosine kinase based upon its homology with
PDGFR and colony-stimulating factor-1 receptor. The Kit ligand was
identified in 1990 and variously named (i) Kit ligand, (ii) mast cell
growth factor, (iii) Steel factor (where Steel is a mouse mutant) and (iv)
stem cell factor (SCF) [8].

In both the developing animal and in adults, stem cells have the
ability to balance differentiation and self-renewal such that mature cells
essential for the development and function of specific cell types and
organs can be produced and replaced without reducing the stem cell
pool. Furthermore, Kit and SCF play central roles in cell differentiation,
proliferation, and survival. Kit signaling is important in several pro-
cesses including erythropoiesis, gametogenesis, lymphopoiesis, mast
cell development, and melanogenesis [9]. Kit is expressed in (i) he-
matopoietic stem cells, (ii) dendritic, erythroid, and myeloid progenitor
cells, and (iii) pro-B and pro-T cells [10]. The origin of the concept of
stem cell factor referred initially to its role in the self-renewal, survival,
and differentiation of hematopoietic stem cells. Kit expression is down-
regulated or lost during cell differentiation with the exceptions of the
interstitial cells of Cajal in the gut, mature mast cells, and melanocytes.
Moreover, the adult mouse oocyte expresses the Kit receptor while the
surrounding granulosa cells express the SCF activating ligand. Defects
in Kit function have been reported to produce abnormal peripheral
nerve regeneration and spatial learning memory deficits in mice
[11,12].

Kit, macrophage/colony stimulating factor-1 receptor or Fms
(which refers to feline McDonough sarcoma virus), F1t3 (Fms-like tyr-
osine kinase-3), PDGFRa, and PDGFR[} are type III receptor protein-
tyrosine kinases. See Refs. [13,14] for a description of the 20 types of
receptor protein-tyrosine kinases. Each of the type III receptors contains
an extracellular segment with five immunoglobulin-like domains
(D1-D5), a transmembrane segment, an intracellular domain that
consists of a juxtamembrane (JM) segment, a protein kinase domain
that contains an insert of several amino acid residues, and a carbox-
yterminal tail [15]. Two main isoforms of Kit exist based upon the in-
clusion (°'° GNNK®!®) or exclusion (GNNK ™) of four residues after D5.
The Kit intracellular segment consists of a JM segment, a protein kinase
domain that contains an insert of 77 amino acid residues, and a car-
boxyterminal tail (Fig. 1). The SCF gene product contains 273 residues
[8]. After cleavage of its signal sequence (residues 1-25), it consists of
an extracellular domain (residues 26-214), a transmembrane segment
(215-237), and a short intracellular domain (238-273). SCF expressed
with exon 6 in the extracellular domain contains a proteolytic cleavage
site that undergoes hydrolysis to release a soluble factor containing 165
amino acid residues (Fig. 1). The proteases that may be responsible for
the cleavage of membrane-bound SCF include matrix metalloprotease-
9, chymase-1, and members of the ADAM (a disintegrin and metallo-
proteinase) family [9]. Two protomers combine noncovalently to form
a SCF head-to-head dimer. When the gene is expressed lacking exon 6,
SCF is able to form an active membrane-bound dimer, each protomer of
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Fig. 1. (A) Overall structure of Kit. (B) Proteolysis at exon 6 liberates the so-
luble form of SCF, which forms a head-to-head dimer. (C) Membrane-bound
SCF. D1, immunoglobulin-like domain 1; TM, transmembrane; JM, juxtamem-
brane; KD, kinase domain; KID, kinase insert domain; CTT, carboxyterminal
tail; pY, phosphotyrosine; mSCF, membrane-bound SCF; sSCF, soluble SCF.

which contains 220 amino acid residues.

2. KIT mutations and human disease

Loss-of-function KIT mutations in humans lead to piebaldism, a rare
autosomal-dominant disease [16]. This condition is characterized by
abnormal pigmentation of the hair and skin, deafness, and megacolon.
Furitsu et al. reported the first activating mutations of KIT in the HMC-1
human mast cell leukemia cell line [17]. They observed an exon 11
V560G and an exon 17 D816V mutation in the same allele that corre-
spond to the Kit juxtamembrane segment and activation loop, respec-
tively. Gain-of-function somatic mutations occur in a variety of human
neoplasms including gastrointestinal stromal tumors (GIST), aggressive
systemic mastocytosis, core-binding factor acute myeloid leukemias
(AML), melanomas, and seminomas [8,9,18-20]. Note that the location
of the various mutations varies among the various types of neoplasms.
(Table 1). About 75-80% of cases of GIST bear activating KIT mutations
[22]. Additionally, point mutations in the PDGFRA gene result in the
production of an activated PDGFRa that occurs in about 5-7% of these
neoplasms [23].

The tumors of patients with GIST originate from the interstitial cells
of Cajal and are most commonly found in the stomach (=60%), je-
junum and ileum (=30%), duodenum (=5%), colon and rerectum
(=5%), and vary rarely in the esophagus [24,25]. Surgery is the first-
line treatment. In patients with recurrent disease or with metastases,
treatment with Kit inhibitors including imatinib has been very effective
[26]. As noted in Section 3.3, secondary resistance occurs as a result of
additional KIT mutations and sunitinib and then regorafenib represents
second- and third-line treatments. Resistance to first-line imatinib oc-
curs in about two years [27]. In contrast, resistance to second- and
third-line sunitinib and regorafenib occurs in about six months [28,29].
Accordingly, the development of new drugs and new approaches in the
treatment of advanced GIST is desirable. About 10% of these mutations
involve the insertion of AY 502-503 in exon 9, which corresponds to D5
in the extracellular domain. Approximately 67% of the GIST mutations
occur in exon 11 and correspond to the juxtamembrane segment. These
mutations include deletions in the region of K550-E561 and deletion of
D579. The most common exon 11 mutations include V559D and
V560D. The K642E exon 13 mutation within the proximal kinase do-
main occurs rarely in GIST. The number of new cases of GIST diagnosed
in the United States is about 5000 per year [30]. For a summary of the
clinical trials that led to the approval of imatinib, sunitinib, and re-
gorafenib as well as other drugs in clinical trials for the treatment of
GIST, see Refs. [26,31].

Activating KIT mutations occur in greater than 90% of all cases of
systemic mastocytosis [21]. This disorder is a myeloid neoplasm that is
associated with the accumulation of abnormal mast cells in the bone
marrow, liver, skin, and spleen. As a consequence, patients suffer from
weight loss, ascites, bone lesions, anemia, neutropenia,
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Table 1
Location of primary KIT activating mutations and secondary resistance muta-
tions.®

Domain Exon Primary mutation® Diseases®
Extracellular 8 L416 CBF-AML
domain D5 T417 CBF-AML
Y418 CBF-AML
D419 CBF-AML, GIST, mastocytosis
A502 GIST
9 Y503 GIST
K509 Mastocytosis
Transmembrane 10 F522 Mastocytosis
segment V530 CBF-AML
A533 Mastocytosis
Juxtamembrane 11 K550 GIST
segment P551 GIST
M552 GIST
Y553 GIST
V554* GIST
V555 GIST
Q556 GIST
W557%* GIST, seminoma
K558 GIST
V559* GIST, mastocytosis
V560* GIST, mastocytosis
E561 GIST
L576* Seminoma, melanoma
D579* GIST
Kinase domain 13 K642+ GIST
T670* Secondary mutation only
Kinase insert 14 K704 GIST
domain N705 GIST
15 S715 GIST
Activation 17 R815 Mastocytosis
segment D816* CBF-AML, mastocytosis,
seminoma
1817 Mastocytosis
D820* Mastocytosis, seminoma
N822* CBF-AML, seminoma
Y823* Seminoma
18 A829* Secondary mutation only
E839 Mastocytosis

@ Data from Ref. [21].

b Secondary disease resistant mutations are denoted with an asterisk*.

¢ CBF-AML, core-binding factor acute myelogenous leukemia, GIST, gastro-
intestinal stromal tumors.

thrombocytopenia, and abnormal liver function tests. Following the
release of histamine, leukotrienes, prostaglandins, cytokines, and other
substances from mast cells, patients experience pruritus (itching),
flushing of the skin, and nasal discharge (rhinorrhea). Advanced sys-
temic mastocytosis has a poor prognosis; the median overall survival is
3.5 years in patients with aggressive systemic mastocytosis, 2 years in
patients with systemic mastocytosis with an associated hematologic
neoplasm (usually a myelodysplastic syndrome, myeloproliferative
disorder, or acute myeloid leukemia), and less than 6 months in pa-
tients with mast cell leukemia [32]. Cladribine and interferon alpha are
associated with major responses in about 50% and 20% of these pa-
tients, respectively. Imatinib and midostaurin are protein-tyrosine ki-
nase inhibitors that are approved for the treatment of advanced sys-
temic mastocytosis. Most of the KIT mutations (> 90%) are activating
D816V/Y/F mutations that occur in exon 17 and are found within the
activation segment [21]. A small number of additional mutations in-
cluding those of exon 10 F522C and A533D and exon 11 V5591 and
V560G are found in the Kit transmembrane segment. The estimated
incidence of this disorder is 5-10 per million people [33], which cor-
responds to about 1600-3200 cases per year in the United States.
Core-binding factor leukemia, which makes up about 15% of cases
of acute myeloid leukemia, has a good overall prognosis following
treatment with cytarabine with a complete remission occurring in
nearly 90% of patients [34]. This leukemia is associated with two
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cytogenetic abnormalities: t(8;21)(q22;q22) and inv(16)(p13g22) or t
(16:16)(p13;q22); KIT mutations occur in about 30% of these patients.
Most of the mutations occur in the Kit activation segment and include
exon 17 D816H/V/Y and N822K mutations [21]. The incidence of
mutant KIT core-binding factor leukemia in the United States is about
1000 per year.

Although melanoma accounts for about 2% of all skin cancers, it is
responsible for about 80% of skin cancer deaths [35]. In many in-
stances, surgery is curative. Other treatment modalities include radia-
tion, immunotherapy, chemotherapy, and targeted therapies. The
V600E mutation in B-Raf is present in about 60% of patients with
melanoma and two B-Raf inhibitors including vemurafenib and dab-
rafenib are effective and FDA approved (www.brimr.org/PKI/PKIs.
htm) [36]. As with all protein-kinase inhibitors, acquired resistance is
the rule rather than the exception. KIT amplifications occur in about
35% of patients with melanoma while the frequency of KIT mutations is
about 3% [36,37]. The exon 11 L576P JM segment mutation is the most
common mutation. Of note, Kit inhibitors are effective in patients with
KIT mutations, but they are ineffective in patients with KIT amplifica-
tion. The incidence of melanoma is about 90,000 per year [35] so that
the number with KIT mutations is about 2700.

Seminomas are germ cell tumors with a good prognosis owing to a
very low incidence of metastasis and to the effectiveness of traditional
cytotoxic therapies. The number of new cases of testicular cancer in the
United States is about 9300 per year [35] and most of these are
(=5000) are seminomas. Of the seminomas, perhaps 10-15% possess
activating KIT mutations [21]. These include the transmembrane seg-
ment exon 11 W557C/R and L576P mutations and the activation seg-
ment exon 17 D816H/V/Y, N822K, and Y823C/D/N mutations. D816V
is the most common seminoma mutation. Thus far treatment of semi-
nomas with activating Kit mutations has been ineffective and treatment
with Kit antagonists is not being tested in clinical trials (www.
clinicaltrials.gov). Furthermore, autocrine or paracrine activation, but
not mutations, of Kit has been hypothesized in other human neoplasms
including ovarian and small-cell lung cancers [38]. The incidence of
chronic myelogenous leukemia is about 10,000 new cases per year for
which imatinib and second- and third-generation BCR-Abl non-receptor
protein kinase inhibitors have proven clinically effective and commer-
cially successful [2]. By comparison, the overall incidence of KIT mu-
tations in cancer is about 12,000 per year in the United States, but not
all of these represent prime Kit targets.

3. Properties of the Kit protein-tyrosine kinase domain
3.1. Primary, secondary, and tertiary structures of the Kit catalytic domain

The catalytic domain of Kit consists of 349 amino acid residues. The
average protein kinase domain contains about 275 residues and the
larger size of Kit is due to the inclusion of a kinase insert domain (KID)
of 77 residues. Based upon the amino acid sequences of about five
dozen protein-tyrosine and protein-serine/threonine kinases, Hanks
and Hunter partitioned protein kinases into 12 domains (I-VIA, VIB-XI)
[39]. Domain I of Kit contains a glycine-rich loop (GRL) with a GxGx®G
signature (***GAGAFG®®), where @ refers to a hydrophobic residue
and is phenylalanine in the case of Kit. The glycine-rich loop connects
the 31- and 2-strands that make up part of the roof of the ATP-binding
site. The flexible glycine-rich loop permits both ATP binding and ADP
release during the catalytic cycle. Domain II of Kit contains a conserved
Ala-Xxx-Lys (621 AVK®23) sequence in the B3-strand and domain III
contains a conserved glutamate (E640) in the aC-helix that forms a salt
bridge with the conserved (3-lysine in all active protein kinases
(Fig. 2A) and many dormant protein kinase conformations (Fig. 2D).
Domain V of Kit contains a ”?EYCCYG®”® hinge that connects the small
and large lobes.

Domain VIB within the large lobe of Kit contains a conserved HRD
sequence, which forms part of the catalytic loop ("?’HRDLAARN7®").
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Fig. 2. Overview of the structures of active Kit (A and B), DFG-D;, Kit spine and shell residues (C), inactive Kit (D and E), and DFG-D,, Kit spine and shell residues
(F). Ad, adenine; AS, activation segment (blue); BL, back loop; CL, catalytic loop; CS, catalytic spine; GRL, glycine-rich loop; JM, juxtamembrane segment; RS,
regulatory spine; Sh, Shell. All figures except for 1, 7, and 9 were prepared using the PyMOL Molecular Graphics System Version 1.5.0.4 Schrodinger, LLC.

Kit domain VII contains an 8°DFG®'? signature and domain VIII con-
tains an 837 APE®®? sequence, which represent the beginning and end of
the Kit activation segment. This 30-residue segment exhibits different
conformations in the active and dormant states. The remaining domains
(IX-XI) form the aE-al helices (Fig. 2B and E). The X-ray crystal-
lographic structure of the catalytic subunit of protein kinase A (PKA)
generated an invaluable blueprint for formulating the roles of the 12
Hanks domains and the structure has illuminated the underlying bio-
chemistry of the entire protein kinase enzyme superfamily (PDB ID:
2CPK) [40,41]. All protein kinases possess a small N-terminal and a
large C-terminal lobe that are connected by the hinge segment [2]. The
N-terminal lobe contains five conserved B-strands (31-5) and an im-
portant regulatory aC-helix and the C-terminal lobe of active enzymes
contains seven helices (aD-al and aEF) along with four conserved [3-
strands ($6—f9) (Fig. 2). Of the many hundreds of protein kinase
structures that have been described, all of these contain the original
protein kinase fold as observed first in PKA [2,40,41].

All catalytically active protein kinases contain a K/E/D/D (Lys/Glu/
Asp/Asp) amino acid signature necessary for protein kinase catalysis
(Table 2) [2]. The lysine and glutamate occur within the small amino-
terminal lobe and the two aspartate residues occur within the large
carboxyterminal lobe. ATP binds in the cleft between the two lobes and
interacts with each. Comprehensive analyses indicate that an electro-
static bond between the B3-lysine and the aC-glutamate is required for
the formation of an active protein kinase conformation, which corre-
sponds to an “aC;,” arrangement as shown for active Kit (Fig. 2A).
These residues in many dormant enzymes fail to form this electrostatic
bond and thereby form an inactive “aC,,,” structure (See Refs. [2] for
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details). The aC;, configuration is necessary, but not sufficient, for the
expression of enzymatic activity. Although the p3-K623 and aC-E640 of
dormant Kit form an electrostatic bond (Fig. 2D), molecular measure-
ments indicate that this corresponds to an aC-dilated conformation as
described later in this Section. Moreover, the activation segment of
dormant Kit is in a closed conformation that blocks protein/peptide and
ATP binding. The proximal portion of the closed activation segment of
Kit contains an inhibitory a-helix. The activating GIST D816V mutation
[22] occurs within this segment and this mutation may destabilize the
dormant enzyme leading to enzyme activation.

The large C-terminal lobe contains catalytic loop residues within
domain VIb that plays essential structural and -catalytic roles.
Furthermore, two Mg?* ions have been demonstrated to participate
during each catalytic cycle of several protein kinases [42,43] and two
Mg?™ ions are presumably required for the proper functioning of Kit. By
inference, Kit D792 (the catalytic loop HRD-D792) and the first D of K/
E/D/D) binds to Mg?* (1), which in turn binds to the B- and y-phos-
phates of ATP. In the active conformation, the DFG-D is directed inward
toward the active site as depicted in Fig. 3A. In contrast, the DFG-D of
inactive Kit is pointed outward producing an inactive DFG-D,,, struc-
ture (Fig. 3B). Note that the Kit X-ray crystallographic structure (PDB
ID: 1T45) was obtained in the absence of any drug so that one cannot
argue that a drug induces the DGF-D,,,; conformation.

Vijayan et al. inspected the structures of about 200 hundred protein
kinases and they allocated the DFG-D,,, structures into (i) classical and
(ii) nonclassical groups [44]. This distinction was necessary owing to
the variations in the locations of the activation segment DFG-D and
DFG-F in the eukaryotic kinome. They devised two measurements that
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Table 2
Important residues in human Kit.*
Kit Inferred function Hanks no.

UniProtKB accession no. P10721
No. of residues 976
Molecular Wt (kDa)” 110
Signal sequence 1-25 None
Extracellular domain 26-524 None
D1 27-112 SCF binding None
D2 121-205 SCF binding None
D3 212-308 SCF binding None
D4 317-410 Promotes receptor dimer formation None
D5 413-507 Promotes receptor dimer formation None
TM segment 525-545 Links extracellular and intracellular domains and mediates receptor dimer formation None
JM segment 546-588 Regulatory and signaling roles None
JM segment tyrosine phosphorylation sites 568, 570 Signal transduction None
Protein kinase domain 589-937 Catalyzes substrate transphosphorylation -X1
Glycine-rich loop S9%6GAGAFG®™ Anchors ATP B-phosphate I
B3-K of K/E/D/D K623 Forms salt bridges with ATP a- and B-phosphates and with aC-E il
aC-E, E of K/E/D/D E640 Forms salt bridges with 33-K 11
Hinge residues S7IEYCCYG®7® Connects N- and C-lobes and hydrogen bonds with the ATP adenine v
Kinase insert domain 685-761 Signal transduction None
Kinase domain tyrosine phosphorylation sites 703, 721, 730 Interact with a variety of docking proteins that mediate intracellular signaling
Catalytic loop, HRDLAARN 790-797 Plays both structural and catalytic functions VIb
Catalytic loop HRD-D, First D of K/E/D/D D792 Catalytic base (abstracts protein substrate proton) VIb
Catalytic loop Asn, HRDLAARN N797 Chelates Mg>* (2) VIb
AS DFG-D, Second D of K/E/D/D D810 Chelates Mgz"(l) viI
AS 810-839 Positions protein substrate VII-VIIL
AS tyrosine phosphorylation site Y823 Stabilizes the AS after phosphorylation VIII
End of AS 837 ApES39 Interacts with the oHI loop and stabilizes the AS VIII
C-terminal tail 938-976 Signal transduction None
C-terminal tail tyrosine phosphorylation sites 900, 936 Mediate intracellular signaling None

2 AS, activation segment; D1, Immunoglobulin-like domain 1; JM, juxtamembrane; TM, transmembrane.

> Unprocessed and non-glycosylated gene product.

differentiated these groups and labeled them D1 and D2. D1 is the
distance between the aC-atoms of the DFG-F of the activation segment
and the HRDLxxxxN asparagine at the end of the catalytic loop and D2
is the distance between the aC-atoms of the DGF-F and the aC-E re-
sidue. The enzyme possesses a classical DFG- Dout structure provided
that D1 is less than 7.2 A and D2 is greater than 9 A. In the case of the
structure of dormant Kit (PDB:ID 1T45), D1 equals 5.6 A and D2 equals
12.1A (Fig. 3B); accordingly, this is within the classical DFG-Dyy¢
group. The structure of active Kit (PDB ID: 1PKG) shows D1 and D2
values of 9.0 A and 4.9 A that are inconsistent with a classical DFG-Doyt,
but these values are consistent with the DFG-Dy, classification (Fig. 3A).
The relative location of the 3-strand and aC-helix is an important
structural parameter. The electrostatic bond between B3-K and aC-E is
broken in the inactive aC,,; configuration. However, Vijayan et al.
reported that this salt bridge occurs in = 90% of classical DFG-D,
structures and they call these aC-dilated structures to differentiate them
from aC;, configurations [44]. These investigators measured the dis-
tance from the a-carbon atoms of the DFG-D and aC-E, which we have
called D3, and found that a D3 value of less than 9 A represents the aCi,

Kit PDB ID: 1PKG

(A) |
/B3»K623

\uc
/

§E640
wwfl‘ ac

B2

B1

D2=49A

F
D1=9.0A;D3=74A D1=5.6 A

D2=12.1A D3=10.0A

aC
K623 E64
s

)50

G D810,

structure while those with a D3 value greater than 10.5 A represents an
aC,y configuration. In the case of the epidermal growth factor receptor
(EGFR) aC,,; structure, D3 is 12.3 A. The aC-dilated structure has a D3
value between 9 A and 10.5 A (Fig. 3B). In the case of dormant Kit (PDB
ID: 1T45) the D3 value is 10.0 A and represents the aC-dilated struc-
ture. The distance between the 3-lysine e-amino group and aC-gluta-
mate carboxyl group is 4.3 A in the aC-in structure (PDB ID: 1PKG),
2.6A in the aC-dilated structure (1T46), and 13.3A in the aCout
structure (4HJO).

The 6-amino nitrogen of ADP/ATP forms a hydrogen bond with the
carbonyl backbone residue of the first Kit hinge residue (E671) that
connects the small and large lobes of the protein kinase domain and the
N1 nitrogen of the adenine base forms a second hydrogen bond with the
N—H group of the third hinge residue (C673). The adenine binding
pocket is located next to these hinge residues. As noted later, most
orally effective small-molecule steady-state ATP competitive inhibitors
of protein kinases, including Kit, make one or more hydrogen bonds
with the backbone residues of the connecting hinge.

The protein kinase activation segment, which is typically 20-30

Kit PDB:ID 1T45 EGFR PDB ID: 4HJO

(©)
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g‘ D3=123A
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Fig. 3. (A) Active Kit with aC-in and DGF-D;,,. (B) Inactive aC-dilated Kit with DFG-D,,. (C) Inactive EGFR with aC-helix out and DFG-D;,,. AS, activation segment;

CL, catalytic loop.
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Fig. 4. (A) Stem cell factor head-to-head dimer in its Kit-binding conformation
as seen in (B). (B) The SCF dimer bound to the Kit dimer. Ct, carboxyterminus;
D1, immunoglobulin-like domain 1; Nt, amino-terminus.

residues in length, plays an important role in the catalytic cycle [45].
The origin of the segment is located near the aC-helix and the con-
served HRD of the catalytic loop. These components are linked by hy-
drophobic interactions as described in Section 3.2 as part of the reg-
ulatory spine. With most protein kinases, phosphorylation of one or
more residues within the activation segment converts a dormant to a
catalytically active enzyme [46,47]. Although Kit contains an appro-
priately positioned tyrosine within the activation loop (Y823), its
phosphorylation is not required for enzyme activation, but its phos-
phorylation is required for physiological signaling [48]. Lemmon and
Schlessinger reviewed the mechanisms for receptor protein-tyrosine
kinase activation and this process generally requires growth factor-in-
duced formation of receptor dimers and subsequent protein kinase ac-
tivation or it involves the growth factor-induced activation of pre-
formed dimers, which occurs during the activation of the insulin
receptor [14]. Under physiological conditions, SCF binds to D1/2/3 of
two monomers to promote receptor dimerization [49,50]. This binding
has a zipper effect and brings D4, D5, and the transmembrane segments
of two receptor monomers together (Fig. 4). Following this process, one
member of the dimer pair catalyzes the phosphorylation of the tyrosine
residues within the inhibitory JM domain of the receptor partner (in
trans) along with the phosphorylation of other protein-tyrosines that
creates docking sites for signal transduction proteins. Phosphorylation
of the JM domain relieves inhibition and promotes activation. Activa-
tion segment tyrosine phosphorylation occurs late in this process and is
not directly related to Kit activation. In addition to the activation seg-
ment, Kit is autoinhibited by the JM segment. DiNitto et al. reported
that phosphorylation of Y568 and Y570 within the JM segment con-
tributes to Kit activation and these phosphorylation reactions occur
prior to activation segment Y823 phosphorylation [48].

The Kit HRDLAARN catalytic-loop aspartate (D792), which is the
first D of the K/E/D/D signature, functions as a base and removes a
proton from the protein-tyrosine—OH group thereby enabling the nu-
cleophilic attack of —O: onto the y-phosphorus atom of ATP (Fig. 5)
[51]. The activation segment, when it is in its open conformation, helps
to position the protein substrate. 33-K623 forms salt bridges with aC-
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Fig. 5. Inferred mechanism of the Kit-catalyzed protein kinase reaction. HRD-
D792 abstracts a proton from the protein tyrosyl substrate allowing for its
nucleophilic attack onto the y-phosphorus of ATP. The chemistry occurs within
the circle. 1 and 2 label the two Mg?* ions shown as dots. AS, activation seg-
ment; CL, catalytic loop; The figure was prepared from FGFR2 (PDB ID: 2PVF),
but the residue numbers correspond to those of human Kit.

E640 and the a- and [-phosphates of ATP. Extrapolating from PKA
[2,43], Mg2" (1) and DFG-D810 bind to the B- and y-phosphates while
Mg?*(2) and p3-K623 bind to the a- and B-phosphates of ATP thereby
aiding catalysis. The catalytic segment AAR sequence occurs in many
receptor protein-tyrosine kinases including colony-stimulating factor-1
receptor, Flt3, Kit, PDGFRa/p, and EGFR while RAA occurs in many
nonreceptor protein-tyrosine kinases such as Src [39]. However, the
structural or functional significance of this difference in the catalytic
loop is unclear.

Under physiological conditions, the activity of protein kinases and
downstream signaling events are stringently regulated. Binding of SCF
to Kit leads to receptor mediated endocytosis and degradation of the
ligand-receptor complex in endosomes; both the ligand and receptor are
degraded following fusion with lysosomes [9]. Moreover, activated
receptors undergo ubiquitylation, a process that targets them for de-
gradation in proteasomes. The internalization rate of the Kit is depen-
dent on its protein kinase activity. Phosphorylated Y568 binds Src
protein-tyrosine kinase, and Src may be required for Kit degradation
[52].

In addition to receptor endocytosis, protein-tyrosine phosphatase
activity directed against the receptor and downstream proteins nega-
tively affect Kit signaling [8]. The protein phosphatase superfamily is
large and consists of about 100 gene products [5]. The largest phos-
phatase family member employs an active-site cysteine sulfhydryl
group as a nucleophile that attacks the phosphate group of the sub-
strate. Shpl and Shp2 phosphatases, two members of this family that
are able to catalyze the hydrolysis of pTyr and lipid phosphoinosotides,
negatively modulate Kit signaling. These enzymes, which catalyze the
hydrolysis of Kit receptor phosphotyrosines, are classical cysteine-based
nonreceptor, or cytosolic, protein tyrosine phosphatases. In contrast,
receptor protein-phosphatases are plasma membrane-bound enzymes
that interact with extracellular molecules such as proteoglycans and
antigen receptors [53].

Kit signaling resembles that of other receptor protein-tyrosine ki-
nases [2]. For example, Grb2 interacts with pY703 and pY936, which
leads to the downstream activation of the Ras/Raf/MEK/ERK map ki-
nase pathway that regulates cell division and cell survival [8,9].
Moreover, Kit activates the related p38, JNK (c-Jun N-terminal kinase),
and ERKS signaling modules. Additionally, Src family kinases interact
with pY568 and pY570; these phosphorylation sites displace the Src
inhibitory pY530 residue from the Src SH2 domain resulting in enzyme
activation [42,54-56]. Src is upstream of the map kinase, AKT/PKB,
and signal transducer and activator of transcription-3 (STAT3)
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pathways [42,57]. The signaling of Src with EGFR, fibroblast growth
factor receptor, insulin-like growth factor receptor, Kit, c-Met, and
PDGFRa/p is stringently regulated and bidirectional. Furthermore, the
regulatory subunit of phosphatidylinositol 3’-kinase binds to pY721 and
pY900 leading to the activation of AKT/PKB thereby promoting cell
survival. Finally, phospholipase Cy binds to pY730 leading to the ac-
tivation of PKC with attendant effects on cell proliferation and survival.
See Ref. [9] for a comprehensive discussion of Kit signal transduction.

3.2. The hydrophobic spines of Kit

Kornev et al. investigated the structures of 23 protein kinases and
they ascertained the role of several essential residues by a local spatial
pattern alignment algorithm [58,59]. They grouped together (i) four
hydrophobic residues as a regulatory or R-spine and (ii) eight hydro-
phobic residues as a catalytic or C-spine. Each spine contains amino
acid residues from both the amino-terminal and carboxyterminal lobes.
The R-spine contains one residue from the regulatory aC-helix and
another from the activation segment (DFG-F), both of which are major
components that may assume more active and less active conforma-
tions. The base of the R-spine within the large lobe anchors the catalytic
loop and activation segment in an active state and the C-spine positions
ATP within the active site cleft to enable catalysis. Furthermore, the
correct alignment of both spines is necessary for the assembly of an
active enzyme as described for the ALK receptor protein-tyrosine ki-
nase, the cyclin-dependent protein kinases, EGFR, ERK1/2, the Janus
kinases, MEK1/2, PDGFRa/f, RET, ROS1, Src, and VEGFR1/2/3
[23,42,60-69].

Going from the bottom to the top, the protein kinase R-spine con-
sists of the catalytic loop HRD-H, the activation loop DFG-F, an amino
acid four residues carboxyterminal to the conserved aC-glutamate, and
a hydrophobic amino acid at the beginning of the (34-strand [58]. The
backbone N—H group of the HRD-H forms an electrostatic bond with an
invariant aspartate carboxylate group within the aF-helix. Again, going
from the bottom to the top of the R-spine, Meharena et al. designated
the R-spine residues as RS0, RS1, RS2, RS3, and RS4 (Fig. 2C) [70]. The
R-spine of active Kit with DFG-Dy,, is linear (Fig. 2C). In contrast, the R-
spine of dormant enzymes such as Kit with DFG-D,,,; is nonlinear and
broken with a displaced RS2 residue (Fig. 2F) (See Refs. [2,71] for
details). The protein kinase C-spine contains amino acid residues from
both the amino-terminal and carboxyterminal lobes; the adenine base
of ATP completes this spine (Fig. 2C) [59]. The two residues of the
amino-terminal lobe that interact with the ATP adenine include an in-
variant valine at the beginning of the (2-strand (CS7) and the con-
served alanine from the signature AxK of the (3-strand (CS8). Fur-
thermore, a residue from the p7-strand (CS6) on the floor of the adenine
pocket interacts hydrophobically with the ATP. Based upon the ob-
servation of dozens of crystal structures, essentially all steady-state
ATP-competitive protein kinase antagonists interact with CS6. The CS6
residue occurs between two hydrophobic residues (CS4 and CS5) that
constitute the f7-strand and CS6 interacts with the CS3 residue near the
beginning of the aD-helix of the carboxyterminal lobe. CS5/6/4 im-
mediately follow the catalytic loop asparagine (HRDxxxxN) so that
these residues can be determined easily from the primary structure. To
complete the C-spine, the CS3 and CS4 residues interact hydro-
phobically with CS1 and CS2 of the aF-helix (Fig. 2C and F) [59]. The
aF-helix, which spans the entire carboxyterminal lobe, anchors both the
R- and C-spines. Moreover, both spines play an essential role in an-
choring the protein kinase catalytic residues in an active state. CS7 and
CS8 in the N-terminal lobe make up part of the “ceiling” of the adenine-
binding pocket while CS6 in the C-terminal lobe makes up part of the
“floor” of the binding pocket.

Based upon the results of site-directed mutagenesis experiments,
Meharena et al. characterized three shell (Sh) residues in the PKA
catalytic subunit that support the R-spine, which they designated as
Shl, Sh2, and Sh3 [70]. The Sh2 residue represents the canonical
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Table 3
Spine and shell residues of human Kit and murine PKA.

Symbol ~ KLIFS No.*  Kit PKA”
Regulatory spine
B4-strand (N-lobe) RS4 38 L656 L106
C-helix (N-lobe) RS3 28 1644 195
Activation loop F of DFG (C-lobe) RS2 82 F811 F185
Catalytic loop His/Tyr (C-lobe) RS1 68 H790 Y164
F-helix (C-lobe) RSO None D851 D220
R-shell
Two residues upstream from the Sh3 43 V668 M118

gatekeeper

Gatekeeper, end of B5-strand Sh2 45 T670 M120
aC-p4 loop Shl 36 V654 V104
Catalytic spine
B3-AxK motif (N-lobe) Cs8 15 A621 A70
PB2-strand (N-lobe) Cs7 11 V603 V57
B7-strand (C-lobe) CS6 77 L799 L1173
B7-strand (C-lobe) CS5 78 L800 1174
B7-strand (C-lobe) CS4 76 1798 L1172
D-helix (C-lobe) CS3 53 L678 M128
F-helix (C-lobe) CS2 None 1862 L227
F-helix (C-lobe) Cs1 None F858 M231

@ KLIFS (kinase-ligand interaction fingerprint and structure) from Ref. [88].
" From Refs. [58,59,70].

gatekeeper residue of protein kinases. The gatekeeper plays an essential
role in controlling access to the back pocket [72,73] or hydrophobic
pocket II (HPII) [73,74]. In contrast to the identification of the HRD,
DFG, or APE signatures, which is based upon the primary structure
[39], the two spines were identified by their spatial locations in active
or inactive protein kinases [58,59]. Table 3 provides a compilation of
the spine and shell residues of Kit and PKA. Small molecule protein
kinase inhibitors often interact with residues within the C-spine as well
as with R-spine and shell residues [71].

Mol et al. determined the X-ray structure of the active form of Kit
(PDB ID: 1PKG) [75]. The DFG-D is pointed inward toward the active
site, the configuration of the aC-helix is in its active aC;, configuration
with E640 forming a hydrogen bond with the $3-K623, the activation
segment is in the open conformation, and the catalytic and regulatory
spines are linear and are neither bent nor broken. In the case of dormant
Kit (PDB ID: 1T45) [76], the X-ray structure shows that the auto-
inhibitory juxtamembrane segment blocks ATP and peptide substrate
binding. Moreover, the JM Y553 forms a salt bridge with E640 of the
aC-helix thereby immobilizing it. Additionally, the activation segment
is in its closed inactive DFG-D,,; conformation and the structure is that
of an inactive protein kinase with a broken R-spine (Fig. 2F).

3.3. Properties of mutant Kit receptors

Somatic mutations in the D5 extracellular domain are oncogenic
and lead to the pathogenesis of core-binding factor AML, GIST, and
mastocytosis (Table 1). Shi et al. divided KIT mutations into class I and
I groups [50]. Class I mutants as defined by Shi et al. [50] — which
include the D5 D419A and N505I point mutations, deletion of Y418 and
D419, or duplication of A502/Y503-occur within D5 and are expressed
within the plasma membrane and display increased sensitivity to SCF.
They have a long half-life in unstimulated cells, but are subject to SCF-
induced internalization, ubiquitinylation, and proteolysis. In contrast,
class II mutants such as T417I1A418-419 within D5 and V560D and
D816V and the V560D/Y823D double mutant in the protein kinase
domain have constitutively activated tyrosine kinase activities and ex-
hibit low or miniscule surface expression. These mutants undergo rapid
SCF-independent internalization, ubiquinylation, and proteolysis. It is
possible to inhibit class I mutants with antibodies directed against the
extracellular domain. Owing to their intracellular location, the anti-
body-targeting strategy would be ineffective in class II mutants.
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Gajiwala et al. found that Kit bearing mutations in the activation
segment undergo autoactivation much more rapidly than wild type Kit
[77]. Such primary activating mutations occur in core-binding AML,
mastocytosis, and seminoma, but not in GIST. However, secondary
imatinib-resistant mutations in GIST commonly involve the activation
segment. It is unclear whether secondary drug-resistant mutations are
present prior to any anti-Kit therapy or whether they emerge de novo
during treatment [31]. Activation segment mutations such as D816H
destabilize the inactive enzyme (DFG-D,,; conformation) and shift the
equilibrium towards the DFG-D;, conformation with an open activation
segment.

Gajiwala et al. demonstrated that imatinib, which binds pre-
ferentially to the DFG-D,,, enzyme state, is not effective against the
D816H/V mutants nor the V560D/T760I double mutant [77]. Garner
et al. found that the KIT V654A mutant and the V559D/V654A double
mutant are resistant to imatinib but are sensitive to sunitinib [78].
V654 is the Shl residue in the back loop. These investigators hy-
pothesize that the interaction of imatinib with V654 is required for
high-affinity binding. In contrast, sunitinib does not extend into the
back loop and its binding is independent of V654. Gajiwala et al. per-
formed steady-state kinetic studies on the wild type and V654A Kit
mutant [77]. They observed that the ATP K, value of the mutant was
about one-third that of the wild type enzyme (13.5 pM vs. 42.5 uM) and
the V,ax values were similar (1.26s™! for the mutant vs 1.67 s~ ! for
the wild type enzyme). Owing to the change of the more hydrophobic
valine to alanine, one might have expected that the Sh1 mutant enzyme
would have had impaired activity.

The T7601 gatekeeper (Sh2) mutation is an acquired secondary-re-
sistance mutation and does not occur as a primary activating mutation
(Table 1). Kissova et al. compared the steady-state enzyme kinetics of
the Kit wild type and the T670I mutant [79]. They found that the
mutation decreased the K, value for ATP from 6.6 pM for the wild type
enzyme to 0.56 pM. As a consequence, ATP-competitive drugs would be
less able to bind and inhibit the enzyme. They also reported that the
wild type enzyme had a 25-fold higher K,, for an artificial peptide
substrate. The conversion of threonine to isoleucine has at least two
effects in producing decreased imatinib affinity. As noted in Section 4,
imatinib forms a hydrogen bond with the —OH group of the gatekeeper
and isoleucine lacks a hydrogen-bond acceptor. Second, the larger
isoleucine can block access to the back pocket by ligands such as im-
atinib. In addition to its larger size, isoleucine is a hydrophobic shell
residue that may strengthen the catalytic spine as compared to threo-
nine and accordingly isoleucine may increase catalysis.

Many of the activating mutations, especially those occurring in
GIST, are found in the inhibitory juxtamembrane segment (Table 1). As
a consequence, these mutations may destabilize this inhibitory segment
and lead to enzyme activation. The most common juxtamembrane exon
11 mutations include V559D and V560D. These valine residues interact
hydrophobically with **°VYI®”! within the JM segment and Y646
within the aC-helix. Conversion to the charged aspartate would be
expected to disrupt these interactions. V560 interacts hydrophobically
with V569, Y570, and N787 and a mutation to glycine that occurs in
mastocytosis is expected to result in the loss of these contacts resulting
in enzyme activation. Several activating mutations occur within the
important regulatory activation segment, which occurs in an auto-
inhibited state in the dormant enzyme. D816 occurs within an activa-
tion segment a-helix in the dormant enzyme and its hydrophilic side
chain extends into the solvent (PDB ID: 1T45). Its mutation to hydro-
phobic valine, phenylalanine, or tyrosine would disfavor extension into
the solvent and thereby shift the equilibrium toward an open activation
segment and enzyme activation. The activation segment D816 is con-
served among many receptor protein-tyrosine kinases; it occurs within
all five members of the type III receptor family as well as the VEGFR
and fibroblast growth factor receptor families.

Imatinib, sunitinib, and sorafenib are predominantly type II in-
hibitors that bind to the DFG-D,,,, inactive enzyme [71]. Several of the
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Fig. 6. Location of primary (1°) activating mutations, secondary (2°) resistance
mutations, or both (1°, 2°). AS, activation segment; JM, juxtamembrane seg-
ment.

secondary-resistance mutations occur within the JM module that may
lead to enzyme activation and insensitivity to type II inhibitors. Simi-
larly, several secondary-resistance mutations occur within the activa-
tion segment and promote the conversion to an active enzyme. K642
occurs within the JM module and forms a hydrogen bond with the —OH
group of T574, also within the JM segment. Conversion to a glutamate
residue would disrupt this interaction. The location of a protein kinase
mutation often gives a clue for the basis of an observed change in ac-
tivity. When the effects of such mutations are studied directly, it is
possible that multiple distinct and complementary mechanisms are
actually responsible for the observed activity changes and the me-
chanisms are not as simple as hypothesized here. The location of these
mutations is depicted in Fig. 6.

4. FDA-approved Kit inhibitors
4.1. Classification of protein kinase-drug complexes

Dar and Shokat described three classes of small molecule protein
kinase inhibitors and labeled them types L, II, and III [80]. The type I
antagonists bind within the ATP pocket of an active protein kinase
domain; the type II antagonists bind to an inactive protein kinase do-
main with the activation segment DFG-D pointing away from the active
site (DFG-D,,;) while the type III antagonists bind at an allosteric site,
which is not part of the active site [81] and is outside of the ATP-
binding pocket. Subsequently, Zuccotto defined type I'% antagonists as
drugs that bind to an inactive protein kinase domain with the DFG-D
pointed inward (DFG-Dj,) toward the active site (in contrast to the DFG-
Doy conformation) [82]. The inactive enzyme may exhibit a closed
activation segment, a nonlinear or broken regulatory spine, or an aC-
helix,,; conformation. In a subsequent paper, Gavrin and Saiah divided
allosteric inhibitors into two types: IIl and IV [83]. Accordingly, type III
antagonists bind within the cleft between the small and large lobes next
to, but independent of, the ATP binding site while type IV allosteric
antagonists bind elsewhere. Furthermore, Lamba and Gosh defined bi-
valent inhibitors as those antagonists that span two distinct parts of the
protein kinase domain as type V inhibitors [84]. For example, an an-
tagonist that binds to the ATP-binding site and the peptide substrate site
would be classified as a type V inhibitor. To complete this grouping, we
classified antagonists that bind covalently with the target enzyme as
type VI inhibitors [71]. For example, afatinib is a covalent type VI in-
hibitor of EGFR that is FDA-approved for the treatment of non-small
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cell lung cancer. Mechanistically, this medicinal binds initially to an
active EGFR conformation (like a type I inhibitor) and then the thiol
group of EGFR C797 attacks the drug to form a covalent adduct [71].

Because of the diversity of dormant protein kinase conformations
when compared with the conserved more active conformation, it was
hypothesized that type II drugs would be more selective than type I
drugs which bind to the canonical active conformation. The analysis of
Vijayan et al. support this hypothesis [44] while that of Zhao et al. and
Kwarcinski et al. does not [30,85]. Type III allosteric inhibitors bind
adjacently to the adenine binding pocket [83]. Owing to the greater
variability in this region when compared with the ATP binding pocket,
type III inhibitors may be more selective than type I, I'4, or II inhibitors.
Experiments by Kwarcinski et al. suggest that inhibitors that bind to the
aCoye conformation may be more selective than the traditional type I
and II inhibitors [85]. FDA-approved aC,,, inhibitors include lapatinib,
an EGFR/ErbB1 and ErbB2/HER2 antagonist, and neratinib, an ErbB2/
HER2 antagonist, both of which are used in the treatment of breast
cancer. However, their studies indicate that not all protein kinases are
able to assume the aC,,; conformation while they suggest that all ki-
nases are able to assume the DFG-D,,, conformation.

We previously divided the type Iz and type II antagonists into A
and B subtypes [71]. As described in Section 4.3, imatinib is a type II
inhibitor of Kit (PDB ID: 1T46). This medication binds to the protein
kinase domain with the DFG-D,,, configuration and extends into the
back cleft. We classified antagonists that extend into the back cleft as
type IIA inhibitors. In contrast, we classified antagonists such as suni-
tinib that (i) bind to Kit DFG-D,,; conformation and (ii) do not extend
into the back cleft as type IIB inhibitors (PDB ID: 3GOE). Based on in-
complete data, the potential significance of this difference is that type A
inhibitors bind to their target kinase with a long residence time when
compared with type B antagonists.

Type II antagonists bind to their target enzyme with the DFG-D
pointing away from the active site [71,86,87] and they are usually the
easiest to identify. As a result, the DFG-D and DFG-F switch positions
and the change in location of the phenylalanine creates a large allos-
teric pocket that interacts with fragments of type II inhibitors such as
imatinib. The ATP/ADP binding site occurs within the front pocket and
does not extend past the gate area into the back pocket. In section 4.3,
we will see that the Kit antagonists studied in this paper, with the ex-
ception of midostaurin, are type II inhibitors.

4.2. Drug-ligand binding pockets

Liao [74] and van Linden et al. [88] divided the cleft between the
protein kinase small and large lobes into a front cleft or pocket, a gate
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area, and a back cleft. The back pocket or hydrophobic pocket II (HPII)
includes the gate area and back cleft (Fig. 7). The front cleft includes
the glycine-rich loop, the hinge residues, the linker connecting the
hinge residues to the large lobe aD-helix, and the amino acid residues
within the catalytic loop (HRDxxxxN). The gate area includes the B3-
strand and the beginning of activation segment including DFG. The
back cleft extends to the aC-helix, the aC-B4 back loop, portions of the
B4- and B5-strands, and a section of the aE-helix.

van Linden et al. defined several sub-pockets that are included in
these three regions [88]. Accordingly, the front cleft contains an ade-
nine-binding pocket (AP) next to two front pockets (FP-I and FP-II). FP-I
occurs between the solvent-exposed linker connecting the hinge re-
sidues to the aD-helix and the XDFG-motif (where x is the residue be-
fore the activation segment DFG) and FP-II is located between the
glycine-rich loop and the (33-strand on top of the cleft. Back pocket I
(BP-I) is located in the gate area between the xDFG-motif, the 33- and
B4-strands, the conserved $3-K of the AxK signature, and the aC-helix.
BP-I can be divided into two subpockets (BP-I-A and BP-I-B). The
smaller BP-I-A is found at the top of the gate area and is formed by
residues of the 33- and B5-strands including f3-AxK along with the aC-
helix. The larger BP-I-B occurs in the center of the gate area allowing
access to the back cleft. BP-I-A and BP-I-B are found in both DFG-D;,
and DFG-D,,; conformations

BP-II-A-in and BP-II-in occur in the DFG-D;, conformation within
the back cleft [74]. These pockets are bounded by the DFG-motif, the
aC-helix, the aC-B4 back loop, and the 34- and B5-strands. Consider-
able adjustment of BP-II-A-in and BP-II-in occurs to produce BP-II-out in
the DFG-D,,; conformation; this modification is associated with the
change in the location of DFG-F. The resulting compartment is labeled
back pocket II-out (BP-II-out); it occurs where the DFG-F is found in the
DFG-Dj, conformation. BP-II-B is bounded by the aC-helix and (4-
strand in both DFG-D;, and DFG-D,,, conformations. Back pocket III
(BP-III) occurs only in the DFG-D,,; conformation. This compartment is
located on the floor of BP-II-out between the DFG-D,,,, motif, the aC-p4
back loop, the aC- and aE-helices, the p6-strand, and the conserved
catalytic loop HRD-H. Two somewhat hydrophobic back pockets (BP-IV
and BP-V) occur between the aC-helix, the DFG-D,,,; motif, the catalytic
loop, the (6-strand, and the activation segment (Fig. 7). These two
pockets are partially solvent exposed.

The Kit multikinase inhibitors including imatinib are found within a
box that is made up of nearly 30 Kit amino acid residues. For example,
L799 (CS6), the C809, D810, and F811 of the xDFG motif, and residues
before and within the catalytic loop including C788, 1789, H790, and
R791 occur on the bottom of drug-binding pocket as illustrated in
Fig. 8. L799 is beneath, the xDFG motif is in front, C788 and 1799 are

(A) DFG-Din (B) DFG-D out
Hn3 Hn1 Hn3 Hn1
\ GK oC-helix m’( oC-helix
9 " So o Oy
Vb BP-RA i BPIA
BP-II-Ain i
AP BP-I-B _ AP BP.I-B BP-I-B
BP-ll-in BP-Il-out
A A
AN AN
‘ EP-Il ‘ ' Pl l BP-III
Front Gate Back Front Gate Back
cleft area cleft cleft area cleft
or pocket Back pocket (HPII) or pocket Back pocket (HPII)

Fig. 7. Location of the protein kinase domain drug-binding pockets. AP, adenine pocket; BP, back pocket; FP, front pocket; Hn, hinge; HPII, hydrophobic pocket II.

Adapted from Refs. [74,88].
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Fig. 8. (A) Overview of the drug binding site of Kit. Sticks with blue carbon
atoms are behind imatinib and those with gray carbon atoms are in front of
imatinib. (B) Structure of the Kit-imatinib complex. Kit spine-imatinib inter-
action - frontal view (C) and rear view (D). The imatinib carbon atoms are
colored yellow; C-spine, cyan; R-spine, gray; Shell residues, blue. AS, activation
segment; CL, catalytic loop; GK, gatekeeper. The dashed lines depict polar
bonds.

behind, and H790 and R791 are in front of the drug as depicted. The
hinge residues Y672 and C673 occur on the left and the f3-A621, V622,
and K623 occur in the ceiling of the box. A621 is above imatinib and
V622 and K623 occur in front of the drug. The aC-E640, V643, and
L644 occur on the right upper portion of the box while the p2-V603
occurs in front of the drug and the back-loop V654 occurs in back of the
antagonist. Additionally, E640 is in front of the drug and V622 and
K623 are behind it. The T670 gatekeeper occurs at the end of the 35-
strand and is in the back of the drug-binding pocket while L595 occurs
on the left at the end of the B1-strand and in front of the drug.
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4.3. Structures of Kit-drug complexes

Imatinib  (4-[(4-methylpiperazin-1-yl)methyl]-N-[4-methyl-3-[(4-
pyridin-3-ylpyrimidin-2-yl)amino]phenyl]benzamide) (Fig. 9A) is a Kit
multikinase inhibitor that is FDA-approved for the first-line treatment
of Ph™ chronic myelogenous leukemia, chronic eosinophilia leukemia,
dermatofibrosarcoma protuberans, hypereosinophilic syndrome, Kit-
mutation positive GIST, myelodysplastic/myeloproliferative diseases
with PDGFR gene-rearrangements, and as a second-line treatment for
acute lymphoblastic leukemia and aggressive systemic mastocytosis
without the D816V Kit mutation (Table 4). The Kit exon 11 V560G
occurs in GIST and aggressive systemic mastocytosis; Frost et al. de-
monstrated that this mutation has the beneficial effect of increasing the
potency of imatinib by 10-fold when compared with the wild type en-
zyme that was expressed in murine FDC-P1 cells [89]. The auto-
inhibitory JM segment interferes with imatinib binding and the V560G
mutation destabilizes the dormant state and allows the drug to bind.
The lesser sensitivity of the wild type enzyme should minimize adverse
effects as a result of decreased inhibition of normal Kit in non-neo-
plastic cells. Imatinib is FDA approved for the treatment of more dis-
eases than any other targeted small molecule protein kinase inhibitor
(www.brimr.org/PKI/PKIs.htm) and it may be thought of as a broad-
spectrum antagonist. This medication was initially developed to target
BCR-ADI, which is the driver mutation responsible for the pathogenesis
of chronic myelogenous leukemia [90]. This leukemia is characterized
by the activation of Abl kinase following the translocation of its gene to
the breakpoint cluster region (BCR) with the concomitant formation of
the Philadelphia chromosome (Ph) that encodes a constitutively active
BCR-ADI protein kinase chimera [91]. The blockade of a single enzyme
by imatinib and by second- and third-generation inhibitors such as
dasatinib, nilotinib, and ponatinib is thus efficacious in the treatment of
this illness.

Cancers other than chronic myelogenous leukemia arise from the
dysregulation of many signaling pathways [2]. The remarkable success
in the treatment of this leukemia by an inhibitor of the BCR-AblI kinase
is due to the unique pathogenesis involving a single biochemical defect.
It is notable that this distinctive characteristic is absent from nearly all
other forms of malignancy and the development of inhibitors to single
targets is generally less effective in treating other neoplasms. Imatinib
was the first FDA-approved orally effective targeted protein kinase in-
hibitor (2001) and its initial success stimulated the development and
approval of an additional 36 small molecule inhibitors that interact
directly with the protein kinase domain (www.brimr.org/PKI/PKIs.
htm) [2]. Imatinib is also known as STI-571 (Signal Transduction In-
hibitor-571), CGP 57148, Gleevec (in the United States), and Glivec (in
Europe).

The X-ray structure (PDB ID: 1T46) shows that the N1 nitrogen of
the pyridine group of imatinib forms a hydrogen bond with the N—H
group of C673 (the third hinge residue) and the amino group of the
tolyl-aminopyrimidine group forms a hydrogen bond with the —OH
group of T670 (Sh2), the gatekeeper residue. Because the drug is bound
to the DFG-D,, conformation, this arrangement allows a hydrogen
bond to form between the aC-E640 side chain and the amide N—H and
another is formed between the N—H group of DFG-D810 and the amide
carbonyl oxygen of the antagonist [82]. Moreover, the piperazinyl
amine forms bidentate ionic interactions with H790 (RS1) and 1789
(Fig. 8B). The phenyl ring of imatinib packs loosely between the ali-
phatic portions of the side chains of DFG-D810, aC-E640 and L644,
whereas the piperazine ring of the inhibitor makes no specific inter-
actions with the protein but rests in a shallow pocket bounded by V643
of the aC-helix, C788 and 1789 before the catalytic loop, and the cat-
alytic loop 7°°HRD”°2. Overall, the drug makes hydrophobic contacts
with the B1-strand L595 before the G-rich loop, V603 at the beginning
of the B2-strand, the 33 A621 (CS8), V622, and K623, V643 and L644
(RS3) within the aC-helix, V654 (Sh1l) within the aC-B4 back loop,
V668 in the B5-strand, Y672 (the second hinge residue), C788, 1789
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Fig. 9. Structures of selected Kit receptor multikinase inhibitors.

before the catalytic loop, R791 within the catalytic loop, L799 (CS6),
C809 immediately before the activation segment, and DFG-F811 (RS2).
The interaction of imatinib with residues that make up the shell re-
sidues and the catalytic and regulatory spines is illustrated in Fig. 8C
and D. Imatinib occurs within the front pocket, the gate area, and BP-I-
A, BP-I-B, BP-II-out, and BP-IV within the back pocket. The tolyl group
occupies the back cleft hydrophobic BP-II-out pocket and the distal
piperazinylphenyl group binds to BP-IV that occurs in the DFG-Dgy,
configuration. Imatinib extends past the gate area in the DFG-Dy,
conformation and is therefore classified as a type IIA inhibitor. The
polar contacts and hydrophobic interactions of imatinib with (i) Abl (a
non-receptor protein-tyrosine kinase, PDB ID: 1IEP), (ii) colony stimu-
lating factor-1 receptor protein-tyrosine kinase (PDB ID: 4R71), and (iii)
and PDGFRa [23] are similar.

van Linden et al. compiled a comprehensive summary of ligand and
drug binding to more than 1200 human and mouse protein kinase
catalytic domains [88]. Their KLIFS (kinase-ligand interaction finger-
print and structure) catalog includes an alignment of 85 ligand-binding-
site residues occurring in both the small and large lobes; this listing
facilitates the classification of ligands based upon their binding char-
acteristics and expedites the detection of related interactions. Further-
more, these investigators formulated a standard amino acid residue
numbering scheme that facilitates a comparison among all protein ki-
nases. See Table 3 for the relationship between the KLIFS database
numbering and the C-spine, Shell, and R-spine amino acid residue no-
menclature. Of general importance, this group established an invalu-
able free and searchable web site that is frequently updated and pro-
vides comprehensive information on protein kinase-ligand interactions
(klifs.vu-compmedchem.nl/)

Sunitinib (N-[2-(diethylamino)ethyl]-5-[(Z)-(5-fluoro-2-oxo-1H-
indol-3-ylidene)methyl]-2,4-dimethyl-1H-pyrrole-3-carboxamide)
(Fig. 9B) is a Kit receptor multikinase inhibitor that is FDA-approved for
the first-line treatment of renal cell carcinoma and pancreatic neu-
roendocrine tumors and the second-line treatment of GIST (after im-
atinib). The drug is a potent inhibitor of the KIT double mutant bearing
the activating (V599D) and secondary-resistance (T760I) mutations
[92]. This medication was developed as an anti-angiogenesis drug and
inhibits Kit, PDGF and VEGF receptors, and Flt3 (Table 4) [26,91,93].
Sunitinib is an effective inhibitor of almost all primary exon 9 extra-
cellular segment and exon 11 JM segment mutations [78]. This agent is
also an effective antagonist of enzymes bearing both exon 11 V559D
primary and exon 13 V654 secondary mutations. It is less effective
against Kit with exon 17 activation segment mutations. Tumors bearing
extracellular exon 9 mutations are somewhat more sensitive to suni-
tinib than tumors with the exon 11 JM mutations and patients with
exon 9 mutations have a higher response rate and longer median pro-
gression-free survival and overall survival [94].

The X-ray structure of sunitinib bound to Kit (PDB ID:3GOE) shows
that the N—H of its indole group amide forms a hydrogen bond with the
carbonyl group of E671 (the first hinge residue) and the drug amide
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N—H group forms a hydrogen bond with the carbonyl group of C673
(the third hinge residue) (Fig. 10A). This interaction mimics the binding
of the adenine base of ATP with protein kinases. The antagonist also
interacts hydrophobically with residues near the ceiling of the adenine
pocket including L595 at the end of the 31-strand, V603 at the begin-
ning of the B2-strand, and A621 (CS8) within the B3-strand. The an-
tagonist makes similar contacts with V654 (Sh1) in the back loop, Y672
within the hinge, L799 (CS6) within the (7-strand, and C809, DFG-
D810, DFG-F811(RS2), and activation segment A814. The diethylami-
noethyl group, which extends into the solvent, is disordered and not
observed. The drug interacts with the front pocket and BP-I-B of the
back pocket. Sunitinib binds to the DFG-D,,,, conformation and does not
extend past the gate area and is thereby classified as a type IIB inhibitor
of Kit [71].

Ponatinib (3-(2-imidazo[1,2-b]pyridazin-3-ylethynyl)-4-methyl-N-
[4-[(4-methylpiperazin-1-yl)methyl]-3-(trifluoromethyl)phenyl]benza-
mide) (Fig. 9C) is a Kit receptor multikinase inhibitor that is approved
for the treatment of Ph™ acute lymphoblastic and chronic myelogenous
leukemias (www.brimr.org/PKI/PKIs.htm) and is undergoing clinical
trials for the treatment of GIST, other solid tumors, and hematologic
neoplasms (clinicaltrials.gov). The medication is a second generation
BCR-AbI inhibitor that is effective against the Abl T315I gatekeeper
mutant [95] (Table 4). Ponatinib is an effective inhibitor of the exon 11
JM segment V559D and V560G mutants as well as the T670I gatekeeper
mutant [78]. It is also an effective antagonist of the activation segment
D816H, D820E, and A829P mutants.

The X-ray structure of ponatinib bound to Kit (PDB ID: 4U0I) shows
that the antagonist makes five hydrogen bonds with Kit. The N1 of the
imidazopyridazine ring bonds with the carbonyl group of C673 (the
third hinge residue), the N—H of the drug amino group forms a hy-
drogen bond with aC-E640, the benzamide carbonyl forms a hydrogen
bond with the N—H group of DFG-D810, and the piperazine N—H group
forms bidentate hydrogen bonds with the carbonyl groups of 1789 and
H790 (RS1) (Fig. 10B). Ponatinib interacts hydrophobically with re-
sidues near the ceiling of the adenine pocket including L595 at the end
of the B1-strand, V603 near the beginning of the 2-strand, and the 3
A621 (CS8), V622, and K623. The antagonist makes similar contacts
with L644 (RS3) and L647 within the aC-helix, 1653 and V654 (Sh1) in
the back loop, V688 and T670 (Sh2) in the B5-strand, and Y672 (the
second hinge residue). The linear triple bond allows ponatinib to extend
past the gatekeeper T670 into the back pocket and its interaction with
isoleucine in the secondary imatinib-resistant T670I mutant explains its
effectiveness in blocking this enzyme form. Ponatinib makes hydro-
phobic contact with C788, 1789, H790 (RS1), and R791 within the
catalytic loop. The antagonist also makes hydrophobic contact with
L799 (CS8), 1808, C809, and DFG-F811 (RS2). The drug binds to the
front pocket, gate area, and back pockets including the BP-I-A, BP-I-B,
BP-II-out, BP-III, and BP-IV subpockets (Fig. 7). This structural data
indicates that ponatinib binds to the DFG-D,,, conformation extending
into the back pocket of Kit and is thereby classified as a type IIA
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Fig. 10. Structures of Kit-drug complexes. The carbon atoms of the drugs are colored yellow. AS, activation segment; CL, catalytic loop; GK, gatekeeper. The dashed

lines depict polar bonds.

inhibitor [71]. The Schrodinger induced fit computer-generated struc-
ture of ponatinib binding to PDGFRa [23] closely resembles the X-ray
structure of its binding to Kit described here.

Axitinib  (N-Methyl-2-((3-(2-(pyridin-2-yl)vinyl)-1H-indazol-6-yl)
thio)benzamide) (Fig. 9D) is an orally effective second generation Kit,
PDGFRo/p and VEGFR1/2/3 antagonist that was FDA approved as a
second-line treatment for renal cell carcinomas in 2012. Both PDGF and
VEGF receptors participate in angiogenesis and the observed ther-
apeutic response may be related to the inhibition of both of these fa-
milies of enzymes [95-97]. Whether Kit inhibition plays a therapeutic
effect against renal cell carcinoma is unclear. Although there are no
structural data of axitinib bound to Kit, we were able to produce a
satisfactory pose of the ligand binding to human Kit using the Schro-
dinger induced fit docking protocol (2016-1 release) [98] with 1T46
(PDB: ID) as a template. Using the terminology of Fresner et al., pose
refers to the description of the orientation and position of the ligand
relative to its target [99]. The resulting computer-generated structure
indicates that the indazole N2 forms a hydrogen bond with the N—H
group of C673 (the third hinge residue). The benzamide carbonyl group
hydrogen bonds with the N—H group of DFG-D810 and the benzamide
N—H group forms a hydrogen bond with aC-E640 (Fig. 10C). The drug
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interacts hydrophobically with residues near the ceiling of the adenine
pocket including L595 within the 1-strand, V603 within the 2-strand,
and A621 (CS8) and K623 within the f3-strand. Axitinib also interacts
hydrophobically with aC-L644 (RS3), V654 (Sh1l) within the aC-p4
back loop, V668 in the B5-strand, Y672 within the hinge, L799 (CS6)
within the B7-strand on the floor of the adenine binding pocket, C809
before the activation segment, and DFG-F811 (RS2). The pyridine ring
of axitinib is directed away from the enzyme into the solvent. The drug
binds in the front pocket, gate area, and back pockets including the BP-
I-A, BP-I-B, and BP-II-out; in contrast to imatinib and ponatinib, axitinib
does not extend into the BP-IV subpocket. This structural data indicates
that ponatinib binds to the DFG-D,,; conformation extending into the
back pocket of Kit and is thereby classified as a type IIA inhibitor [71].

Cabozantinib (1-N-[4-(6,7-dimethoxyquinolin-4-yl) oxyphenyl]-1-
N'-(4-fluorophenyl) cyclopropane-1,1-dicarboxamide) is a multikinase
inhibitor [100] that is FDA approved for the first-line treatment of
advanced (i) medullary thyroid cancer and (ii) renal cell carcinoma
(Table 4) [101]. Although there are no structural data of cabozantinib
(Fig. 9E) binding to Kit or any other protein kinase in the public do-
main, we were able to generate a satisfactory pose of the drug binding
to human Kit using the Schrédinger induced fit docking protocol as
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described above using PDB ID: 1T46 as a template [98]. The resulting
pose indicates that the cabozantinib quinoline N1 forms a hydrogen
bond with the N—H group of C793 of the hinge and one amide group
forms a hydrogen bond with aC-E640 and the second amide forms a
hydrogen bond with the D810 carboxylate group (Fig. 10D). The an-
tagonist makes hydrophobic interactions with L595 at the end of the
PB1l-strand, V603 at the beginning of the (2-strand, A621 (CS8) and
K623 within the B3-strand, and A636, V643, L644 (RS3), and L645
within the aC-helix. The drug also makes hydrophobic contacts with
V654 (Shl) of the aC-B4 back loop, Y672 (the second hinge residue),
L799 (CS6) on the floor of the adenine pocket, C809 before the acti-
vation segment, and F811 (RS2) and A814 within the activation seg-
ment. The antagonist also makes van der Waals contact with the Sh2
gatekeeper (T670) and D810 (RS2). Cabozantinib binds in the front
pocket, gate area, and back pockets including the BP-I-A, BP-I-B, BP-II-
out, BP-III, and BP-IV subpockets. The compound binds to an inactive
DFG-D,,; conformation of Kit and extends into the back pocket is
thereby classified as a type IIA inhibitor [71].

Dasatinib (N-(2-chloro-6-methylphenyl)-2-[[6-[4-(2-hydroxyethyl)
piperazin-1-yl]-2-methylpyrimidin-4-yl]amino]-1,3-thiazole-5-carbox-
amide) (Fig. 9F) was initially developed as a BCR-Abl inhibitor and was
subsequently shown to inhibit Kit, PDGFR, and Src family kinases in-
cluding Src, Lck, and Yes [102-106]. Inhibition of BCR-ADI is clinically
effective and led to the FDA-approval for the treatment of Ph™ chronic
myelogenous leukemia and acute lymphoblastic leukemia. Kit, PDGFR,
and Src family kinases participate in a variety of signaling pathways
that promote cell proliferation and survival and possible dasatinib
therapeutic responses in patients with mastocytosis, melanomas, other
solid tumors, and hematopoietic disorders may be related to the in-
hibition of these enzymes [102,103,107]. Because Src family kinases
are important mediators of Kit signaling, dual inhibition of Kit and Src
kinases may be responsible for its clinical efficacy [108]. This agent is
effective against the KIT D816 V mutant (ICso value of 32nM) when
comparted with imatinib (no inhibition at 10 uM) [103]. Dasatinib is
FDA-approved for the first- or second-line treatment of Ph* chronic
myelogenous leukemia or the second-line treatment of Ph* acute
lymphoblastic leukemias (Table 4).

No X-ray structural studies of dasatinib bound to Kit have been re-
ported, but we were able to generate a reasonable pose of the drug
binding to the human receptor with the Schrodinger induced fit docking
protocol [98] as described above. The best pose shows that the N3 of
the thiazole forms a hydrogen bond with the N—H group of C673 while
the adjacent dasatinib amino group forms a hydrogen bond with the
carbonyl group of C673 (the third hinge residue). Moreover, the car-
boxamide N—H forms a hydrogen bond with the —OH group of the
T670 gatekeeper residue (Fig. 10E). The antagonist interacts hydro-
phobically with residues near the top of the adenine pocket including
L595 at the end of the PBl-strand, V603 of the B2-strand, and A621
(CS8), V622, and K623 within the B3-strand. Dasatinib also makes
hydrophobic contact with V654 (Sh1) and L657 of the back loop, with
V668 and 1669 of the B5-strand, and Y672 of the hinge. It also interacts
hydrophobically with L799 (CS6) of the B7-strand along with C809,
which precedes DFG-D810 of the activation segment, and with DFG-
F811.The 2-hydroxyethylpiperazine group extends into the solvent. The
drug binds in the front pocket and the gate area. Dasatinib interacts
with the DFG-D,,,; conformation of Kit and does not extend past the gate
area and is classified as a type IIB inhibitor [71].

Lenvatinib (4-[3-chloro-4-(cyclopropylcarbamoylamino)phenoxy]-
7-methoxyquinoline-6-carboxamide) (Fig. 9G) is a Kit multikinase an-
tagonist that is FDA approved for the second-line treatment of differ-
entiated follicular and papillary thyroid cancers that are insensitive to
radioiodine treatment (Table 4). This medication was initially devel-
oped as an angiogenesis inhibitor with activity against VEGFR, PDGFR,
and Kit [109]. We used the Schrodinger induced fit protocol [98] to
dock the ligand into human Kit as described above. The pose shows that
N1 of the quinoline moiety forms a hydrogen bond with the N—H group
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of the third hinge residue (C673), each of the two ureido N—H groups
forms a hydrogen bond with aC-E640, the carbonyl oxygen of the ur-
eido group forms a hydrogen bond with the N—H group of DFG-D810
(Fig. 10F). Lenvatinib interacts hydrophobically with several residues
of Kit; these residues include L595 at the end of the B1-strand, V603
near the beginning of the P2-strand, the B3-strand A621 (CS8) and
K623, which make up the roof of the adenine binding pocket. The drug
also interacts hydrophobically with L644 (RS3) within the aC-helix and
Y672 (the second hinge residue). Moreover, the antagonist makes si-
milar contacts with L799 (CS6) in the B7-strand, C809 immediately
before the activation segment, and DFG-F811 (RS2). The 7-methoxy
group extends into the solvent. The antagonist binds in the front pocket,
gate area, and back pockets including BP-I-A, BP-I-B, and BP-II-out;
unlike imatinib and ponatinib, lenvatinib does not extend into the BP-
IV subpocket. The drug extends into the back pocket of the DFG-D
conformation of Kit and is classified as a type IIA inhibitor [71].

Regorafenib (4-[4-[[4-chloro-3-(trifluoromethyl)phenyl]carbamoy-
lamino]-3-fluorophenoxy]-N-methylpyridine-2-carboxamide) (Fig. 9H)
is a Kit multikinase inhibitor that is an FDA-approved second-line
treatment of hepatocellular carcinoma following sorafenib treatment,
third-line treatment of GIST following imatinib and sunitinib, and third-
or fourth-line treatment of advanced colorectal cancer (Table 4). Like
lenvatinib, the medication was initially developed as an angiogenesis
inhibitor with activity against receptor protein-tyrosine kinases in-
cluding VEGFR1/2, PDGFRp, Kit, and RET as well as the protein-serine/
threonine kinase B-Raf [110]. We used the Schrédinger Glide protocol
[98] to dock the drug into human Kit as described above. The pose
shows that the pyridine N forms a hydrogen bond with the N—H group
of C673 and carbamoyl amino group forms a hydrogen bond with the
carbonyl group of C673 (the third hinge residue). The ureido carbonyl
group forms a hydrogen bond with the N—H group of DFG-D810 and
the ureido nitrogen atoms form hydrogen bonds with the aC-E640
(Fig. 10G). Regorafenib makes hydrophobic contact with L595 at the
end of the Bl-strand, V603 at the beginning of the (2-strand, A621
(CS8) and K623 in the B3-strand that together form the roof of the
adenine binding pocket. The antagonist makes further hydrophobic
contacts with aC V643, L644 (RS3), and L647 along with 1653 and
V654 (Sh1) of the aC-B4 back loop. It also makes hydrophobic contact
with Y672 (the second hinge residue), L783, C788, H790 (RS1), and
L799 (CS6) on the floor of the adenine binding pocket. The medication
makes additional hydrophobic contact with 1808 and L809 preceding
the activation segment as well as DFG-F811 (RS2). Regorafenib differs
from sorafenib, described next, by the addition a fluorine atom to the
phenoxy group. This fluorine atom is sandwiched between K623 and
the T670 gatekeeper (Sh2). The drug binds in the front pocket, gate
area, BP-I-B, BP-Il-out, and BP-III back subpockets as illustrated in
Fig. 7. The 7-methoxy group extends into the solvent. The hydrogen
bonds with a hinge residue, the aC-E, and DFG-D,,, are characteristic of
classical type IIA inhibitors [82]. As a type IIA inhibitor, it is not sur-
prising that this antagonist is not a good inhibitor of the exon 17 ac-
tivation segment D816H mutation [78].

Sorafenib (4-[4-[[4-chloro-3-(trifluoromethyl)phenyl]carbamoyla-
mino]phenoxy]-N-methylpyridine-2-carboxamide) (Fig. 91) is a Kit re-
ceptor multikinase inhibitor that is FDA-approved for the first-line
treatment of hepatocellular and renal cell carcinomas and as a second-
line treatment of radioiodine-refractory differentiated follicular and
papillary thyroid carcinomas (www.brimr.org/PKI/PKIs.htm). This
medication was initially developed as a Raf protein-serine/threonine
kinase inhibitor, but it is a potent antagonist of several receptor protein
kinases as well (Table 4) [111-113]. We used the Schrédinger induced
fit docking protocol [98] to generate a model for the interaction of this
ligand with Kit as described above. The resulting pose shows that the
antagonist makes five hydrogen bonds with Kit. The terminal carbox-
amide N—H forms a hydrogen bond with the carbonyl group of C673
and the N1 of the pyrimidine forms a hydrogen bond with the N—H
group of C673 (the third hinge residue). The two ureido N—H groups
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form hydrogen bonds with the carboxyl group of aC-E640 and the ur-
eido carbonyl group forms a hydrogen bond with the N—H group of
DFG-D810 (Fig. 10H). Moreover, the drug interacts hydrophobically
with residues near the ceiling of the adenine pocket including L595 at
the end of the B1-strand, V603 near the beginning of the (32-strand, and
the 33-strand A621 (CS8). It makes similar contacts with L644 (RS3)
and L647 of the aC-helix, 1651 and V654 (Sh1) in the aC-f34 back loop,
and Y672 (the second hinge residue). Sorafenib also makes hydro-
phobic contact with L783, H790 (RS1), L799 (CS6) on the floor of the
adenine pocket along with 1808 and C809 preceding the activation
segment. Sorafenib binds in the front pocket, the gate area, and BP-I-B,
BP-Il-out, and BP-III in the back pocket. Like several of the previous
drugs, sorafenib extends into the back pocket of the DFG-D,, con-
formation of Kit and is thereby classified as a type IIA inhibitor [71].
Sorafenib and regorafenib are congeners developed by Bayer. Owing to
the FDA-approval of regorafenib for the treatment of GIST, it is unclear
whether Bayer will continue to develop sorafenib for the treatment of
GIST [31].

Midostaurin (N-((9S,10R,11R,13R)-10-methoxy-9-methyl-1-oxo-
2,3,10,11,12,13-hexahydro-9,13-epoxy-1H,9H-diindolo(1,2,3-
GH:3',2',1-Im)pyrrolo(3,4-j)(1,7)benzodiazonin-11-yl)-n-methylbenza-
mide) (Fig. 9J) is a Kit multikinase inhibitor that is FDA-approved as a
first-line treatment for (i) aggressive systemic mastocytosis, (ii) sys-
temic mastocytosis with associated hematologic neoplasm, (iii) mast
cell leukemia, and (iv) as a combination treatment of acute myelo-
genous leukemia with Flt3* mutations [32,114,115]. This drug was
initially developed as a PKC protein-serine/threonine kinase inhibitor,
but it is a potent antagonist of several receptor protein kinases as well
(Table 4). Midostaurin is a derivative of staurosporine, which is a
bacterially (Streptomyces stauroporeus) produced alkaloid that inhibits a
large number of protein kinases (a pan-protein kinase inhibitor). Im-
portantly, this antagonist is effective against Kit exon 17 activation
segment D816 V/Y mutations [116]. Midostaurin is currently in clinical
trials for patients with systemic mastocytosis, mast cell leukemia, KIT
mutant acute myelogenous leukemia, and other hematologic disorders
(www.clinicaltrials.gov).

We used the Schrdodinger induced fit docking protocol [98] to
generate a model for the interaction of midostaurin with the active form
of Kit using PDB ID: 1PKG as a template. The resulting pose shows that
the antagonist makes three hydrogen bonds with Kit. The N1 pyrrolo
N—H forms a hydrogen bond with the carbonyl group of E671, the
pyrrolo carbonyl group forms a hydrogen bond with C673 N—H group
of C673 (the third hinge residue), and the benzamide carbonyl forms a
hydrogen bond with the A597 N—H group (the second residue of the G-
rich loop) (Fig. 10I). Moreover, the drug interacts hydrophobically with
residues near the ceiling of the adenine pocket including L595 at the
end of the 1-strand, V603 near the beginning of the $2-strand, the (33-
strand A621 (CS8) and K623, and with Y672 (the second hinge residue).
Midostaurin also makes hydrophobic contact with L679 and N880,
which link the hinge to the aD-helix, R796 near the end of the catalytic
loop, L799 (CS6), and C809 that occurs before DFG-D810 of the acti-
vation segment. Midostaurin binds in the front pocket including FP-II
and it does not extend into the gate area. Unlike the previous drugs,
midostaurin binds to the active enzyme and is classified as a type I
inhibitor [71].

To summarize this section, the ten drugs form a hydrogen bond with
C673 (the third hinge residue) and they interact hydrophobically with
PB1l-strand L595, the B2-strand V603, A621 (CS8), Y672 (the second
hinge residue), L799 (CS6) on the floor of the adenine pocket, and C809
immediately before the activation segment. All of the drugs except
dasatinib and midostaurin interact hydrophobically with V654 (Sh1)
within the back loop. All of the antagonists except for axitinib, dasa-
tinib, midostaurin, and sorafenib make hydrophobic interactions with
K623 within the B3-strand AxK signature. Imatinib, sunitinib, axitinib,
lenvatinib, regorafenib, and sorafenib form hydrogen bonds with C673
of the hinge, E640 of the aC-helix, and the N—H group of D810; this is a
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classical type II drug-enzyme interaction [82]. Pazopanib is a Kit mul-
tikinase inhibitor that is FDA-approved for the treatment of renal cell
carcinomas and soft tissue sarcomas. We were unable to obtain any
satisfactory poses of this ligand bound to Kit using the Schrodinger
Induced Fit or Glide programs [98,99].

5. Epilogue

Imatinib (Gleevec) is an FDA-approved treatment for advanced GIST
(www.brimr.org/PKI/PKIs.htm); however, resistance generally de-
velops in a median time of two years owing to secondary-resistance
mutations in KIT. Sunitinib and regorafenib are FDA approved as
second- and third-line therapies for these patients. When resistance to
all three agents occurs such patients lack additional effective and ap-
proved treatment options. Several alternative medications such as al-
vocidib, amcasertib, avapritinib, axitinib, BYL719 (a phosphatidylino-
sitol 3’-phosphate kinase inhibitor), dovitinib, ganetespib and onalespib
(heat shock protein chaperone inhibitors), cabozantinib, crenolanib,
linsitinib, masitinib, OSI-930, nilotinib, pexidartinib, ponatinib, se-
maxanib, vandetanib, and sorafenib are being evaluated along with
immunotherapies, radiation, and traditional cytotoxic drugs (www.
clinicaltrials.gov). So-called liquid biopsies that permit the analysis of
circulating tumor DNA (ctDNA) for resistance mutations, which allows
for early switches to alternative therapy, may prove beneficial.
Additional strategies for the treatment of tumors bearing secondary-
resistance mutation include the use of a combination of agents that
target (i) two different proteins in the same pathway or (ii) two dif-
ferent signaling pathways. Another possibility is to combine targeted
agents with cytotoxic drugs. See Ref. [26] for a complete discussion of
additional targets, therapies, and clinical trials for the treatment of
GIST.

Although the pose or mode of binding of each ligand with its protein
kinase target is unique, it is advantageous to classify drug-enzyme in-
teractions and use them in the drug discovery process. We have clas-
sified protein kinase inhibitors into seven possible types (I-VI and I'2)
based upon the structures of the drug-protein kinase complexes [71].
Because some medicinals are able to bind to multiple conformations of
their protein kinase targets the complexity of inhibitor taxonomy in-
creases. For example, bosutinib is a type I antagonist of Src and a type
IIB antagonist of the Abl (both are non-receptor protein-tyrosine ki-
nases). Crizotinib is a type I inhibitor of the ALK and a type I¥2B in-
hibitor of c-Met (both are receptor protein-tyrosine kinases). Sunitinib
is a type I'4B inhibitor of CDK2 (cyclin-dependent protein kinase 2, a
protein-serine/threonine kinase) and a type IIB inhibitor of Kit (a re-
ceptor protein-tyrosine kinase) [8,15]. Adding to this complexity, X-ray
crystallographic structures indicate that erlotinib can be a type I or I'4AB
inhibitor of EGFR/ErbB1 (a receptor protein-tyrosine kinase). These
results indicate that some protein kinase antagonists lack conforma-
tional selectivity. Moreover, imatinib, the prototypical type II inhibitor,
was observed to bind to the active non-receptor Syk protein-tyrosine
kinase with aC;, and an open DFG-Dy, activation segment conformation
as a type I inhibitor (PDB ID: 1XBB) [117]. In contrast to its binding to
Kit in an extended linear conformation (Fig. 10), imatinib assumes a
compact U-shaped structure that occurs only within the front pocket.

Although targeted protein kinase inhibitors generally produce less
severe adverse events when compared with cytotoxic drugs, never-
theless side effects are commonly observed. For example, multikinase
inhibitors that block VEGFR signaling usually produce hypertension
[118]. Although Kit expression is low in most adult cells, nevertheless
various stem cells produce Kit receptors and SCF. Moreover, Kit in-
hibition has been associated with cardiac toxicity. In an experimental
study, Savi et al. found that imatinib induced human cardiac progenitor
cell depletion, reduced growth, and increased cell death in cell culture,
an effect that was attributed to Kit inhibition [119]. See Ref. [120] for a
review of Kit function in the developing and adult heart.

As indicated in Table 4, all of the drugs reviewed in this paper target
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several enzymes. There are more than 175 different orally effective
protein kinase inhibitors in clinical trials worldwide [121]; a complete
listing can be found at www.icoa.fr/pkidb/. Although one goal in drug
discovery and development of protein kinase antagonists has been to
inhibit a single enzyme, it appears that many, if not most, of so-called
selective inhibitors have been found at later stages to inhibit multiple
enzymes. It appears that the vast majority of FDA-approved protein
kinase antagonists are multikinase inhibitors (www.brimr.org/PKI/
PKIs.htm). Their therapeutic success and perhaps toxicity may be re-
lated to the simultaneous inhibition of multiple enzymes. Accordingly,
we have the question of whether magic shotguns are to be favored over
magic bullets [122].

Manning et al. established that the human protein kinase super fa-
mily consists of 518 members [4]. If the number of human genes is
about 19,000 [68], then protein kinases make up 2.7% of all genes.
Thus, about 1 in 37 genes encodes a protein kinase. Because mutations
and dysregulation of protein kinases play fundamental roles in the
pathogenesis of human diseases including autoimmune, inflammatory,
and nervous disorders as well as cancer, this family of enzymes has
become one of the most important drug targets over the past two
decades [1,2]. There are about three dozen FDA-approved medications
that are directed against about 20 different protein kinases (www.
brimr.org/PKI/PKIs.htm) and drugs targeting an additional 20 protein
kinases are in clinical trials worldwide [3]. Owing to the hundreds of
disease loci or cancer amplicons that have been mapped in the human
genome [4], one can anticipate a substantial increase in the number of
enzymes that will be targeted for the treatment of more and more ill-
nesses.
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