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ABSTRACT

Owing to the dysregulation of protein kinase activity in many diseases including cancer, this enzyme family has
become one of the most important drug targets in the 21st century. There are 72 FDA-approved therapeutic
agents that target about two dozen different protein kinases and three of these drugs were approved in 2022. Of
the approved drugs, twelve target protein-serine/threonine protein kinases, four are directed against dual
specificity protein kinases (MEK1,/2), sixteen block nonreceptor protein-tyrosine kinases, and 40 target receptor
protein-tyrosine kinases. The data indicate that 62 of these drugs are prescribed for the treatment of neoplasms
(57 against solid tumors including breast, lung, and colon, ten against nonsolid tumors such as leukemia, and
four against both solid and nonsolid tumors: acalabrutinib, ibrutinib, imatinib, and midostaurin). Four drugs
(abrocitinib, baricitinib, tofacitinib, upadacitinib) are used for the treatment of inflammatory diseases (atopic
dermatitis, psoriatic arthritis, rheumatoid arthritis, Crohn disease, and ulcerative colitis). Of the 72 approved
drugs, eighteen are used in the treatment of multiple diseases. The following three drugs received FDA approval
in 2022 for the treatment of these specified diseases: abrocitinib (atopic dermatitis), futibatinib (chol-
angiocarcinomas), pacritinib (myelofibrosis). All of the FDA-approved drugs are orally effective with the
exception of netarsudil, temsirolimus, and trilaciclib. This review summarizes the physicochemical properties of
all 72 FDA-approved small molecule protein kinase inhibitors including lipophilic efficiency and ligand
efficiency.

1. The importance of therapeutic protein kinase inhibitors

Because of genetic alterations including mutations and trans-
locations as well as overexpression, the dysregulation of protein kinase
activity plays a significant role in the pathogenesis of autoimmune, in-
flammatory, nervous, and cardiovascular diseases as well as a number of
malignancies. Consequently, protein kinases are among the most
important drug targets in the 21st century [1,2]. Perhaps 25-33% of
drug development efforts in the United States and worldwide target
these enzymes. The clinical efficacy of imatinib in the treatment of
Philadelphia chromosome-positive chronic myelogenous leukemia in
2001 motivated the search for orally bioavailabe therapeutic protein
kinase antagonists [3-5]. This remarkable success resulted from the
imatinib blockade of the active chimeric BCR-Abl protein-tyrosine

kinase, the causative biochemical defect that produces these leukemias.

The repertoire of several thousand protein kinase X-ray crystal
structures in the public domain expedite structure-based drug develop-
ment. Furthermore, additional proprietary structures solved by com-
mercial ventures are in widespread use in the drug development process.
Approximately 180 orally bioavailable protein kinase inhibitors are in
clinical trials worldwide [6]. A comprehensive catalog of these medic-
inals, which is regularly updated, can be obtained at www.icoa.
fr/pkidb/. There are 72 FDA-approved drugs that target about two
dozen different protein kinases (see supplementary material). These
protein kinases, however, represent a small fraction of the 518-member
protein kinase enzyme family. Additional agents directed against these
and other protein kinases are in clinical trials in the United States and
across the globe [4-7].
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Manning et al. reported that the human protein kinase lineage con-
tains 478 typical and 40 atypical enzymes [8] including phosphatidy-
linositol 3-kinase (PI 3-kinase) [5,9]. Protein kinases catalyze the
following reaction;.

MgATPl’ + protein-O:H — protein—O:PO%’ + MgADP + H*.

Based upon the identity of the protein—-OH groups, these catalysts are
divided into, protein-tyrosine kinases (90 members), protein-tyrosine
kinase-like enzymes (43), and protein-serine/threonine kinases (385).
The protein-tyrosine kinase lineage consists of both transmembrane
receptor (58) and intracellular nonreceptor (32) proteins. Furthermore,
the protein kinase lineage includes a small group of intracellular en-
zymes such as MEK1/2 that catalyze the phosphorylation of both tyro-
sine and then threonine residues within the activation segment of their
target protein kinases; because of this unique action, MEK1/2 and
related enzymes are called dual specificity protein kinases. Another
indication of the importance of the protein kinase family is the estimate
that about one in every 40 human genes (518 protein kinase genes out of
an estimated 20,000 human protein-encoding genes) codes for a protein
kinase. Protein kinases therefore constitute about 2.5% of the human
genome. Another indication of the importance of protein kinases as drug
targets is the work of Manning et al. that suggests that 244 protein ki-
nases map to cancer amplicons and other disease loci [8]. Consequently,
as additional research on the pathogenesis of various diseases is per-
formed, it is highly likely that there will be a notable increase in the
number of protein kinase therapeutic targets.

The US FDA has approved 72 small molecule therapeutic protein
kinase inhibitors as of 24 November 2022 (see supplementary material),
nearly all of which are orally effective with the exceptions of netarsudil
(an eye drop) and temsirolimus and trilaciclib (which are given intra-
venously). Ruxolitinib is an orally bioavailable JAK1/2 therapeutic
protein kinase inhibitor that was approved for the treatment of poly-
cythemia vera and myelofibrosis in 2011. This agent is topically active
as a cream and was approved in 2021 for the treatment of atopic
dermatitis. Of the 72 approved drugs, forty target receptor protein-
tyrosine kinases, sixteen block nonreceptor protein-tyrosine kinases,
twelve inhibit protein-serine/threonine protein kinases, and four are
directed against dual specificity protein kinases (MEK1/2) (Table 1).
The data indicate that 62 of these medicinals are approved for the
management of neoplasms (50 against solid tumors such as lung, colon,
and breast, eight against nonsolid tumors such as leukemia, and four
against both types of tumors: midostaurin, ibrutinib, imatinib, and
acalabrutinib).

More than two dozen of the approved drugs are multikinase antag-
onists. Because the specificity of many of the protein kinase inhibitors
has not been examined, it is probable that many more of the approved
drugs are multikinase inhibitors. The simultaneous blockade of several
protein kinases has potential advantages and disadvantages. For
example, the therapeutic effectiveness of multikinase antagonists may
be related to the blockade of two or more targets. Cabozantinib and
sunitinib, for instance, have potent off-target activity against the Axl
receptor protein-tyrosine kinase and this property may add to their
clinical efficacy [14]. In contrast, the inhibition of off-target kinases may
elicit unwanted side effects. Accordingly, we have the dilemma of
whether a magic shotgun should be preferred to Paul Ehrlich’s magic
bullet [15].

Eleven of the FDA-approved protein kinase inhibitors are prescribed
for the treatment of nonneoplastic diseases. For example, (i) netarsudil is
employed for the treatment of glaucoma, (ii) ruxolitinib, ibrutinib, and
belumosudil are prescribed for the management of graft vs. host disease,
(iii) nintedanib is used for the treatment of idiopathic pulmonary
fibrosis, (iv) fostamatinib is prescribed for the management of chronic
immune thrombocytopenia, (v) baricitinib, tofacitinib, and upadacitinib
are employed for the treatment of rheumatoid arthritis, (vi) ruxolitinib,
upadacitinib, and the newly approved abrocitinib are prescribed for the
management of atopic dermatitis, (vii) tofacitinib is used for the treat-
ment of psoriatic arthritis, rheumatoid arthritis, and ulcerative colitis,
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and (viii) upadacitinib is prescribed for the treatment of psoriatic
arthritis, rheumatoid arthritis, and atopic dermatitis [10-13]. Moreover,
sirolimus and ibrutinib are approved therapeutics for both neoplastic
and nonneoplastic diseases.

Seven of the FDA-approved kinase inhibitors form covalent bonds
with their target enzymes and they are accordingly classified as TCIs
(targeted covalent inhibitors) [16]. These agents include acalabrutinib
(inhibiting BTK in mantle cell lymphoma), dacomitinib (inhibiting
mutant EGFR in NSCLC), osimertinib (blocking EGFR T970M mutants in
NSCLC), afatinib (targeting EGFR in NSCLC), neratinib (targeting ErbB2
in HER2-positive breast cancer), zanubrutinib (targeting BTK in mantle
cell lymphoma), and ibrutinib (blocking BTK in chronic lymphocytic
leukemia, mantle cell lymphoma, marginal zone lymphoma, chronic
graft vs. host disease, and Waldenstrom macroglobulinemia). The
closely related EGFR and ErbB4 of the ErbB1/2/3/4 epidermal growth
factor receptor family are the most common protein kinases bearing
mutations in all cancers [3]. For a summary of the characteristics of
small molecule protein kinase blockers that were approved by the FDA
prior to 2022, see Refs. [10-13].

Of the 72 FDA-approved protein kinase inhibitors, nineteen are
prescribed for the treatment of more than one disease. For example,
imatinib is approved for the treatment of eight distinct maladies
(Table 1). This agent inhibits the nonreceptor protein-tyrosine kinase
Abl (and the BCR-Abl chimera - responsible for the pathogenesis of
chronic myelogenous leukemia), Abl2, PDGFRa/p, Kit (the stem cell
factor receptor), and epithelial discoidin domain-containing receptor-1
(DDR1) and receptor-2 (DDR2). DDR1/2, which are activated by
collagen, participate in cell migration, proliferation, differentiation, and
remodeling the extracellular matrix. Imatinib is FDA-approved for (i)
the first-line treatment of Philadelphia chromosome-positive chronic
myelogenous leukemia, (ii) myelodysplastic/myeloproliferative dis-
eases with PDGFR gene-rearrangements, (iii) KIT mutation-positive
gastrointestinal stromal tumors, (iv) dermatofibrosarcoma protuber-
ans, (v) acute lymphoblastic leukemia, (vi) chronic eosinophilic leuke-
mia, (vii) hypereosinophilic syndrome, and (viii) as a second-line
treatment for aggressive systemic mastocytosis without the KIT P816V
mutation [2,10]. Imatinib is used off-label for the treatment of chronic
myelogenous leukemia following allogeneic stem cell transplantation,
advanced KIT-mutant melanomas, chordomas, and desmoid tumors.
Imatinib is thus a broad-spectrum inhibitor.

2. Protein kinase structure and mechanism
2.1. Primary, secondary, and tertiary structures

The newly approved drugs described in this review interact with (i)
the nonreceptor protein tyrosine kinases JAK1, JAK2, and chimeric BCR-
Abl and (ii) the receptor protein-tyrosine kinases FGFR1/2/3/4 so that
the following description is generic. As described initially for PKA
(protein kinase A) by Knighton et al., protein kinases have a small N-
terminal lobe and large C-terminal lobe (Fig. 1) [17]. The N-terminal
lobe is made up of a five-stranded antiparallel p-sheet ($1-f5) and an
«C-helix that occurs in active and inactive orientations [18,19]. This
lobe contains a glycine-rich loop (GRL), sometimes called the P-loop (for
the ATP phosphates), which connects the small lobe $1- and p2-strands;
the loop consists of GxGx®G where the ® denotes a hydrophobic res-
idue. A valine residue that is two residues after the G-rich loop makes
hydrophobic contact with the adenine portion of ATP as well as
numerous small molecule protein kinase blockers. Protein kinases
possess an AxK sequence within the p3-strand and a conserved gluta-
mate near the middle of the aC-helix. A salt bridge links the positively
charged p3-strand lysine (K) and the negatively charged aC-glutamate
(E) in catalytically competent protein kinases and such structures
correspond to an “aCj,” conformation (Fig. 1A). The aCj, architecture is
necessary, but not sufficient, for the manifestation of full enzyme ac-
tivity. Moreover, the absence of this salt bridge demonstrates that the
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Table 1
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FDA-approved small molecule protein kinase inhibitors, their protein kinase targets, and therapeutic indications.

Drug Code Company Trade Year Primary Therapeutic indications*
name approved targets”
Abemaciclib LY2835219 Lilly Verzenio 2017 CDK4/6 Combination therapy with (i) an aromatase inhibitor or with (ii)
fulvestrant or (iii) as a monotherapy for breast cancer
Abrocitinib PF-04965842 Pfizer Cibinqo 2022 JAK1 Atopic dermatitis
Acalabrutinib ACP-196 Acerta Pharma Calquence 2017 BTK Mantle cell lymphomas, CLL, SLL
Afatinib BIBW 2992 Boehringer Tovok 2013 ErbB1/2/4 NSCLC, squamous NSCLC
Ingelheim
Alectinib CH5424802 Roche Alecensa 2015 ALK, RET ALK-positive NSCLC
Asciminib ABLO001 Novartis Scemblix 2021 BCR-Abl Ph" CML
Avapritinib BLU285 Blueprint Ayvakit 2020 PDGFRa GIST with PDGFRa exon 18 mutations
Medicines
Axitinib AG-013736 Pfizer Inlyta 2012 VEGFR1/2/ RCC
3
Baricitinib LY 3009104 Lilly Olumiant 2018 JAK1/2 Rheumatoid arthritis
Belumosudil KD025 Kadmon Rezurock 2021 ROCK2 Graft vs. host disease
Pharma
Binimetinib MEK162 Array Mektovi 2018 MEK1/2 Combination therapy with encorafenib for BRAFV9%%/K melanomas
BioPharma
Bosutinib SKI-606 Pfizer Bosulif 2012 BCR-Abl Ph' CML
Brigatinib AP 26113 Ariad Pharm Alunbrig 2017 ALK ALK-positive NSCLC
Cabozantinib BMS-907351 Exelixis Cometriq 2012 RET, Medullary thyroid cancer, RCC, HCC
VEGFR2
Capmatinib INC-280 Novartis Tabrecta 2020 MET NSCLC with MET exon 14 skipping
Ceritinib LDK378 Novartis Zykadia 2014 ALK ALK-positive NSCLC resistant to crizotinib
Cobimetinib GDC-0973 Genentech Cotellic 2015 MEK1/2 BRAF'*°*E/K melanomas in combination with vemurafenib
Crizotinib PF 2341066 Pfizer Xalkori 2011 ALK, ROS1 ALK or ROS1-postive NSCLC, inflammatory myofibroblastic tumors,
anaplastic large cell lymphoma
Dabrafenib GSK2118436  GSK Tafinlar 2013 B-Raf BRAF'9%E/K melanomas, BRAF'°%°F NSCLC, BRAFV%’ anaplastic
thyroid cancers
Dacomitinib PF-00299804  Pfizer Visimpro 2018 EGFR EGFR-mutant NSCLC
Dasatinib BMS-354825 Bristol Myers Sprycell 2006 BCR-Abl Ph" CML or ALL
Squibb
Encorafenib LGX818 Array Braftovi 2018 B-Raf Combination therapy with binimetinib for BRAF'*°**K melanomas
BioPharma
Entrectinib RXDX-101 Ignyta, Inc. Ignyta 2019 TRKA/B/C, Solid tumors with NTRK fusion proteins, ROS1-positive NSCLC
ROS1
Erdafitinib JNJ- Jansen Pharm Balversa 2019 FGFR1/2/ Urothelial bladder cancer
42756493 3/4
Erlotinib OSI-774 Genentech Tarceva 2004 EGFR NSCLC, pancreatic cancer
Everolimus RADO01 Novartis Afinitor 2009 FKBP12/ HER2-negative breast cancer, pancreatic neuroendocrine tumors, RCC,
mTOR angiomyolipomas, subependymal giant cell astrocytomas
Fedratinib TG101348 Celgene Inrebic 2019 JAK2 Myelofibrosis
Fostamatinib R788 Rigel Pharma. Tavalisse 2018 Syk Chronic immune thrombocytopenia
Futibatinib TAS_120 Tiaho Pharma Lytgobi 2022 FGFR2 Bile duct cancers (cholangiocarcinomas) with FGFR2 fusions or other
rearrangements
Gefitinib ZD1839 AstraZeneca Iressa 2003 EGFR NSCLC with exon 19 deletions or exon 21 substitutions
Gilteritinib ASP2215 Astellas Xospata 2018 FIt3 AML with FLT3 mutations
Pharma
Ibrutinib PCI-32765 Johnson & Imbruvica 2013 BTK CLL, mantle cell lymphoma, marginal zone lymphoma, graft vs. host
Johnson disease
Imatinib STI571 Novartis Gleevec 2001 BCR-AbI Ph" CML or ALL, aggressive systemic mastocytosis, chronic
eosinophilic leukemia, dermatofibrosarcoma protuberans,
hypereosinophilic syndrome, GIST, myelodysplastic/
myeloproliferative disease
Infigratinib BGJ 398 QED Truseltiq 2021 FGFR2 Cholangiocarcinomas with FGFR2 fusions or other rearrangements
Therapeutics
Lapatinib GW572016 GSK Tykerb 2007 EGFR, HER2-positive breast cancer
ErbB2/
HER2
Larotrectinib LOXO0-101 Bayer Vitrakvi 2018 TRKA/B/C Solid tumors with NTRK fusion proteins
Lenvatinib AK175809 Easai Co. Lenvima 2015 VEGFR, RET Differentiated thyroid cancer
Lorlatinib PF-06463922 Pfizer Lorbrena 2018 ALK ALK-positive NSCLC
Midostaurin CPG 41251 Novartis Rydapt 2017 Flt3 AML, mastocytosis, mast cell leukemia
Mobocertinib TAK-788 Takeda Pharm. Exkivity 2021 EGFR NSCLC with EGFR-positive exon 20 insertions
Neratinib HKI-272 Puma Biotech Nerlynx 2017 ErbB2/ HER2-positive breast cancer
HER2
Netarsudil AR11324 Aerie Pharma Rhopressa 2018 ROCK1/2 Glaucoma
Nilotinib AMN107 Novartis Tasigna 2007 BCR-Abl Ph" CML
Nintedanib BIBF-1120 Boehringer Vargatef 2014 FGFR1/2/3 Idiopathic pulmonary fibrosis
Ingelheim
Osimertinib AZD-9292 AstraZeneca Tagrisso 2015 EGFR NSCLC with exon 19 deletions or exon 21 substitutions
T970M
Pacritinib SB1518 CTI BioPharma  Vonjo 2022 JAK2 Myelofibrosis
Palbociclib PD-0332991 Parke-Davis Ibrance 2015 CDK4/6 Estrogen receptor- and HER2-positive breast cancers

(continued on next page)
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Table 1 (continued)
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Drug Code Company Trade Year Primary Therapeutic indications*
name approved targets”
Pazopanib GW786034 GSK Votrient 2009 VEGFR1/2/ RCC, soft tissue sarcomas
3
Pemigatinib INCB054828 Incyte Corp. Pemazyre 2020 FGFR2 Cholangiocarcinoma with FGFR2 fusions or other rearrangements
Pexidartinib PLX3397 Plexxikon Inc Turalio 2019 CSF1R Tenosynovial giant cell tumors
Ponatinib AP 24534 Ariad Pharm Iclusig 2012 BCR-Abl Ph™ CML or ALL
Pralsetinib Blu-667 Blueprint Gavreto 2020 RET RET-fusion (i) NSCLC, (ii) medullary thyroid cancer, (iii) differentiated
Medicines thyroid cancer
Regorafenib BAY 73-4506  Bayer Stivarga 2012 VEGFR1/2/ Colorectal cancer, GIST, HCC
3
R406 active Rigel Pharma. 2018 Syk Chronic immune thrombocytopenia
metabolite of
fostamatinib
Ribociclib LEEO11 Novartis Kisqali 2017 CDK4/6 Combination therapy with an aromatase inhibitor for breast cancer
Ripretinib DCC-2618 Deciphera Qinlock 2020 Kit, PDGFRa  Fourth-line treatment for GIST
Pharma.
Ruxolitinib INCB-018424 Incyte Corp. Jakafi 2011 JAK1/2/3, Myelofibrosis, polycythemia vera, atopic dermatitis, graft vs. host
Tyk disease
Selpercatinib CEGM9YBNG Lilly Retevmo 2020 RET RET fusion NSCLC and thyroid cancers and RET mutant medullary
thyroid cancer
Selumetinib AZD6224 AstraZeneca Koselugo 2020 MEK1/2 Neurofibromatosis type I
Sirolimus AY 22989 Wyeth, LLC Rapamycin 1999 FKBP12/ Kidney transplants, lymphangioleiomyomatosis
mTOR
Sorafenib BAY 43-9006 Bayer Nexavar 2005 VEGFR1/2/ HCC, RCC, differentiated thyroid cancer
3
Sunitinib SU11248 Pfizer Sutent 2006 VEGFR2 GIST, pancreatic neuroendocrine tumors, RCC
Temsirolimus CCI-779 Wyeth, LLC Torisel 2007 FKBP12/ RCC
mTOR
Tepotinib EMD EMD Serono Tepmetko 2021 MET NSCLC with MET mutations
1214063 Inc.
Tivozanib AV951 AVEO Pharma Fotvida 2021 VEGFR2 Third-line treatment of RCC
Tofacitinib CP-690550 Pfizer Tasocitinib 2012 JAK3 Rheumatoid arthritis, psoriatic arthritis, ulcerative colitis
Trametinib GSK1120212  GSK Mekinist 2013 MEK1/2 BRAF"%%%/K melanoma, BRAF*%F NSCLC
Trilaciclib G1T28 Gl Cosela 2021 CDK4/6 Chemotherapy-induced myelosuppression
Therapeutics
Tucatinib ONT-380 Seattle Tukysa 2020 ErbB2/ Combination second-line treatment for HER2-positive breast cancer
Genetics HER2
Upadacitinib ABT-494 AbbVie Rinvoq 2019 JAK1 Rheumatoid arthritis, psoriatic arthritis, atopic dermatitis
Vandetanib ZD6474 Sanofi Zactima 2011 VEGFR2 Medullary thyroid cancer
Vemurafenib PLX-4032 Genentech Zelboraf 2011 B-Raf BRAFV®%E melanomas, Erdheim-Chester disease
Zanubrutinib BGB3111 BeiGene Brukinsa 2019 BTK Mantle cell lymphomas

@ Drugs not previously reviewed in Refs. [10-13] are given in bold type.

b Although many of these drugs are multikinase inhibitors, only the primary therapeutic targets are given here.

¢ ALL, acute lymphoblastic leukemias; AML, acute myelogenous leukemias; CLL, chronic lymphocytic leukemias; CML, chronic myelogenous leukemias; ErbB2/
HER2, human epidermal growth factor receptor-2; GIST, gastrointestinal stromal tumors; HCC, hepatocellular carcinomas; NSCLC, non-small cell lung cancers; Ph™,
Philadelphia chromosome positive; RCC, renal cell carcinomas; SLL, small lymphocytic leukemias.

enzyme is catalytically inactive and the corresponding structure corre-
sponds to the “aCqy¢” conformation (Fig. 1C). The conversion of the aCyyt
to the aCj, conformation is required for catalytic activity.

The large lobe is mainly a-helical with eight conserved helices
(oD-oI, aEF1, aEF2) [20]. The carboxyterminal lobe of catalytically
active protein kinases also contains four short p-strands (p6-f9)
(Fig. 1 A). The second residue of the p7-strand is the floor of the adenine
binding pocket and this residue interacts hydrophobically with all
known ATP-competitive protein kinase inhibitors [21]. The carbox-
yterminal lobe contains a catalytic loop (CL) that mediates the transfer
of the y-phosphoryl group from ATP to the peptide/protein substrates.
The C-terminal lobe also positions the peptide/protein substrate into the
active site to enable catalysis.

Hanks and Hunter described 12 subdomains (I-VIa, VIb—XI) that
make up the working components of protein kinases [22]. A K/E/D/D
(Lys/Glu/Asp/Asp) tetrad plays an essential role in the enzymatic ac-
tivity of all protein kinases. The K of the tetrad is the $3-strand lysine
that forms salt bridges with the (i) aC-glutamate to form the aCj,
structure and the (ii) a-phosphate and (iii) B-phosphate of ATP (not
shown). Residues within the kinase activation segment place the phos-
phorylatable substrate into the active site. Moreover, the HRD-aspartate
of the catalytic-loop (the first D of the K/E/D/D tetrad) functions as a
Lowry-Bronsted base (proton acceptor). Madhusudan et al. suggested

that the HRD-aspartate of the catalytic loop abstracts the proton from
the protein substrate ~OH [23]. Furthermore, Zhou and Adams hy-
pothesized that the HRD-aspartate positions the protein substrate hy-
droxyl group to promote an in-line nucleophilic attack of the oxygen
with the y-phosphate of ATP [24]. See Ref. [25] for an inclusive sum-
mary of protein kinase enzymology and see Table 2 for a list of the
important residues in protein kinases considered in this article.

The second D of the K/E/D/D tetrad is the first residue of the protein-
substrate-binding activation segment. This component of all protein
kinases starts with DFG and ends with APE or a similar triad such a PPE.
Activation segments, which are about 35-40 residues long, are impor-
tant structural and regulatory components of all protein kinases [26]. An
HRD(x)4N signature constitutes the catalytic loop of active protein ki-
nases. The primary structure of the activation segment occurs C-terminal
to the catalytic loop. Two Mg?" ions — Mg?*(1) and MgZ"(2) - are
required for the activity of most, but not all, protein kinases. Mg>*(1)
interacts with the activation segment DFG-D and Mg2+(2) interacts with
the terminal catalytic loop asparagine (not shown).

The amino acid sequence and length of the middle portion of the
activation segment vary greatly among the members of the protein ki-
nase superfamily [2]. The activation segment of nearly all members of
this superfamily contains one or more phosphorylatable residues.
Furthermore, activation segment phosphorylation is required for the
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Fig. 1. (A) Overview of active FGFR1 with bound AMP-PNP (adenylyl imidodiphosphate) and (B) its C-spine and R-spine residues. (C) The aC,,; and DFG-D;,
structure of dormant Abl and (D) its C-spine, R-spine, and shell residues. (E) Overview of the DGF-Dg,; aC;,, structure of JAK2 and (F) its C-spine and R-spine residues.
AS, activation segment; CL, catalytic loop. GRL, glycine-rich loop. Figs. 1, 2, 5, and 6 were prepared using the PyMOL Molecular Graphics System Version 1.5.0.4

Schrodinger, LLC.

Table 2
Important residues in selected human protein kinases.
JAK1 JAK2 FGFR1 FGFR2 Abl

Number of residues 1154 1132 822 821 1130
Signal peptide None None 1-21 1-21 None
Extracellular segment None None 22-376 22-377 None
Transmembrane segment None None 377-397 378-398 None
Intracellular portion 1-1154 1-1132 398-822 399-821 1-1130
Protein kinase domain 875-1153 849-1132 478-767 481-770 292-493
Glycine-rich loop 882GEGHFG®®” 856GKGNFG®S! “85GEGCFG*° “88GEGCFG*® 29GGGQYG>*
The B3-K of K/E/D/D K908 K882 K514 K517 K271
oC-E of K/E/D/D E925 E898 E531 E534 E286
Hinge-linker residues 957EFLPSGS”®3 930YEYLPYGS® S62EYASKGN®® S6SEYASKGN®7? S16EFMTYGN>22
Gatekeeper residue M596 M929 V561 V564 T315
Catalytic HRD residue, the first D of K/E/D/D D1003 D976 D623 D626 D344
Catalytic loop 1001HRDLAARN0%® 974HRDLATRN?8! 521HRDLAARN®?® 624HRDLAARN®3! 361HRDLAARN3%®
AS® DFG, the second D of K/E/D/D D1021 D994 D641 D644 D381
AS" tyrosine phosphorylation site Y1034/5 Y1007/Y1008 Y653/654 Y656/7 Y393
End of the AS('\ 1049APE1051 1022APE1024 668APE670 671APE673 407APE409
Molecular weight (kDa) 133.3 130.7 91.9 92.0 122.8
UniProtKB ID P23458 060674 P11362 P21802 P00519-1

# AS, activation segment.

expression of maximal enzyme activity in nearly all protein kinases.
ErbB1/2/4 of the EGFR family are a notable exception because they
exhibit maximal activity in the absence of activation segment phos-
phorylation. The activation segment DFG occurs spatially near the
conserved catalytic loop HRD sequence and the amino-terminus of the
aC-helix. The regulatory oC-helix, which occurs within the

amino-terminal lobe, nevertheless occupies a strategically important
position between both lobes. The protein kinase activation segment has
an extended and open structure in the functional form of all protein
kinases (Fig. 1A) and a closed structure in most inactive kinases
(Fig. 1C/E) [2]. The first two activation segment residues occur in
different conformations. The DFG-D side chain of active protein kinases
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points toward the ATP-binding site and it binds Mg?*(1). This structure
is known as the “DFG-Dj,” conformation (Fig. 1A/C). The DFG-D side
chain in many inactive protein kinases points away from the
ATP-binding site. This structure is known as the “DFG-D,;” conforma-
tion (Fig. 1E). It is the property of DFG-D to bind (DFG-Dj;,) or not bind
(DFG-Dout) Mg2+(l) within the active site that is important.

Modi and Dunbrack analyzed the interaction of drugs with active and
inactive conformations of protein kinases based upon the structure of
the activation segment, which begins with the canonical DFG sequence
[27,28]. As noted, this sequence is seen in two major conformations:
DFG-Dj, and DFG-Dgy. In the first instance the phenylalanine residue
interacts with the aC-helix of the aminoterminal lobe and in the second
instance the phenylalanine is found in a portion of the physiological ATP
site thereby generating an aC-helix pocket. These investigators found a
constellation of protein kinase conformations that depended on the
location of the phenylalanine side chain (DFG-Di,, DFG-Dyy, and
DFG-Dijptermediate) @and the backbone dihedral angles of the xDF sequence
where x is the residue before the DFG signature. They identified eight
different conformations and classified them based on the configuration
(x1) of the phenylalanine rotamer (minus, plus, trans) and on the
Ramachandran regions (A, alpha; B, beta; L, left) of the xXDF motif. Their
clusters divide the DFG-Dy, configuration into six groups including
BLAminus, which corresponds to active structures, and two common
inactive forms, BLBplus and ABAminus. DFG-Dy, structures occur
principally in the BBAminus conformation. The inactive conformations
possess features that inhibit their interaction with Mg2+, ATP, and/or
their protein substrates. Modi and Dunbrack produced a searchable and
noncommercial web site (http://dunbrack3.fccc.edu/kincore/) that al-
lows one to determine whether a protein kinase conformation corre-
sponds to an active enzyme (DFG-Dj,, BLAminus) or to an inactive
enzyme (DFG-Dj,, BLBplus, DFG-Dj,, ABAminus, DFG-Dyy, BBAminus).
We used this web site to determine whether the structure of our various
drug-enzyme complexes correspond to active (DFG-Dj,, BLAminus) or
dormant (otherwise) enzymes. Table 3 presents a comparison of the
Modi-Dunbrack and our BRIMR schemes. See Refs. [2,27,28] for more
material about these and related DFG activation segment arrangements.

2.2. Protein kinase hydrophobic skeletons

Kornev et al. analyzed the three-dimensional structures of active and
dormant conformations of about two dozen protein kinases to identify
structurally and functionally critical residues [29,30]. Their studies
revealed a grouping of four amino acids that make up an R-spine (reg-
ulatory spine) and eight amino acids along with the adenine base of ATP
that make up a C-spine (catalytic spine). These residues occur in both the
N-terminal and C-terminal lobes. These spines generate a stable, but
flexible, catalytically active ensemble. The R-spine positions the protein
substrate and the C-spine positions ATP for catalysis. The R-spine con-
tains components from both the activation segment and «C-helix, whose
structures are important in determining active and inactive enzyme
states. The precise positioning and alignment of both spines are neces-
sary, but not sufficient, for the creation of catalytically competent pro-
tein kinases.

The R-spine contains the first residue of the f4-strand and the amino
acid that is four residues carboxyterminal to the conserved oC-helix
glutamate, both of which are within the N-terminal lobe [29]. The
R-spine also contains the DFG-phenylalanine of the activation segment
and the HRD-histidine of the catalytic loop, both within the C-terminal
lobe. The HRD-histidine N-H backbone hydrogen bonds with the side
chain of a conserved aspartate within the hydrophobic aF-helix. From
the bottom to the top, Meharena et al. labeled the R-spine residues as
RS0, RS1, RS2, RS3, and RS4 [31]. We later labeled the C-spine residues
from the base to the apex as residues CS1-8 (Fig. 1B/D/F) [32]. Note
that the R- and C-spines of active protein kinases are linear (Fig. 1B). RS3
is displaced toward the right in protein kinases with the aCoy structure
(Fig. 1D). In kinases with the DFG-Dyy structure, the DFG-D residue
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(RS2) is displaced toward the left and the R-spine is broken (Fig. 1F). The
identity of the C-spine, R-spine, and shell residues of the protein kinases
considered in this article are provided in Table 4.

The protein kinase spine and shell residues perform an important
role in determining the structure and activity of these enzymes; one
cannot overemphasize their importance in supporting the activity of this
enzyme superfamily as well as their participation in their interactions
with small molecule protein kinase antagonists. For an examination of
the properties of the spine and shell residues and their interactions with
low molecular weight inhibitors of important members of the protein
kinase superfamily, see the following articles: Refs. [33-35] for the ALK
pleotrophin and midkine receptor protein-tyrosine kinase, Refs. [16,
36-38] for the EGFR family of protein-tyrosine kinases, Ref. [39] for the
PDGFRa/p protein-tyrosine kinases, Ref. [40] for the fibroblast growth
factor receptor family of protein-tyrosine kinases, Ref. [41] for the Kit
stem cell receptor protein-tyrosine kinase, Ref. [42] for the RET glial-cell
derived receptor protein-tyrosine kinase, Ref. [43] for the VEGFR1/2/3
protein-tyrosine kinases, Ref. [44] for the ROS1 orphan receptor
protein-tyrosine kinase, Ref. [45] for the FIt3 receptor protein-tyrosine
kinase, Refs. [21,46] for the BCR-Abl nonreceptor protein tyrosine ki-
nases, Ref. [47,48] for the Janus nonreceptor protein-tyrosine kinase,
Refs. [16,49] for the Bruton nonreceptor protein-tyrosine kinase, Refs.
[50,51] for the Src nonreceptor protein-tyrosine kinase, Refs. [52,53]
for the MEK1/2 dual specificity protein kinases, Refs. [20,54] for the
cyclin-dependent protein-serine/threonine kinase family, Refs. [55,56]
for the ERK1/2 protein-serine/threonine kinases, Refs. [57,58] for the
RAF protein-serine/threonine kinases, and Ref. [9] for PI 3-kinase, a
member of the atypical protein kinase group.

The catalytic spines of protein kinases consist of two residues from
the small lobe and six residues from the large lobe. The adenine moiety
of ATP unites these two parts of the C-spine and this process enables the
functional merging of the two lobes of the enzyme and enables catalysis
[30]. The two N-terminal lobe residues that bind to the adenine moiety
of ATP include the invariant p2-strand valine (CS7) after the glycine-rich
loop and the invariant 3-strand alanine (CS8) of the AxK motif. A hy-
drophobic amino acid side chain from the middle of the large lobe
B7-strand (CS6) interacts with the adenine component of ATP. Addi-
tionally, the p-7 strand CS4 and CS5 residues interact with CS3 at the
beginning of the aD-helix. Furthermore, CS3 makes hydrophobic contact
with (i) the neighboring CS4 and (ii) CS1 within the oF-helix below it.
Both the C- and R-spines interact with the hydrophobic oF-helix below
them; the aF-helix contains CS1, CS2, and RSO and it serves as a major
foundation for the stabilization of the entire protein kinase domain
(Fig. 1). The protein kinase hinge and linker residues connect the
N-terminal and C-terminal lobes of protein kinases and the 6-amino N-H
group of ATP hydrogen bonds with the backbone carbonyl group of the
first hinge residue. Also, the N1 of the adenine group of ATP forms a
hydrogen bond with the backbone N-H group of the third hinge residue
(Fig. 1A). Almost all ATP small-molecule steady-state competitive pro-
tein kinase blockers form a hydrogen bond with backbone hinge resi-
dues, usually with that of the third hinge residue [32].

Based upon site-directed mutagenesis experiments, Meharena et al.
discovered three residues in murine protein kinase A that strengthen and
stabilize the regulatory spine, which they identified as shell residues
(Sh1, Sh2, and Sh3) [31]. Their Sh1 mutant (V104G) had 5% of the
catalytic activity of the normal enzyme and their Sh2/Sh3 double
mutant (M120G/M118G) was devoid of all catalytic activity. These
findings show that the shell residues support PKA activity. We hypoth-
esize that the corresponding shell residues play a similar stabilizing role
for all protein kinases. The Shl residue occurs within the segment
connecting the aC-helix with the p4-strand, the so-called back loop. The
Sh2 residue (the gatekeeper) occurs at the end of the p5-strand imme-
diately before the hinge segment and the Sh3 residue is found two res-
idues upstream from the Sh2 residue within the p5-strand.

The word gatekeeper exemplifies the function that this residue plays
in controlling access to the hydrophobic pocket adjoining the adenine
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Table 3

Blue Ridge Institute for Medical Research (BRIMR), Modi-Dunbrack Fox Chase Cancer Center (FCCC), and Kinase Ligand Interaction and Fingerprint and Structure
(KLIFS) inhibitor data base comparisons.

Ligand/Drug-enzyme PDB ID BRIMR type® FCCC type”, FCCC: Dihedral angles & DFG-D° KLIFS pockets®

ADP-AurkA 4dee 1 1 BLAminus & DFG-D;, F, FP-II

BRIMR type I inhibitors

Bosutinib-Src 4mxo I I BLAminus & DFG-Djy, F,G, BP-I-A/B

Dasatinib-Abl 2gqg I I, IY;b BLAminus & DFG-Dj, F, G, B, BP-I-A/B

Erlotinib-EGFR 1m17 I I BLAminus & DFG-Dy, F, G, B, BP-I-A/B

Gefitinib-EGFR 2ity I 1 BLAminus & DFG-Din F,G, BP-I-A/B

Palbociclib-CDK6 2euf I I BLAminus & DFG-Dj, F

Pralsetinib-RET 7jub 1 1 BLAminus & DFG-D;, F, FP-II

R406 (fostamatinib) 3fgs 1 1 BLAminus & DFG-D;, F

Selpercatinib-RET 7jub I 1Ysf BLAminus & DFG-Dj, F, FP-1II

Vandetanib-RET 2ivu 1 1 BLAminus & DFG-Dy, F,G, BP-I-A/B

BRIMR type I/;A inhibitors

Dabrafenib-B-Raf Scsw I4A 1%b BLBminus & DFG-Dj, F, G, B, BP-I-A/B, BP-Il-in, BP-II-A-in
Erdafitinib-FGFR1 Sew8 I2A 1%4b BLAplus & DFG-D;, F, G, B, BP-I-A/B
Infigratinib-FGFR1 3tt0 I%A 1¥%b BLAplus & DFG-D;, F, G, B, BP-I-A/B

Lapatinib-EGFR 1xkk I2A 1¥%b BLAplus & DFG-D;, F, G, B, BP-I-A/B, BP-II-in, BP-II-A-in
Lenvatinib-VEGFR2 3wzd IAA I BLBplus & DFG-Dj, F, G, B, BP-I-B, BP-II-in
Vemurafenic-B-Raf 3087 LA 1¥%:b BLAplus & DFG-Dj, F, G, B, FP-1, BP-I-A/B, BP-1l-in, BP-II-A-in
BRIMR type I1%:B inhibitors

Abemeciclib-CDK6 512s IV:B I BLBplus & DFG-Dj, F, FP-1II

Abrocitinib-JAK1 6bbu 1 1 ABAminus & DFG-Dj, F, FP-I/1I

Abrocitinib-JAK2 6bbv 1 1 ABAminus & DFG-D;, F, FP-I/1I

Alectinib-ALK 3aox 1:B I ABAminus & DFG-Dy, F, BP-I-B

Baricitinib-JAK2 6wto I:B I ABAminus & DFG-Dj, F, FP-I/11

Brigatinib-ALK 6mx8 I'2B I ABAminus & DFG-Dy, F, FP-I

Ceritinib-ALK 4mkc 1B 1 ABAminus & DFG-D;, F, FP-1

Crizotinib-ALK 2xp2 IV:B ! ABAminus & DFG-Dy, F, FP-1

Crizotinib-MET 2wgj I'2B I BLBplus & DFG-Dy, F, FP-I

Crizotinib-ROS1 3zbf 1B 1 ABAminus & DFG-D;, F, FP-1

Entrectinib-TRKA 5kvt 1V:B I ABAminus & DFG-Dy, F, FP-I

Erlotinib-EGFR 4hjo I/2B 1 BLBtrans & DFG-Dj, F, G, BP-I-A/B

Lorlatinib-ALK 4cli 1B 1 ABAminus & DFG-D;, F, FP-1

Palbociclib-CDK6 512i 1B 1 BLBplus & DFG-Dj, F

Ribociclib-CDK6 512t I:B I BLBplus & DFG-Dy, F, G, FP-1

Ruxolitinib-JAK2 6vgl 1B 1 ABAminus & DFG-D;, F, FP-I/1I

Tepotinib-MET 4rlv 1B 1 BLBplus & DFG-Dy, F, FP-1

Tofacitinib-JAK1 3eyg I:B I ABAminus & DFG-Dy, F, FP-I/11

Tofacitinib-JAK3 3lxk 1B 1 ABAminus & DFG-D;, F, FP-I/1I

BRIMR type IIA inhibitors

Axitinib-VEGFR2 4ag8 IIA I BBAminus & DFG-Dyy¢ F, G, B, BP-I-B, BP-II-out
Imatinib-Abl® liep IIA 1T BBAminus & DFG-Dg,¢ F, G, B, BP-I-A/B, BP-II-out, BP-IV
Imatinib-Kit 1t46 IIA I BBAminus & DFG-Dgy¢ F, G, B, BP-I-A/B, BP-II-out, BP-IV
Imatinib-PDGFRa 6jol 1A 1T BBAminus & DFG-Dg,¢ F, G, B, BP-I-A/B, BP-II-out, BP-IV
Nilotinib-Abl 3cs9 IIA 1T BBAminus & DFG-Dg,¢ F, G, B, BP-I-A/B, BP-II-out, BP-V
Pexidartinib-CSF1R 4r7h A I BBAminus & DFG-Dgy¢ F, G, B, BP-I-B, BP-II-out, BP-V
Ponatinib-Abl® 30xz IIA i BBAminus & DFG-Doy; F, G, B, BP-I-A/B, BP-Il-out, BP-III, BP-IV
Ponatinib-Kit 4u0i IIA 1T BBAminus & DFG-Dg,¢ F, G, B, BP-I-A/B, BP-II-out, BP-III, BP-IV
Ponatinib-B-Raf luwh IIA I BBAminus & DFG-Dg,¢ F, G, B, BP-I-B, BP-II-out, BP-III
Ripretinib-Kit 6mob IIA i BBAminus & DFG-Dgyt F, G, B, BP-I-A/B, BP-II-out, BP-III
Sorafenib-B-Raf luwh IIA I BBAminus & DFG-Dgy¢ F, G, B, BP-I-B, BP-II-out
Sorafenib-CDK8 3rgf IIA I BBAminus & DFG-Dg,¢ F, G, B, BP-I-B, BP-II-out, BP-III
Sorafenib-VEGFR2 4asd A I BBAminus & DFG-Dgy¢ F, G, B, BP-I-B, BP-II-out, BP-III
Tivozantinib-VEGFR2 4ase IIA I BBAminus & DFG-Dgy¢ F, G, B, BP-I-B, BP-II-out

BRIMR type IIB inhibitors

Bosutinib-Abl 3ue4 1B 1 Unassigned & DFG-Doy¢ F, G, BP-II-A/B

Gilteritinib-F1t3 6jqr 1B 1 Unssigned & DFG-Dgy¢ F

Nintedanib-VEGFR2 3c7q 1B I Unassigned & DFG-Doy¢ F, G, BP-I-B

Sunitinib-Kit 3g0e 1B 1 Unassigned & DFG-Doy, F

Sunitinib-VEGFR2 4agd 1B 1 BBAminus & DFG-Dgy¢ F, BP-I-B

BRIMR type III inhibitors

Cobimetinib-MEK1 4an2 111 I, I BLBplus & DFG-Dy, G, B, BP-II-in

Selumetinib-MEK1 4u7z 111 1L I BLBplus & DFG-Dy, G, B, BP-II-in

BRIMR type 1V inhibitor

Asciminib-Abl 5mo4 v 11, Allosteric Unassigned & DFG-Doy None

BRIMR type VI inhibitors

Afatinib-EGFR 4g5j VI 1 BLAminus & DFG-D;,; allosteric F, G, BP-I-A/B

Dacomitinib-EGFR 4i24 VI I BLBtrans & DFG-Dj, F, G, BP-I-B

Futibatinib-FGFR1 6mzw VI 1¥%:b BLAplus & DFG-D;, F, G, B, BP-I-A/B

Ibrutinib-BTK 5p9j VI 1¥%b BLBplus & DFG-Dy, F, G, B, BP-I-B

Neratinib-EGFR 2jiv VI 1%b BLBplus & DFG-D;, F, G, B, BP-I-A/B
Osimertinib-EGFR 6jxt VI 1 BLBtrans & DFG-Dj, F

Zanubrutinib-BTK 6j6m VI 1v:b BLBplus & DFG-Dj, F, G, B, BP-I-B

2 Ref. [32]

b b, back; f, front
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Table 4
Spine and shell residues of selected human protein kinases.
Symbol Klifs No. JAK1 JAK2 FGFR1 FGFR2 Abl-1a

Regulatory spine
p4-strand (N-lobe) RS4 38 Y940 Y913 L547 L550 L301
C-helix (N-lobe) RS3 28 1929 1902 M535 M538 M290
Activation loop DFG-F (C-lobe) RS2 82 F1022 F995 F642 F654 F381
Catalytic loop HRD-H (C-lobe) RS1 68 H1001 H974 H621 H624 H361
F-helix (C-lobe) RSO None D1063 D1036 D682 D685 D421
Shell
Two residues upstream from the gatekeeper Sh3 43 L1954 L927 V559 V562 1313
Gatekeeper, end of p5-strand Sh2 45 M956 M929 V561 V564 T315
oC-p4 loop Shl 36 V938 Vo1l 1545 1548 V299
Catalytic spine
p2-strand (N-lobe) CS8 15 V889 V863 A512 A515 A269
p3-AxK-A (N-lobe) CS7 11 A906 A880 V492 V495 V256
p7-strand (C-lobe) CS6 77 L1010 1983 L630 L733 L370
p7-strand (C-lobe) CS5 78 V1011 Vo84 V631 V634 V371
p7-strand (C-lobe) CS4 76 V1009 1982 V629 V632 C369
D-helix (C-lobe) CS3 53 1964 L1937 L569 L572 L323
F-helix (C-lobe) CS2 None T1070 V1043 L689 L692 L1428
F-helix (C-lobe) CS1 None L1074 L1047 1693 1696 1432

2From Ref. [21], https://klifs.net/, and https://www.uniprot.org/uniprotkb/.

binding pocket [59,60], a pocket that regularly interacts with numerous
small molecule protein kinase blockers. Based upon the results of
Meharena et al. [30], only three of the 14 amino acids neighboring RS3
and RS4 in PKA are conserved. It is important to realize that many small
molecule therapeutic steady-state ATP-competitive protein kinase in-
hibitors interact with the R-spine (RS2/3), the C-spine (CS6/7/8), and
shell (Shl and Sh2) residues. Ung et al. found that approximately
three-quarters of protein kinases have a relatively large gatekeeper
residue (e.g., Met, Leu, Phe) while about one-quarter have smaller
gatekeeper residues (e.g., Thr, Val) [61]. Also of significance in the issue
of long-term drug efficacy, the gatekeeper residue of inhibitor target
protein kinases is one of the more common sites of drug-resistant mu-
tations [3,62].

3. Classification of protein kinase-inhibitor complexes and
description of inhibitor-binding pockets

Based upon earlier studies [60,63-66], we classified the small
molecule protein kinase inhibitors into seven main groups including
reversible (Groups I, I', II, III, IV, and V) and targeted covalent irre-
versible inhibitors (VI) as noted in Table 5. We divided the type I'» and
type Il antagonists into A and B subtypes [32]. Subtype A drugs continue

Table 5
Classification of small molecule protein kinase inhibitors®.
Inhibitor Properties
type
1 Binds in and around the ATP-binding pocket of an active enzyme
I A/B Binds in and around the ATP-binding pocket of an inactive DFG-D;,
enzyme
I A Extends into the back cleft
1% B Does not extend into the back cleft
IIA/B Bind in and around the ATP-binding site of an inactive DFG-Doy
enzyme
IA Extends into the back cleft
1B Does not extend into the back cleft
11 Allosteric inhibitor bound next to the ATP-binding site
v Allosteric inhibitor bound away from the ATP-binding site
A Bivalent inhibitor spanning two kinase domain regions
VI Covalent inhibitor

# Adapted from Ref. [32].

past the gatekeeper residue into the back cleft. In contrast, subtype B
drugs are those that do not extend into the back cleft. The possible
importance of this difference, based on incomplete data, is that subtype
A blockers bind to their enzyme target with longer residence times when
compared with subtype B blockers [32]. For example, sorafenib is a type
ITA VEGFR blocker and sunitinib is a type IIB VEGFR inhibitor, both of
which are FDA-approved for the treatment of renal cell carcinomas. The
type IIA blocker has a residence time exceeding 64 min while the type
IIB inhibitor has a residence time of less than 2.9 min [32].

We followed the work of Liao, van Linden et al., Kooistra et al., and
Kanev et al. [66-69] in defining and differentiating drug-binding
pockets. A synopsis depicting the location of the pockets and subpock-
ets is provided in Fig. 2 and the position of important residues lining
these pockets is described in Table 6. The region between the small and
large protein kinase lobes is divided into a front cleft or pocket, a gate
area, and a back cleft. The back pocket (hydrophobic pocket II, or HPII)
includes the gate area and the neighboring back cleft. The front cleft
contains the hinge residues, the linker residues that connect the hinge
residues to the aD-helix in the large lobe, the glycine-rich loop (GRL),
the adenine-binding pocket (AP), and the catalytic loop (HRD(x)4N).

Type I inhibitors typically bind within the front cleft. The gate area
includes residues from both the amino-terminal and carboxyterminal
lobes. The gate area contains two residues from the $3-strand and two
proximal residues from the B3-aC loop. It also includes the residue
immediately before the activation segment (the x of xDFG) together with
the first five residues of the activation segment. The back cleft includes
the middle of the aC-helix, the p4-strand, and three residues from the p5-
strand. The back cleft also contains five residues from the large lobe aE-
helix and the three residues before the catalytic loop HRD. Many type ['%
inhibitors occupy both the front cleft and a portion of the back cleft. One
of the general objectives in the design of small molecule protein kinase
inhibitors is to maximize selectivity to minimize off-target side effects
[64]; this approach can be aided by comparing drug interactions with
target and nontarget kinases [70-72]. Producing drug fragments that
bind to residues that line the various pockets plays a strategic role in
protein kinase inhibitor discovery with the objective of maximizing drug
affinity.

van Linden et al. [67] and Kanev et al. [69] described drug and
ligand binding to more than 5200 human and mouse protein kinases.
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Fig. 2. (A) Location of the protein kinase domain drug-binding pockets in the DFG-D;, enzyme form. (B) Location of the drug-binding pockets in the DFG-Dgy¢
enzyme form. (C) Location of the protein kinase front cleft, gate area, and back cleft. AP, adenine pocket; BP, back pocket; FP, front pocket; Hn, hinge; HPII, hy-

drophobic pocket II; GK, gatekeeper.
(B) Adapted from Refs. [66-69].

Table 6
Location of important residues within the front cleft, gate area, and back cleft.

Description Location KLIFS residue no."
GxGx®G Front cleft 4-9
p2-strand V (CS7) Front cleft 11
p3-strand A (CS8) Front cleft 15
HRD with DFG-Dj, Front cleft 68-70
HRD(x)4N-N Front cleft 75
p7-strand CS6 Front cleft 77
p3-strand K Gate area 17
«C-p4 penultimate back loop residue Gate area 36
Gatekeeper Gate area 45
The x of xDFG Gate area 80
DFG Gate area 81-83
oC-helix E Back cleft 24
RS3 Back cleft 28
HRD with DFG-Dy, Back cleft 68-70

@ Refs. [67-69].

Their KLIFS (kinase-ligand interaction fingerprint and structure) com-
pendium includes an alignment of 85 ligand binding-site residues that
are found in both the small and large lobes; their catalog facilitates the
evaluation of drugs and ligands based upon their binding characteristics.
Such information helps in the detection of common and unique
drug-enzyme interactions. These investigators devised a standard amino
acid residue numbering system that facilitates the comparison of
different protein kinases and their ligands. Table 6 depicts the rela-
tionship of the KLIFS database nomenclature and the C-spine, R-spine,
and shell amino acid residue numbering system and Fig. 3 illustrates the
location of the KLIFS residues within the protein kinase domain.
Providing considerable help to the protein kinase community, these
authors produced a valuable searchable and noncommercial web site
that is regularly updated that provides comprehensive information on
the interaction of protein kinases with drugs and ligands (klifs.net).
Additionally, Carles et al. launched a comprehensive listing of pro-
tein kinase inhibitors that are in clinical trials or that have been
approved by various regulatory agencies [6]. They produced a search-
able and noncommercial web site that is regularly updated that includes
the structure and physical properties of the various drugs, their protein
kinase targets, their therapeutic indications, the year of first approval by
regulatory agencies (if applicable), and their trade names (http://www.
icoa.fr/pkidb/). Similarly, the Blue Ridge Institute for Medical Research
(BRIMR) maintains a web site that lists the FDA-approved protein kinase
blockers and provides their (i) molecular structures, (ii) the number of
hydrogen bond donors/acceptors, (iii) the calculated Log of the partition
and distribution coefficients, (iv) the number of rings and rotatable
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Fig. 3. The location of the KLIFS residues within a generic protein kinase
domain. Act Seg, activation segment. Residues in gray circles are found in the
front cleft; blue circles, gate area; yellow circles, back cleft.

bonds, (v) the year of initial approval, (vi) their primary protein kinase
targets, (vii) and their clinical indications. The website also provides a
link to the corresponding FDA labels. This website, which is found at
www.brimr.org/PKI/PKIs.htm, is updated following FDA-approval of
new protein kinase antagonists.

4. Drug-enzyme interactions: abrocitinib, futibatinib, asciminib
4.1. Abrocitinib-JAK1/2 complexes

Abrocitinib is a pyrrolopyrimidine derivative (Fig. 4A) that is FDA-
approved for the management of atopic dermatitis (Table 1). It is a
potent JAK1 blocker (ICsp = 5.01 nM) with moderate activity against
JAK2 (ICs0 = 39.8 nM) and lesser activity against JAK3 (IC5¢p = 501 nM)
or TYK2 (IC5o = 1260 nM) [48]. Vazquez et al. determined the X-ray
structure of abrocitinib bound to JAK1 and they observed that the
pyrrolo N-H hydrogen bonds with the backbone carbonyl oxygen of the
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Fig. 4. (A-E). Chemical structures of selected protein kinase ligands.

first hinge residue (E957) and the pyrimidine N1 hydrogen bonds with
the N-H backbone of the third hinge residue (L959) [73]. Moreover, the
amino N-H group of the drug forms hydrogen bonds with the side chain
carbonyl group of the catalytic loop asparagine (N1008) and a sulfon-
amide oxygen of the drug forms a hydrogen bond with the N-H of the
side chain of R1007 of the catalytic loop (Fig. 5A). The pyrimidine N3
hydrogen bonds with a water molecule that in turn forms a hydrogen
bond with E966 within the aD-helix. The corresponding residue in JAK2
is not glutamate but is the shorter aspartate so that this water-mediated
hydrogen bond is unable to form. This difference accounts in part for the
greater potency of abrocitinib for JAK1 than for JAK2 [73]. The drug
makes hydrophobic contact with the first two shell residues (Sh1/2),
three catalytic spine residues (CS6,/7/8) and KLIFS residues 3, 80, and
81 (Table 7). The KLIFS-3 residue is found immediately before the G-rich
loop, KLIFS-80 is the x residue of xDFG, and the KLIFS-81 residue is the
DFG-D residue. Abrocitinib also interacts hydrophobically with
882GEG®®* and G887 within the glycine-rich loop, the B3-strand
AxK-K908, and residues F958, 1959, G962, and S963 of the hinge-linker
segment. Modi and Dunbrack found that this enzyme occurs within the
inactive ABAminus enzyme cluster, which they label as a type I inhibitor
[28]. The drug occupies the front pocket and FP-I/1I and we classify it as
a type I'2 B inhibitor — inactive DFG-D;, with the drug not extending into
the back pocket [32]. See Ref. [74,75] for the results of clinical trials
that led to the approval of abrocitinib in the United States in 2022; the
drug had been approved in the UK and Japan in 2021 [76].

Vazquez et al. determined the X-ray structure of abrocitinib bound to
JAK2 and they reported that its interactions mirrored its binding to
JAK1 [73]. These authors found that the pyrrolo N-H forms a hydrogen
bond with the backbone carbonyl group of the first hinge residue (E930)
and the pyrimidine N1 forms a hydrogen bond with the N-H backbone of
the third hinge residue (L932). Furthermore, a drug sulfonamide oxygen
hydrogen bonds with the N-H of the side chain of R980 of the catalytic
loop and the N-H of the drug hydrogen bonds with the side chain
carbonyl portion of the catalytic loop asparagine (N981) (Fig. 5B). The
drug makes hydrophobic contact with the first two shell residues
(Sh1/2), three catalytic spine residues (CS6/7/8) and KLIFS residues 3,
80, and 81 (Table 7). The drug also interacts hydrophobically with
856GEG®® and G861 of the glycine-rich loop, the p3-strand AXK-K882,

(A) Abrocitinib-JAK1: 6bbu
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(B) Abrocitinib-JAK2: 6bbv

and residues Y931, 1932, G935, and S936 of the hinge-linker segment.
The N3 of abrocitinib forms a hydrogen bond with a water molecule in
the JAK2-drug complex, but this water molecule is 5.9 A from the side
chain of D939 within the aD-helix — too long to form a hydrogen bond. In
contrast, the distance from the comparable water molecule in the
JAK1-abrocitinib structure is 3.3 A from the analogous E966 — which is
within hydrogen bonding distance. This difference accounts in part for
the greater affinity of abrocitinib for JAK1 than for JAK2 [73]. Modi and
Dunbrack found that this enzyme occurs within the inactive ABAminus
enzyme cluster, which they label as a type I inhibitor [28]. The drug
occupies the front pocket and FP-I/II and we classify it as a type I, B
inhibitor — inactive DFG-Dj, with the drug not extending into the back
pocket [32].

4.2. Futibatinib

Futibatinib is a pyrazolo[3,4-d]pyrimidine derivative (Fig. 4B) that
inhibits FGFR1/2/3/4 with ICsy values of 3.9/1.3/1.6/8.3 nM; futiba-
tinib is thereby classified as a pan-FGFR inhibitor [77]. Its inhibitory
activity against other protein kinases has not been reported. Futibatinib
received FDA approval in 2022 for the treatment of chol-
angiocarcinomas (bile duct cancers) with FGFR2 fusions or rearrange-
ments (www.brimr.org/PKI/PKIs.htm). We lack the structure of this
agent with FGFR2, but Kalyukina et al. determined the X-ray crystal
structure of futibatinib covalently bound to the closely related FGFR1
[77]. Tt shows that the 4-amino group of the pyrimidine forms a
hydrogen bond with the carbonyl group of E562 (the first hinge residue)
and N3 forms a hydrogen bond with the N-H group of A564 (the third
hinge residue). The oxygen atom of one of the methoxy groups hydrogen
bonds with the backbone N-H group of DFG-D641 while the drug forms
a covalent Michael adduct with C488 (Fig. 5C). Futibatinib interacts
hydrophobically with five spine residues (RS2/3 and CS6/7/8), all three
shell residues (Sh1/2/3), and KLIFS-3 (Table 7). The drug also makes
hydrophobic contact with F489 of the glycine-rich loop, the f2-strand
V492, the p3-strand AVK-K514, E531 and M535 of the aC-helix, Y563
within the hinge, A640 (the x of xDFG), and DFG-D641. Modi and
Dunbrack reported that this enzyme occurs within the inactive BLAplus
cluster, which they label as a type I':b blocker. The compound occupies

(C) Futibatinib-FGFR1: 6mzw
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Fig. 5. (A) Abrocitinib-JAK1. (B) Abrocitinib-JAK2. (C) Futibatinib-FGFR1. The respective PDB ID numbers are listed. The drug carbon atoms are colored yellow and

the dashed lines represent polar bonds. CL, catalytic loop.
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Table 7
Drug-enzyme hydrophobic (®) and hydrogen-bond (A, D) interactions based upon their common KLIFS residue numbers®,”, <.

PDBID RSl RS2 RS3 RS4 Shl  Sh2 Sh3 CS5 CS6 CS7 €S8  KLIFS-3'  KLIFS pockets®

KLIFS no. — 68 82 28 38 36 45 43 76 77 11 15 3

Drug-enzyme |

Type I inhibitors

Bosutinib-Src 4mxo o] o] o] o] o] [0} 0] o] F,G, BP-I-A/B

Dasatinib-Abl 2gqg o] o] D, A o] o] [0} [ o] F, G, B, BP-I-A/B

Erlotinib-EGFR 1m17 o] o] o] [0 [} o] F, G, B, BP-I-A/B

Gefitinib-EGFR 2ity [ [ [ (o] (0] (] (] F,G, BP-I-A/B

Palbociclib-CDK6 2euf 0] 0] 0] o] (0] o] F

Pralsetinib-RET 7jus o] o] [0} o] o] F, FP-II

R406 (fostamatinib)  3fgs o] 0] o] ) 0] 0] F

Selpercatinib-RET 7jub (0] 0] ] (0] G} F, FP-II

Vandetanib-RET 2ivu 0] 0] 0] 0] 0] [0 0] o] F,G, BP-I-A/B

Type I/:A inhibitors

Dabrafenib-B-Raf Scsw ®, D o] o] o] o] o] o] [0} 0] o] F, G, B, BP-I-A/B, BP-II-in, BP-II-A-in
Erdafitinib-FGFR1 Sew8 o] o] o] o] o] o] [0} 0] o] F, G, B, BP-I-A/B
Infigratinib-FGFR1 3tt0 o] o] o] o] o] [0} [ o] F, G, B, BP-I-A/B

Lapatinib-EGFR 1xkk ) ) ) ) ) ) ® @ ) ) F, G, B, BP-I-A/B, BP-Il-in, BP-II-A-in
Lenvatinib-VEGFR 3wzd o] o] o] o] o] [0} 0] o] F, G, B, BP-I-B, BP-II-in
Vemurafenib-B-Raf 3087 o] o] o] o] o] o] o] [od [ o] F, G, B, FP-I, BP-I-A/B, BP-II-in, BP-II-A-in
Type 1/:B inhibitors

Abemeciclib-CDK6 512s o] o] o] [0} 0] o] F, FP-II

Abrocitinib-JAK1 6bbu o] o] o] [od 0] o] F, FP-I/1I

Abrocitinib-JAK2 6bbv o] o] o] [od 0] o] F, FP-I/1I

Alectinib-ALK 3aox o] 0] o] [0 0] o] F, BP-I-B

Baricitinib-JAK2 6wto o] o] o] [0} 0] o] F, FP-I/1I

Brigatinib-ALK 6mx8 o] o] o] [od 0] o] F, FP-1

Ceritinib-ALK 4mkc o] o] o] [ 0] o] F, FP-1

Crizotinib-ALK 2xp2 0] (0] 0] 0] (0] 0] F, FP-I

Crizotinib-MET 2wgj o] o] o] o] [od 0] o] F, FP-1

Crizotinib-ROS1 3zbf o] 0] o] [0} 0] 0] F, FP-1

Entrectinib-TRKA Skvt o] o] 0] o] [0} 0] o] F, FP-1

Erlotinib-EGFR 4hjo o] o] o] o] [0} o] o] F, G, BP-I-A/B

Lorlatinib-ALK 4cli 0] [0} 0] 0] F, FP-1

Palbociclib-CDK6 512i o] o] o] [0} (0] 0] F

Ribociclib-CDK6 512t o] o] o] [0} o] o] F, G, FP-1

Ruxolitinib-JAK2 6vgl o] o] o] [od 0] o] F, FP-I/1I

Tepotinib-MET 4rlv (0] 0] (0] [} (0] 0] F, FP-I

Tofacitinib-JAK1 6bbu o] o] o] [0} 0] o] F, FP-I/11

Tofacitinib-JAK3 3lxk o] o] o] o] [0} o] o] F, FP-I/11

Type IIA inhibitors

Axitinib-VEGFR2 4ag8 o] o] o] o] o] o] [0} 0] o] F, G, B, BP-I-B, BP-II-out
Imatinib-Abl’ liep D, A o] o] o] D, A o] o] [0} [} o] F, G, B, BP-I-A/B, BP-II-out, BP-IV
Imatinib-Kit 1t46 o] O] o] o] D, A o] o] [0 [ (o] F, G, B, BP-I-A/B, BP-II-out, BP-IV
Imatinib-PDGFR« 6jol ®,D @ ) ) ®,D @ o @ @ ) F, G, B, BP-I-A/B, BP-Il-out, BP-IV
Nilotinib-Abl 3cs9 o] o] o] o] D, A o] o] [0} [ o] F, G, B, BP-I-A/B, BP-II-out, BP-V
Pexidartinib-CSF1R 4r7h o] o] o] o] o] [0} 0] o] F, G, B, BP-I-B, BP-II-out, BP-V
Ponatinib-Abl’ 3oxz oA @ ) ) ) ) ) @ ) o F, G, B, BP-I-A/B, BP-Il-out, BP-III, BP-IV
Ponatinib-Kit 4u0i D, A o] o] o] o] o] o] [0} 0] o] F, G, B, BP-1I-A/B, BP-II-out, BP-III, BP-IV
Ponatinib-B-Raf luwh o] o] o] o] o] o] [0} 0] o] F, G, B, BP-I-B, BP-II-out, BP-IIT
Ripretinib-Kit 6mob ) ) ) o @ ) ) @ ) ) F, G, B, BP-I-A/B, BP-Il-out, BP-III
Sorafenib-B-Raf Tuwh o] o] o] o] o] o] [0 0] F, G, B, BP-I-B

Sorafenib-CDK8 3rgf o] o] o] o] o] o] [od 0] o] F, G, B, BP-I-B, BP-II-out, BP-IIT
Sorafenib-VEGFR2 4asd @ @ @ @ @ @ ® @ ® F, G, B, BP-I-B, BP-II-out, BP-III
Tivozanib-VEGFR2 4ase o] o] o] 0] o] o] [} 0] o] F, G, B, BP-I-B

Type IIB inhibitors

Bosutinib-Abl 3ue4 o] o] o] o] o] o] [0 [ o] F, G, BP-II-A/B

Gilteritinib-F1t3 6jqr (0] 0] [} (0] o] F

Nintedanib-VEGFR2 3c7q o] o] o] o] [0} o] o] F, G, BP-I-B

Sunitinib-Kit 3g0e o] o] o] o] P o] F

Sunitinib-VEGFR2 4agd [ [ [} [ [} [} [} F, BP-I-B

Type III inhibitors

Cobimetinib-MEK1 4an2 0] 0] 0] 0] G, B, BP-II-in

Selumetinib-MEK1 4u7z 0] 0] 0] 0] G, B, BP-II-in

Type IV inhibitor

Asciminib-Abl 5mo4 None

Type VI inhibitors

Afatinib-EGFR 4g5i ) @ ) ) @ @ ) F, G, BP-I-A/B

Dacomitinib-EGFR 4i24 o] o] o] [0} o] o] F, G, BP-I-B

Futibatinib-FGFR1 6mzw o] o] o] o] o] o] [0} [ o] F, G, B, BP-I-A/B

Ibrutinib-BTK 5p9j o] o] o] o] o] o] [0 0] (o] F, G, B, BP-I-B

Neratinib-EGFR 2jiv o] o] o] o] o] o] o] [0} 0] o] F, G, B, BP-I-A/B
Osimertinib-EGFR 6jxt (0] ] P (o] F

Zanubrutinib-BTK 6j6m o] o] o] o] o] o] [0 0] o] F, G, B, BP-I-B

2 klifs.net.

> Human enzyme unless otherwise noted.
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¢ Drugs not previously reviewed (Refs [10-13]) are indicated in bold print.
4 KLIFS-3, kinase-ligand interaction fingerprint and structure residue-3.

¢ A, hydrogen-bond acceptor; D, hydrogen-bond donor.

f Mouse enzyme

the front cleft, gate area, back cleft and BP-I-A and BP-I-B. Owing to the
covalent nature of this interaction, we classify the drug as a type VI
(covalent) inhibitor [32]. See Refs. [78-80] for a summary of the clinical
trials that led to the approval of futibatinib.

4.3. Abl-ligand interactions: myristate, DPH, and asciminib

Alternative splicing of Abl-1 pre-mRNA yields two transcripts: 1a and
1b. The latter protein is 19 residues longer than Abl-1a and it bears a
covalently attached myristoyl group that is added post-translationally to
a glycine residue immediately following the initiating amino-terminal
methionine [81]. The myristoyl group plays a fundamental role in the
regulation of Abl-1b activity while the regulation of Abl-1a remains a
mystery. The N-terminus of Abl-1b consists of about 60 residues called
the cap (not shown), which is followed by the SH3 domain. SH3 domains
(~ 60 amino acid residues) bind to sequences that can adopt a
left-handed helical conformation [82]. The SH3 domain is a p-barrel
consisting of five antiparallel p-strands and a prominent structure called
the RT loop (Fig. 6A). This loop is found at the ends of a surface
composed of aromatic and other hydrophobic residues that comprise the
recognition site for protein sequences that bear the PxxP motif. The side
chain N-H group of N97 of the RT loop of Abl-1b hydrogen bonds with
the carbonyl side chain of N250 of the SH2-kinase linker (not shown).
The —OH group of S94 of the RT loop forms a hydrogen bond with the
carbonyl group of K281 within the p2-$3 loop of the small lobe of the
kinase domain (SH1).

The SH3-SH2 connector is a six-residue section that links these two
domains. SH2 domains (~ 100 amino acid residues) bind to distinct
amino acid sequences carboxyterminal to phosphotyrosine residues
[83]. The Abl-la/b SH2 domain contains a central three-stranded
B-sheet with an al- and o2-helix at each side (Fig. 6A). The SH2
domain contains two recognition pockets: one binds phosphotyrosine
and the other co-ordinates with one or more hydrophobic residues
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carboxyterminal to the phosphotyrosine. The phosphotyrosine pocket
contains a conserved arginine residue (Argl52 in human Abl-1a) that
interacts with the negatively charged phosphate. Songyang and Cantley
examined the interaction of a library of phosphopeptides to SH2 do-
mains to define preferred docking sequences [84]. The Abl-la/b SH2
domain selects pYENP in preference to other sequences. The Abl-1a/b
SH2 domain, however, binds to a variety of signature residues that
differ from this optimal sequence.

The SH3 and SH2 domains interact with the protein kinase (SH1)
domain of Abl-1b. The N-terminal and C-terminal lobes of catalytically
competent Abl-1b must be able to move (breath) in order to mediate the
phosphorylation of its substrates. To keep the Abl-1b kinase in an
inactive state, the SH3 domain, the SH2 domain, and the SH2-kinase
linker dock tightly to the protein kinase domain and restrict its
mobility and inhibit its catalytic activity.

Experiments at the turn of this century helped to elucidate the role of
the amino-terminal Abl-1b myristoyl group in the regulation of protein
kinase activity [85]. Hantschel et al. discovered that the ABL1b
glycine-to-alanine mutation at position 2 (G2A) led to the biosynthesis
of an enzyme with dramatically higher catalytic activity than wildtype
Abl-1b [86]. Conversion of glycine to any other residue prevents the
myristoylation as catalyzed by N-myristoyltransferase. The first four
residues of Abl-1b are MGQQ, which will promote N-myristoyltranferase
activity, and those of Abl-1a are MLEL, which will not. Moreover, unlike
the wildtype enzyme, the G2A mutant protein was highly phosphory-
lated. These findings indicated that the myristoyl group acts to nega-
tively regulate Abl-1b phosphotransferase activity.

In a joint study with Hantschel et al. [86], Nagar et al. described the
X-ray crystal structure of mouse Abl-1b with myristate [87]. They found
that the myristoyl group was lodged in a deep hydrophobic pocket at the
bottom of the protein kinase domain containing residues from the
aE-helix (A356, L359, L360), the aF-helix (L448, A452, Y454), the
oH-helix (C483, P484, V487), and an induced ol’-helix (I521, V525,

(D) Active human
Abl PDB ID: 3pyy

(F) Inactive human
Abl PDB ID:5mo4

Fig. 6. (A) Overview of the structure of human Abl-1b illustrating the SH3-SH2 inhibitory domains including the RT loop interacting with the protein kinase domain
(SH1). (B, C) Myristate bound to mouse Abl. (D, E) DPH bound to human Abl. (F, G) Asciminib bound to human Abl. AS, activation segment; GRL, glycine-rich loop;

L, ligand.
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L529). The nine terminal carbon atoms of myristate are found within the
hydrophobic cavity and carbon atoms C2-C5 occur in an open notch
where the side chains of V525 and L529 from the ol’-helix form a ledge
for the myristoyl group (Fig. 6B/C). The interaction of myristate with its
binding compartment induces a bend in the al-helix to form ol’. As a
result, the SH3-SH2 complex can dock tightly with the SH1 kinase
domain thereby blocking its mobility and catalytic activity. Without the
al-helix-induced bend (Fig. 6D/E), the backside of Abl-1b is unable to
dock firmly to the protein kinase domain and the enzyme is active. The
myristate binding pocket is a type IV allosteric-inhibitor-binding site
[88].

Yang et al. used high-throughput screening experiments and identi-
fied a small molecule cell permeable activator of Abl (5-(1,3-Diaryl-1 H-
Pyrazol-4-yl) Hydantoin)), which they named DPH (Fig. 4 C) [89]. The
X-ray crystal structure revealed that it bound to the myristate-binding
site of its target. DPH interacts hydrophobically with residues of the
aE-helix (A356, L359/360, A363), the aF-helix (L448, 1451, A452), and
the aH-helix (C483, P484 and V487) (Fig. 6D/E). An N-H group from
the hydantoin component forms a hydrogen bond with the carbonyl
group of E481 (not shown). It fails to contact the al-helix and thus it
cannot induce a bend in the al-helix thereby explaining its activating
effect.

Using NMR methodology, Schoepfer et al. examined about 500 sol-
uble ligand fragments that bound to Abl-1 [90]. X-ray crystallography
showed that their compounds bound to the Abl myristate-binding site
and they subsequently used standard medicinal chemistry approaches to
increase drug solubility. These experiments were followed by work on
lead-compounds that inhibited tumor growth in (i) cell culture and in
(ii) murine subcutaneous xenograft models of CML. After the develop-
ment of asciminib (Fig. 4D), they performed a comprehensive exami-
nation of drug properties and found that it targeted Abl and had little
activity against a constellation of other protein kinases. The X-ray crystal
structure of asciminib with Abl-1b shows that it makes hydrophobic
contact with R351, A356, 1L.359/360, A363 of the aE-helix, L448 and
BUATY** of the oF helix, C483, P484, V487 of the aH-helix, F512 of
the al-helix, and 1521, V525, and L529 of the aI’-helix. The drug also
forms a hydrogen bond with E481 (not shown). Of importance, asci-
minib is active against the T315I (Abl-1a nomenclature) gatekeeper
mutant. The drug binds to an allosteric site that is far from the
ATP-binding site (28 A) and is now the best example of an
FDA-approved type IV antagonist. Asciminib is FDA-approved for the
third line treatment of Philadelphia chromosome-positive CML and the
first line treatment of Philadelphia chromosome-positive CML with the
T315I mutation. See Ref. [91] for a summary of the clinical trials that led
to the FDA approval of this STAMP (specifically targeting the Abl myr-
istoyl pocket) inhibitor.

5. Pacritinib, an approved protein kinase antagonist lacking a
drug-kinase structure

Pacritinib is an anilino-pyrimidine derivative (Fig. 4E) that is FDA-
approved for the treatment of myelofibrosis [92]. Myelofibrosis is a
myeloid malignancy associated with a heavy symptomatic burden that
decreases the quality of life and presents a risk for leukemic trans-
formation. The discovery that the dysfunction of the Janus kinase/signal
transducer and activator of transcription (JAK/STAT) pathway plays a
role in the pathogenesis of this disorder has led to many clinical in-
vestigations for new treatments. Pacritinib is a novel selective inhibitor
of JAK2 and FMS-related tyrosine kinase 3 (F1t3). It received its first
approval in February 2022 in the United States for the treatment of
adults with intermediate- or high-risk primary or secondary (post--
polycythemia vera or post-essential thrombocythemia) myelofibrosis
with a platelet count below 50 x 10°/L. The accelerated approval was
based on results from the randomized phase III PERSIST-2 trial in which
spleen volume reduction was demonstrated in pacritinib recipients.
Although we have the X-ray crystal structure of pacritinib bound to the
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unrelated human quinone reductase 2 (PDB ID: 5LBZ), unfortunately,
we lack the X-ray crystal structure of pacritinib with JAK2. For a sum-
mary of the clinical trials that led to the approval of this drug, see Refs.
[75,92,93].

6. Physicochemical properties of orally effective drugs
6.1. Lipinski’s rule of five (Ro5)

Medicinal chemists and pharmacologists have explored the physi-
cochemical properties of drugs that are orally bioavailable. Lipinski’s
rule of five (Ro5) is an experimental and computational methodology
that is used to characterize membrane permeability, solubility, and
effectiveness in the drug-discovery setting [94]. It is a rule of thumb that
assesses drug-likeness and determines whether a compound with spe-
cific pharmacological activities has characteristics suggesting that it
would be orally effective. The Lipinski benchmarks were based on data
showing that most orally effective medicinals are relatively small and
moderately lipophilic substances. The Ro5 criteria are used during drug
discovery and development as physiologically active lead compounds
are systematically optimized to enhance their activity while maintaining
selectivity.

The Ro5 criteria indicates that less than ideal oral bioavailability is
more likely to occur when (i) the atom-based calculated Log P (ALogP) is
greater than 5, when (ii) there are more than 5 hydrogen-bond donors,
when (iii) there are more than 5 x 2 or 10 hydrogen-bond acceptors,
and when (iv) the molecular weight is more than 5 x 100 or 500 [94].
The partition coefficient (P) is the ratio of the solubility of the un-ionized
drug in the organic phase divided by its solubility in the aqueous phase
of water-saturated n-octanol. The P value mirrors the hydrophobicity of
a drug; the greater the P value, the greater the hydrophobicity. The
number of hydrogen-bond donors is the sum of NH and OH groups. The
number of hydrogen-bond acceptors is more complicated to assess; these
are the number of neutral heteroatoms except for halogen atoms, het-
eroaromatic oxygen and sulfur atoms, pyrrole nitrogen atoms, and
higher oxidation states of nitrogen, phosphorus, and sulfur, but it in-
cludes the oxygen atoms bonded to them. The Ro5 criteria were based on
the physicochemical properties of more than two thousand reference
drugs [94].

Excluding the macrolides (everolimus, sirolimus, and temsirolimus),
the average molecular weight (MW) of the orally effective FDA-
approved protein kinase inhibitors is 478 ranging from 306 (rux-
olitinib) to 615 (trametinib) (Table 8). The compounds with a molecular
weight greater than 500 include the three macrolides and 24 other
drugs. Although this data suggests that there is a propensity for orally
bioavailable small molecule protein kinase blockers to exceed the
500 Da molecular-weight criterion, the masses of the larger compounds
excepting the macrolides are near 500 Da. Moreover, 18 of the 72
approved drugs have an ALogP of greater than five; these exceptions do
not include abrocitinib, asciminib, futibatinib, or pacritinib — the newly
approved agents described in this article. Additionally, Tepotinib and
trilaciclib have more than five hydrogen bond donors and dabrafenib
and fostamatinib have more than ten hydrogen bond acceptors. Overall,
a total of 36 of the 72 FDA-approved small molecule protein kinase in-
hibitors fail to conform to Lipinski’s Ro5. Of these 36, bosutinib, brig-
atinib, cabozantinib, entrectinib, fostamatinib, infigratinib, lapatinib,
midostaurin, mobocertinib, neratinib, nilotinib, ripretinib have two Ro5
deficiencies with a molecular weight greater than 500 and a partition
coefficient greater than 5. Dabrafenib has three Ro5 deficiencies with a
molecular weight greater than 500, an ALogP greater than five, and 11
hydrogen bond acceptors. These are FDA-approved medicines, but
finding drug candidates during the discovery process with two or three
Ro5 criteria exceptions is typically an undesirable finding.
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Table 8
Properties of FDA-approved small molecule inhibitors®.
Drug PubMED CID Formula MW (Da) HD" HA ALogP* Rotatable PSA°® Ring Complexity'
bonds A% Count®
Abemaciclib 46220502 CoyH3oFoNg 507 1 9 4.94 7 75 5 723
Abrocitinib 78323835 C14H21NsS 323 2 6 1.3 6 99.4 3 474
Acalabrutinib 71226662 Co6H23N704 466 2 6 3.31 4 119 5 845
Afatinib 10184653 Ca4H,5CIFNSO3 486 2 8 4.39 8 88.6 4 702
Alectinib 49806720 C30H34N404 483 1 5 4.77 3 72.4 6 867
Asciminib 72165228 CooH15ClF;Ns503 450 4 6 3.46 6 103 4 626
Avapritinib 118023034 Ca6Ha7FN1g 499 1 9 2.61 5 106 6 752
Axitinib 6450551 Co2H18N40S 386 2 4 4.64 5 96 4 557
Baricitinib 44205240 C16H17N70,S 371 1 7 1.10 5 129 4 678
Belumosudil 11950170 Ca6H24N602 452 3 6 4.82 7 105 5 678
Binimetinib 10288191 Cy7H15BrFoN4O3 441 3 7 3.01 6 88.4 3 521
Bosutinib 5328940 CoeH29CloN503 530 1 8 5.19 9 82.9 4 734
Brigatinib 68165256 Co9H39CIN,0,P 584 2 9 5.09 8 85.9 5 835
Cabozantinib 25102847 CagH24FN305 501 2 7 5.54 8 98.8 4 795
Capmatinib 25145656 Co3H17FNgO 412 1 6 3.43 5 81.5 5 637
Ceritinib 57379345 CogH36CIN503S 558 3 8 6.36 9 114 4 835
Cobimetinib 16222096 C21H21F3IN302 531 3 7 3.78 4 64.6 4 624
Crizotinib 11626560 C21H2,Cl,FNsO 450 2 6 5.04 5 78 4 558
Dabrafenib 44462760 Co3Ho0F3N50,S, 520 2 11 5.36 6 148 4 817
Dacomitinib 11511120 C24H5CIFN5O, 470 2 7 5.16 7 79.4 4 665
Dasatinib 3062316 C22H6CIN,0,S 488 3 9 3.31 7 135 4 642
Encorafenib 50922675 CooHy7CIFN;04S 540 3 10 3.91 10 149 3 836
Entrectinib 25141092 C31H34F2NgO2 561 3 8 5.03 7 85.5 6 847
Erdafitinib 67462786 Ca5H30N602 446 1 7 4.18 9 77.3 4 583
Erlotinib 176870 Co2Ho3N304 393 1 7 3.41 11 74.7 3 525
Everolimus 6442177 Cs3HgsNO14 958 3 14 6.20 9 205 3 1810
Fedratinib 16722836 Ca7H36N603S 525 3 9 4.82 11 117 4 787
Fostamatinib 11671467 Cp3H,6FNgOGP 580 4 15 3.09 10 187 4 904
Futibatinib 71621331 Co2H2oNgO3 418 1 7 1.78 6 108 4 723
Gefitinib 123631 Ca2H24CIFN,O3 447 1 8 4.28 8 68.7 4 545
Gilteritinib 49803313 CaoH44NgO5 552 3 10 2.70 9 121 5 785
Ibrutinib 24821094 CosH24NgO4 441 1 6 4.22 5 99.2 5 678
Imatinib 5291 Ca9H31N;0 494 2 7 4.59 7 86.3 5 706
Infigratinib 53235510 CoeH31CloN,03 560 2 8 5.35 8 95.1 4 724
Lapatinib 208908 Co9H6CIN4O4S 580 2 9 6.14 11 115 5 898
Larotrectinib 46188928 Co1H2oF2NeO2 428 2 7 2.95 3 86 5 659
Lenvatinib 9823820 C1H16CIN4O4 427 3 5 4.07 6 116 4 634
Lorlatinib 71731823 C21H19FNgO2 406 1 7 2.80 0 110 3 700
Midostaurin 9829523 C3s5H30N407 571 1 4 5.91 3 77.7 5 1140
Mobocertinib 118607832 Ca2H3oN,04 586 2 9 5.08 13 114 4 881
Neratinib 9915743 C30H29CINgO3 557 2 8 5.93 11 112 4 881
Netarsudil 66599893 CogHoyN303 454 2 5 4.89 8 94.3 4 678
Nilotinib 644241 CogHooF3N;0 530 2 9 6.36 6 97.6 5 817
Nintedanib 135423438 C31H33N50,4 540 2 7 3.62 8 102 5 947
Osimertinib 71496458 CogH33N704 500 2 7 4.51 10 87.6 4 752
Pacritinib 46216796 CogH32N403 473 1 7 4.96 4 68.7 4 644
Palbociclib 5330286 Ca4H29N70, 448 2 8 2.97 5 103 5 775
Pazopanib 10113978 C21H23N70,S 438 2 8 3.14 5 127 4 717
Pemigatinib 86705659 Co4H27F2NsO4 487 2 7 3.66 6 88.4 5 731
Pexidartinib 25151352 CpoH;5ClF3N5 417 2 7 5.23 5 66.5 4 537
Ponatinib 24826799 Ca9H27F3NgO 533 1 8 4.46 6 65.8 5 910
Pralsetinib 129073603 CoyH32FNgO4 534 3 9 4.20 8 136 5 816
Regorafenib 11167602 C21H;5CIF4N4O3 483 3 8 5.69 5 92.4 3 686
Ribociclib 44631912 Ca3H30NgO 435 2 7 2.80 5 91.2 5 636
Ripretinib 71584930 Co4H21BrFNsO, 510 3 5 5.67 5 86.4 4 746
Ruxolitinib 25126798 C17N18Ng 306 1 4 3.47 4 83.2 4 453
Selpercatinib 134436906 Ca9H31N703 526 1 9 3.28 8 112 6 637
Selumetinib 10127622 C17H;5BrCIF403 458 3 6 3.53 6 88.4 3 523
Sirolimus 5284616 Cs1H79NO; 3 914 3 13 6.18 6 195 3 1760
Sorafenib 216239 Ca1H;16CIF3N,4O3 465 3 7 5.55 5 92.4 3 646
Sunitinib 5329102 CooHo7FN4O4 398 3 4 3.33 7 77.2 3 636
Temsirolimus 6918289 CseHg7NO16 1029 4 16 4.39 11 242 3 2010
Tepotinib 25171648 Ca9HgNgO2 493 7 7 4.01 7 94.7 5 880
Tivozanib 9911830 Ca2H19CLIN4Os 455 2 6 5.64 6 108 4 631
Tofacitinib 9926791 C16H20NgO 312 1 5 1.54 3 88.9 3 488
Trametinib 11707110 CoeH23FIN5O4 615 2 6 3.94 5 102 4 1090
Trilaciclib 68029832 Ca4H30NgO 447 2 7 2.72 3 91.2 6 707
Tucatinib 51039094 Co6H24NgO2 481 2 8 5.09 6 111 6 796
Upadacitinib 58557659 C17H19F3NgO 380 2 6 291 3 78.3 4 561
Vandetanib 3081361 Co2H4BrFN4Oo 475 1 7 5.00 6 59.5 4 539
Vemurafenib 42611257 Co3H15CIF;N305S 490 2 7 5.54 7 100 4 790
Zanubrutinib 135565884 Co7Ho7Ns03 472 2 5 4.22 6 103 5 756

@ Drugs previously not reviewed (Refs. [10-13]) are given in bold type.
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4 Values for atom-based log of the partition coefficient (ALogP) from https://www.ebi.ac.uk/chembl/.

€ PSA, polar surface area.
f Complexity values obtained from https://pubchem.ncbi.nlm.nih.gov/.
8 Includes aromatic and nonaromatic rings.

6.2. The importance of lipophilicity and ligand efficiency

6.2.1. Lipophilic efficiency, LipE

After the emergence of Lipinski’s Ro5 in 2001 [94], subsequent work
on the physical and chemical properties of orally bioavailable medicines
has led to various refinements [95-102]. For example, lipophilic effi-
ciency, or LipE, is a property that is used in drug discovery and devel-
opment that combines potency and lipophilic-driven binding as a
strategy to increase binding efficacy. The following formulas are used to
compute lipophilic efficiency:

LipE = pICsy — ALogP; LipE = pK; — ALogP

Like its usage to express the molar hydrogen ion concentration as pH,
the operator p denotes the negative of the Logio of the ICsy or K;.
Furthermore, ALogP is an atom-based computed Logio of the partition
coefficient; this parameter denotes the ratio of the drug solubility in the
organic phase divided by its solubility in the aqueous phase of immis-
cible n-octanol/water.

The second term of the equation (- ALogP or minus ALogP) reflects
the lipophilicity of a medicinal and the value is computed using an al-
gorithm based upon the properties of thousands of reference organic
compounds. The more soluble a compound is in the organic phase when
compared with the aqueous phase of a n-octanol/water mixture, the
greater is its lipophilicity. Leeson and Springthorpe suggested that drug
lipophilicity, as assessed by its — ALogP value, is one of the more
important properties that should be monitored during drug develop-
ment [96]. Their use of — ALogP was based upon experiments performed
before the determination of the distribution coefficient (D) became more
common. The distribution coefficient (LogDy 4) is the ratio of the solu-
bility of the ionized and un-ionized ligand in the organic phase over the
aqueous phase of immiscible n-octanol/water at a specified pH of the
aqueous phase, which is usually 7.4. For all intents and purposes, either
ALogP or LogD can be used to monitor several compounds in the same
study. Note that an agent with a substantial lipophilicity and a large
negative (- ALogP) value decreases the lipophilic efficiency.

An elevated lipophilicity may facilitate the binding of an agent to
adventitious targets that may increase toxicity leading to adverse events.
One goal during drug development is to increase potency without
simultaneously increasing lipophilicity. The use of lipophilic efficiency
aids in the optimization of lead compounds by directly comparing a
series of drug congeners; furthermore, the same procedure for deter-
mining the lipophilic efficiency should be used to ensure that such
comparisons are sound [98,99]. To cite a cogent example, progress in
the optimization of lead compounds during the development of crizo-
tinib was monitored by using lipophilic efficiency as an index of binding
effectiveness as described by Cui et al. [103]; crizotinib is FDA-approved
for the management of ALK-positive and ROS1-positive NSCLC.

The ALogP of various agents can be calculated in a matter of minutes.
Because experimental measurements of LogP are labor intensive, such
determinations are carried out in only select cases. Hopkins et al. pro-
posed that acceptable values for LogP are less than ~ 3 and those of
lipophilic efficiency are greater than ~ 5 [98]. Increasing the potency
and decreasing the lipophilicity during drug development generally
produces drugs with improved pharmacological properties. The average
value of lipophilic efficiency (LipE) for 69 FDA-approved small molecule
protein kinase blockers (omitting the macrolides) is 4.36 with a range
from 1.3 (neratinib) to 7.56 (tofacitinib) with a standard deviation of
1.49 (Table 9). The average value for ALogP for the 69 FDA-approved
drugs (excluding the three macrolides) was 4.19 with a range from 1.1
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(baricitinib) to 6.36 (nilotinib) with a standard deviation of 1.22.

6.2.2. Ligand efficiency, LE

The ligand efficiency (LE) relates potency, or binding affinity, to the
number of heavy (nonhydrogen) atoms of a drug. The following formula
is used to compute this property:

LE= AG*/N = — RT InK¢/N = - 2-303RT Log K.¢/N

AG”is the standard free energy change of a ligand binding to its
target enzyme at neutral pH, R denotes the universal gas constant or
energy-temperature coefficient (1.98 x 107> kcal/degree-mol), T rep-
resents the temperature in degrees Kelvin, Keq is the value of the equi-
librium constant, and N represents the number of heavy (nonhydrogen)
atoms in the drug. The K;j or ICsq values represent surrogates for the
equilibrium constant. At a physiological temperature of 37 °C (310 K),
this equation becomes — (2.303 x (1.98 x 10’3/K) x 310 K Log Keg)/N
or — 1.41 Log Keq/N. Other investigators use a temperature of 300 K and
the multiplication factor becomes — 1.37 [98,102]. Ligand efficiency
reflects ligand affinities based upon the average binding energy per
atom. Furthermore, ligand efficiency is quite helpful in fragment-based
drug discovery protocols and, like lipophilic efficiency, it facilitates the
selection of congeners of lead compounds for further development [99].

Ligand efficiency reflects the binding affinity per heavy atom of the
ligand or drug of interest. The value of N is a surrogate for the molecular
weight. The equation used to calculate ligand efficiency shows that its
value is directly proportional to — Log Keq (a positive number), or the
binding affinity, and is inversely proportional to the number of non-
hydrogen atoms. Hopkins et al. indicated that optimal values for ligand
efficiency (LE) should be greater than 0.3 kcal per mol per nonhydrogen
atom [95,98]. Ligand efficiency values for the FDA-approved small
molecule protein kinase blockers based upon representative K; or ICsg
values are included in Table 9. The average value for ligand efficiency
for 69 of the FDA-approved protein kinase inhibitors (excluding the
three macrolides) was 0.0.361 with a range from 0.237 (mobocertinib)
to 0.558 (tofacitinib) and a standard deviation of 0.064. Five drugs had
values of less than 0.3 including mobocertinib, midostaurin, neratinib,
nilotinib, and the newly approved pacritinib. The values for ligand ef-
ficiency (LE) and lipophilic efficiency (LipE) listed in Table 9 are based
on data acquired under different experimental conditions. Accordingly,
these values cannot be used to make a direct comparison of the drugs
because different procedures were used to obtain the data. These find-
ings were acquired from various drug development projects and provide
only representative values. The major protein kinase families that are
targeted by the FDA-approved drugs are also listed in Table 9.

6.2.3. Additional chemical descriptors of orally effective drugs

To improve drug characteristics linked to oral effectiveness, not-
unexpectedly, the Ro5 has generated many variations and corollaries.
For example, Veber et al. reported that the polar surface area (PSA) and
the number of rotatable bonds differentiates between orally active and
inactive agents for a large series of compounds in rats [100]. They found
that the optimal number of rotatable bonds is 10 or less. This property
controls passive membrane permeation and mirrors molecular flexibility
(degrees of freedom). Moreover, the number of degrees of freedom is
related to the entropy change that results from ligand binding and de-
termines in part the amount of drug binding to its targets. With the
exceptions of four drugs with 11 rotatable bonds (erlotinib, fedratinib,
lapatinib, neratinib) and mobocertinib with 13 rotatable bonds, the
remaining 64 drugs (the macrolides were excluded) have 10 or fewer of


https://www.ebi.ac.uk/chembl/
https://pubchem.ncbi.nlm.nih.gov/

R. Roskoski Jr Pharmacological Research 187 (2023) 106552

Table 9
Properties of FDA-approved small molecule protein kinases inhibitors®.
Drug Target, kinase K; pKi AlogP!  Lip® N LE® Dosage, mg/ Solubility, pg/ Log nRb'  nAr‘  Benzenes QED'
family” nM* day" ml' Dy.4°
Abemaciclib CDK4, S/T 0.6 9.22 4.94 4.28 37 0.351 400 * 15.9 3.76 7 4 0 0.38
Abrocitinib JAK1, NRY 5.1 8.29 1.25 7.04 22 0.531 100 420 0.79 6 2 0 0.83
Acalbrutinib BTK, NRY 3.1 8.51 3.31 5.20 35 0.343 200 * 10.9 2.56 4 4 1 0.45
Afatinib EGFR, RY 0.5 9.33 4.39 4.94 34 0.387 40 12.8 2.34 8 3 1 0.46
Alectinib ALK, RY 1.9 8.72 4.77 3.95 36 0.342 1200 * 10.5 4.75 3 3 0 0.58
Asciminib BCR-Abl, NRY 0.5 9.3 3.46 5.84 31 0.300 80 55 3.86 6 4 1 0.50
Avapritinib PDGFRa, RY 0.18 9.7 2.61 7.09 37 0.370 300 30.1 2.12 5 5 1 0.39
Axitinib VEGFR2, RY 0.25 9.6 4.64 4.96 28 0.483 300 0.55 4.15 5 4 1 0.52
Baricitinib JAK2, NRY 7 8.15 1.1 7.05 26 0.442 2 357 -0.19 5 3 0 0.72
Belumosudil ROCK2, S/T 53.9 7.3 4.82 2.48 34 0.303 200 2.89 4.02 7 5 1 0.33
Binimetinib MEK1, DS 12 7.92 3.01 4.91 27 0.414 90 * 49.9 3.81 6 3 1 0.40
Bosutinib BCR-Abl, NRY 20 7.7 5.19 2.51 36 0.302 500 9.5 3.37 9 3 1 0.38
Brigatinib ALK, RY 0.398 9.4 5.09 4.31 40 0.331 180 22 2.49 8 3 2 0.35
Cabozantinib RET, RY 5 8.3 5.54 2.76 37 0.316 40 1.99 4.65 8 4 2 0.31
Capmatinib MET, RY 0.13 9.89 3.43 6.46 31 0.450 800 * 5.29 2.96 5 5 1 0.49
Ceritinib ALK, RY 0.2 9.7 6.36 3.34 38 0.360 750 2.22 3.38 9 3 2 0.28
Cobimetinib MEK1, DS 0.79 9.1 3.78 5.32 30 0.428 60 42.2 2.73 4 2 2 0.53
Crizotinib ALK, RY 0.63 9.2 5.04 4.16 30 0.432 500 * 6.11 0.95 5 3 1 0.53
Dabrafenib B-Raf, S/T 0.4 9.4 5.36 4.04 35 0.379 300 * 3.27 5.10 6 4 2 0.37
Dacomitinib EGFR, RY 2 8.7 5.16 3.54 33 0.372 45 8.74 3.53 7 3 1 0.47
Dasatinib BCR-Abl, NRY 0.16 9.8 3.31 6.49 33 0.419 100 12.8 3.74 7 3 1 0.47
Encorafenib B-Raf, S/T 0.3 9.52 3.91 5.61 36 0.373 450 11.2 2.61 10 3 1 0.37
Entrectinib TRKA, RY 1 9 5.03 3.97 41 0.310 600 8.9 4.87 9 4 2 0.29
Erdafitinib FGFR1, RY 2 8.7 4.18 4.52 33 0.372 8 13 1.25 11 4 1 0.41
Erlotinib EGFR, RY 0.32 9.5 3.41 6.09 29 0.462 150 8.91 3.20 7 3 1 0.42
Everolimus FKBP12/mTOR, ? ? 6.2 ? 68 ? 10 1.63 7.40 9 0 0 0.13
S/T
Fedratinib JAK2, NRY 6 8.22 4.82 3.40 37 0.313 400 9.49 3.23 11 3 2 0.35
Fostamatinib Syk, RY 17 7.77 3.09 4.68 40 0.274 300 * 52 -0.52 10 3 1 0.26
Futibatinib FGFR2, RY 4 8.4 1.78 6.62 31 0.382 20 40 1.54 4 6 1 0.51
Gefitinib EGFR, RY 0.5 9.3 4.28 5.02 31 0.423 250 27 3.64 8 3 1 0.52
Gilteritinib FIt3, RY 0.41 9.39 2.7 6.69 40 0.331 120 22.3 1.69 9 2 1 0.43
Ibrutinib BTK, NRY 12.6 7.9 4.22 3.68 33 0.338 560 20.3 3.63 5 4 2 0.47
Imatinib BCR-Abl, NRY 1 9 4.59 4.41 37 0.343 600 14.6 3.80 7 4 2 0.39
Infigratinib FGFRs 5 8.3 5.35 2.95 38 0.308 125 29.9 3.99 8 3 2 0.38
Lapatinib EGFR, RY 1 9 6.14 2.86 40 0.317 1250 22.3 4.40 11 5 2 0.18
Larotrectinib TRK, RY 9.7 8.01 2.95 5.06 31 0.364 200 * 238 2.44 3 3 1 0.67
Lenvatinib VEGFR2, RY 3.98 8.4 4.07 4.33 30 0.395 24 6.22 2.52 6 3 1 0.55
Lorlatinib ALK, RY 9 8.05 2.8 5.25 30 0.378 100 108 1.62 0 3 1 0.61
Midostaurin Flt3, RY 37 7.43 5.91 1.52 43 0.244 200 * 15.7 5.43 3 6 1 0.29
Mobocertinib EGFR, RY 60 7.22 5.08 2.14 43 0.237 160 13.6 3.79 13 4 1 0.17
Neratinib ErbB2/HER2, RY 59 7.23 5.93 1.30 40 0.255 240 6.74 3.05 11 4 1 0.22
Netarsudil ROCK1/2, S/T 1 9 4.89 4.11 34 0.373 0.01 0.23 3.42 8 4 2 0.39
Nilotinib BCR-Abl, NRY 12,5 7.9 6.36 1.54 39 0.286 600 * 2.01 5.35 6 5 2 0.27
Nintedanib FGFR, RY 39.8 7.4 3.62 3.78 40 0.261 300 * 30.9 2.57 8 4 2 0.35
Osimertinib EGFR, RY 7 8.15 4.51 3.64 37 0.311 80 22.4 3.01 10 4 1 0.31
Pacritinib JAK2, NRY 19 7.72 4.96 2.21 35 0.289 100 38 3.11 4 4 2 0.54
Palbociclib CDK4, S/T 10 8 2.97 5.03 33 0.342 125 17.4 1.30 5 3 0 0.58
Pazopanib VEGFR2, RY 30 7.52 3.14 4.38 31 0.342 800 43.3 3.55 5 4 1 0.49
Pemigatinib FGFR, RY 0.5 9.3 3.66 5.64 35 0.375 13.5 144 1.80 6 3 1 0.57
Pexidartinib CSF1R, RY 13 7.89 5.23 2.66 29 0.384 800 * 3.15 4.55 5 4 0 0.47
Ponatinib BCR-Abl, NRY 1 9 4.46 4.54 39 0.325 45 2.95 4.54 8 4 2 0.39
Pralsetinib RET 0.5 9.3 4.2 5.10 39 0.336 400 10.1 3.64 6 4 0 0.31
Regorafenib VEGFR2, RY 4.2 8.4 5.69 2.71 33 0.359 160 1.02 4.49 5 3 2 0.41
Ribociclib CDK4, S/T 10 8 2.8 5.20 32 0.353 600 231 0.91 5 3 1 0.64
Ripretinib RET 3 8.52 5.67 2.85 33 0.364 150 5.83 4.38 5 4 2 0.32
Ruxolitinib JAK1, NRY 1.2 8.92 3.47 5.45 23 0.547 20 * 116 2.48 4 3 0 0.8
Selpercatinib RET, RY 1 9 3.28 5.72 39 0.325 320 * 29.9 3.11 8 4 0 0.37
Selumetinib MEK1, DS 14 7.85 3.53 4.32 27 0.410 80 * 21 4.27 6 3 1 0.39
Sirolimus FKBP12/mTOR, ? ? 6.18 ? 65 ? 2 1.73 7.45 6 0 0 0.16
S/T
Sorafenib VEGFR1, RY 15.8 7.8 5.55 2.25 32 0.344 800 * 1.71 4.34 5 3 2 0.46
Sunitinib VEGFR2, RY 3.98 8.4 3.33 5.07 29 0.408 50 30.8 1.28 7 2 0 0.63
Temsirolimus FKBP12/mTOR, ? ? 4.39 ? 73 ? 25 * * 2.35 ? 7 0 0 ?
S/T
Tepotinib MET, RY 1 9 4.01 4.99 37 0.343 450 ? 2.26 6 4 2 0.38
Tivozanib VEGFR2 6.5 8.19 5.64 2.55 37 0.312 1.34 52.1 4.16 11 4 1 0.39
Tofacitinib JAK1, NRY 0.79 9.1 1.54 7.56 23 0.558 10 * 299 1.19 3 2 0 0.93
Trametinib MEK1, DS 3.4 8.47 3.94 4.53 37 0.323 2 30.7 3.18 5 3 2 0.33
Trilaciclib CDK4/6, S/T 1 9 2.72 6.28 33 0.385 480 260 2.29 3 3 0 0.64
Tucatinib ErbB2/HER2, RY 8 8.1 5.09 3.01 36 0.317 600 * 4 5.25 6 5 1 0.36
Upadacitinib JAK1, NRY 43 7.37 291 4.46 27 0.385 15 70.7 0.85 3 3 0 0.73
Vandetanib RET, RY 50 7.3 5 2.30 30 0.343 300 10.2 2.81 6 3 1 0.54
Vemurafenib B-Raf, S/T 3.98 8.4 5.54 2.86 33 0.359 1920 * 0.36 4.61 7 4 2 0.33
Zanubrutinib BTK, NRY 0.3 9.52 4.22 5.30 35 0.384 320 * 10.3 3.42 6 3 2 0.52
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> NRY, non-receptor protein-tyrosine kinase; RY, receptor protein-tyrosine kinase; S/T, protein-serine/threonine kinase; DS; dual specificity protein kinase (cata-
lyzes protein-tyrosine and then threonine phosphorylation of target kinase activation segments but evolutionarily in the protein-serine/threonine kinase family).

¢ Representative values obtained from www.ebi.ac.ug/chembl/ and from klifs.net.

4 Values for atom-based ALogP from https://www.ebi.ac.uk/chembl/
¢ LipE = pICso — ALogP
f N, Number of heavy (nonhydrogen) atoms.

8 LE = - 2.303 RT Logo Ki/N where N is the number of heavy (non-hydrogen) atoms in the drug.
" Dosage from FDA label; * , one-half of total daily dose taken twice per day; * *, once weekly.

! Values from https://go.drugbank.com/drugs/
J nRb, number of Rotatable bonds.
X nAr, number of Aromatic rings.

! QED, summed, weighted desirability (scores using MW + ALogP + HBD + HBA + PSA + nRotB + nAr) obtained from https://www.ebi.ac.uk/chembl/; see

Ref. [102] for a full explanation.

these bonds. The average value is 6.46 and the number of rotatable
bonds ranges from 0 (lorlatinib) to 13 (mobocertinib). Moreover, Veber
et al. found that drugs with a polar surface area less than or equal to
140 A2 are orally bioavailable [100]. This variable represents the sum of
the surface over all polar atoms, primarily oxygen and nitrogen, but it
also includes any connected hydrogen atoms. Excluding the three
macrolides, the average value for the surface area is 97.8 A% with a range
from 59.5 (vandetanib) to 187 (neratinib). Abemaciclib, pexidartinib,
and neratinib are the only drugs with a polar surface area exceeding
140 A2 (Table 8). Additionally, Oprea reported that the number of ring
structures (both aromatic and nonaromatic) in most orally approved
drugs is three or greater [101]. All approved small molecule protein
kinase blockers have three or more rings with an average value of 4.32
and a range from three to six. Except for temsirolimus and trilaciclib
(which are given intravenously) and netarsudil (an eye drop), all of the
FDA-approved drugs listed are orally bioavailable. Moreover, ruxolitinib
is effective orally and topically.

The molecular complexity of a compound is based upon the elements
it contains, its structural features, and its symmetry. The complexity is
calculated with the Bertz/Hendrickson/Ihlenfelt rules [104,105]. It is
based upon the number and identity of the constituent atoms, the
bonding pattern, and the type of the chemical bonds (single, double,
triple, aromatic). Molecular complexity ranges from O for simple ions to
several thousand for intricate natural products. Larger chemicals usually
have a greater molecular complexity value than smaller ones. In
contrast, substances containing few diverse elements and those that are
highly symmetrical possess a smaller molecular complexity value. The
molecular complexity values for the drugs in this article were acquired
from PubChem (https://pubchem.ncbi.nlm.nih.gov/). For the 72
FDA-approved kinase inhibitors, the mean complexity value is 765 with
a range from 453 (pralsetinib) to 2010 (temsirolimus) (Table 8). As
anticipated, the three large macrolide compounds possess the greatest
molecular complexity values. There are no optimal or recommended
molecular complexity values for orally effective drugs; however, this
parameter may be helpful in predicting the ease or difficulty of drug
synthesis, an important consideration in the commercial production of
pharmaceutical agents.

Leeson et al. compared drug properties in two time frames:
1990-2009 and 2010-2020 [102]. They found that the lipophilicity and
molecular weight of approved drugs increased with time. We compared
the averages of selected properties of FDA-approved protein kinase an-
tagonists during two-time frames: 2001 — 2011 and 2012 - 2022. This
analysis excluded the three large macrolides. The average molecular
weight increased from 459 to 482 during this period as well as the heavy
atom count (32.3-34.6), the polar surface area (93.8-98.6 f\z), and
molecular complexity (661—730). However, the average number of
hydrogen bond donors and acceptors, the ALopP, the number of rotat-
able bonds, the ring count, ligand efficiency, lipophilic efficiency, and
the potency (K; values) were essentially unchanged (Tables 8 and 9).
Leeson et al. reported that the molecular weight of all approved drugs,
including protein kinase antagonists, has increased over time [102].
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Ritchie and Macdonald examined the application of aromaticity in
the drug development process [106]. Aromaticity refers to cyclically
conjugated compounds with a stability that is significantly greater than
a localized Kekulé structure owing to electron delocalization. They
considered bicyclic and tricyclic structures as containing two and three
aromatic rings, respectively. The aromatic ring count refers to structures
containing carbon and heteroatom components. These investigators
reported that increasing the number of carboaromatic rings had a
detrimental effect on pharmacologic effectiveness by decreasing
aqueous solubility, increasing binding to serum albumin, and inhibiting
CYP450 (cytochrome P450). We find that the average number of aro-
matic rings in the 72-approved protein kinase antagonists was 3.28 and
the mean number of benzene moieties was 1.00. All of the
FDA-approved kinase blockers with the exception of the three macro-
lides have a least two aromatic rings; furthermore, midostaurin had the
largest number of rings at six. Fifteen of the drugs lacked benzene
fragments and the number of drugs possessing one or two benzenes was
about evenly distributed among the remainder (Table 9).

Bayliss et al. evaluated the lipophilicity, dose, and solubility for oral
drug and oral drug candidates [107]. They summarized observations
indicating that daily doses of 100 mg or less reduces the risk of toxicity.
The range of dosages for protein kinase blockers given orally is from
1.34 mg to 1920 mg daily with an average of about 300 mg. The daily
doses range from 1.34, 2, and 2 mg for tivozanib, trametinib, and bar-
icitinib and 1200, 1250, and 1920 mg for alectinib, lapatinib, and
vemurafenib, respectively. Only 22 of the bioavailable kinase inhibitors
have doses of 100 mg or less. Bayliss et al. reported that agents with a
solubility in water of 100 pg/ml or less are associated with increased risk
of failure during clinical trials and drug development [107]. We tallied
the solubility of the approved protein kinase antagonists in water and
found a range from 0.36 pg/ml (vemurafenib) to 420 pg/ml for the
newly approved abrocitinib with a mean value of about 45 pg/ml. The
range in solubilities and dosages among the FDA-approved drugs is
nearly three orders of magnitude.

7. Epilogue and perspective

The work of Meharena et al. identified three shell residues in murine
protein kinase A that strengthen and stabilize the regulatory spine and
are important in supporting catalytic activity [31]. Although we surmise
that comparable residues in other protein kinases perform the same
functions, it would be advantageous to have experimental evidence to
support or refute this notion. We also surmise that drugs that extend into
the back pocket of their target enzymes have longer residence times than
drugs that do not enter the back pocket [32] and it would be helpful to
have additional experimental evidence to support this hypothesis. In-
formation on the frequency of acquired resistance to protein kinase in-
hibitors used for the management of inflammatory diseases would also
be helpful.

Although considerable progress has been made in the discovery and
development of small molecule protein kinase inhibitors since the FDA-
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approval of imatinib in 2001, this field is in its early stages. Oprea et al.
hypothesized that the increased expression of many understudied pro-
tein kinases may play an important role in tumorigenesis [108].
Furthermore, these understudied proteins may be effective drug targets.
Examples include cyclin-dependent protein kinase 12 (CDK12),
eukaryotic elongation factor 2 kinase (EEF2K), and mitogen-activated
protein kinase kinase kinase 1 (MAP3K1). Most of the FDA-approved
kinase antagonists are antineoplastic and others function as immuno-
modulators [10, 109-111]. Owing to the inherent genetic changes in
neoplastic cells, resistance to protein kinase inhibitors occurs on a nearly
universal basis. This resistance promoted the development of second,
third, and later generation inhibitors that target the same enzyme and
disease. Furthermore, acquired drug resistance is frequently the product
of gatekeeper mutations in the initial protein kinase target [3]. A gate-
keeper mutation in EGFR (T790M) represents a case in point and this is
the third most commonly observed protein kinase mutation. Moreover,
it is responsible for about half of all acquired EGFR inhibitor resistance
mutations. Although inflammation per se is not associated with the
degree of genetic instability observed in neoplastic diseases, it is unclear
whether acquired resistance arises during the management of inflam-
matory disorders.

Because 244 protein kinase genes map to disease loci or cancer
amplicons [8], it is probable that (i) a significant increase in the number
of drugs blocking additional protein kinases will be discovered and (ii)
new medications will be developed for the treatment of additional ill-
nesses [112-115]. Adding new protein kinase targets to the therapeutic
armamentarium will require the elucidation of signaling pathways and
networks in addition to the RAS-Raf-MEK MAP kinase and phosphati-
dylinositol 3-kinase-AKT signaling modules [116]. Along with the 72
approved protein kinase blockers considered in this article, the FDA has
approved five drugs that inhibit phosphatidylinositol 3-kinases (PI 3-ki-
nases are members of the atypical protein kinase family) [9]. These
include alpelisib — an orally bioavailable PI 3-kinase-a inhibitor that is
used for the treatment of breast cancer — and umbralisib, duvelisib,
copanlisib, and idelalisib that are orally effective PI 3-kinase-5 inhibitors
that are approved for the third-line treatment of follicular lymphomas
and other hematological disorders. As the protein kinase inhibitor field
develops, it is likely that protein kinase blockers with new chemotypes,
pharmacophores, and scaffolds will be formulated [117]. The newly
discovered asciminib is a unique type IV allosteric inhibitor because it
binds directly to its drug target. The three macrolides are type IV allo-
steric inhibitors that bind to FKBP12 and the drug-protein complex in-
hibits the catalytic activity of mTOR; these three drugs are indirect
blockers of their target protein kinase [118]. One can expect that
additional allosteric inhibitors will be found that block novel enzymes
that are part of a range of protein kinase signal transduction modules
[119]. Moreover, it is probable that new irreversible inhibitors that
target protein kinases with —-SH groups near the ATP-binding site will be
forthcoming.

Of the 72 FDA-approved drugs, receptor protein-tyrosine kinase are
the chief targets of 40 of them followed by nonreceptor protein-tyrosine
kinases (16), protein-serine/threonine kinases (12), and dual-specificity
protein kinases (4) (Table 10). Members of the EGFR/ErbB family
represent the top-ranked targets followed by the VEGFR, JAK, BCR-Ab],
ALK, and FGFR families. CDK4/6 is targeted by four of the FDA-
approved inhibitors that are prescribed for the management of breast
cancer. The dual specificity (MEK1/2) protein kinases, which block the
RAS-Raf-MEK MAP kinase pathway, include binimetinib (used in com-
bination with encorafenib for the treatment of melanoma), cobimetinib
(used in combination with vemurafenib for the treatment of melanoma),
selumetinib (prescribed for neurofibromatosis I or Von Recklinghausen
disease) and trametinib (prescribed for melanoma and NSCLC).

The clinical efficacy of drugs that are FDA-approved for the treat-
ment of CML is vastly superior to other protein kinase inhibitors that are
used in the management of other disorders. Patients with chronic my-
elogenous leukemia treated with BCR-Abl blockers have an annual
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Table 10
Principal FDA-approved protein kinase inhibitor drug targets”.
Kinase family No. Class of Kinase RY NRY S/T Y/T
ErbB 9 RY 9
VEGFR 8 RY 8
JAK 7 NRY 7
BCR-Abl 6 NRY 6
ALK 5 RY 5
FGFR 5 RY 5
CDK4/6 4 S/T 4
MEK1/2 4 Y/T 4
B-Raf 3 S/T 3
BTK 3 NRY 3
FKBP 3 S/T 3
MET 3 RY 3
Flt3 2 RY 2
RET 2 RY 2
ROCK 2 S/T 2
TRKA 2 RY 2
CSF1 1 RY 1
Kit 1 RY 1
PDGFR 1 RY 1
Syk 1 RY 1
72 40 16 12 4

? NYR, nonreceptor protein-tyrosine kinase; RY, receptor protein-tyrosine ki-
nase; S/T, protein-serine/threonine kinase; Y/T, Dual specificity protein kinase —
tyrosine phosphorylation followed by threonine phosphorylation of target ki-
nase activation segments.

mortality rate of 0.5% or less when compared with age-matched normal
groups [120,121]. Imatinib (first generation), bosutinib, dasatinib, and
nilotinib (second generation) have been approved by the FDA for
frontline therapy while ponatinib (third generation) is approved for
resistant disease with a T315] mutation or after failure with at least two
other protein-tyrosine kinase inhibitors [122]. Asciminib is a STAMP
(specifically targeting the Abl myristoyl pocket) inhibitor approved as a
first-line treatment in patients with the T315I mutation and as a
third-line treatment for CML [91]. Pre-clinical (animal) studies
demonstrate that the use of asciminib with an antagonist targeting the
Abl-1 ATP-binding site prevents the emergence of drug-resistance to
either asciminib or the ATP-competitive antagonists. Several clinical
trials using the combination of asciminib with bosutinib, imatinib, or
nilotinib are now underway (ClinicalTrials.gov).

The aims of the current management of CML are to promote patient
survival and to attain treatment-free remission (TFR), whenever
possible. For promoting survival, frontline treatment with imatinib,
dasatinib, bosutinib, or nilotinib are all effective. If imatinib therapy is
used for frontline treatment, a change in therapy at the first indication of
resistant disease is now standard practice. One reason for initially using
imatinib is its availability as a generic agent at a cost lower than that of
other drugs. The choice of the second line treatment is guided by an
assessment of possible mutations of the Abl kinase domain and by the
patient’s age and co-morbidities [121]. Side effects produced by bosu-
tinib include diarrhea (10-30%, which is mild and self-limited) and
kidney and liver dysfunction. Dasatinib can produce occasional pul-
monary hypertension (1-2%), pleural effusions (10-15%), and myelo-
suppression (10-20%). Nilotinib can lead to hyperglycemia (10-15%),
exacerbate diabetes mellitus (5-10%), and produce pancreatitis (1-3%).
Ponatinib produces the most serious side effects including vasospastic
disease (10-15%), hypertension (20-30%), skin rashes (5-10%), and
pancreatitis (5%) [121].

Attaining treatment-free (TFR) remission is desirable in younger
patients in order to avoid lifelong therapy. A deep molecular response
(DMR), which is defined as a 4-4.5log reduction in the BCR-Abl-1
transcripts on the International Scale (the ratio of BCR-AbIl tran-
scripts to Abll transcripts), is one criterion for discontinuing drug
treatment. Discontinuing therapy after a deep molecular response last-
ing two-to-three years is coupled with a treatment-free remission rate of
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50-60%. When therapy is discontinued after five years of a deep mo-
lecular response, the probability of achieving a treatment-free remission
rate is greater than 80%. When remission is not achieved, patients
fortunately respond to the therapy given before drug withdrawal. For
additional information on protocols for producing treatment-free
remission, see Refs. [121,123,124]. The concept of treatment-free
remission for CML was unthinkable at the beginning of the targeted
protein kinase therapy era. In the first decade of the 21st century, the
idea that drug treatment for CML could be discontinued and the disease
would remain abated was a pipedream.
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