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ABSTRACT

Owing to genetic alterations and overexpression, the dysregulation of protein kinases plays a significant role in
the pathogenesis of many autoimmune and neoplastic disorders and protein kinase antagonists have become an
important drug target. Although the efficacy of imatinib in the treatment of chronic myelogenous leukemia in the
United States in 2001 was the main driver of protein kinase inhibitor drug discovery, this was preceded by the
approval of fasudil (a ROCK antagonist) in Japan in 1995 for the treatment of cerebral vasospasm. There are 21
small molecule protein kinase inhibitors that are approved in China, Japan, Europe, and South Korea that are not
approved in the United Sates and 75 FDA-approved inhibitors in the United States. Of the 21 agents, eleven target
receptor protein-tyrosine kinases, eight inhibit nonreceptor protein-tyrosine kinases, and two block protein-
serine/threonine kinases. All 21 drugs are orally bioavailable or topically effective. Of the non-FDA approved
drugs, sixteen are prescribed for the treatment of neoplastic diseases, three are directed toward inflammatory
disorders, one is used for glaucoma, and fasudil is used in the management of vasospasm. The leading targets of
kinase inhibitors approved by both international regulatory agencies and by the FDA are members of the EGFR
family, the VEGFR family, and the JAK family. One-third of the 21 internationally approved drugs are not
compliant with Lipinski’s rule of five for orally bioavailable drugs. The rule of five relies on four parameters
including molecular weight, number of hydrogen bond donors and acceptors, and the Log of the partition
coefficient.

1. The importance of therapeutic protein kinase inhibitors

Owing to genetic alterations and overexpression, the dysregulation
of protein kinases plays a significant role in the pathogenesis of auto-
immune, cardiovascular, inflammatory, and nervous diseases as well as
many neoplastic disorders. Consequently, protein kinases are among the
most important drug targets of the 21st century [1-4]. About 25-33% of
drug discovery protocols worldwide are directed against these enzymes.
The therapeutic efficacy of imatinib in the management of Philadelphia

stimulated the search for orally effective protein kinase antagonists
[5-7]. This unparalleled success resulted from the imatinib inhibition of
the active chimeric BCR-Abl protein-tyrosine kinase, the causative
biochemical defect that produces these leukemias. This was preceded by
the approval of fasudil in Japan in 1995 for the treatment of vasospasm
in people with subarachnoid hemorrhage [8]. This agent was discovered
by investigators seeking calcium antagonists for vasospasm treatment
[9,10]. However, experiments demonstrated that fasudil (HA1077)
functions as a ROCK antagonist thus becoming the first small molecule

chromosome-positive chronic myelogenous leukemia in 2001 protein kinase inhibitor approved by a regulatory agency. This
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Small molecule protein kinase inhibitors approved outside of the United States, their protein kinase targets, and therapeutic indications®.

Drug Code Company Trade name Year approved & country” Primary targets® Therapeutic indications®
Fasudil HA-1077 Chuanwai Eril 1995 Japan, 2010 China ROCK1/2 Cerebral vasospasm
Icotinib BPI-2009 H Zhejiang Betta Pharm Conmana 2012 China EGFR NSCLC

Ripasudil K-115 Kowa Glanatec 2014 Japan ROCK1/2 Glaucoma

Apatinib or rivoceranib YN 968D1 Hengrui Pharm. Aitan 2014 China VEGFRs, Kit, Src NSCLC and gastric cancer
Radotinib 1Y5511 Daewoong Pharm Supect 2015 KOR BCR-Abl, PDGFR Ph" CML

Olmutinib BI 1482694 Boehringer Ingelheim Olita 2016 KOR EGFR T790M NSCLC

Simotinib SIM 6802 Jiangsu Simcere Pharm Ximotini 2018 China EGFR NSCLC

Catequentinib or anlotinib AL3818 Advenchen Lab FOCUSV 2018 China VEGFRs NSCLC

Fruquintinib HMPL-013 Chinai-Med Eli Lilly Elunate 2018 China VEGFRs CRC

Flumatinib HHGV678 Jiangsu Hansoh Pharm Xinfu 2019 China BCR-Abl, PDGFR CML

Filgotinib GS 0634 Galapagos NV Jyseleca 2020 EMA, Japan JAKs Rheumatoid arthritis
Almonertinib or aumolertinib HS 10296 Hansoh Pharm Ameile 2020 China EGFR T790M NSCLC

Tirabrutinib GS 4059 Ono Gilead Velexbru 2020 Japan BTK CML

Delgocitinib GTE 052 Japan Tobacco Corectim 2020 Japan JAKs Atopic dermatitis
Pyrotinib SHR 1258 Jiangsu Hengrui Irene 2020 China EGFR, HER2/4 Breast cancer
Orelabrutinib ICP 022 InnoCare Hybruka 2020 China BTK Mantle cell lymphoma, CLL, SLL
Peficitinib ASPO15K Astellas Janssen Smyraf 2021 Japan JAKs Rheumatoid arthritis
Surufatinib or sulfatinib HMPL 012 Hutchmed Sulanda 2021 China VEGFRs Pancreatic neuroendocrine tumor
Savolitinib C104732 AZ Hutchmed Orpathys 2021 China MET NSCLC

Lazertinib YH25448 Yuhan-Janssen Leclaza 2021 KOR EGFR NSCLC

Furmonertinib or alflutinib AST 2018 Allist Pharm Ivesa 2021 China EGFR T790M NSCLC

@ Data from [12] and https://www.ppu.mrc.ac.uk/list-clinically-approved-kinase-inhibitors.

b EMA, European Medicines Agency; KOR, South Korea.

¢ Although many of these drugs are multikinase inhibitors, only the primary therapeutic targets are given here.
4 CLL, chronic lymphocytic lymphoma; CML, chronic myelogenous leukemias; CRC, colorectal cancer; HER2/4, human epidermal growth factor receptor-2/4;
NSCLC, non-small cell lung cancers; Ph™, Philadelphia chromosome positive; SLL, small lymphocytic lymphoma.

medicinal was also approved in China in 2010 for the treatment of
vasospasm, but it is not approved in the United States.

Approximately 250 orally effective protein kinase inhibitors are in
clinical trials worldwide [11]. A complete catalogue of these drugs,
which is regularly updated, can be found at www.icoa.fr/pkidb/. There
are 75 FDA-approved medicines that inhibit about two dozen different
protein kinases (www.brimr.org/PKI/PKIs.htm). However, these targets
represent a small fraction of the 518-member protein kinase superfam-
ily. Another 21 small molecule protein kinase inhibitors are approved in
China, Japan, Europe, and South Korea (Table 1).

Manning et al. reported that the human protein kinase enzyme
family contains 478 typical and 40 atypical members [13] including
phosphatidylinositol 3-kinase (PI 3-kinase) [7,14]. Protein kinases
catalyze the following reaction;.

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

Note that the phosphoryl group (PO%") and not the phosphate group
(OPO%‘) is transferred during this reaction. Based upon the nature of the
protein-O:H groups, these enzymes are classified as protein-serine/
threonine kinases (385 members), protein-tyrosine kinases (90), and
protein-tyrosine kinase-like enzymes (43). The protein-tyrosine kinase
family consists of both transmembrane receptor (58) and intracellular
nonreceptor (32) proteins. Moreover, the protein kinase family includes
a small group of intracellular enzymes such as MEK1/2 that mediate the
phosphorylation of both tyrosine and then threonine residues within the
activation segment of their protein kinase targets; owing to this
distinctive property, MEK1/2 and its congeners are labeled as dual
specificity (DS) protein kinases. Another indication of the importance of
the protein kinase family is the reckoning that one in every 40 human
genes (518 protein kinase genes out of the presumed 20,000 human
protein-encoding genes) corresponds to a protein kinase. Protein kinases
consequently constitute about 2.5% of the human genome. A further
indication of the importance of protein kinases as drug targets is the
report of Manning et al. that indicates that 244 protein kinases map to
cancer amplicons and other disease loci [13]. Consequently, as addi-
tional research on the pathogenesis of other diseases is performed, it is
likely that there will be a significant increase in the number of protein
kinase targets.

Regulatory agencies in China, Japan, Europe, and South Korea
approved 21 small molecule therapeutic protein kinase inhibitors that
are not approved in the United States [12] and these are the main focus
of this article. Of these 21 drugs, eleven antagonize receptor
protein-tyrosine kinases, eight inhibit nonreceptor protein-tyrosine ki-
nases, and two block protein-serine/threonine kinases. Nearly all of
these drugs are orally bioavailable. Of the 21 antagonists, ripasudil,
which is approved for the treatment of glaucoma in Japan, is prescribed
as an eyedrop and delgocitinib, which is approved for the treatment of
atopic dermatitis in Japan, is a topical cream.

The FDA has approved 75 kinase inhibitors as of July 2023. Of these
75 drugs, forty block receptor protein-tyrosine kinases, nineteen target
nonreceptor protein-tyrosine kinases, twelve are directed against
protein-serine/threonine protein kinases, and four are directed against
dual specificity protein kinases (MEK1/2) [3,4]. Nearly all of these are
orally effective with the exceptions of temsirolimus and trilaciclib
(which are given intravenously) and netarsudil (an eye drop). Rux-
olitinib is an orally effective JAK1/2 protein kinase inhibitor that was
approved for the treatment of myelofibrosis and polycythemia vera in
2011. This medicinal is topically active as a cream and was approved in
2021 for the treatment of atopic dermatitis [3].

Of the 21 non-FDA approved drugs considered in this article, sixteen
are prescribed for the treatment of neoplastic disease (12 for solid tu-
mors such as breast, colon, lung, and stomach cancers, three against
nonsolid tumors such as leukemia, and one against both types of
neoplasm: orelabrutinib) (Table 1). Of the FDA-approved medicines, the
data indicate that 63 of these medicinals are approved for the man-
agement of neoplasms (51 against solid tumors, eight against nonsolid
tumors, and four against both types of tumors) [3,4]. Oral medicines are
the patient-preferred method of drug administration. When compared
with intravenous therapy, the quality of life for patients is improved
because of the ability to self-administer at home. Most drugs used in
cancer therapy are given intravenously, but most people prefer the
convenience of oral drugs. Pills have many advantages in comparison
with other drug formulations. In contrast to liquids or suspensions, solid
forms of oral drugs are more stable during storage [15].

Five of the drugs approved outside of the United States form covalent
bonds with their enzyme targets and they are therefore classified as TCIs
(targeted covalent inhibitors) [16]. These include olmutinib,
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Fig. 1. (A) Overview of active JAK1 with an open activation segment and (B) its C-spine and R-spine residues. (C) The aC;i, and DFG-D;, conformation of active JAK1
— dashes represent a salt bridge. (D) Overview of inactive BTK with a closed activation segment and (E) its C-spine and R-spine residues. (F) The aC,,; and DFG-Dj,
structure of dormant BTK. Ad, adenine; CS, catalytic spine; GRL, glycine-rich loop; PDB ID, protein database identification number; RS regulatory spine. Figs. 1, 2, 5,
and 6 were prepared using the PyMOL Molecular Graphics System Version 1.5.0.4 Schrodinger, LLC.

almonertinib, lazertinib, and furmonertinib (each inhibiting EGFR in
NSCLC) and orelabrutinib (blocking BTK in mantle cell lymphoma,
chronic lymphocytic leukemia (CLL), and small cell lymphoma (SLL)).
Eight of the FDA-approved kinase inhibitors form covalent bonds with
their target enzymes. These agents include acalabrutinib (antagonizing
BTK in mantle cell lymphoma), afatinib (blocking EGFR in NSCLC),
dacomitinib (inhibiting mutant EGFR in NSCLC), ibrutinib (targeting
BTK in chronic lymphocytic leukemia, mantle cell lymphoma, marginal
zone lymphoma, chronic graft vs. host disease, and Waldenstrom
macroglobulinemia), neratinib (inhibiting ErbB2 in HER2-positive
breast cancer), osimertinib (targeting EGFR T970M mutants in
NSCLC), ritlecitinb (inhibiting JAK3 in alopecia areata), and zanu-
brutinib (blocking BTK in mantle cell lymphoma). The most common
mutant protein kinases in all cancers are the closely related EGFR and
ErbB4 of the ErbB1/2/3/4 epidermal growth factor receptor family [3].
For a summary of the characteristics of small molecule protein kinase
antagonists that were FDA-approved by 2023, see Refs. [2-4,17-21]. For
a synopsis of drugs approved by the FDA and other international regu-
latory agencies, see Ref. [12]; the latter also includes information on the
synthesis routes used during the discovery phase, many routes of which
the authors obtained from patents.

Three of the non-FDA-approved drugs are used in the treatment of

more than one disease. For example, apatinib is used for the treatment of
gastric and non-small cell lung cancers, orelabrutinib is used for the
management of mantle cell lymphoma, chronic lymphocytic leukemia,
and small lymphocytic lymphoma. Of the 75 FDA-approved protein ki-
nase blockers, nineteen are used in the treatment of more than one
disease. Imatinib, for example, is approved for the treatment of eight
distinct disorders. This medicinal inhibits the nonreceptor protein-
tyrosine kinase Abl (and the BCR-Abl chimera — responsible for the
pathogenesis of chronic myelogenous leukemia), Kit (the stem cell factor
receptor), PDGFRa/f, Abl2, 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 the remodeling the extracellular matrix. Imatinib is FDA-approved
for (i) the first-line treatment of Philadelphia chromosome-positive
chronic myelogenous leukemia, (ii) acute lymphoblastic leukemia, (iii)
KIT mutation-positive gastrointestinal stromal tumors, (iv) myelodys-
plastic/myeloproliferative diseases with PDGFR gene-rearrangements,
(v) dermatofibrosarcoma protuberans, (vi) hypereosinophilic syn-
drome, (vii) chronic eosinophilic leukemia, and (viii) as a second-line
treatment for aggressive systemic mastocytosis without the KIT D816V
mutation [2,3]. Furthermore, imatinib is used off-label for the treatment
of chordomas, desmoid tumors, advanced KIT-mutant melanomas, and
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Table 2
Important residues in human ROCK1, JAK family, and BTK protein kinases.
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ROCK1 JAK1 JAK2 JAK3 TYK2 BTK Inferred function

FERM domain 34-420 37-380 24-356 26-431 Interacts with receptor

SH2-like 439-544 410-482 375-475 450-529 Binds glutamate

Pseudokinase 583-855 545-809 521-781 589-875 Regulation

Kinase domain 76-338 875-1153 849-1124 822-1111 897-1176 402-655 Catalysis

Amino-terminal lobe

Glycine-rich loop: GxGx®G  %3GRGAFG®® 882GEGHFG®®” 856GKGNFG®!  S29GKGNFG®**  9%GEGHFG’®  “°GTGQFG** Anchors ATP p-phosphate

B3-K (K of K/E/D/D) K105 K908 K882 K855 K930 K430 Forms ion pair with ATP a-
and p-phosphates

«C-E (E of K/E/D/D) E124 E925 E898 E871 E947 E445 Forms ion pair with $3-K

Hinge residues 1S9EYMPGGD'®®  “7EFLPGSGS™®*  **°EYKPYGS®*®  *EYLPSGC®™  “7°EYVPLGS®®  “7°EYMANGC*!  Connects N- and C-lobes

Carboxyterminal lobe

Catalytic loop HRD (first D D198 D1003 D976 D949 D1023 D521 Catalytic base (abstracts

of K/E/D/D) proton)

Catalytic loop Asn (N) N203 N1008 No81 N954 N1028 N526 Chelates Mg2+(2)

Activation segment 216-244 1021-1051 994-1024 967-997 1041-1071 539-567 Positions protein substrate

AS DFG (second D of K/E/ D216 D1021 D994 D967 D1041 D539 Chelates Mg2+(1)

D/D)

AS phosphorylation site(s) None Y1034/Y1035 Y1007/Y1008 Y980/Y981 Y1054/Y1055 Y551 Stabilizes the AS after
phosphorylation

APE, end of AS 242gpp244 1049 pg1051 10227 pg1024 995 APE®Y7 10697 pg1071 S65ppE>57 Interacts with the «HI loop
and stabilizes the AS

JH7 44-117 51-124 37-110 40-113 FERM domain

JH6 147-180 142-170 126-154 141-169 FERM domain

JH5 309-324 282-299 265-282 310-327 FERM domain

JH4 378-452 329-411 304-387 389-462 FERM + SH2 like

JH3 500-550 455-506 432-482 508-558 SH2 like

JH2 583-855 545-809 521-781 589-875 Pseudokinase

JH1 875-1153 849-1124 822-1111 897-1176 Protein-tyrosine kinase

No. of amino acids 1354 1153 1124 1111 1176 659

UniProt KB ID Q13464 P23458 060674 P52333 P29597 Q06187

2AS, activation segment; ®, hydrophobic residue.

chronic myelogenous leukemia following allogeneic stem cell trans-
plantation. Imatinib is thus a broad-spectrum inhibitor. Imatinib is a
drug approved by regulatory agencies in China, Japan, South Korea,
Europe and the United States.

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

The newly approved drugs described in this review interact with
several protein kinases including the ROCK protein-serine/threonine
kinase, the JAK family of protein kinases, and the Bruton tyrosine ki-
nase (BTK) so that the following description is generic. As first described
for PKA (protein kinase A) by Knighton et al., protein kinases have a
small N-terminal lobe and large C-terminal lobe (Fig. 1 A and 1D) [22].
The amino-terminal lobe is made up of a five-stranded antiparallel
B-sheet (p1-B5) and a regulatory aC-helix that is observed in active and
inactive orientations [23,24]. This small lobe contains a glycine-rich
loop (GRL), sometimes called the P-loop (for the ATP phosphates),
which links the N-lobe f1- and p2-strands; the loop contains GxGx®G
where the ® denotes a hydrophobic residue. A valine that is two residues
after the G-rich loop makes hydrophobic contact with the adenine
portion of ATP as well as many small molecule protein kinase antago-
nists. Protein kinases contain an AxK sequence within the p3-strand and
a conserved glutamate near the middle of the aC-helix. A salt bridge
links the negatively charged aC-glutamate (E) and the positively
charged p3-strand lysine (K) in catalytically competent protein kinases
and such structures correspond to an “aC;,” conformation (Fig. 1 C). The
aCj, conformation is necessary, but not sufficient, for the expression of
full enzyme activity. Furthermore, the absence of this salt bridge in-
dicates that the enzyme is catalytically inactive and the corresponding
structure corresponds to the “aCyy” conformation (Fig. 1 F). The tran-
sition of the aCqy to the aC;, conformation is required for the expression
of catalytic activity.

The carboxyterminal lobe is largely a-helical with eight conserved

helices (aD-al, oEF1, aEF2) [25]. The large lobe of catalytically active
protein kinases also contains four short f-strands (f6—f9) (Fig. 1 A). The
second residue of the B7-strand represents the floor of the adenine
binding pocket and this residue interacts hydrophobically with all
known ATP-competitive protein kinase inhibitors [26]. The large lobe
contains a catalytic loop (CL) that catalyzes the transfer of the y-phos-
phoryl group from ATP to the peptide/protein substrates. The carbox-
yterminal lobe also guides the peptide/protein substrate into the active
site to enable catalysis.

Hanks and Hunter described 12 subdomains (I-VIa, VIb-XI) that
comprise the operational components of protein kinases [27]. A
K/E/D/D (Lys/Glu/Asp/Asp) tetrad plays a critical role responsible for
the catalytic activity of all protein kinases. The K of the tetrad is the
B3-strand lysine that forms salt bridges with the (i) aC-glutamate to form
the aCj, structure (Fig. 1 C) and the (ii) a-phosphate and (iii) p-phos-
phate of ATP (not shown). Residues within the protein kinase activation
segment position the phosphorylatable substrate into the active site.
Furthermore, the HRD-aspartate of the catalytic-loop (the first D of the
K/E/D/D tetrad) functions as a Lowry-Bronsted base (a proton
acceptor). Madhusudan et al. hypothesized that the HRD-aspartate of
the catalytic loop abstracts the proton from the protein substrate hy-
droxyl group [28]. Moreover, Zhou and Adams suggested that the
HRD-aspartate positions the protein~OH group to promote the in-line
nucleophilic attack of the oxygen with the y-phosphate of ATP [29].
See Ref. [30] for a comprehensive summary of protein kinase enzy-
mology and see Table 2 for a list of the important residues in protein
kinases illustrated in this article.

The second D of the K/E/D/D tetrad is the first residue of the acti-
vation segment. This part of all protein kinases begins with DFG and
ends with APE or a similar triad such PPE or SPE. Activation segments,
which are about 35-40 residues long, are important regulatory and
structural components of all protein kinases [31]. An HRD(x)4N signa-
ture comprises the catalytic loop of functional protein kinases. The
primary structure of the activation segment occurs carboxyterminal to
the catalytic loop. Two Mg>" ions — Mg?*(1) and Mg?*(2) — are essential
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Table 3
Spine and shell residues of selected human protein kinase domains®.
Symbol KLIFS ROCK1 JAK1 JAK2 JAK3 TYK2 BTK
No.

Regulatory spine residues
p4-strand (N-lobe) RS4 38 L139 Y940 Y913 Y886 Y962 L460
C-helix (N-lobe) RS3 28 M128 1929 L1902 L1875 L951 M449
Activation loop DFG-F (C-lobe) RS2 82 F217 F1022 F995 Fo68 F1042 F540
Catalytic loop HRD-H (C-lobe) RS1 68 H196 H1001 H974 H947 H1021 H519
F-helix (C-lobe) RSO None D260 D1063 D1036 D1009 D1083 D579
Shell residues
Two residues upstream from the gatekeeper Sh3 43 M151 L1954 1927 L1900 L976 1472
Gatekeeper, end of 5-strand Sh2 45 M153 M956 M929 M902 M978 T474
aC-p4 loop Shl 36 V137 V938 Vo1l V8s4 1960 V458
Catalytic spine residues
p3-AxK-A (N-lobe) Cs8 11 A103 A906 A880 A853 A928 A428
p2-strand (N-lobe) CS7 15 Voo V889 V863 V863 Vo1l V416
p7-strand (C-lobe) CS6 77 L205 L1010 1983 L956 L1030 1528
p7-strand (C-lobe) CS5 78 L206 V1011 V984 V957 L1031 V529
p7-strand (C-lobe) CS4 76 M204 V1009 1982 1955 V1029 C527
D-helix (C-lobe) CS3 53 L161 L1964 1937 L1910 L986 1482
F-helix (C-lobe) Cs2 None F267 T1070 V1043 51012 T1090 L586
F-helix (C-lobe) CS1 None M271 L1074 L1047 V1016 L1094 1590

@ From Refs. [34-36], https://Kklifs.net/, and https://www.uniprot.org/uniprotkb/.

for the activity of nearly all protein kinases. Mg2*(1) interacts with the
activation segment DFG-D and Mg2+(2) interacts with the terminal
catalytic loop asparagine (not shown).

The primary structure and length of the middle portion of the acti-
vation segment vary greatly among the members of the protein kinase
superfamily [2]. The activation segment of nearly all members of the
protein kinase superfamily contains one or more phosphorylatable res-
idues. Moreover, activation segment phosphorylation is necessary for
the expression of full enzyme activity in nearly all protein kinases.
ErbB1/2/4 of the EGFR family are a noteworthy 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 and the N-terminus of the aC-helix. The
regulatory oC-helix, which occurs within the small lobe, occupies a
strategically important location between the two lobes. The protein ki-
nase activation segment has an extended and open structure in the active
form of all protein kinases (Fig. 1 A); in contrast it has a closed structure
in most inactive kinases (Fig. 1D) [2]. The first two activation segment
residues (DF) occur in different conformations. In active protein kinases,
the DFG-D side chain points inward toward the ATP-binding site and it
binds Mg2+(1). This configuration is known as the “DFG-Dj,” confor-
mation (Fig. 1 C). In many inactive protein kinases, the DFG-D side
chain points away from the ATP-binding site. This configuration is
known as the “DFG-D,,,;” conformation (not shown). It is the property of
DFG-D to bind (DFG-Dy,) or not bind (DFG-Dyy) Mg (1) within the
active site of the protein kinase that is important.

Modi and Dunbrack investigated the interaction of drugs with active
and inactive conformations of protein kinases based upon the arrange-
ment of the activation segment, which begins with the universal DFG
sequence [32,33]. These authors found a collection of protein kinase
conformations that depend on the location of the phenylalanine side
chain (DFG-Dj,, DFG-Dyy, and DFG-Dintermediate) and the backbone
dihedral angles of the xDF sequence where x is the residue proximal to
the DFG signature. Modi and Dunbrack identified eight different con-
formations and classified them using the configuration (y1) of the
phenylalanine rotamer (minus, plus, trans) and on the Ramachandran
regions (A, alpha; B, beta; L, left) of the xDF motif [33]. Their clusters
divide the DFG-Dj, configuration into six classes including BLAminus,
which corresponds to active structures, and two common inactive forms,
BLBplus and ABAminus. DFG-Dg, structures occur mainly in the BBA-
minus conformation. The inactive conformations have features that
block their interaction with Mg?t, ATP, and/or their protein substrates.
Modi and Dunbrack produced a searchable and noncommercial web site

(http://dunbrack3.fccc.edu/kincore/) that allows one to establish
whether a protein kinase conformation corresponds to an active enzyme
(BLAminus) or to an inactive enzyme (other). We used this web site to
determine whether the structures of our various drug-enzyme complexes
correspond to active or dormant enzymes. See Refs. [2,32,33] for more
information about these and related DFG activation segment
arrangements.

2.2. Protein kinase hydrophobic spines

Kornev et al. evaluated the three-dimensional structures of active
and dormant conformations of about two dozen protein kinases to
identify important structural and functional residues [34,35]. Their
analysis revealed a set of eight amino acids along with the adenine base
of ATP that make up a C-spine (catalytic spine) and four amino acids that
make up an R-spine (regulatory spine). These residues occur in both the
amino-terminal and carboxyterminal lobes. These spines create a stable,
but flexible, catalytically active ensemble. The C-spine positions ATP
and the R-spine positions the protein substrate for catalysis. The R-spine
contains residues from both the aC-helix and activation segment, whose
conformations are important in producing active and inactive enzyme
states. The exact alignment and positioning of both spines are necessary,
but not sufficient, for the formation of catalytically competent protein
kinases.

The R-spine contains the first residue of the p4-strand and the amino
acid that is four residues N-terminal to the conserved aC-helix gluta-
mate, both of which are within the amino-terminal lobe [34]. The
R-spine also contains the HRD-histidine of the catalytic loop and the
DFG-phenylalanine of the activation segment, both within the carbox-
yterminal lobe. The HRD-histidine N-H backbone forms a hydrogen
bond with the carboxylate side chain of a conserved aspartate within the
hydrophobic aF-helix. Meharena et al. labeled the R-spine residues as
RSO, RS1, RS2, RS3, and RS4 from the bottom to the top [36]. We
subsequently labeled the C-spine residues CS1-8 from the base to the
apex (Fig. 1B/E) [26]. Note that the R- and C-spines of active protein
kinases are linear (Fig. 1B). RS3 is displaced rightward in protein kinases
with the aCqy structure (Fig. 1E). The identity of the C-spine, R-spine,
and shell residues of the protein kinases considered in this article are
listed in Table 3.

Based upon site-directed mutagenesis studies, Meharena et al. found
three residues in murine protein kinase A that strengthen and stabilize
the regulatory spine, which they identified as shell residues (Sh1, Sh2,
and Sh3) (Fig. 1E) [36]. Their Shl mutant (V104G) had 5% of the
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Table 4
Classification of small molecule protein kinase inhibitors®.
Inhibitor Properties
type
1 Binds in and around the ATP-binding pocket of an active enzyme
12 A/B Binds in and around the ATP-binding pocket of an inactive DFG-D;,
enzyme
IsA Extends into the back cleft
I4B Does not extend into the back cleft
IIA/B Bind in and around the ATP-binding site of an inactive DFG-Dgy¢
enzyme
IA Extends into the back cleft
1B Does not extend into the back cleft
I Allosteric inhibitor bound next to the ATP-binding site
I\ Allosteric inhibitor bound away from the ATP-binding site
A Bivalent inhibitor spanning two kinase domain regions
VI Covalent inhibitor

@ Adapted from Ref. [44].

catalytic activity of the wildtype enzyme and their M120G/M118G
Sh2/Sh3 double mutant was devoid of catalytic activity. These results
demonstrated that the shell residues support PKA catalytic activity. We
hypothesize that the corresponding shell residues of all protein kinases
play a similar activating role. The Sh1 residue is found within the section
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 and the Sh3 residue is found within the
B5-strand two residues upstream from the Sh2 residue.

The gatekeeper controls access to a hydrophobic pocket contiguous
with the adenine binding pocket [37,38], a pocket that interacts with
many small molecule protein kinase antagonists. It is important to
realize that many small molecule therapeutic steady-state ATP-compe-
titive protein kinase inhibitors interact with the C-spine (CS6,/7/8), shell
(Sh1 and Sh2) residues, and the R-spine (RS2/3). Ung et al. found that
approximately one quarter of protein kinases has a small gatekeeper
residue (e.g., Thr, Val) and about three quarters have a relatively large
gatekeeper residue (e.g., Met, Leu, Phe) [39]. Also of importance for
long-term drug efficacy, the gatekeeper residue of drug target protein
kinases is one of the more common sites of drug-resistant mutation [3,
40].

(A) DFG-D,,

Hn3  Hn1
mGK aC-helix

H o
I BP-I-A
BP-II-A in
Gl B BP-II-B
BP-ll-in
)

' FP-II ‘ ’
Front Gate Back
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or pocket Back pocket (HPII)
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3. Classification of protein kinase-inhibitor complexes and a
description of inhibitor-binding pockets

Based upon earlier findings [38,41-43], we classified the small
molecule protein kinase inhibitors into seven main groups that include
reversible (Groups I, I, IL, IIL, IV, and V) and irreversible inhibitors (VI)
as noted in Table 4. We divided the type I'2 and type II antagonists into A
and B subtypes [44]. Subtype A drugs extend past the gatekeeper residue
into the back cleft. In contrast, subtype B drugs are those that do not
extend into the back cleft. Subtype A inhibitors generally have longer
residence times than Subtype B blockers.

We followed the lead of Liao, van Linden et al., Kooistra et al., and
Kanev et al. [43,45-47] in defining the drug-binding pockets. An illus-
tration depicting the location of the pockets and subpockets is provided
in Fig. 2. The region between the amino-terminal and carboxyterminal
lobes is divided into a front cleft or front pocket, a gate area, and a back
cleft. The front pocket contains the hinge, the linker residues that con-
nect the hinge residues to the aD-helix in the C-terminal lobe, the
glycine-rich loop (GRL), the adenine-binding pocket (AP), and the cat-
alytic loop (HRD(x)4N). The back pocket (hydrophobic pocket II, or
HPII) includes the gate area and the neighboring back cleft. The location
of the front cleft, gate area, and back cleft within the JAK2 protein ki-
nase domain is depicted in Fig. 2B.

Kanev et al. [47] and van Linden et al. [45] described the mode of
drug and ligand binding to more than 5200 human and mouse protein
kinases. Their KLIFS (kinase-ligand interaction fingerprint and struc-
ture) listing includes an alignment of 85 ligand binding-site residues that
are found in both the N-terminal and C-terminal lobes; their catalogue
facilitates a comparison of ligands and drugs based upon their binding
characteristics. Such information provides a means to detect common
and unique drug-enzyme interactions. These investigators formulated a
canonical amino acid residue numbering system that facilitates the
comparison of different protein kinases and their ligands. Table 3 in-
dicates the relationship of the C-spine, R-spine, and shell amino acid
residue numbering system and the KLIFS database nomenclature and
Fig. 3 illustrates the location of the KLIFS residues within the protein
kinase domain. These authors established a valuable noncommercial
and searchable web site, which is regularly updated, that provides
comprehensive information on the interaction of protein kinases with
drugs and ligands (klifs.net).

The Blue Ridge Institute for Medical Research (BRIMR) maintains a

(B) Front cleft, gate area, back cleft

2
/ 2
(\Jx é&'b& />
Front cleft SRS \ Back cleft
" £-2in yellow
in gray PJ Y/

Hinge-linker —¢

0G a
¢ /N Activation
N4

segment

Fig. 2. (A) Location of the protein kinase domain drug-binding pockets in the DFG-D;, enzyme form. (B) Location of the protein kinase front cleft, gate area, and back
cleft. AP, adenine pocket; BP, back pocket; FP, front pocket; Hn, hinge; HPII, hydrophobic pocket II; GK, gatekeeper.

Adapted from Refs. [43,45-47].
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Act Seg, activation segment.

web site that depicts the FDA-approved protein kinase inhibitors and
provides their (i) molecular structures, (ii) the number of hydrogen bond
donors/acceptors, (iii) the Log of the partition and distribution co-
efficients, (iv) the number of rotatable bonds and rings, (v) the year of
initial approval, (vi) their main protein kinase targets, and (vii) their
therapeutic indications. The website also provides a link to the corre-
sponding FDA labels. This website, which is found at www.brimr.org/
PKI/PKIs.htm, is updated following FDA-approval of new protein kinase
antagonists. The website contains Excel files that can be downloaded
and used for determining means, ranges, and ranking various parame-
ters. The BRIMR website does not contain information on drugs
approved by non-FDA regulatory agencies. Carles et al. maintain a web
site (PKIDB) that includes a comprehensive catalogue of protein kinase
blockers that are in clinical trials or that have been approved by the FDA
or other international regulatory agencies [6]. Their website is search-
able, noncommercial, and is regularly updated and includes the physical
properties and structures of the various drugs, their protein kinase tar-
gets, their medicinal indications, the year of first approval by regulatory
agencies (if applicable), trade names, smiles codes, and a summary of
pdf files of X-ray structures (http://www.icoa.fr/pkidb/). The PKIDB
also contains links for each of the drugs to ChEMBL, PubChem, Drug-
Bank, and other data bases. See Ref. [48] for additional information on
the interactions of small molecule protein kinase inhibitors with their

associated enzymes.

4. Small molecule protein kinase inhibitors approved outside of
the United States

4.1. Fasudil, a ROCK and Rho antagonist

Fasudil is an isoquinoline derivative (Fig. 4A) that was approved in
Japan and China for the treatment of vasospasm in patients with sub-
arachnoid hemorrhage in 1995 and 2010, respectively. This agent was
discovered by investigators seeking calcium blockers for the treatment
of this disorder [8-10,49]. However, experiments indicated that fasudil
functions as a ROCK protein kinase antagonist thus becoming the first
small molecule kinase inhibitor to be approved by a regulatory agency.
This medicinal is not approved by the FDA. Rho-associated coiled-coi-
led-containing kinases (ROCKs) were initially described as downstream
effectors of the small GTP-binding protein Rho. ROCK belongs to the
serine/threonine AGC (cAMP-dependent protein kinase/protein kinase
G/protein kinase C) family, the inhibition of which influences the
functions of many downstream substrates. ROCK is expressed as two
isoforms, ROCK1 (also known as ROCKB, ROCK I, Rhokinase f, or
p160ROCK) and ROCK2 (also called ROCKa, ROCKII, or Rho kinase),
both of which have a molecular weight of approximately 160 kDa.
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Fig. 4. Structures of the 21 drugs approved by international regulatory agencies.
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ROCK1 and ROCK2 are widely expressed in embryonic and adult tissues.
Compared to ROCK1, which is universally expressed, ROCK2 is found
predominantly in brain, heart, lung, and muscle (especially smooth
muscle). ROCK1/2 regulate the activity of muscle myosin regulatory
light chain proteins by direct phosphorylation and by phosphorylation
and inhibition of the myosin binding subunit of myosin phosphatase.
The ROCK family participates in cytoskeletal rearrangement, cell
adhesion, and stress fiber formation. Furthermore, ROCK resides mainly
in the cytoplasm, with lesser amounts in the nucleus and cell membrane.
For a summary of the properties of ROCK enzymes, see Refs. [50-53].

ROCK]1 contains a protein kinase domain (residues 76-338), a long
coiled-coil domain (425-1100), and a pleckstrin homology domain
(1103-1239). Under basal conditions, ROCK exists in an autoinhibited
state [54]. The coiled-coil domains and the pleckstrin homology domain
inhibit catalytic activity by binding to the protein kinase domain. When
Rho-GTP binds to the Rho-binding region of the coiled-coiled domain,
the interactions between the protein kinase domain and the C-terminal
region are disrupted allowing for catalytic activity.

The ICs( value of fasudil for ROCK1 is about 530 nM [54] and this is
a very low potency for an approved protein kinase blocker. Jacobs et al.
[54] determined the X-ray structure of fasudil bound to human ROCK1
and they observed that the N1 of isoquinoline forms a hydrogen bond
with the backbone N-H group of M156, the third hinge residue. The N-H
group of homopiperazine hydrogen bonds with the side chain of D160,
the last residue in the hinge-linker segment (Fig. 5A). The drug makes
hydrophobic contact with the first two shell residues (Sh1/2), three
catalytic spine residues (CS6,/7/8) and the Klifs residue-3 (Table 5). The
Klifs-3 residue is found immediately before the G-rich loop and it in-
teracts with a large number of small molecule protein kinase antago-
nists. Fasudil also interacts hydrophobically with M153 (the
gatekeeper), E154, Y155, M156, and D160 of the hinge-linker segment,
and A215 (the x residue of xXDFG). Modi and Dunbrack [33] found that
this enzyme form occurs within the BLAminus enzyme cluster, which
indicates that the enzyme is in an active conformation. The drug oc-
cupies the front pocket (Klifs.net) and we and Modi and Dunbrack label
fasudil with ROCK1 as a type I inhibitor [33,44]. Fasudil is listed in 14
clinical trials (www.clinicaltrials.gov) of which five have been
completed (Table 6). See Refs. [8,10] for findings of clinical trials
involving this medicine.

4.2. Icotinib, an EGFR family blocker

Icotinib is a quinazoline derivative (Fig. 4B) that was approved in
China for the treatment of NSCLC in 2012 [55]. This medicinal blocks
EGFR and several of its mutants. The EGFR family is among the most
investigated receptor protein-tyrosine kinases owing to this family’s
general role in signal transduction and in oncogenesis [56-59]. This
receptor family consists of four members that belong to the ErbB lineage
of proteins (ErbB1-4). The ErbB proteins operate as homo and hetero-
dimers. These receptors possess an extracellular domain that consists of
four components: domains I and III are leucine-rich sections that
participate in growth factor binding (except for ErbB2) and domains II
and IV possess multiple disulfide bonds. Furthermore, domain II par-
ticipates in both homodimer and heterodimer formation within the
ErbB/HER family of proteins, where HER denotes Human Epidermal
growth factor Receptor. Seven ligands bind to EGFR: epidermal growth
factor (EGF), transforming growth factor-a (TGFa), amphiregulin (AR),
epigen (EPG), betacellulin (BTG), heparin-binding epidermal growth
factor like (HB-EGF), and epiregulin (EPG); none bind to ErbB2; two
bind to ErbB3: Neuregulinl/2 (NR1/2); and seven ligands bind to
ErbB4: BTC, EPR, HB-EGF, and NRG1/2/3/4. The extracellular domain
is followed by a single transmembrane segment with about 25 amino
acid residues and an intracellular portion of approximately 550 amino
acid residues that contains (i) a short juxtamembrane portion, (ii) a
protein kinase domain, and (iii) a carboxyterminal tail. ErbB2 lacks a
known activating ligand and ErbB3 is kinase impaired; despite these
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Table 5
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Human enzyme-drug hydrophobic (®) interactions based upon their common KLIFS residue numbers®

PDB ID RS1/2/3/4 Shl Sh2 Sh3 CS5 CS6 Cs7 CS8 Klifs-3" KLIFS pockets®
KLIFS no. — 68/82/28/38 36 45 43 76 77 11 15 3
Drug-enzyme |
Type I inhibitors
Fasudil-ROCK1 2esm ] 0] 0] [} (] o} F
Peficitinib-JAK2 6aaj [0} o] o] o] [0} o] F, FP-1
Peficitinib-JAK3 6aak [0 o] o] [0} [od 0] F, FP-1
Peficitinib-Tyk2 6aam ] (0] ] ] (] U] F, FP-1
Type 1/ A inhibitor
Tirabrutinib-BTK 5p9m 0/®/®/0 [0} o] o] o] o] o] [0} o] F, G, B, BP-I-B
Type I % B inhibitors
Filgotinib-JAK1 4p7e [0} o] o] [0} [0} o] F, FP-II
Delgotinib-JAK3 7¢3n ] o] (o] o] o] ] F, FP-1/1I
Peficitinib-JAK1 6aah (o] [} (] (0] (0] (] F, FP-1
2 klifs.net.
b KLIFS-3, kinase-ligand interaction fingerprint and structure residue-3.

substitution.

Table 6
Clinical Trial Information (www.clinicaltrials.gov).

Drug No. No. Diseases under investigation
complete

Fasudil 14 5 Amyotrophic lateral sclerosis,
retinopathy, various cardiovascular
conditions

Icotinib 101 19 Lung, esophageal, pancreatic, and breast
cancers, psoriasis

Ripasudil 14 3 Glaucoma, Fuchs endothelial corneal
dystrophy, chronic obstructive
pulmonary disease

Apatinib or 479 63 CRC, NSCLC, gastric, liver, breast, and

rivoceranib cervical cancers, sarcoma, many other

tumor types

Radotinib 7 2 Parkinson disease, leukemia

Olmutinib 7 6 NSCLC

Simotinib 2 1 NSCLC

Catequentinib 344 29 Cervical, breast, liver, esophageal,
thyroid, and renal cell cancers, NSCLC,
and sarcomas

Fruquintinib 82 15 CRC, NSCLC, gastric and renal cell
carcinomas, advanced solid tumors,

Flumatinib 14 1 AML, ALL, CML

Filgotinib 53 29 Ulcerative colitis, Crohn disease,
rheumatoid arthritis, psoriatic arthritis

Almonertinib 49 2 NSCLC, advanced malignancies, lung
adenocarcinoma

Tirabrutinib 11 6 CLL, rheumatoid arthritis, B cell
lymphoma, Sjogren syndrome

Delgocitinib 14 9 Atopic dermatitis, eczema, discoid lupus
erythematosus

Pyrotinib 159 12 Breast and gastric cancers, HER2™ solid
tumors, CRC

Orelabrutinib 36 2 B cell lymphoma, mantle cell lymphoma,
systemic lupus erythematosus, relapsing-
remitting multiple sclerosis

Peficitinib 34 33 Rheumatoid arthritis, psoriasis,
ulcerative colitis

Surufatinib 66 15 Neuroendocrine tumors, CRC, sarcomas,
gastric adenocarcinoma, and biliary tract,
ovarian, breast, liver, and thyroid cancers

Savolitinib 41 15 Solid tumors, NSCLC, CRC, renal cell and,
prostate cancers

Lazertinib 33 8 NSCLC, advanced tumors,

Fumonertinib 32 2 NSCLC, lung adenocarcinoma

properties, the ErbB2-ErbB3 heterodimer complex is the most active
dimer in the family. These receptors are implicated in the pathogenesis
of a large proportion of lung and breast cancers, which rank first and
second, respectively, in the incidence of all types of cancers (excluding
skin) worldwide [60]. About 20% of non-small cell lung cancers possess
activating mutations in EGFR. Greater than 90% of these individuals
have exon-19 deletions (746ELREA75°) or the exon-21 L858R
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Icotinib has an ICsg value in the single-digit nanomolar range against
EGFR (5 nM) and it also inhibits its L858R, L861Q, T790 M, and T790M/
L858R mutants [61]. Icotinib does not significantly inhibit any other
kinase from a panel of 88 related protein kinases and it displays a
broad-spectrum of antitumor activity, especially on tumor cell lines with
high expression levels of EGFR. This agent is listed in 101 clinical trials
of which 19 have been completed (Table 6). See Refs. [62,63] for a
summary of clinical trials that led to its approval.

4.3. Ripasudil, a ROCK and Rho inhibitor

Ripasudil is an isoquinoline derivative (Fig. 4C) and it was approved
in Japan for the treatment of glaucoma in 2014 [64]. Of the 21 drugs
approved outside of the United States that are considered in this article,
ripasudil is an eyedrop and delgocitinib is a topical cream and all of the
others are orally bioavailable. Unlike fasudil, the quinoline in ripasudil
contains a fluorine group and the homopiperazine is methylated. The
ICsp of ripasudil for ROCK1 is 51 nM and that for ROCK2 is 19 nM [65].
Ripasudil is listed in 14 clinical trials of which three have been
completed. Besides glaucoma, one trial is focused on retinopathy of
prematurity, another with chronic obstructive pulmonary disease, and a
number involve Fuchs endothelial corneal dystrophy (Table 6). Some of
the properties of ROCK1/2 are given in Section 4.1; we lack X-ray
structures of ripasudil bound to either ROCK1 or ROCK2. See Refs. [66,
67] for a summary of the clinical trials that led to the approval of
ripasudil in Japan.

4.4. Apatinib, a VEGFR antagonist

Apatinib (rivoceranib) is a pyridinecarboxamide (Fig. 4D) that was
approved in China for the treatment of gastric cancer and NSCLC in
2014. This drug blocks the VEGFR family of receptor protein-tyrosine
kinases. This family of enzymes is a common target of protein kinase
inhibitors owing to their role in vasculogenesis and angiogenesis
[68-70]. Vascular endothelial cells are usually quiescent in adult
humans and they are long lived and divide less than once per decade.
When tumors reach a size of 0.2-2.0 mm in diameter, they become
hypoxic and limited in size in the absence of angiogenesis. There are
approximately 30 endogenous pro-angiogenic factors and a similar
number of anti-angiogenic factors. In order for further growth to occur,
tumors undergo an angiogenic switch where the action of
pro-angiogenic factors prevails, resulting in angiogenesis and tumor
progression. A major mechanism for promoting angiogenesis results
from the increased production of vascular endothelial growth factors
(VEGF) following the up-regulation of the hypoxia-inducible transcrip-
tion factor. The human VEGF family consists of VEGF (VEGF-A),
VEGF-B, VEGF-C, VEGF-D, and placental growth factor (PIGF). There are
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three VEGF receptors (VEGFR1/2/3) that cooperate to promote vascu-
logenesis and angiogenesis. These receptors regulate vascular endothe-
lial cell growth, permeability, migration, and survival. VEGFR2 and
VEGFR3 stimulate endothelial cell growth by activating the PI 3-kina-
se/AKT and MAP kinase pathways. Owing to the importance of angio-
genesis in tumor progression, inhibition of VEGFRs represents an
attractive cancer treatment. Tian reported that the apatinib ICso value
for VEGFR2 was 1 nM and that for VEGFR1 was 70 nM [71]. This agent
is under study in 479 clinical trials (all in China) of which 63 are
completed (Table 6). Nearly all of the trials are directed toward solid
tumors, both sarcomas and carcinomas. See Refs. [72,73] for studies on
the mechanism of action of apatinib and Ref. [74] for a summary of the
clinical trials of this agent in patients with breast cancer.

4.5. Radotinib, a BCR-AbI blocker

Radotinib is a pyrazine-pyrimidine benzamide derivative (Fig. 4E)
that was approved in South Korea for the treatment of chronic mye-
logenous leukemia (CML) in 2015. This leukemia is an indolent malig-
nant hematological ailment that accounts for about 15% of all leukemia
cases. This condition results from the creation of the Philadelphia
chromosome that involves a reciprocal translocation that produces a
shortened chromosome 22 and a lengthened chromosome 9 — the Phil-
adelphia chromosome [2,75,76]. As a result of this translocation, a
dysregulated BCR-AbI fusion oncoprotein is formed and it results in the
abnormal proliferation of white blood cells. The treatment of CML with
imatinib revolutionized the management of this illness and prompted
the discovery and development of dozens of orally effective protein ki-
nase inhibitors that are used in the treatment of several neoplastic and
immunologic illnesses [3,75,76]. The BCR-AbI fusion protein lacks the
physiological N-terminal myristoyl group that binds to a hydrophobic
pocket in the large protein kinase lobe and that inhibits enzyme activity.
The absence of the myristoyl group leads to enhanced protein kinase
catalytic activity. Kim et al. reported that the ICsy of radotinib for
wildtype Abl is about 34 nM [77]. Radotinib is undergoing studies in
seven clinical trials of which two are completed (Table 6). In addition to
CML, one trial is examining the efficacy of radotinib in the treatment of
Parkinson disease. See Refs. [78-80] for additional information on the
pharmacology of radotinib and its performance in clinical trials.

4.6. Olmutinib, an epidermal growth factor receptor (EGFR) inhibitor

Olmutinib is an orally bioavailable anilinothienopyrimidine deriva-
tive (Fig. 4F) that was approved in South Korea (2016) for the treatment
of patients with locally advanced or metastatic NSCLC whose tumors
harbor EGFR-T790M mutations, who had been previously treated un-
successfully with an EGFR tyrosine kinase inhibitor [81]. Olmutinib
potently inhibits EGFR in HCC827 cells expressing EGFR DEL19 (ICsg
value of 9.2 nM) and H1975 cells expressing EGFR L858R/T790M (ICsg
value of 10 nM). In contrast, the ICsy of olmutinib against cells
expressing wildtype EGFR is 2225 nM [81]. The properties of the EGF
and EGFR family are given in Section 4.2. Only seven clinical trials are
associated with olmutinib of which six are completed (Table 6). We lack
the X-ray crystal structure of olmutinib with wildtype or mutant EGFRs.
However, it can be classified as a type VI inhibitor owing to the for-
mation of a covalent bond [44] with C797 or the comparable residue in
the mutant enzymes. See Refs. [82,83] for the results of clinical trials
involving olmutinib.

4.7. Simotinib, an EGFR antagonist

Simotinib is a methoxyquinazoline-4-amine derivative (Fig. 4G) that
was approved in China for the treatment of solid tumors in 2018. Based
upon its structure, it is not a covalent inhibitor. There is little informa-
tion on this EGFR inhibitor in the public domain. Two clinical trials with
simotinib are listed at www.clinicaltrials.gov and one is completed. For
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a summary of a phase I clinical trial, see Ref. [84].
4.8. Catequentinib, a VEGFR blocker

Catequentinib (anlotinib) is a methoxyquinoline-indole derivative
(Fig. 4H) that was approved in China in 2018 for the treatment of pa-
tients with locally advanced or metastatic NSCLC who have undergone
progression or recurrence after > 2 lines of systemic chemotherapy [85].
This medicinal is a VEGFR2 inhibitor with an ICsq value of 0.2 nM and a
VEGFR3 ICs¢ value of 0.7 nM [86]. Catequentinib is an orally
bioavailable small molecule that also inhibits FGFR1/2/3/4, PDGFRa,
RET (rearranged during transfection), and the stem cell factor receptor
(Kit) [87]. It is likely that inhibition of these receptors plays a part in
both the therapeutic efficacy of catequentinib as well as its toxicity. The
role of the VEGF and VEGFR families in vasculogenesis, angiogenesis,
and tumor progression is described in Section 4.4. Catequentinib effi-
cacy is or has been under investigation in 344 clinical trials of which 29
have been completed (Table 6). This medicine has encouraging efficacy
and a manageable and tolerable safety profile in a broad range of ma-
lignancies, including renal cell cancer, medullary thyroid cancer, gastric
cancer, and esophageal squamous cell carcinoma [87,88].

4.9. Fruquintinib, a VEGFR2 inhibitor

Fruquintinib is a dimethoxyquinazoline derivative (Fig. 41) that was
approved in China in 2018 for the treatment of metastatic colorectal
cancer in people who have undergone at least two prior lines of
chemotherapy with fluoropyrimidine, oxaliplatin, and irinotecan [89].
Colorectal cancer (CRC) is the fifth most common tumor with approxi-
mately 1.1 million cases worldwide and it is the fourth leading cause of
cancer-related mortality worldwide with about 580,000 deaths in 2020
[60]. This orally effective agent inhibits VEGFR1/2/3 with ICs( values of
33 nM, 35 nM, and 0.5 nM, respectively [90]. The compound also has
weak activity against RET, FGFR-1 and the Kit receptor protein-tyrosine
kinases. In addition, preclinical studies show that fruquintinib inhibits
endothelial cell proliferation and tubule sprouting, thereby preventing
tumor angiogenesis. The efficacy of this medicine is or has been inves-
tigated in the treatment of CRC and other solid tumors in 82 clinical
trials of which 15 have been completed (Table 6). For a summary of
these and other clinical trials involving fruquintinib, see Refs. [89,90].

4.10. Flumatinib, a BCR-Abl antagonist

Flumatinib is a trifluormethylbenzamide derivative (Fig. 4J) that
was approved in China for the treatment of Philadelphia-chromosome
positive chronic myelogenous leukemia in 2019 [91]. This compound
is a powerful inhibitor of BCR-Abl (ICs¢ value of 1.2 nM) and a weaker
inhibitor of PDGFR (ICsg of 308 nM) and Kit (ICs5o of 666 nM) [92]. For
a description of the role of BCR-Abl in the pathogenesis of CML, see
Section 4.5. The efficacy of this medicine is or has been investigated in
the treatment of CML and ALL in 14 clinical trials of which one has been
completed (Table 6). For a summary of these and other clinical trials, see
Refs. [91,93].

4.11. Filgotinib, a JAK blocker

Filgotinib is a triazolo[1,5-b]pyridine derivative (Fig. 4K) that was
approved in Japan for the treatment of rheumatoid arthritis in 2020
[94]. This compound inhibits JAK family members with ICso values of
10 nM, 25nM, 150 nM, and 79 nM against JAK1, JAK2, JAK3, and
TYK2, respectively (Klifs.net). Each of these nonreceptor
protein-tyrosine kinases contains a JAK homology pseudokinase (JH2)
domain that regulates the adjacent protein kinase domain (JH1).
JAK1/2 and TYK2 are ubiquitously expressed whereas JAK3 is found
predominantly in hematopoietic cells [95,96]. This enzyme family is
regulated by numerous cytokines including interferons, interleukins,
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and hormones (thrombopoietin, erythropoietin, and growth hormone).
Ligand binding to cytokine and hormone receptors leads to the activa-
tion of their associated Janus kinases, which then catalyze the phos-
phorylation of the receptors. The SH2 domain of STATs (signal
transducers and activators of transcription) binds to the receptor phos-
photyrosine residues thus promoting STAT phosphorylation by the
Janus kinases and consequent activation. Active STAT dimers are
translocated into the nucleus where they participate in the regulation of
the expression of hundreds of proteins. JAK-STAT dysregulation leads to
autoimmune disorders such as rheumatoid arthritis, ulcerative colitis,
and Crohn disease. JAK-STAT dysregulation also plays a role in the
pathogenesis of myelofibrosis, polycythemia vera, and other myelo-
proliferative illnesses. JAK1 and JAK3 signaling participate in the
pathogenesis of inflammatory ailments while JAK1 and JAK2 signaling
are involved in the pathogenesis of several malignancies including
lymphomas and leukemias as well as myeloproliferative neoplasms.

Menet et al. determined the X-ray crystal structure of filgotinib
bound to human JAK1 [97] and they observed that the drug
hydrogen-bonded to the backbone N-H and C=O groups of the
third-hinge residue (E932) (Fig. 5B). The drug interacts hydrophobically
with two shell residues (Sh1/2), three catalytic spine residues
(CS6/7/8), and the Klifs-3 residue (Table 5). Filgotinib also makes hy-
drophobic contact with G856, K857, and G861 of the G-rich loop, S862
of the p2-strand, K882 of the p3-strand, M929 (the gatekeeper), along
with E930, Y931, L932, P933, Y935, and G935 of the hinge-linker
segment, G993 (the x of xXDFG), and DFG-D994. The drug occupies the
front pocket and FP-II (Klifs.net). JAK1 has the inactive ABAminus
conformation as defined by Modi and Dunbrack [33]. We therefore
classify filgotinib as a type I'4 B inhibitor because the enzyme is an
inactive DFG-Dj, and aCj, conformation and the drug does not extend
into the back pocket [44]. The drug is listed in 53 clinical trials of which
29 are completed (Table 6). See Ref. [94] for a summary of the clinical
trials that led to its approval.

4.12. Almonertinib, an EGFR inhibitor

Almonertinib (aumolertinib) is an indole-pyrimidine derivative
(Fig. 4L) that is approved in China (2020) as a second-line treatment for
patients with metastatic EGFR T790M mutant NSCLC [12]. Almonerti-
nib demonstrated powerful EGFR mutant inhibitory activity against the
T790M, del19/T790M and L858R/T790M mutants (concentration that
inhibits 50%: 0.37, 0.21, and 0.29 nM, respectively), but was less
effective against wildtype EGFR (ICs( value of 3.4 nM) [98]. See Section
4.2 for a description of the actions of the EGFR family. The efficacy of
this medicine is or has been investigated in 49 clinical trials of which
two have been completed (Table 6). We lack the X-ray structure of this
compound bound to its cognate enzyme. However, we classify it as a
type VI inhibitor because it forms a covalent bond with its target [44].
See Ref. [99] for information on clinical trials involving almonertinib.

4.13. Tirabrutinib, a BTK antagonist

Tirabrutinib is a phenoxyphenyl-purine derivative (Fig. 4M) that was
approved in Japan (2020) for the treatment of patients with recurrent or
refractory primary central nervous system lymphomas [100]. Later that
year, the drug received additional approval for the treatment of
Waldenstrom macroglobulinemia and lymphoplasmacytic lymphoma
[101]. The ICsg value of the drug for BTK is 6.8 nM [102]. The Bruton
nonreceptor protein-tyrosine kinase (BTK), a deficiency of which leads
to X-linked agammaglobulinemia, plays an essential role in B cell anti-
gen receptor signaling. [103]. Because of the exclusivity of this protein
in B cells, the BTK acronym could represent B cell Tyrosine Kinase. The
domains of BTK include a PH (pleckstrin homology) domain that in-
teracts with membrane-associated phosphatidylinositol trisphosphate, a
TH (TEC homology) domain, which is followed by an SH3, SH2, and
finally a protein kinase domain. BTK is activated by the SYK (spleen
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tyrosine kinase) and Lyn (a Src family member) protein kinases
following B cell receptor activation. SYK attracts and activates PI3 kin-
ase-5, which catalyzes the conversion of membrane-associated phos-
phatidylinositol 4,5 bis-phosphate (PIP3) to phosphatidylinositol 3,4,
5-trisphosphate (PIP3). The amino-terminal PH lipid-interaction mod-
ule of BTK is attracted to PIP3 thereby allowing SYK and Lyn to catalyze
the trans-phosphorylation of BTK at Tyr551 within the activation
segment resulting in enzyme activation. The attraction of BTK dimers to
PIP3 molecules within the membrane can also result in activation
segment trans-autophosphorylation and activation. BTK in turn medi-
ates the phosphorylation and activation of phospholipase Cy2. PLCy2
catalyzes the hydrolysis of PIP, to generate inositol trisphosphate (IP3)
and diacylglycerol (DAG). 1P releases Ca®* from intracellular stores. In
turn, DAG and Ca®" activate PKCp, which leads to the activation of the
Ras/RAF/MEK/ERK signaling module that promotes cell growth and
proliferation [104-109]. Both pathways contribute to the maturation of
antibody-producing B cells. Dysregulation of B cell receptor signaling
occurs in several B cell neoplasms such as chronic lymphocytic leuke-
mia, mantle cell lymphoma, and Waldenstré6m macroglobulinemia.

Bender et al. determined the X-ray crystal structure of tirabrutinib
bound to BTK [110]. They found that the drug forms hydrogen bonds
with the (i) sidechain of T474 (the gatekeeper residue), (ii) the C=0
backbone of E475 (the first hinge residue), and (iii) the N-H group of
M477 (the third hinge residue) (Fig. 5C). The drug also makes hydro-
phobic contact with the three shell residues (Sh1/2/3), two R-spine
residues (RS2/3), four catalytic spine residues (CS5/6,/7/8), and KLIFs-3
residue (Table 5). The drug also interacts hydrophobically with T410
and G411 of the G-rich loop, K436 of the p3-strand, Y476, M477, and
C481 of the hinge-linker segment, R525 and N526 of the catalytic loop,
S538 (the x of xDFG), DFG-D539 of the activation segment, and L542 of
the catalytic loop. The drug occurs in the front pocket, gate area, back
pocket, and BP-I-B (Klifs.net). Modi and Dunbrack classify the drug as a
type 1.5_Back antagonist with an inactive BLBplus conformation [33].
The enzyme assumes an inactive DFG-Dy, and aCqy; conformation and
the drug extends into the back cleft; the drug is thereby classified as a
type I'4 A inhibitor [44]. A total of 11 clinical trials with seven
completed are listed for tirabrutinib (Table 6). See Refs. [111,112] for a
summary of clinical trials involving tirabrutinib.

4.14. Delgocitinib, a JAK blocker

Delgocitinib is a pyrrolo[2,3-d]pyrimidine derivative (Fig. 4N) that
was approved in Japan (2020) for the topical treatment of atopic
dermatitis [113]. The drug is a potent inhibitor of the JAK family with
ICsp values of 2.8 nM, 2.6 nM, 13 nM, and 58 nM for JAK1/2/3 and
Tyk2, respectively [114]. A summary of the JAK family of nonreceptor
protein-tyrosine kinases and downstream signaling by the STAT proteins
is provided in Section 4.11. Noji et al. solved the X-ray crystal structure
of delgocitinib bound to JAK3 [115]. They found that the drug hydrogen
bonded to the backbone C=0 of E903 (the first hinge residue), the
backbone N-H of L905 (the third hinge residue), and the C=0 of G831
within the G-rich loop (Fig. 5D). The drug interacts hydrophobically
with two shell residues (Sh1/2), three catalytic spine residues
(CS6/7/8), and the Klifs-3 residue (Table 5). The medicinal also in-
teracts hydrophobically with G829, K830, G831, and G834 of the G-rich
loop, S835 of the p2-strand, K855 of the p3-strand, M902 (the gate-
keeper residue), E903, L905, C909 of the hinge-linker segment, R953,
N954 of the catalytic loop, A966 (the x of xXDFG), and DFG-D967 of the
activation segment. The drug is found in the front pocket and FP-I/II.
Modi and Dunbrack classify the enzyme in this complex as the inac-
tive ABAminus structure [33]. We accordingly label the complex as a
type 1'% B inhibitor because the drug does not extend into the back cleft
of an inactive DFG-Dj, enzyme [44]. The medicine is listed in 14 clinical
trials of which nine have been completed (Table 6). See Refs. [113,115,
116] for summaries of the efficacy of delgocitinib in clinical trials.
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Fig. 6. Peficitinib-enzyme complexes. AS, activation segment; CL, catalytic
loop; GRL, glycine-rich loop. Dashed lines represent polar bonds.
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4.15. Pyrotinib, an EGFR inhibitor

Pyrotinib is an ethoxyquinoline derivative (Fig. 40) that was
approved in China (2020) in combination with capecitabine for the
treatment of HER2-positive advanced or metastatic breast cancer in
patients previously treated with anthracycline or taxane chemotherapy
[117,118]. The ICsq value of this agent for EGFR is 5.6 nM and that for
ErbB2 (HER2) is 8.1 nM [117]. A summary of the properties of the
epidermal growth factor receptor family is provided in Section 4.2. This
medicinal is listed in 159 clinical trials of which 12 have been completed
(Table 6). See Refs. [117-121] for summaries of the pharmacology of
pyrotinib and clinical trials examining its effectiveness.

4.16. Orelabrutinib, a BTK antagonist

Orelabrutinib is a pyridine-3-carboxamide derivative (Fig. 4P) that
was approved in China for the treatment of patients with relapsed/re-
fractory chronic lymphocytic leukemia, small lymphocytic lymphoma,
and relapsed/refractory mantle cell lymphoma in 2020 [122]. The ICsp
value for its BTK target is 1.6 nM [122]. The role of BTK in the func-
tioning of B cells is outlined in Section 4.13. This agent is listed in 36
clinical trials of which two have been completed (Table 6). Although we
lack the X-ray crystal structure of orelabrutinib with its cognate enzyme,
the drug is a targeted covalent inhibitor (TCI) so that we can classify it as
a type VI inhibitor [44]. See Refs. [122,123] for a summary of the
pharmacological properties and clinical trials addressing the clinical
efficacy of orelabrutinib.

4.17. Peficitinib, a JAK family blocker

Peficitinib is a pyrrolo[2,3-b]pyridine-5-carboxamide derivative
(Fig. 4Q) that is approved in Japan for the treatment of rheumatoid
arthritis (including the prevention of structural joint damage) in patients
who had an inadequate response to conventional therapies [124]. The
ICsp values for its JAK family enzymes were 3.9 nM, 5.0 nM, 0.71 nM,
and 4.8 nM against JAK1, JAK2, JAK3, and Tyk2, respectively [125]. It
thus is a potent antagonistic with some selectivity for JAK3. Hamaguchi
et al. determined the X-ray crystal structure of peficitinib with each of
these enzymes [125]. They found that the nitrogen atoms of the
pyrrolo-pyridine formed hydrogen bonds with the first and third JAK1
hinge residues (E957 and L959) and the hydroxyl group
hydrogen-bonded with the side chains of R1007 and N1008 of the cat-
alytic loop (Fig. 6A). The medicinal makes hydrophobic contact with
two shell residues (Sh1/2), three catalytic spine residues (CS6/7/8), and
the Klifs-3 residue (Table 5). The drug also interacts hydrophobically
with G882 of the G-rich loop, the gatekeeper residue (M956), F958,
L1959, G962, and S963 of the hinge-linker segment, R1007 of the cata-
lytic loop, G1020 (the x of xDFG), and DFG-D1021 of the activation
segment. The drug occurs in the front pocket and FP-I (Klifs.net). The
enzyme in this complex has an inactive ABAminus conformation with
DFG-Dj, [33] and we classify it as a type I%4 B inhibitor [44].

Hamaguchi et al. found that peficitinib makes one hydrogen bond
with the backbone C=0O of E930 (the first hinge residue) and two
hydrogen bonds with the backbone C=0 and N-H groups of L932 (the
third hinge residue) of JAK2 (Fig. 6B) [125]. As in the case of JAK], the
drug makes hydrophobic contact with the JAK2 Sh1 and Sh2 shell res-
idues, CS6/7/8, and the Klifs-3 residue (Table 5). The drug also interacts
hydrophobically with G856 of the G-rich loop, M929 (the gatekeeper
residue), Y931, L932, G935, and S936 of the hinge-linker segment, and
DFG-D 994 of the activation segment. The drug occupies the front pocket
and FP-I. The enzyme in this complex has the BLAminus conformation,
which corresponds to the active conformation in the Modi and Dunbrack
scheme [33]. We therefore classify peficitinib as a type I inhibitor of
JAK2 [44].

Hamaguchi et al. reported that peficitinib forms a hydrogen bond
with the backbone C=0 of E903 (the first hinge residue) and forms two
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hydrogen bonds with the backbone C—=0 and N-H groups of L905 (the
third hinge residue) of JAK3 (Fig. 6C) [125]. As in the case of JAK1/2,
the drug makes hydrophobic contact with the JAK3 Sh1 and Sh2 shell
residues, CS6/7/8, and the Klifs-3 residue (Table 5). The drug also in-
teracts hydrophobically with G829 of the G-rich loop, M902 (the gate-
keeper residue), Y904 and G908 of the hinge-linker segment, A966 (the
x of xDFG), and DFG-D 967 of the activation segment. The drug occupies
the front pocket and FP-I. The enzyme in the complex has the BLAminus
conformation, which corresponds to the active conformation in the Modi
and Dunbrack scheme [33]. We therefore classify peficitinib as a type I
inhibitor of JAK3 [44].

Hamaguchi et al. found that peficitinib makes one hydrogen bond
with the backbone C=0O of E979 (the first hinge residue) and two
hydrogen bonds with the backbone C—=0 and N-H groups of V981 (the
third hinge residue) of Tyk2 [125]. The hydroxyl group of the drug
hydrogen bonds with the R-groups of N1028 of the catalytic loop and
DFG-D1041 of the activation segment (Fig. 6D). As in the case of
JAK1/2/3, the drug makes hydrophobic contact with the Tyk2 Sh1 and
Sh2 shell residues, CS6/7/8, and the Klifs-3 residue (Table 5). The drug
also interacts hydrophobically with G904 of the G-rich loop, M978 (the
gatekeeper residue), Y980, V981, G984, and S985 of the hinge-linker
segment, and DFG-D1041of the activation segment. The drug occupies
the front pocket and FP-I (Klifs.net). The enzyme in the complex has the
BLAminus conformation, which corresponds to the active conformation
in the scheme of Modi and Dunbrack [33]. We therefore classify pefi-
citinib as a type I inhibitor of Tyk2 [44]. Note that peficitinib flips as we
go from JAK1 to JAK2/3 and Tyk2 (Fig. 6). The efficacy of peficitinib is
or has been examined in 34 clinical trials of which 33 have been
completed. See Refs. [124,126] for a synopsis of information obtained
from clinical trials involving peficitinib.

4.18. Surufatinib, a VEGFR inhibitor

Surufatinib (sulfatinib) is an indole-pyrimidine derivative (Fig. 4R)
that was approved in China for the treatment of late-stage, well-differ-
entiated, extrapancreatic neuroendocrine tumors in 2021 [127]. Sur-
ufatinib (HMPL-012, previously known as sulfatinib) is an oral,
small-molecule receptor protein-tyrosine kinase inhibitor that potently
inhibits VEGFR1 (ICsg of 2 nM), VEGFR2 (ICsq of 24 nM), and VEGFR3
(ICsp of 1 nM) [128]. The drug is also a potent inhibitor of FGFR1 (ICsq
value of 15 nM) and CSF-1R (ICsq of 4 nM). This unique combination of
molecular activities inhibits tumor angiogenesis, regulates
tumor-immune evasion, and may decrease tumor resistance. See Section
4.4 for a summary of the VEGFR protein-tyrosine kinase family and its
ligands, Ref. [129] for a review of the FGFR1/2/3/4 protein-tyrosine
kinase family and their ligands, and Ref. [130] for a summary of the
CSF1R protein-tyrosine kinase and its ligands. The efficacy of surufatinib
is or has been examined in 66 clinical trials of which 15 have been
completed. See Refs. [127,128,131,132] for a summary of the infor-
mation derived from clinical trials involving surufatinib.

4.19. Savolitinib, a MET receptor antagonist

Savolitinib is an imidazo[1,2-a]pyridine derivative (Fig. 4S) that was
approved in China in 2021 for the treatment of metastatic NSCLC with
MET exon 14-skipping alterations in patients who have progressed after
or who are unable to tolerate platinum-based chemotherapy [133]. The
MET gene encodes the hepatocyte growth factor receptor, a receptor
protein-tyrosine kinase, that responds to the hepatocyte growth factor.
For a discussion of the properties of the hepatocyte growth factor re-
ceptor, see Ref. [134]. This compound is a potent inhibitor of this re-
ceptor with an ICsq value of 4 nM [135]. The effectiveness of savolitinib
has been examined in 41 clinical trials of which 15 have been completed
(Table 6). For a discussion of the clinical trials that led to the approval of
this drug, see Refs. [133,134,136,137].
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4.20. Lagertinib, an EGFR blocker

Lazertinib is a phenylpyrazole-pyrimidine derivative (Fig. 4T) that is
an orally bioavailable, third-generation, epidermal growth factor re-
ceptor (EGFR) protein-tyrosine kinase inhibitor that was approved in
South Korea in 2021 for the treatment of patients with EGFR T790M
mutation-positive locally advanced or metastatic NSCLC who have
previously received EGFR protein kinase inhibitor therapy [138]. Laz-
ertinib is a brain penetrant, irreversible antagonist that inhibits the
T790M gatekeeper mutant and the activating Ex19del and L858R EGFR
mutants, while sparing wildtype EGFR. See Section 4.2 for a summary of
the properties and ligands of the EGFR family. The ICsg value of laz-
ertinib for the EGFR T790M mutant is on the order of 2 nM. The efficacy
of this compound has been studied in 33 clinical trials of which eight
have been completed (Table 6). We lack the X-ray structure of this
compound bound to its cognate enzyme, but we can classify it as a type
VI inhibitor because it forms a covalent bond with its target [44]. See
Refs. [138,139] for a summary of clinical trials that led to its approval.

4.21. Furmonertinib, an EGFR inhibitor

Furmonertinib (alflutinib) is an indole-pyrimidine derivative
(Fig. 4U) that is approval in China (2021) for the treatment of patients
with locally advanced or metastatic NSCLC with a confirmed EGFR
T790M mutation whose disease has progressed during or after EGFR
protein-tyrosine kinase inhibitor therapy [140]. See Section 4.2 for a
summary of the physiological properties of the EGFR family and its li-
gands. The ICsq value of furmonertinib, which is an orally bioavailable
inhibitor, for EGFR is on the order of 10 nM. The efficacy of this medi-
cine has been studied in 32 clinical trials of which two have been
completed. See Refs. [140,141] for a synopsis of the clinical trials that
led to its approval. Although we lack the X-ray crystal structure of this
compound bound to the EGFR T790M mutant protein, it can be classi-
fied as a type VI inhibitor based upon its ability to form a covalent bond
with its enzyme target [44].

5. Physicochemical properties of orally bioavailable drugs
5.1. Lipinski’s rule of five (Ro5)

Medicinal chemists and pharmacologists have examined the physi-
cochemical properties of drugs that are orally effective. Lipinski’s rule of
five (Ro5) is a computational technique that is used to estimate drug
solubility, drug membrane permeability, and pharmacological effec-
tiveness in the drug-discovery setting [142]. This procedure is a rule of
thumb that determines whether a compound with specific pharmaco-
logical activities has physical properties suggesting that it would be
orally effective. The Lipinski rules are based on data showing that most
orally effective compounds are relatively small and moderately lipo-
philic substances. Ro5 conformity is used during drug development as (i)
effective hits discovered during high throughput screening and (ii) lead
compounds are systematically optimized to improve their potency while
maintaining selectivity and specificity.

The Ro5 criteria indicate that less than ideal oral bioavailability is
more likely to occur when (i) the atom-based calculated Log P (ALogP) is
above 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 exceeds 5 x 100 or 500 [142]. 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 reflects the hydropho-
bicity of a compound; the greater the P value, the greater the hydro-
phobicity. The number of hydrogen-bond donors represents the sum of
NH and OH groups. The number of hydrogen-bond acceptors is more
complicated to evaluate; these are the number of uncharged hetero-
atoms with the exception of halogens, heteroaromatic oxygen and sulfur
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Table 7
Properties of small molecule protein kinase inhibitors approved outside of the United States®.
Drug PubMED CID Formula MW (Da) HD" HA' ALogP* LogDy.4° PSA (A)* Complexity’ Fsp*®
Fasudil 3547 C14H17N302S 291.4 1 4 1.22 -0.40 70.7 421 0.36
Icotinib 22024915 Ca2H21N304 391.4 1 7 3.16 3.03 74.7 553 0.27
Ripasudil 9863672 C15H18FN304 323.4 1 4 1.75 0.02 70.7 482 0.40
Apatinib 11315474 Co4H23Ns0 397.5 2 5 4.68 4.29 90.7 608 0.25
Radotinib 16063245 Ca7H21F3NgO 530.5 2 8 5.75 4.52 110.5 818 0.11
Olmutinib 54758501 CosHoeN502S 486.6 2 8 5.10 4.81 82.6 712 0.19
Simotinib 16735117 Co5Ho6CIFN4O4 500.9 1 8 4.39 4.47 78 742 0.40
Catequentinib 25017411 Ca3H22FN303 407.4 2 6 4.83 1.38 82.4 606 0.26
Fruquintinib 44480399 C21H19N305 393.4 1 7 3.85 2.64 95.7 570 0.19
Flumatinib 46848036 Co9HooF3NgO 562.6 2 11 5.00 3.26 99.2 841 0.28
Filgotinib 49831257 C21H23Ns503 425.5 1 7 1.98 2.03 105 715 0.38
Almonertinib 121280087 C30H3sN,0, 525.7 2 8 5.31 3.47 87.6 823 0.30
Tirabrutinib 54755438 CosH2oN, O 454.5 1 6 2.75 3.27 105 825 0.20
Delgocitinib 50914062 C16H18NgO 310.4 1 5 1.30 0.60 88.9 544 0.50
Pyrotinib 51039030 C32H31CINGgO3 583.1 2 8 5.63 ? 112.4 960 0.25
Orelabrutinib 91667513 CoeHasN303 427.5 1 4 4.53 3.74 85.5 647 0.19
Peficitinib 57928403 C18H2oN404 326.4 4 4 2.01 1.05 104 525 0.50
Surufatinib 52920501 C4HagNg05S 480.6 3 7 3.78 2.82 121 733 0.25
Savolitinib 68289010 C17H15Ng 345.4 0 9 1.88 1.03 91.6 505 0.18
Lazertinib 121269225 C30H34NgO03 554.6 2 9 4.10 3.56 110 837 0.27
Furmonertinib 118861389 CagH31F3NgO, 586.6 2 11 4.84 4.05 100 865 0.29

@ Data from https://www.ppu.mrc.ac.uk/list-clinically-approved-kinase-inhibitors.

b HD, No. of hydrogen bond donors.
¢ HA, No. of hydrogen bond acceptors.

4 Values for atom-based log of the partition coefficient (ALogP) and LogDy 4 from https://www.ebi.ac.uk/chembl/.

€ PSA, polar surface area.
f Complexity values obtained from https://pubchem.ncbi.nlm.nih.gov/.

& Fsp®, Fraction of sp> carbon atoms or no. of sp® carbon atoms = total no. of carbon atoms.

atoms, pyrrole nitrogen atoms, and higher oxidation states of phos-
phorus, sulfur, and nitrogen, but it includes the oxygen atoms bonded to
them. In the original paper [142], the number of hydrogen bond ac-
ceptors equaled the sum of nitrogen and oxygen atoms. The Ro5
benchmarks were based on the physicochemical properties of 2245
reference drugs that had reached phase II clinical trials or higher and the
final values were at the 90th percentile for the distribution of the four
components in the original Ro5 criteria [142]. If any two of the four
conditions were violated, the molecule was deemed less likely to result
in an orally bioavailable drug. Actively transported molecules and nat-
ural products were excluded from this analysis.

One-third of the 21 internationally approved drugs considered in this
article are not Ro5 compliant. Pyrotinib (583.1 Da), lazertinib
(554.6 Da), and simotinib (500.9 Da) have molecular weights exceeding
500 (Table 7). Radotinib, flumatinib, and almonertinib have molecular
weights and AlogP values greater than 500 Da and 5.0, respectively.
Furmonertinib has two Ro5 violations with a molecular weight of 586.6
and 11 hydrogen bond acceptors. The single greatest Ro5 violation of
small molecule protein kinase inhibitors approved by the FDA is also the
molecular weight (22 of 75 drugs) and the next greatest violation is
associated with the AlogP value (20 of 75 drugs) [143]. Medicinals with
Ro5 noncompliance are labeled bRo5 (beyond the rule of five)
compounds.

5.2. The importance of lipophilicity and ligand efficiency

5.2.1. Lipophilic efficiency, LipE

Both before and after the advent of Lipinski’s Ro5 in 2001 [142],
other studies of the physicochemical properties of orally effective me-
dicinal were published [144-151]. For instance, LipE (lipophilic effi-
ciency) is a parameter that is used in drug discovery and development
that combines potency and lipophilic-driven binding as a strategy to
increase binding affinity. The ensuing formulas are used to calculate
lipophilic efficiency:

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

Similar to the practice of expressing the molar hydrogen ion
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concentration as pH, the operator p denotes the negative of the Log;o of
the Kj or ICs¢. ALogP is the atom-based computed Log;( of the partition
coefficient; this parameter reflects 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) denotes the lipophilicity of a compound and the value is
calculated using an algorithm reflecting the characteristics of thousands
of reference organic chemicals. The greater the solubility of a substance
in the organic phase as compared with the aqueous phase of a n-octanol/
water mixture, the greater is its lipophilicity. Leeson and Springthorpe
asserted that drug lipophilicity, as assessed by its — ALogP value, is one
of the more important parameters that should be evaluated during the
drug discovery process [145]. Their use of ALogP was based upon cal-
culations performed before the evaluation of the distribution coefficient
(D) became more common. The distribution coefficient (LogD7.4) rep-
resents the ratio of the solubility of the ionized and un-ionized drug 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. As a
practical matter, either ALogP or LogDy 4 can be used to evaluate several
agents in the same study. Note that a highly lipophilic substance with a
large negative — ALogP value decreases the lipophilic efficiency. The
goal in drug development is to maximize lipophilic efficiency — maxi-
mize potency and minimize lipophilicity.

The ALogP of various drugs can be calculated in a matter of seconds.
Because the experimental determination of LogP is demanding, such
measurements are performed in only select cases. Hopkins et al. re-
ported that appropriate values for LogP are less than ~ 3 and those of
lipophilic efficiency are greater than ~ 5 [147]. Johnson et al. indicated
that having a LogDy 4 in the range of 1 — 3 provides the best chance of
achieving the overlap of low renal clearance, low hepatic oxidative
clearance, high solubility, and high passive permeability [152]. The
average value for LogDy 4 for the 21 internationally approved drugs
(Table 7) was 2.71. Only 6 of the internationally approved protein ki-
nase antagonists have an LogD7 4 in the 1-3 range and 12 have a value in
the 1-4 range. The average value of lipophilic efficiency (LipE) for the
21 internationally approved small molecule protein kinase blockers
listed in this article is 4.50 with a range from 1.72 (radotinib) to 7.25
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Table 8
Properties of small molecule protein kinases inhibitors approved outside of the United States.

Drug Target ICsg, nM” pK; N¢ AlogP LE LipE® nRotB' nRng® nAr" nBnz' QED/
Fasudil ROCK1/2 530 6.28 20 1.22 0.443 5.06 2 3 2 0 0.90
Icotinib EGFR 5 8.30 29 3.16 0.404 5.14 3 4 3 1 0.67
Ripasudil ROCK1/2 51 7.29 22 1.75 0.467 5.54 2 3 2 0 0.91
Apatinib VEGFR2 1 9.00 30 4.68 0.423 4.32 6 4 3 1 0.63
Radotinib Abl 34 7.47 39 5.75 0.270 1.72 6 5 5 2 0.29
Olmutinib EGFR 10 8.00 35 5.1 0.322 2.90 7 5 4 2 0.35
Simotinib EGFR 19.9 7.70 35 4.39 0.310 3.31 7 6 3 1 0.51
Catequentinib VEGFR2 0.2 9.70 30 4.83 0.456 4.88 6 5 4 0 0.48
Fruquintinib VEGFR2 35 7.46 29 3.85 0.363 3.61 5 4 4 0 0.55
Flumatinib BCR-Abl 1.2 8.92 41 5 0.307 3.92 7 5 4 1 0.32
Filgotinib JAK1 10 8.00 30 1.98 0.376 6.02 5 5 3 1 0.67
Almonertinib EGFR 3.4 8.47 39 5.31 0.306 3.16 11 5 4 1 0.26
Tirabrutinib BTK 6.8 8.17 34 2.75 0.339 5.42 4 5 3 2 0.48
Delgocitinib JAK1 2.8 8.55 23 1.3 0.524 7.25 2 4 2 0 0.90
Pyrotinib EGFR 5.6 8.25 42 5.63 0.277 2.62 10 5 4 1 ?

Orelabrutinib BTK 1.6 8.80 32 4.53 0.388 4.27 6 4 3 2 0.59
Peficitinib JAK3 0.71 9.15 24 2.01 0.538 7.14 3 5 2 0 0.69
Surufatinib VEGFR2 24 7.62 34 3.78 0.316 3.84 10 4 4 1 0.32
Savolitinib MET 4 8.40 26 1.88 0.456 6.52 3 5 5 0 0.50
Lazertinib EGFR 2 8.70 41 4.1 0.299 4.60 10 5 4 1 0.28
Furmonertinib EGFR 10 8.00 41 4.84 0.275 3.16 11 4 4 0 0.25

*Drugs listed in https://www.ppu.mrc.ac.uk/list-clinically-approved-kinase-inhibitors.

b Representative values obtained from www.ebi.ac.ug/chembl/ and from Klifs.net.

¢ N, Number of heavy (nonhydrogen) atoms.

4 LE (ligand efficiency) = — 2.303 RT Logi Ki/N where N is the number of heavy (non-hydrogen) atoms in the drug.

¢ LipE (lipophilic efficiency) = pICs — AlogP.
f nRotB, no. of rotatable bonds.

8 nRng, no. of rings.

" nAr, no. of aromatic rings.

! nBnz, no. of benzene moieties.

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

Ref. [151] for a full explanation.
(delgocitinib) with a standard deviation of 1.49 (Table 8).

5.2.2. Ligand efficiency, LE

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

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

AGis the standard free energy change of a drug binding to its target
at neutral pH, R denotes the universal gas constant or energy-
temperature coefficient (1.98 x 1073 kcal/degree-mol), T is the tem-
perature in degrees Kelvin, Keq represents the value of the equilibrium
constant, and N is the number of heavy atoms in the drug. The Kj or ICsq
values are substitutes 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 Keq)/N or — 1.41 Log Keq/N [147]. At a tempera-
ture of 300 K (about room temperature), the multiplication factor is —
1.37 [151]. Ligand efficiency represents the affinity based on the
average binding energy per heavy atom. Furthermore, ligand efficiency
is useful in fragment-based drug discovery and it aids in the selection of
promising derivatives of lead compounds for further development
[148].

Ligand efficiency represents the binding affinity per heavy atom of
the ligand or drug of interest. The value of N is a substitute for the
molecular weight or size of the drug. The equation used to compute
ligand efficiency indicates that its value is directly proportional to — Log
Keq (minus Log Keq, a positive number) or the binding affinity and is
inversely proportional to the number of heavy atoms. Hopkins et al.
reported that optimal values for ligand efficiency (LE) should be greater
than 0.3 kcal per mol of heavy atom [144,147]. Ligand efficiency values
for the internationally approved small molecule protein kinase blockers
(Table 1) based upon representative K; or ICsg values are included in
Table 8. The average value for ligand efficiency for the internationally
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approved protein kinase inhibitors was 0.374 with a range from 0.270
(radotinib) to 0.538 (peficitinib) with a standard deviation of 0.082. The
values for ligand efficiency (LE) and lipophilic efficiency (LipE) listed in
Table 8 are based on data acquired under different conditions. Accord-
ingly, these values cannot be used to make a direct comparison of these
agents because different methods were used to obtain the data. These
findings were mined from various drug discovery projects and indicate
typical values. The values for the 21 internationally approved drugs
(Table 1) are very close to the values for the 75 FDA-approved drugs
[143].

5.2.3. Additional chemical descriptors of orally bioavailable drugs

To characterize physicochemical parameters associated with oral
bioavailability, not unexpectedly, the Ro5 has generated many varia-
tions and corollaries. For instance, Veber et al. reported that the number
of rotatable bonds and the topological polar surface area (PSA) differ-
entiates between orally active and inactive agents for a large series of
compounds in rats [149]. They found that the optimal number of
rotatable bonds is 10 or fewer. This property regulates passive mem-
brane permeation and reflects molecular flexibility or degrees of
freedom. Moreover, degrees of freedom are related to the entropy
change associated with ligand binding. With the exceptions of two drugs
with 11 rotatable bonds, the remaining 19 drugs have 10 or fewer of
these bonds. The average value is 6.0 and the number of rotatable bonds
ranges from 2 (ripasudil, delgocitinib) to 11 (filgotinib, furmonertinib)
with a standard deviation of 3.0. Furthermore, Veber et al. found in
general that drugs with a polar surface area less than or equal to 140 A2
are orally bioavailable [149]. This property represents the sum of the
surface over all polar atoms, primarily nitrogen and oxygen, but it also
includes any connected hydrogen atoms. The average value for the
surface area is 93.6 A2 with a range from 70.7 (fasudil) to 121 (sur-
ufatinib) with a standard deviation of 14.4 (Table 7). Additionally,
Oprea reported that the number of ring structures (both aromatic and
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nonaromatic) in most orally bioavailable drugs is three or greater [150].
All of the internationally approved small molecule protein kinase an-
tagonists have three or more rings with an average value of 4.52, a range
from three to six, with a standard deviation of 0.75. Except for ripasudil
(an eye drop) and delgocitinib (a topical cream), all of the internation-
ally approved drugs covered in this article are orally effective.

Ritchie and Macdonald investigated aromaticity as a factor in the
drug discovery process [153]. Aromaticity denotes cyclically conjugated
chemicals with significantly greater stability than is found in localized
Kekulé structures because of electron delocalization. These investigators
classified bicyclic and tricyclic structures as those containing two and
three aromatic rings, respectively. The aromatic ring count comprises
structures containing carbon and heteroatom components. These au-
thors found that increasing the number of carboaromatic rings (benzene
moieties) has a deleterious effect on drug efficacy by decreasing water
solubility, increasing attachment to serum albumin, and blocking cyto-
chrome P450. We find that the average number of aromatic rings in the
21 internationally approved protein kinase inhibitors was 3.43 and the
mean number of benzene moieties was 0.81. All of these approved ki-
nase inhibitors have at least two aromatic rings; moreover, radotinib and
savolitinib had the largest number of aromatic rings with five. Seven of
the drugs lacked benzene moieties and the number of drugs possessing
one or two benzenes was about evenly distributed among the remainder
(Table 8).

The molecular complexity of a drug is a reflection of the elements it
contains, its structural features, and its symmetry. This property is
calculated using the Bertz/Hendrickson/Ihlenfelt algorithm [154,155].
The calculation depends upon the identity and number of the constitu-
ent atoms, the bonding arrangement, and the nature of the chemical
bonds (single, double, triple, aromatic). Molecular complexity values
range from O for simple ions to several thousand for intricate natural
products. Ionic lithium, with a complexity of 0 and a molecular weight
of 3, is used in the treatment of manic-depressive disorders and is
dispensed as lithium carbonate (LioCO3). In general, larger compounds
have a greater molecular complexity value than smaller ones. In com-
parison, chemicals containing fewer elements and those that are highly
symmetrical have a smaller molecular complexity value. The molecular
complexity values for the drugs in this article were acquired from

Table 9
Principal FDA-approved and internationally approved protein kinase inhibitor
drug targets”.

Kinase family Class of Kinase US FDA approved Non-FDA approved

EGFR/ErbB RY 9 6
VEGFR RY 8 4
JAK NRY 8 3
BCR-AbI NRY 6 2
ALK RY 5
FGFR RY 5
CDK4/6 S/T 4
MEK1/2 Y/T 4
BTK NRY 4 3
B-Raf S/T 3
FKBP S/T 3
MET RY 3 1
Flt3 RY 2
RET RY 2
ROCK S/T 2 2
TRKA RY 2
CSF1 RY 1
Kit RY 1
PDGFR RY 1
SYK RY 1
TYK2 NRY 1
Total 75 21

@ 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.
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PubChem (https://pubchem.ncbi.nlm.nih.gov/). For the 21 interna-
tionally approved small molecule protein kinase antagonists (Table 1),
the mean complexity value was 682 with a range from 421 (fasudil) to
960 (pyrotinib) with a standard deviation of 150 (Table 7). There are no
optimal or recommended molecular complexity values for orally effi-
cacious drugs; however, this property may be of use in predicting the
ease or difficulty of drug synthesis, an important consideration in the
commercial production of therapeutic entities.

Lovering et al. examined the fraction of sp3 carbon atoms (Fsp3) and
the number of chiral carbon atoms as additional components of molec-
ular complexity [156]. Fsp3 is the number of sp3 carbon atoms in an
agent divided by the total number of carbon atoms. A larger value
corresponds to (i) an increase in saturation of the chemical and (ii) a
decrease in the number of unsaturated linkages including double and
triple bonds and aromatic rings. Increased saturation allows for the
synthesis of architecturally more complex molecules and results in the
exploration of a more diverse chemical space without substantially
increasing the molecular weight. These workers also suggest that
increasing saturation will allow for the out-of-plane substituents to in-
crease receptor-ligand complementarity and increase solubility. The
mean Fsp3 was 0.29 with a range of 0.11 (radotinib) to 0.50 (delgoci-
tinib) with a standard deviation of 0.11. Regarding chirality, delgociti-
nib, peficitinib and savolitinib possess two stereocenters, ripasudil and
tirabrutinib have one stereocenter, and the remainder of the interna-
tionally approved drugs (Table 1) lack a stereocenter.

From the above data, we surmise that medicinal chemists have
drawn from compounds outside of the traditional Ro5 space to target an
expanding number of protein kinases. It has been argued that a too strict
implementation of the Ro5 may have hampered the pharmaceutical
industry from exploring opportunities involving novel, but more diffi-
cult, targets [15,157]. Additional properties such as the number of
rotatable bonds and the polar surface area have been used to extend
correlations with absorption, distribution, metabolism, excretion, and
toxicity (ADMET) properties. There has been a recent interest on
decreasing the use of hard-cutoff rule-based classifications of drug
candidates along with the emergence of composites such as the quan-
titative estimate of drug-likeness (QED). The QED (Table 8) includes
weighted parameters of molecular weight, number of hydrogen-bond
donors and acceptors, AlogP, number of rotatable bonds, polar surface
area, and number of aromatic rings. The values for QED range from 0 (all
properties unfavorable) to 1 (all properties favorable); the larger the
value, the greater the drug-likeness. The mean value of QED for the
internationally approved kinase inhibitors was 0.44 with a minimum of
0.25 (furmonertinib) and a maximum of 0.69 (peficitinib). These values
are comparable to those of FDA-approved small molecule kinase
blockers [3,4,17-21].

6. Epilogue and perspective

Although significant progress has been made in the development of
low molecular weight protein kinase inhibitors since the approval of
fasudil in 1995 in Japan and especially since the FDA-approval of ima-
tinib in 2001 in the United States [18], this line of work is still in its
infancy. Most of the internationally and FDA approved kinase inhibitors
are antineoplastic and others function as immunomodulators [12,
158-160]. Because of the inherent genetic changes in cancer cells,
resistance to protein kinase inhibitors is the rule rather than the
exception. Such resistance stimulated the discovery of second, third, and
later generation antagonists that block the same enzyme. Furthermore,
acquired drug resistance is often the result of gatekeeper mutations in
the initial protein kinase target [5]. A gatekeeper mutation in EGFR
(T790M) is a relevant example and this is the third most common protein
kinase mutation. Moreover, this change is responsible for about half of
all acquired EGFR inhibitor resistance mutations.

Because 244 protein kinase genes map to cancer amplicons and
disease loci [13], it is likely that (i) a substantial increase in the number
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Table 10
Drug properties and descriptors®.

Category Properties and descriptions

Size Molecular weight (MW) and heavy atom count (N)

Lipophilicity Calculated octanol-water partition coefficients
(ALogP and Log D7 4).

Polarity Polar surface area (PSA), hydrogen-bond donors

(HD) and hydrogen-bond acceptors (HA)

Aromatic and aliphatic Number of rings (nRng), number of aromatic rings

descriptors (nAr), number of benzene rings (nBnz), fraction of
carbon atoms that are sp® hypridized (Fsp3), number
of stereocenters (nStereo)
Flexibility Number of rotatable bonds (nRotB)
Potency - Log1o molar concentration ICs or K; as pICsg or pK;

Ligand efficiency metrics Lipophilic ligand efficiency or LipE = pICso — AlogP
or pICso — Log Dy 4, Ligand efficiency or LE = -2.303
RT Keq /N

Quantitative estimate of drug-likeness or QED

= summed, weighted desirability (scores using MW

+ ALogP + HD + HA + PSA + nRotB + nAr)

Composite physicochemical
descriptors

@ Adapted from Ref. [151].

of drugs blocking understudied protein kinases will be developed and
(ii) new drugs will be developed for the treatment of additional illnesses
[161-163]. Adding new protein kinases to the pharmacologic arma-
mentarium will require the elucidation of signaling networks and
pathways in addition to the phosphatidylinositol 3-kinase-AKT, the
Ras/RAF/MEK/ERK, and the JAK-STAT signaling modules and protein
kinases leading to these pathways [14,95,96,104-109]. As the protein
kinase antagonist discipline progresses, it is expected that protein kinase
inhibitors with new scaffolds, pharmacophores, and chemotypes will be
devised [164]. Although eight allosteric inhibitors of protein kinases
have been approved by the FDA (asciminib, cobimetinib, deucravaciti-
nib, everolimus, selumetinib, sirolimus, temsirolimus, and trametinib),
perhaps none of the inhibitors considered in this article (Table 1) are
allosteric in nature. Because we lack X-ray crystal structures of 16 of the
drugs reviewed in this article, it is possible that one or more is an allo-
steric inhibitor. However, it is likely that additional allosteric antago-
nists will be developed worldwide that block (i) well known and (ii)
understudied enzymes that are components of protein kinase signal
transduction modules [165,166].

Of the 21 internationally approved drugs considered in this article,
receptor protein-tyrosine kinases are the chief targets of 11 drugs,
nonreceptor protein-tyrosine kinases are the main targets of eight drugs,
and two drugs block protein-serine/threonine kinases. The ErbB,
VEGFR, and JAK families are the leading targets of the FDA and inter-
nationally approved drugs (Table 9).

Pfizer began the process of high throughput screening (HTS) in 1986
using 96-well plates and assay volumes of 50-100 uL [167]. By 1992
HTS produced hits as starting materials for about 40% of the drug dis-
covery portfolio. By 1999 ADMET HTS was fully integrated into the drug
discovery cycle. It was about this time that Ro5 compliance was intro-
duced in an effort to maximize the development of effective drugs and
the minimize the attrition or failure of drug candidates that were iden-
tified by HTS. Gefitinib, erlotinib, sorafenib, dasatinib, and lapatinib are
FDA-approved protein kinase antagonists that resulted from HTS hits.
Prior to the advent of high throughput screening, drug discovery was
based upon experiments performed in animals in vivo.

The commonly used drug properties and descriptors used by me-
dicinal chemists and pharmacologists are listed in Table 10. bRo5 de-
scriptors include the heavy atom count, LogDy 4, polar surface area,
number of rings (total, aromatic, carboaromatic), number of rotatable
bonds, potency, and composite metrics such as quantitative estimate of
drug likeness (QED). Low solubility, poor passive cell permeability, and
issues related to metabolism are associated with increased molecular
weight and lipophilicity. These drawbacks need to be overcome when
working in the bRo5 space. Increased molecular complexity oftentimes
improves solubility and reduces adventitious binding to off-targets. On
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the other hand, increased molecular complexity increases the difficulty
of synthesis. The protein kinase inhibitor field is a relatively new one
and eight of the 21 internationally approved drugs considered in this
article and 30 of the 75 FDA-approved drugs have a least one Ro5
violation. As stated by Hartung et al. “Playing by the rules is thus not
always advisable when pushing for success in drug discovery. Rather,
successful drug hunters must follow a mindset of pushing the limits of
what is possible. Now, 25 years after the publication of the Ro5, small-
molecule drug discovery is looking at an exciting future of clinical
impact that must not be restricted by the number 5” [168].
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