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ROS1 protein-tyrosine kinase fusion proteins are expressed in 1-2% of non-small cell lung cancers. The
ROS1 fusion partners include CD74, CCDC6, EZR, FIG, KDELR2, LRIG3, MSN, SDC4, SLC34A2, TMEM106B,
TMP3, and TPD52L1. Physiological ROS1 is closely related to the ALK, LTK, and insulin receptor protein-
tyrosine kinases. ROS1 is a so-called orphan receptor because the identity of its activating ligand, if
any, is unknown. The receptor is expressed during development, but little is expressed in adults and
its physiological function is unknown. The human ROS1 gene encodes 2347 amino acid residues and
ROS1 is the largest protein-tyrosine kinase receptor protein. Unlike the ALK fusion proteins that are
activated by the dimerization induced by their amino-terminal portions, the amino-terminal domains of
several of its fusion proteins including CD74 apparently lack the ability to induce dimerization so that
the mechanism of constitutive protein kinase activation is unknown. Downstream signaling from the
ROS1 fusion protein leads to the activation of the Ras/Raf/MEK/ERK1/2 cell proliferation module, the
phosphatidyl inositol 3-kinase cell survival pathway, and the Vav3 cell migration pathway. Moreover,
several of the ROS1 fusion proteins are implicated in the pathogenesis of a very small proportion of
other cancers including glioblastoma, angiosarcoma, and cholangiocarcinoma as well as ovarian, gastric,
and colorectal carcinomas. The occurrence of oncogenic ROS1 fusion proteins, particularly in non-small
cell lung cancer, has fostered considerable interest in the development of ROS1 inhibitors. Although the
percentage of lung cancers driven by ROS1 fusion proteins is low, owing to the large number of new
cases of non-small cell lung cancer per year, the number of new cases of ROS1-positive lung cancers is
significant and ranges from 2000 to 4000 per year in the United States and 10,000-15,000 worldwide.
Crizotinib was the first inhibitor approved by the US Food and Drug Administration for the treatment of
ROS1-positive non-small cell lung cancer in 2016. Other drugs that are in clinical trials for the treatment of
these lung cancers include ceritinib, cabozantinib, entrectinib, and lorlatinib. Crizotinib forms a complex
within the front cleft between the small and large lobes of an active ROS1 protein-kinase domain and it
is classified as type I inhibitor.

© 2017 Elsevier Ltd. All rights reserved.
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1. ROS1 fusion proteins and non-small cell lung cancers

ROS1 was discovered in the 1980s as the oncogene product
of the chicken sarcoma RNA UR2 (University of Rochester) tumor
virus [1-3]. After characterization of the viral oncogene and cel-
lular proto-oncogene, the first full length sequence of the human
ROS1 proto-oncogene, which was derived from a cDNA isolated
from human glioblastoma cells, was reported by Birchmeier et al.
in 1981 [4]. See Ref. [5] for a comprehensive review of the discovery
of ROS1.

The ROS1 gene encodes a receptor protein-tyrosine kinase that
consists of 2347 amino acid residues making it the largest member
of this enzyme-receptor family. ROS1 is related to ALK, LTK, and
the insulin receptor families [6]. ROS1 contains a signal sequence
of 27 amino acid residues, an extracellular domain of 1832 residues,
a transmembrane segment of 23 residues, and an intracellular
domain consisting of 465 residues. The intracellular domain con-
tains a juxtamembrane segment (JM) of 62 residues, a protein
kinase domain of 278 residues, and a C-terminal tail of 125 residues.
The extracellular domain contains nine fibronectin Ill-like domains
of about 90 amino acid residues each and three (3-propellers of
about 250 residues each that contain YWTD sequences (Fig. 1)
[7-9]. ROST knockout mice appear to be healthy except that males
are infertile [10].

ROS1 is a so-called orphan receptor protein-tyrosine kinase
because no activating ligand has (yet) been identified [5]. In part
because of the absence of a known activating ligand, the physio-
logical functions of ROS1 are unknown. This receptor is in various
tissues and organs during embryonic development but with lit-
tle expression in adults. Of some two dozen adult human tissues
studied, the highest expression level (although slight) occurs in
lung followed by cervix and colon. Oncogenic activation of ROS1
as a result of chromosomal rearrangements has been reported
in patients with NSCLC (non-small cell lung cancer) [11-13],
glioblastoma [14], cholangiocarcinoma [15], ovarian carcinoma
[16], angiosarcoma [17], inflammatory myofibroblastic tumors
[18], and Spitzoid melanocytic tumors [19].

The incidence of ROS1 fusion proteins in these neoplasms is gen-
erally quite low. The reported incidence of these fusion proteins in
non-small cell lung cancer ranges from 1 to 2% [20]. Siegel et al.
estimated that about 222,000 patients will develop lung cancer
in the United States in 2017 (117,000 men and 105,000 women)
and 156,000 people will die of the disease (85,000 men and 71,000
women) [21]. Assuming that 90% of these patients will have NSCLC,
the incidence of new cases of ROS1* lung cancer will be about
2000-4000 (the incidence of chronic myelogenous leukemia will
be about 9000 new cases in 2017). See Ref. [22] for an overview of
the clinical course and treatment of small cell and non-small cell
lung cancers.

Charest et al. reported that the amino-terminal portion of a
protein called FIG (Fused in Glioblastoma) was fused to the car-
boxyterminal protein-tyrosine kinase domain of ROS1 in a human
glioblastoma [14]. They found that an intra-chromosomal homozy-
gous deletion of about 240 kilobases on 6q21 results in the
formation of the FIG-ROS1 locus. The FIG-ROS1 fusion transcript
is encoded by seven FIG exons and nine ROS1-derived exons. These
investigators demonstrated that the FIG-ROS1 locus encodes an in-

frame fusion protein with a constitutively active protein kinase
activity and suggested that FIG-ROS1 may function as an onco-
gene. This was the first example of a fusion protein-tyrosine kinase
that results from an intra-chromosomal deletion; other fusion pro-
teins such as EML4-ALK result from the translocation between two
chromosomes [22-24].

This FIG-ROS1 fusion protein occurs in NSCLC, cholangiocar-
cinoma, and ovarian cancer [25]. Other ROS1 fusion partners
that have been reported in NSCLC include CD74, SDC4, SLC34A2,
CCDC6, TMP3, LRIG3, and EZR (Fig. 2). The extracellular a-helical
coiled-coil domains within CCDC66-R0OS1, EZR-ROS1, FIG-ROST1,
and TMP3-ROS1 may promote receptor dimerization and activa-
tion; otherwise, there is no indication of how activation of protein
kinase activity of the other fusion proteins might occur. The CD74,
EZR, and SLC34A2 fusion proteins occur with the greatest frequency
in these lung cancers. The fusion proteins that begin with exon 32
contain a transmembrane segment that indicates that these iso-
forms contain an extracellular as well as an intracellular segment.
Moreover, SLC34A2 and CD74 contain transmembrane segments
so that the corresponding fusion proteins may be bi-membrane
spanning proteins with an overall hairpin shape [5].

Owing to the lack of a known activating ligand, there have been
few studies on the ROS1 signal transduction pathways [5]. The gen-
eration of chimeric receptors containing the extracellular domain of
the epidermal growth factor or nerve growth factor receptors with
the ROS1 protein kinase domain has been employed to study signal-
ing pathways. These studies have coupled the chimeric receptors
with protein kinase B (AKT), phosphatidyl inositol 3-kinase, STAT3,
Vav3, the SH2 domain tyrosine phosphatases (SHP-1/2), and the
mitogen-activated protein kinase ERK1/2. Many of these pathways
are activated by other receptor protein-tyrosine kinases.

2. Properties of the ROS1 protein-tyrosine kinase domain

2.1. Primary, secondary, and tertiary structures of ROS1 and
insulin receptor catalytic domains

The catalytic domain of ROS1 consists of 278 amino acid
residues, which is an average size for a protein kinase. The sto-
ichiometry of the ROS1 protein kinase reaction is given by the
following chemical equation:

MgATP!~ + protein-tyrosine — O : H — protein-tyrosine
—0:P0O3%" + MgADP + H*

Note that the phosphorylium ion (PO32-), but not the phosphate
(OPO32-) group, is transferred from ATP to the protein-tyrosine
substrate.

Based upon the sequences of about five dozen protein-
serine/threonine and protein-tyrosine kinases, Hanks and Hunter
divided the primary structures into 12 domains (I-VIA, VIB-XI) [26].
DomainIof ROS1 contains a glycine-rich loop (GRL) with a GXGx®G
signature ('952GSGAFG!9°7), where & refers to a hydrophobic
residue and is phenylalanine in the case of ROS1. The glycine-
rich loop occurs between the 31- and [32-strands and overlays
the ATP/ADP-binding site. Owing to its role in both ATP binding
and ADP release, the glycine-rich loop must be flexible and protein
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Fig. 1. The general structure of the ROS1 proto-oncogene. The amino acid residue numbers are given. AS, activation segment; CTT, C-terminal tail; FN III, fibronectin IlI-like
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Fig. 2. Selected ROS1 fusion proteins that occur in NSCLC. FIG, fused in glioblas-
toma; CD74, cluster of differentiation 74; SDC4, syndecan 4; SLC34A2, solute carrier
family 34 (sodium phosphate), member 2; CCDC6, coiled-coil domain-containing
protein 6; TMP3, tropomyosin 3; LRIG3, leucine-rich repeats and immunoglobulin-
like domains 3; EZR, ezrin; TMEM106B, transmembrane protein 106B; TPD52L1,
tumor protein D53; CC, coiled-coil; CTT, carboxyterminal tail; E, ROS1 exon; JM,
juxtamembrane; TM, transmembrane.

segments including glycine have this property. Domain II of ROS1
contains a conserved Ala-Xxx-Lys (1978 AVK!980) sequence in the
[33-strand and domain III contains a conserved glutamate (E1997)
in the aC-helix that forms an electrostatic bond with the con-
served 33-lysine in the active protein kinase conformation (Fig. 3A).
Domain VIB of ROS1 contains a conserved HRD sequence, which
forms part of the catalytic loop (2977HRDLAARNZ2%4), Domain
VII contains a 2102DFG21%4 signature and domain VIII contains
a 2129ApE2131 sequence, which together represent the beginning

and end of the ROS1 activation segment. The activation segment
exhibits different conformations in the more active and less active
protein kinase states. Protein kinase domains IX-XI make up the
aE-al helices.

The initial X-ray structure of the catalytic subunit of protein
kinase A provided a valuable framework for understanding the
interrelationship of the 12 domains and has enlightened our views
on the fundamental biochemistry of the entire protein kinase

(A) ROS1 PDB ID: 3ZBF
= =

Proteln
substrate

Fig. 3. (A) Structure of the ROS1 catalytic domain. The activation segment (AS) and
the Gly-rich loop are not shown owing to their disorder; the inferred location of the
Gly-rich loop (GRL) is indicated by the dashed curve. (B) Structure of the InsR cat-
alytic domain together with a bound ATP and protein substrate. The dotted spheres
represent the positions of Mg?*(i) and (ii). The activation segment (blue) beginning
with D1177 extends from the top to the bottom of the C-lobe and contains three
phosphotyrosines (pY). Ad, adenine; *, E1104; a, N1164. Figs. 3-5, 7 and 8 were
prepared using the PyMOL Molecular Graphics System Version 1.5.0.4 Schrodinger,
LLC.
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superfamily (PDB ID: 2CPK) [27,28]. All protein kinases includ-
ing ROS1 have a small N-terminal and a large C-terminal lobe
[29,30]. The small N-terminal lobe contains five conserved [3-
strands (31-5) and an important regulatory aC-helix and the large
C-terminal lobe contains four conserved short strands (36-39)
along with seven helices (aD-al and «EF) (Fig. 3A). Of the many
hundreds of protein kinase structures that have been described, all
of them possess the fundamental protein kinase structure as first
described for the catalytic subunit of PKA [27,28,30].

All catalytically active protein kinases contain a K/E/D/D
(Lys/Glu/Asp/Asp) signature that plays critical roles in the pro-
tein kinase reaction (Table 1) [30]. The lysine and glutamate
occur within the N-terminal lobe and the two aspartate residues
occur within the C-terminal lobe. Although ATP binds in a cleft
between the two lobes, there is more extensive interaction with
the N-terminal lobe. A salt bridge between the (33-lysine and the
aC-glutamate is required for the formation of an active protein
kinase, which corresponds to an aCj, configuration. These residues
of many inactive enzyme conformations fail to make electrostatic
contact and constitute an inactive aCoy¢ Structure (See Refs. [30,31]
for details). The aC;, structure is necessary, but not sufficient, for
the expression of catalytic activity.

The carboxyterminal lobe participates in protein/peptide sub-
strate binding and contains catalytic loop residues that play an
essential role in the phosphoryl transfer reaction. Moreover, two
Mg2* ions participate in each catalytic cycle of several protein
kinases [32] and are most likely required for the functioning of
ROS1. Of the two ROS1 X-ray structures in the public domain, nei-
ther contains ATP, a protein/peptide substrate, nor Mg2*. Thus, we
will use an active form of the related insulin receptor protein-
tyrosine kinase (InsR) for comparative purposes. By inference, ROS1
D2102 (the DFG-D and the second D of K/E/D/D) binds to Mg2*(i),
which in turn binds to the 3- and y-phosphates of ATP. In this active
conformation, the DFG-D is directed inward toward the active site.
The corresponding residue in InsRis D1177 (Fig. 3B). ROS1 N2084 of
the catalytic loop binds Mg2*(ii), which in turn binds to the a- and
v-phosphates of ATP; the corresponding residue in InsR is N1164.

We infer that the activation segment of ROS1 in its active state
forms an open structure that allows protein/peptide binding as
depicted for the insulin receptor protein kinase domain complexed
with a fragment of insulin receptor substrate 2 (IRS2) (Fig. 3B). The
region of IRS2 that forms an antiparallel B-strand linkage with InsR
is called the kinase regulatory loop binding (KRLB) region [33]. The
carbonyl group of InsR G1167 within the activation segment forms
a hydrogen bond with the N—H group of IRS2 1633 while the N—H
group of G1167 hydrogen bonds with the carbonyl group of 1633.
Additionally, the carbonyl group of InsR G1169 within the activa-
tion segment forms a hydrogen bond with the N—H group of IRS2
1631 while the N—H group of G1169 forms a hydrogen bond with
the carbonyl group of 1631 (not shown). Knighton et al. reported
that the N—H group of 122 of an inhibitory peptide substrate ana-
logue forms a hydrogen bond with the carbonyl group with the
activation segment PKA G200 [28]. The PKA inhibitor interaction
involves 122, which is one residue downstream from the phospho-
rylation site (P+ 1), while the IRS2 interactions are at the P+3 and
P+5 positions. Both active and less active protein kinases contain
an additional helix (o.EF) near the end of the activation segment.

The exocyclic 6-amino nitrogen of ATP characteristically forms
a hydrogen bond with the carbonyl backbone residue of the first
ROS1 hinge residue (E2027) that connects the amino-terminal and
carboxyterminal lobes of the protein kinase domain and the N1
nitrogen of the adenine base forms a second hydrogen bond with
the N—H group of the third hinge residue (M2029, not shown).
The 6-amino nitrogen of ATP forms an electrostatic bond with InsR
E1104 (Fig. 3B). As noted later, most small-molecule steady-state
ATP competitive inhibitors of protein kinases including ROS1 make

hydrogen bonds with the backbone residues of the connecting
hinge.

The activation segment binds the protein substrate thus play-
ing an important role in the catalytic cycle [34]. The beginning of
the segment is located near the N-terminus of the aC-helix and
the conserved catalytic loop HRD. The interfaces of these units are
linked by hydrophobic interactions. As in the case of most pro-
tein kinases [35], phosphorylation of a residue or residues within
the activation segment converts a less-active to a more-active
enzyme [36].ROS1, InsR, IGF-1R (insulin-like growth factor 1 recep-
tor), LTK (the closest relative of ROS1 [6]), IRRK (insulin receptor
related kinase), and ROS1 contain three potential phosphorylat-
able tyrosine residues with a sequence YxxxYY. This segment is
Y2110/Y2114/Y2115 in ROS1 (UniProtKB ID: P08922 numbering
system) and Y1185/Y1189/Y1190 in InsR (UniProtKB ID: P06213).
The following scheme describes the activation of InsR: phosphory-
lation of Y1189 is followed by that of Y1185 and then Y1190 [37].
This same ordering was found for IGF-1R with phosphorylation of
the second tyrosine, followed by the first, and then by the third
tyrosine in the YxxxYY sequence [38]. Whether this sequence of
activation segment phosphorylation of ROS1 or the ROS1 fusion
proteins occurs is unknown.

Lemmon and Schlessinger reviewed the mechanisms of activa-
tion of several receptor tyrosine-protein kinases and each of these
mechanisms involves the ligand-induced formation of receptor
dimers and subsequent protein kinase activation or it involves the
ligand-induced activation of pre-formed dimers [9]. Following acti-
vation, one member of the dimer pair catalyzes the phosphorylation
of activation segment tyrosine residues of the receptor partner
along with the phosphorylation of other protein-tyrosines that cre-
ates docking sites for signal transduction proteins. Our knowledge
of the mechanism of physiological ROS1 is nil owing to the lack of
any known stimulating ligand. Although the amino-terminal seg-
ment of several ROS1 fusion proteins contains coiled-coil regions
with a propensity to dimerize, several others lack such dimerization
domains (Fig. 2). Thus, the mechanisms responsible for the activa-
tion of ROS1 and the ROS1 fusion proteins are currently unknown
and represent a potentially fruitful area of investigation.

The catalytic loop surrounding the actual site of phosphoryl
transfer within the large lobe consists of 2077HRDLAARNZ2084 in
ROS1. The catalytic aspartate (D2079) in ROS1, which is the first
D of K/E/D/D, functions as a base that abstracts a proton from the
protein-tyrosine substrate residue thereby facilitating its in-line
nucleophilic attack onto the y-phosphorus atom of ATP (Fig. 4)
[39]. The catalytic segment AAR sequence occurs in many recep-
tor protein-tyrosine kinases such as EGFR, platelet-derived growth
factor receptor, and ROS1 while RAA occurs in many non-receptor
protein-tyrosine kinases such as Src [26].

2.2. The hydrophobic spines of ROS1 and the insulin receptor
catalytic domains

Kornev et al. analyzed the structures of 23 eukaryotic and
prokaryotic protein kinases and they determined the role of sev-
eral critical residues by a local spatial pattern alignment algorithm
[40,41]. They classified eight hydrophobic residues as a catalytic or
C-spine and four hydrophobic residues as a regulatory or R-spine.
These spines contain amino acid residues from both the N-terminal
and C-terminal lobes. The R-spine contains one residue from the
regulatory aC-helix and another from the activation segment, both
of which are major components that determine more active or less
active enzyme states. The lower portion of the R-spine within the
large lobe anchors the activation and catalytic loops in an active
state and the C-spine tethers ATP within the interlobe cleft thus
enabling catalysis. Moreover, the accurate alignment of both spines
is necessary for the production of an active enzyme as described
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Table 1
Important residues of the human ROS1, ALK, and insulin protein-tyrosine kinase receptors.?
ROS1 ALK InsR Inferred function Hanks no.
Swiss-Prot accession no. P08922 Q9UM73 P06213
No. of residues 2347 1620 1382
Molecular Wt (kDa)? 263.9 176.4 156.3
Signal sequence 1-27 1-18 1-27
Extracellular domain 28-1859 19-1038 28-956 Ligand binding
FN-III, 101-196 MAM1, 264-427 FN-III, 624-726
FN-III, 197-285 LDL-A, 437-473 FN-III, 757-842
B-propeller, 291-551 MAM2, 478-636 FN-III, 853-947
FN-III, 557-671
3-propeller, 684-934
FN-III, 947-1042
FN-III, 1043-1150
B-propeller,
1175-1425
FN-III, 1450-1556
FN-III, 1557-1656
FN-III, 1658-1751
FN-III, 1752-1854
Transmembrane segment 1860-1882 1039-1059 957-979 Links extracellular and
intracellular domains and
mediates dimer formation
JM segment 1883-1944 1060-1115 980-1022 Potential regulatory role
Protein kinase domain 1945-2222 1116-1392 1023-1298 Catalyzes
transphosphorylation
Glycine-rich loop 1952 GSGAFG1957 M23GHGAFG!128 1030 GQGSFG 03> Anchors ATP 3-phosphate I
B3-K of K/E/D/D K1980 K1150 K1057 Forms salt bridges with ATP a- 11
and -phosphates
aC-E, E of K/E/D/D E1997 E1167 E1074 Forms salt bridges with 33-K il
Hinge residues 2027EL MEGG2032 T97ELMAGG1202 T04EL MAHG1109 Connects N- and C-lobes and \Y
hydrogen bonds with the ATP
adenine
Catalytic loop, HRDLAARN 2077HRDLAARN?2084 1047HRDLAARN 054 1157HRDLAARN1164 Plays both structural and Vib
catalytic functions
Catalytic loop HRD, First D of D2079 D1249 D1159 Catalytic base (abstracts VIb
K/E/D/D protein substrate proton)
Catalytic loop Asn, HRDLAARN N2084 N1254 N1164 Chelates Mg?*(ii) VIib
AS DFG, Second D of K/E/D/D D2102 D1270 D1177 Chelates Mg?*(i) Vil
AS D2102-E2131 D1270-E1299 D1177-E1206 Positions protein substrate VII-VIII
AS tyrosines 2110, 2114, 2115 1278,1282,1283 1185,1189, 1190 Stabilizes the AS after VIII
phosphorylation
End of AS 2129 ApE2131 1297 ppg1299 1204 p pE1206 Interacts with the aHI loop and  VIII
stabilizes the AS
C-terminal tail 2223-2347 1393-1620 1299-1382 Signal transduction None
C-terminal tail tyrosine 2274,2334 1507, 1604 1355, 1361 Phosphorylated tyrosines None

phosphorylation sites

interact with a variety of
docking proteins that mediate
intracellular signaling

a AS, activation segment; FN-III, fibronectin Ill-like domain; JM, juxtamembrane; LDL-A, low density lipoprotein class A domain; MAM, meprin-A5 antigen-PTPp domain.

b Molecular weight of the unprocessed and nonglycosylated precursor.

for the cyclin-dependent protein kinases, EGFR, ERK1/2, the Janus
kinases, MEK1/2, Src, and the vascular endothelial growth factor
receptors [22,32,42-48].

Going from the base to the apex, the classical protein kinase
regulatory spine consists of the catalytic loop HRD-His, the activa-
tion loop DFG-Phe, an amino acid four residues carboxyterminal to
the conserved aC-glutamate, and an amino acid at the beginning
of the B4-strand [40,41]. The backbone N—H of the HRD-His hydro-
gen bonds with an invariant aspartate carboxyl group within the
very hydrophobic aF-helix. Going from the base to the apex of the
spine, Meharena et al. dubbed the R-spine residues RSO, RS1, RS2,
RS3, and RS4 (Fig. 4A) [49]. The R-spine of ROS1 is linear like that
of the active InsR (Fig. 5B and C). The R-spine of inactive enzymes
is usually nonlinear or broken, particularly involving the RS2 and
RS3 residues (See Refs. [30,50] for details).

The catalytic spine of protein kinases contains residues from
both the amino-terminal and carboxyterminal lobes; this spine is
completed by the adenine base of ATP (Fig. 5A, C) [41]. The two
residues of the small lobe that interact with the adenine base of
ATP include a conserved valine residue at the beginning of the 32-

strand (CS7) and a conserved alanine from the canonical AxK of the
[33-strand (CS8). Furthermore, a hydrophobic residue from the 7-
strand (CS6) interacts with the adenine portion of ATP. Almost all
ATP-competitive protein kinase inhibitors interact with CS6. The
CS6 residue occurs between two hydrophobic residues (CS4 and
CS5) that contact the CS3 residue near the beginning of the aD-helix
of the large lobe (Fig. 5A). CS4/6/5 immediately follow the catalytic
loop asparagine (HRDxxxxN) so that it is easy to identify these
residues based upon the primary structure. Finally, CS3 and CS4
make hydrophobic contacts with the CS1 and CS2 residues of the
aF-helix thereby forming a completed catalytic spine (Fig. 4A and
B) [41]. Significantly, the hydrophobic aF-helix, which spans the
entire large lobe, anchors both spines. Moreover, both spines play
an essential role in anchoring the protein kinase catalytic residues
in an active conformation. CS7 and CS8 in the amino-terminal lobe
make up the “ceiling” of the adenine-binding pocket while CS4/6/5
make up the “floor” of the binding pocket. Note that CS4/6/5 form
the [37-strand of the protein kinase domain (Fig. 3A).

Based upon the results of site-directed mutagenesis studies,
Meharena et al. identified three shell (Sh) residues in the catalytic
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(B) ROS1
PDB ID: 3ZBF

(A) Nomenclature

C-spine R-spine C-spine R-spine

(C) InsR (D) Spine superposition
PDB ID: 4XLV
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CS5/6, “}-{”2#\%3
}Z shi &
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CS3/4 ,

CS1/2 RSO
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RS4

C-spine R-spine R-spine

Fig. 5. Catalytic and regulatory spine structures. (A) Catalytic spine (CS), regulatory spine (RS), and shell (Sh) residues as observed from the classical frontal view of protein
kinases. (B) Spines of active ROS1. (C) Spines of active InsR. (D) Superposition of the ROS1 and InsR spines. Ad, adenine.

Table 2
Spine and shell residues of human ROS1 and InsR and murine PKA.
Symbol KLIFS No.? ROS1 InsRK PKAP

Regulatory spine
34-strand (N-lobe) RS4 38 Q2012 L1062 L106
C-helix (N-lobe) RS3 28 M2001 M1051 L95
Activation loop F of DFG (C-lobe) RS2 82 F2103 F1151 F185
Catalytic loop His/Tyr (C-lobe) RS1 68 H2077 H1130 Y164
F-helix (C-lobe) RSO None D2143 D1191 D220

R-shell
Two residues upstream from the gatekeeper Sh3 43 12024 V1074 M118
Gatekeeper, end of 35-strand Sh2 45 L2026 M1076 M120
aC-B4 loop Shi 36 L2010 V1060 V104

Catalytic spine
33-AxK motif (N-lobe) CS8 15 A1978 A1028 A70
32-strand (N-lobe) CS7 11 V1959 V1010 V57
37-strand (C-lobe) CS6 77 L2086 M1139 L173
37-strand (C-lobe) CS5 78 V2087 V1140 1174
B7-strand (C-lobe) CS4 76 C2085 C1138 L172
D-helix (C-lobe) CS3 53 L2034 L1084 M128
F-helix (C-lobe) CS2 None 12150 V1198 L227
F-helix (C-lobe) CS1 None L2154 11202 M231

o

KLIFS (kinase-ligand interaction fingerprint and structure) from Ref. [54].
From Refs. [40,41,49].

o

subunit of PKA that buttress and stabilize the regulatory spine,
which they labeled Sh1, Sh2, and Sh3 [49]. The Sh2 residue cor-
responds to the gatekeeper residue. This designation indicates the
role that the gatekeeper plays in controlling access to a back cleft
or back pocket [51,52]; it is sometimes called hydrophobic pocket
IT (HPII) [52,53]. In contrast to the identification of the HRD, DFG,
or APE signatures, which is based upon their primary structures
[26], the spines were identified by their spatial locations in more
active and less active protein kinases [40,41]. Table 2 provides a
summary of the spine and shell residues of ROS1, InsR, and PKA.
As described later, small molecule protein kinase antagonists often
interact with residues that constitute the catalytic spine as well as
regulatory spine and shell residues [50].

The ROS1 X-ray structures are those of an active protein kinase.
For example, the DFG-Asp is pointed inward toward the active site,
the configuration of the aC-helix is in its active aC;, configuration
with E1997 forming a hydrogen bond with the 33-K1980, and the
catalytic and regulatory spines are linear and are neither bent nor
broken. Moreover the C- and R-spines are superimposable with the

active, tris-phosphorylated form of InsR (Fig. 5D). However, it can-
not be stated with certainty that ROS1 is active owing to the lack of
the full structure of the activation segment. In the case of ALK (PDB
ID: 2XP2), the spine residues were superimposable with the InsR,
but the activation segment was closed and compact, a property of
an inactive enzyme, which contrasts with the activation segments
of active enzymes that are open and extended [22].

3. Drugs approved and in clinical trials for the treatment of
ROS1* lung cancers

3.1. Clinical trials summary

Crizotinib is currently the only targeted drug that is approved
for the treatment of ROS1* lung cancers (www.brimr.org/PKI/PKIs.
htm). However, several additional drugs are in clinical trails for the
treatment of these malignancies (Table 3). The code for the ROS1
inhibitors is useful in PubMed literature searches and PDB searches
because it often results in findings that are missed when using the
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Table 3

Properties of selected orally effective small molecule ROS1 inhibitors approved and in clinical trials.?

Name, code, trade Targets PubChem Formula MW (Da) D/AP cLogP* FDA-approved
name” CID indications?
Crizotinib, PF-2341066, ALK, MET, 11626560 C21H22Cl1,FN5 O 450.3 2/6 3.7 ALK* (2011) and ROS1*
Xalkori® LTK, ROS1 NSCLC (2016)
Lorlatinib, ALK, LTK, 71731823 C21H19FNgO2 406.4 1/7 1.5 None
PF-06463922 ROS1
Ceritinib, LDK 378, ALK, 57379345 C28H36CIN503S 558.1 3/8 6.4 ALK*-NSCLC after
Zycadia® IGF-1R, crizotinib resistance
InsR, ROS1 (2014)
Entrectinib, RXDX-101 ALK, ROST, 25141092 C31H34F2,NgO3 560.6 3/8 5.7 None
Trk1/2/3
Cabozantinib, XL-184 AXI, FIt-3, 25102847 CosH24FN305 501.5 2[7 5.4 Medullary thyroid
and BMS-907351, Kit, MET, cancer (2012); renal
Cometriq” ROS1, cell carcinoma after
Tie-2, TrkB, one prior
VEGFR1/2/3 anti-angiogenic
therapy (2016)

clinicaltrials.gov.
No. of hydrogen bond donors/acceptors.

a n o o

www.brimr.org/PKI/PKIs.htm.
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Fig. 4. Mechanism of the ROS1 protein kinase reaction. The catalytic loop D2079
functions as a base and abstracts a proton from the protein-tyrosine substrate. The
dotted spheres represent Mg2*(i) and Mg2*(ii). AS, activation segment; CL, catalytic
loop. The model is adopted from the fibroblast growth factor receptor-2 PDB ID:
2PVF, but the residue numbers correspond to ROS1.

generic or the trade name. See Ref. [55] for a summary of the clinical
trials that led to the approval of crizotinib and for the status of the
four other drugs that are included in this paper.

3.2. Structure of ROS1-drug complexes

The following provides an overview of drug-protein kinase
interactions including ROS1. Drugs that are ATP-competitive
inhibitors often bind to CS7 and CS8 within the small lobe and
CS6 within the large lobe. These residues form hydrophobic con-
tacts with the adenine base of ATP. Such drugs may form 1 to
3 hydrogen bonds with the backbone residues within the hinge.
Many drugs interact with the gatekeeper residue by forming hydro-
gen bonds with the —R group or by making hydrophobic contact
with the —R group. Because the ROS1 gatekeeper is leucine, inter-
action with the gatekeeper is expected to be hydrophobic in nature.
Drugs frequently interact with residues within the aC-34 back loop
including the Sh1 residue. Many protein kinase antagonists bind
to residues within the back pocket or back cleft that extends past

Calculated log of the partition coefficient as determined by MedChem Designer” v.1.0.1.15.

the gatekeeper toward the aC-helix and toward the activation seg-
ment. The so-called selectivity pocket includes residues near the
35-strand and aC-helix within the back pocket, residues near the
[33-lysine, aC-glutamate, and DFG-Asp, but it excludes residues
that contact the adenine of ATP including CS6/7/8 [56]. Residues
within the selectivity entrance include those at the end of the 31-
strand just before the G-rich loop in the small lobe and those in the
aD-helix within the large lobe; these residues form the mouth of
the front pocket.

Crizotinib is the only FDA-approved small molecule inhibitor
used in the treatment of metastatic ROS1* NSCLC (Table 3). The
orally effective drug, which is an ATP-competitive inhibitor, con-
tains a pyrazopyridine scaffold (Fig. 6A). The exocyclic 2-amino
group of the pyridine ring forms a hydrogen bond with the carbonyl
group of E2027 and the N1 of the pyridine ring forms a hydrogen
bond with the N—H group of M2029 (Fig. 7A). This hydrogen bond-
ing pattern mimics the bonding of the adenine base of ATP to the
enzyme, i.e., the exocyclic 6-amino group hydrogen bonds with the
carbonyl group of the first residue of the hinge and the N1 of the ade-
nine ring hydrogen bonds with the N—H group of the third residue
of the hinge. Crizotinib makes hydrophobic contact with L1951 at
the selectivity entrance before the G-rich loop, A1978 (CS8), L2010
in the aC-34 back loop, L2026 (the Sh2 gatekeeper), L2086 (CS6),
and DFG-D2102; the drug also makes van der Waals contact with
R2083 and N2084 of the catalytic loop. The piperidine ring, which
is attached to the pyrazol-4-yl moiety, is directed away from the
enzyme into the solvent.

Crizotinib binds to active ROS1, which is a property of a type
[ inhibitor [50]. In contrast, the drug binds to inactive ALK (PDB
ID: 2XP2) [22] with DFG-D;,. The drug binds to the front pocket,
does not extend past the gatekeeper into the back pocket, and the
crizotinib-ALK complex qualifies as a type 1 1/2B inhibitor [22,50].
The C-spine and R-spine residues of the crizotinib-ALK complex
are superimposable with those of the active InsR, which suggests
that the enzyme should be active. However, the activation seg-
ment of the ALK-drug complex is in an inactive conformation owing
to the formation of an inhibitory aAS-helix at the beginning of
the activation segment. Despite these differences, the hydropho-
bic interactions and the hydrogen bonding of crizotinib with the
hinge residues of ALK corresponds to its interactions with ROS1.

To help in the classification of drug-kinase interactions, van Lin-
den et al. have provided a comprehensive description of drug and
ligand binding to more than 1200 human and mouse protein kinase
domains [54]. Their KLIFS data base (kinase-ligand interaction
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Fig. 6. Structures of selected ROS1 inhibitors.
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Fig. 7. Structures of ROS1-drug complexes. AS, activation segment; CL, catalytic loop; GK, gatekeeper; GRL, Gly-rich loop.

fingerprint and structure) describes the alignment of 85 protein
kinase-ligand binding-site residues, which allows for the classifi-
cation of ligands according to their binding properties along with
the recognition of family-specific interaction features. Moreover,
these investigators employ a standard residue numbering system
that facilitates a comparison among all protein kinases. See Table 2
for the correspondence between the KLIFS residues and the R-spine,
shell, and C-spine residues. Furthermore, van Linden et al. [54] have
established an informative noncommercial and searchable web site
that provides updated information on protein kinase-drug/ligand
interactions (http://www.vu-compmedchem.nl/). The information
provided at this site indicates that crizotinib binds to the ROS1 front
pocket only.

Lorlatinib is an orally effective drug that is in clinical trails for the
treatment of metastatic ROS1* NSCLC. The drug, which is an ATP-
competitive inhibitor of ROS1, contains a pyrazopyridine scaffold
similar to that of crizotinib (Fig. 6B). The exocyclic 2-amino group of
the pyridine ring forms a hydrogen bond with the carbonyl group
of E2027 and the N1 of the pyridine ring forms a hydrogen bond
with the N—H group of M2029 (Fig. 7B). This hydrogen bonding is
identical to that observed in the crizotinib-ROS1 complex. The drug
makes hydrophobic contact with L1951 at the selectivity entrance
before the G-rich loop, V1959 (CS7), A1978 (CS8), L2010 in the aC-
[34 back loop, L2026 (the Sh2 gatekeeper), L2086 (CS6), and DFG-
D2102; lorlatinib also makes van der Waals contact with R2083
and N2084 of the catalytic loop. The drug occupies the front pocket
only and does not extend past the gatekeeper [54]. The nitrile group,
which is attached to the pyrazol-4-yl moiety, is directed away from
the enzyme into the solvent. Lorlatinib is a type I ROS1 inhibitor.

Ceritinib is a diamino-pyrimidine derivative (Fig. 6C) that is FDA
approved for the treatment of ALK* NSCLC [57,58] and is in clinical
trials for the treatment of ROS1* NSCLC (Table 3). No X-ray struc-
tural studies of ceritinib bound to ROS1 have been reported. To
obtain an idea on the possible interaction of this drug with the
enzyme, the Schrédinger Glide Suite (2016-1 release) was used
to dock the drug into human ROS1 (with initially bound crizo-
tinib, PDB ID: 3ZBF) [59]. The results indicate that the pyrimidine
N1 forms a hydrogen bond with the N—H group of M2029 of the
hinge residue while the exocyclic 2-amino group forms a hydrogen
bond with the M2029 carbonyl function (Fig. 7C). The drug makes

hydrophobic contact with V1959 (CS7), A1978 (CS8), L2019 within
the aC-34 back loop, L2026 (the Sh2 gatekeeper), L2028 within the
hinge, T2036 within the aD-helix, L2086 (CS6), and DFG-D2102.
The piperidinyl and isopropoxy groups are directed away from the
protein kinase domain into the solvent. The interaction of ceritinib
with ROS1 closely resembles that with ALK (PDB ID: 4MKC). How-
ever, the ALK activation segment is in an inactive configuration
and the ceritinib-ALK complex is that of a type 1 1/2B inhibitor.
In contrast, ceritinib binds to the active conformation of ROS1 and
is therefore classified as a type I inhibitor [50].

Entrectinib is an indazole derivative (Fig. 6D) that is in clinical
trials for the treatment of ROS1* NSCLC (Table 3). No X-ray struc-
tural studies of entrectinib bound to ROS1 have been reported. To
explore the possible interaction of this drug with the enzyme, the
Schrodinger Glide Suite (2016-1 release) was used to dock the drug
into human ROS1 (with initially bound crizotinib, PDB ID: 3ZBF)
[59]. The pose indicates that the indazole N1 functions as a hydro-
gen bond donor with the carbonyl group of E2027, the indazole N2
forms a hydrogen bond with the N—H group of M2029, and the
indazole exocyclic 3-amino group forms a hydrogen bond with the
carbonyl group of M2029 (Fig. 7D). Additional analysis indicates
that the drug forms hydrophobic contacts with L1951 at the selec-
tivity entrance before the G-rich loop, V1959 (CS7), A1979 (CS8),
L2010 in the aC-34 back loop, L2026 (the Sh2 gatekeeper), K2040
within the aD-helix, C2085 (CS4), L2086 (CS6), and DFG-D2102.
Moreover, the drug makes van der Waals contact with R2083 and
N2084 within the catalytic loop. The hydrophilic piperazine ring
extends into the solvent. Like the three previous drugs, entrectinib
is classified as a type I ROS1 inhibitor.

Cabozantinib is multi-kinase inhibitor that is FDA approved for
the treatment of medullary thyroid cancer and renal cell carcinoma
(Table 3). It is in clinical trials for the treatment of ROS1* NSCLC.
Because no structural data of cabozantinib binding to ROS1 or any
other protein kinase are in the public domain, we attempted to
determine its mode of binding using in silico methodologies. Unfor-
tunately, we were unable to obtain satisfactory poses using either
the Schrodinger Glide or Induced Fit programs [59,60].

To summarize these interactions, the drugs form two or three
hydrogen bonds with backbone residues within the hinge. Each of
the drugs makes hydrophobic or van der Waals contact with an
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Table 4
Crizotinib resistant ROS1 fusion-protein mutations in NSCLC.

Mutation? Location Mechanism of resistance

G2032R Lower hinge Most common mutation sterically
blocks drug binding

D2033N Lower hinge Unclear

S1986Y/F 33-aC loop May sterically block drug binding

L2026M Gatekeeper Stabilizes the R-spine and increases
enzyme activity

L2155S End of aF-helix Unclear

2 From Ref. [55].

additional eight or nine residues. As described by Zhao et al. [56],
interaction with CS7, CS8, and CS6 are among the most frequent
ligand-protein kinase interactions. They also report that each lig-
and makes on the order of 14 contacts with its partner enzyme
excluding hydrogen bonds. Our results are curated to include only
the most significant interactions.

3.3. ROSI1 resistance to crizotinib

Resistance to crizotinib can result from the activation of by-pass
pathways, to mutations in the ROS1 protein kinase domain [55],
or to as yet unidentified mechanisms. Activation of EGFR signal-
ing was observed in the ROS1* HCC78 cell line that was derived
from a human with NSCLC. Amplification of KRAS and an activat-
ing D618G Kit mutation have also been described. Five crizotinib
resistance mutations in ROS1 have also been documented (Table 4).
The G2032R and D2033N mutations occur in the hinge that con-
nects the small and large lobes. Each of these mutations is close
to the crizotinib-binding site and it is easy to imagine that the
G2032R mutation with the substitution of the much larger argi-
nine would block crizotinib binding. However, it is more difficult
to imagine how the D2033N mutation would block drug binding
because of their similar sizes. The S1986Y/F mutation occurs in the
33-aCloop; substitution of the much larger phenylalanine or tyro-
sine may sterically block crizotinib binding. The sizes of the leucine
and methionine in the L2026M mutation are similar. However,
studies in ALK indicate that a methionine gatekeeper may stabi-
lize the R-spine to a greater extent than a leucine gatekeeper and
this may account for enzyme activation and crizotinib resistance
[22,23]. The L2155S mutation occurs at the end of the aF-helix and
is about 23 A from crizotinib; this distance suggests that this muta-
tion results in structural changes of the protein kinase domain that
render crizotinib ineffective (Fig. 8).

Ceritinib is a second generation drug that is effective in the
treatment of ALK* crizotinib resistant mutations [22]; however, it
does not appear to be as effective against the crizotinib resistant
ROS1* tumors [55]. Lorlatinib appears to be effective against the
ROS1 gatekeeper mutant and the D2033N and S1986Y/F mutants.
Although entrectinib is effective against ROS1, it does not appear
to be effective against the G2032R and L2026M mutations; it has
not been tested with the other ROS1 mutants. Cabozantinib has
been shown to be clinically effective in patients with the D2033N
mutation; its effectiveness against the other mutations is not yet
known. Owing to the relative paucity of ROS1* NSCLC patients and
to the recent use of crizotinib in the treatment of these patients,
all of the above data have been determined in very small numbers
of subjects. Thus the data presented in this section are tentative in
nature and future studies may lead to different conclusions.

4. Epilogue
Cuietal.initially developed crizotinib as a MET receptor protein-

tyrosine kinase inhibitor [61]; MET is part of the insulin receptor
family and is related to ALK and ROS1 [6]. In an informative paper,

PDB ID: 3ZBF

B1/2/3

G

Fig. 8. The location of the crizotinib-resistant ROS1 mutations are shown as CPK
spheres and crizotinib is depicted as dotted spheres. AS, activation segment; BL,
aC-B4 back loop; CL, catalytic loop; GK, gatekeeper.

Cui et al. describe all of the steps in the development of crizotinib
using structure-based drug design from a lead compound along
with the use of lipophilic efficiency and ligand efficiency as devel-
opmental parameters [61]. Hepatocyte growth factor/scatter factor
(HGF/SF) is the MET activating ligand and MET therefore corre-
sponds to the hepatocyte growth factor receptor (HGFR). However,
MET originally denoted the methyl group that occurs in the car-
cinogen (N-methyl-N'-nitroso-guanidine) used to generate a fusion
protein in a human osteogenic sarcoma cell line [62]. Besides pro-
moting cell division and survival, this protein kinase also plays a
role in the metastasis of cancer cells. MET may also be thought of
as an acronym for mesenchymal-epithelial transition factor [61].
During its development, crizotinib was also found to be an ALK
inhibitor.

After the discovery that ROS1 fusion proteins participate in the
pathogenesis of lung cancers, Lovly et al. reported that crizotinib
inhibited ROS1 with an IC5q of 1.7 nM [63]. Subsequently, Maziéres
reported that crizotinib was highly effective in the treatment of
patients with ROS1* lung cancers [64]. Owing to the clinical expe-
rience with crizotinib in the treatment of ALK* lung cancers, the
transition to the treatment of patients with ROS1* lung cancers
went easily. As noted above, primary and acquired resistance to
crizotinib is a familiar problem associated with nearly all targeted
cancer therapies.

As indicated in Table 3, all of the medicinals reviewed in this
paper target several enzymes. The drug-enzyme structures of each
of the four drugs depicted above indicate that they bind chiefly in
the front pocket with little interaction with the selectivity pocket
that extends from the front pocket (Fig. 7). Failure to interact with
residues outside of the front pocket is consistent with the lack of
selectivity of these drugs [56]. There are several hundred different
small molecule protein kinase inhibitors in clinical trials world-
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wide [58]. Although one goal in the development of protein kinase
inhibitors has been to target a single enzyme, it seems that many, if
not most, of the selective inhibitors have been found at later stages
to inhibit multiple enzymes. Although it may be counterintuitive,
the majority of the approved protein kinase antagonists are mul-
tikinase inhibitors (www.brimr.org/PKI/PKIs.htm). Moreover, their
therapeutic success may be related to the simultaneous inhibition
of multiple enzymes. Consequently, we have the issue of whether
magic shotguns are to be favored over magic bullets [65].

Manning et al. found that the human protein kinase gene fam-
ily consists of 518 members including 478 typical and 40 atypical
enzymes [6]. Based upon the identity of the phosphorylated —OH
group, these enzymes are classified as protein-tyrosine kinases
(90), protein-tyrosine kinase like enzymes (43), and protein-
serine/threonine kinases (385 members). A small group of proteins
including MEK1/2, which catalyze the phosphorylation of both
threonine and tyrosine residues within the activation segment
of target proteins, are classified as dual specificity kinases. The
protein-tyrosine kinases include both receptor (58) and non-
receptor (32) proteins. Assuming a human gene number of 19,000
[66], protein kinases make up 2.7% of all genes. Accordingly, about
one in 37 human genes on the average encodes a protein kinase.
Because dysregulation and mutations of protein kinases play fun-
damental roles in the pathogenesis of human diseases including
cancer, autoimmune, inflammatory, and nervous disorders, this
family of enzymes has become one of the most important drug tar-
gets over the past two decades [67]. The three dozen FDA-approved
drugs target only about 20 different protein kinases (www.brimr.
org/PKI/PKIs.htm). Thus, there are still a very large number of addi-
tional potential targets that can be considered for the treatment of
an increasing variety of diseases.
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