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Oncogenic ROS1 fusion proteins are molecular drivers in multiple
malignancies, including a subset of non-small cell lung cancer (NSCLC).
The phylogenetic proximity of the ROS1 and anaplastic lymphoma
kinase (ALK) catalytic domains led to the clinical repurposing of the
Food and Drug Administration (FDA)-approved ALK inhibitor crizoti-
nib as a ROS1 inhibitor. Despite the antitumor activity of crizotinib
observed in both ROS1- and ALK-rearranged NSCLC patients, resis-
tance due to acquisition of ROS1 or ALK kinase domain mutations has
been observed clinically, spurring the development of second-gener-
ation inhibitors. Here, we profile the sensitivity and selectivity of
seven ROS1 and/or ALK inhibitors at various levels of clinical devel-
opment. In contrast to crizotinib’s dual ROS1/ALK activity, cabozanti-
nib (XL-184) and its structural analog foretinib (XL-880) demonstrate a
striking selectivity for ROS1 over ALK. Molecular dynamics simulation
studies reveal structural features that distinguish the ROS1 and ALK
kinase domains and contribute to differences in binding site and
kinase selectivity of the inhibitors tested. Cell-based resistance
profiling studies demonstrate that the ROS1-selective inhibitors
retain efficacy against the recently reported CD74-ROS1G2032R mu-
tant whereas the dual ROS1/ALK inhibitors are ineffective. Taken
together, inhibitor profiling and stringent characterization of the
structure–function differences between the ROS1 and ALK kinase
domains will facilitate future rational drug design for ROS1- and
ALK-driven NSCLC and other malignancies.
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Constitutively activated kinase fusion proteins that arise from
somatic chromosomal rearrangements are frequent drivers of

malignant transformation in cancer and represent a targetable vul-
nerability for clinical intervention. The clinical success of the tyrosine
kinase inhibitor (TKI) imatinib in targeting the oncogenic BCR-
ABL1 fusion protein in chronic myeloid leukemia (CML) motivated
efforts to identify and target oncogenic kinases in other cancers
(1–3). One such setting is non-small cell lung cancer (NSCLC),
where chromosomal rearrangements of the receptor tyrosine kinase
(RTK) anaplastic lymphoma kinase (ALK) are found in 4–5% of
patients (4, 5). The validation of rearranged ALK as an oncogenic
driver prompted the discovery and clinical implementation of cri-
zotinib as the first clinical targeted inhibitor for use in ALK fusion-
positive NSCLC (6, 7).
Fusion proteins involving the highly related kinase ROS1, an

orphan RTK of the insulin receptor family, are present in ∼1%
of NSCLC patients. ROS1 rearrangements span a variety of fu-
sion partners across several other epithelial malignancies, in-
cluding cholangiocarcinoma, gastric cancer, and ovarian cancer
(4, 8). CD74-ROS1 is the most frequent ROS1 fusion detected in
NSCLC. ROS1 fusion proteins are transforming drivers that
contribute to tumorigenesis or tumor progression in multiple
experimental model systems (9–11).
Approximately 75,000 and 15,000 new NSCLC patients per

year are anticipated to harbor tumors driven by rearranged ALK
or ROS1, respectively. Although mutually exclusive in a given

tumor and considered to be distinct molecular subgroups (12),
patients presenting with ROS1 or ALK fusion-driven lung cancer
share clinical features, tend to be younger compared with other
NSCLC patients, and have little to no history of smoking. The
kinase domains of ROS1 and ALK display a high degree of se-
quence homology (13), prompting investigation of crizotinib for
activity against ROS1 (12). Recent phase I data confirmed sig-
nificant responses to crizotinib in ROS1-rearranged NSCLC
patients (14, 15).
Despite the demonstrated clinical efficacy of TKI-based targeted

therapies in cancer, a universal challenge is emergence of drug
resistance and ensuing disease progression. Resistance commonly
involves either acquisition of kinase domain mutations that com-
promise inhibitor binding or activation of alternative pathways that
provide compensatory cell survival signals. Concordant with pre-
vious clinical experience from other TKIs, such as imatinib in CML
and erlotinib or gefitinib in lung cancer (16–18), resistance due
to acquisition of kinase domain mutations is frequently observed
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in crizotinib-treated NSCLC patients harboring ALK fusions (7,
19–21). This experience has prompted the development of sev-
eral second-generation ALK inhibitors capable of circumventing
resistance. Furthermore, compared with ALK-rearranged lung
cancers, ROS1-rearranged cancers are less frequent, and clinical
benefit with crizotinib may be more durable. The median pro-
gression-free survival for crizotinib-treated patients from phase I
evaluation of ROS1-rearranged NSCLC is 19.2 mo (15), com-
pared with 7.7 mo for patients with ALK-rearranged disease
(phase III data) (14). Given these factors, mechanisms of ac-
quired resistance to crizotinib in the clinic may take longer to
identify, and only the CD74-ROS1G2032R mutation has been
reported to date (22).

We have previously reported that foretinib (XL-880) is a
potent ROS1 inhibitor that retains efficacy against the crizo-
tinib-resistant CD74-ROS1G2032R mutant in cell-based assays
(23). In contrast to crizotinib’s dual ROS1/ALK efficacy, we
observed that foretinib is a poor ALK inhibitor. These findings
establish that not all ROS1 inhibitors possess inhibitory reci-
procity for ALK, and drug discovery efforts that use one kinase
as a proxy for the other may face limitations.
Here, we report in vitro profiling of a panel of clinically relevant

ROS1 and ALK inhibitors. To complement cell-based resistance
profiling of ROS1-selective inhibitors, structural comparison of
the kinase domains of ROS1 and ALK and computational mod-
eling of TKI binding to native and mutant kinase domains were

Table 1. Summary of ALK and ROS1 tyrosine kinase inhibitors in clinical development
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also performed. These results provide insights into therapeutically
exploitable structural differences between ROS1 and ALK that
impact inhibitor binding and design.

Results
In Vitro Profiling Reveals Differences in TKI Selectivity for ROS1 Versus
ALK.Given the clinical success with crizotinib in ALK fusion-driven
NSCLC and the fact that the ROS1 and ALK kinase domains
display high sequence homology, there is an operating assumption
that ALK inhibitors can be repurposed as ROS1 inhibitors (13).
However, comprehensive sensitivity profiling of first- and second-
generation ALK inhibitors against native and crizotinib-resistant
ROS1 has not been undertaken. We screened a panel of seven
TKIs at varying stages of clinical development (Table 1) against
Ba/F3 cells transformed with CD74-ROS1 or EML4-ALK. Cabo-
zantinib and foretinib both demonstrated a high degree of selec-
tivity for ROS1 compared with ALK, potently inhibiting the growth
of CD74-ROS1 cells (IC50 of 1.1 nM and 1.8 nM, respectively)
while exhibiting minimal effect on EML4-ALK cells at the highest
concentration tested (2,500 nM) (Fig. 1A). Conversely, although
Ba/F3 EML4-ALK cells were confirmed to be sensitive to in-
hibition by alectinib (IC50 of 12.3 nM), CD74-ROS1 cells were
alectinib-insensitive (IC50 of 1,950 nM). The remaining TKIs [cri-
zotinib, brigatinib (formerly AP26113), ceritinib, AZD3463)
exhibited varying levels of inhibition for CD74-ROS1 and EML4-
ALK cells, with brigatinib and AZD3463 displaying near equi-

potency for both (IC50 of 7.5 vs. 9.8 nM and 10.2 vs. 39.4 nM,
respectively) (Fig. 1A). These results establish three categories with
respect to ROS1 and ALK inhibitor selectivity: ROS1-selective
(cabozantinib, foretinib), dual ROS1/ALK (crizotinib, brigatinib,
ceritinib, AZD3463), and ALK-selective inhibitors (alectinib) (Fig.
1B and Table S1).
Consistent with findings from cell proliferation assays, immu-

noblot analysis after short-term treatment of Ba/F3 CD74-ROS1
cells with ROS1-selective and dual ROS1/ALK TKIs demon-
strated concentration-dependent effects on ROS1 tyrosine phos-
phorylation (Y2274) (Fig. 1C). Furthermore, although significant
inhibition of ALK tyrosine phosphorylation (Y1278) occurred in
a concentration-dependent manner in Ba/F3 EML4-ALK cells
treated with ALK-selective and dual ROS1/ALK TKIs, cabo-
zantinib and foretinib did not reduce ALK phosphorylation at
concentrations up to 250 nM (Fig. 1C). Comparable selectivity
findings were observed in the human NSCLC cell lines HCC78
and H3122, which harbor native SLC-ROS1 and EML4-ALK fu-
sions, respectively. Downstream effector pathways (MAPK and
AKT) activated by oncogenic ROS1 and ALK were also sup-
pressed in a concentration-dependent manner (Fig. S1). These
data imply structural differences between the ROS1 and ALK
kinase domains that dictate selectivity and efficacy of TKI binding.
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Fig. 2. ROS1-selective TKIs retain efficacy against the crizotinib-resistant
ROS1G2032R mutant. (A) Dose–response curves for proliferation of Ba/F3 CD74-
ROS1G2032R cells after 72-h exposure to varying concentrations of cabozantinib,
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normalized to vehicle-treated cells, and values shown are the mean ± SEM.
(B) Scatter plot of cell proliferation IC50 values for each of the indicated TKIs
against Ba/F3 cells expressing native CD74-ROS1 (blue) and CD74-ROS1G2032R

(green). Categories of selectivity profile are indicated above the plot. (C) Im-
munoblot analysis of phospho-ROS1 from Ba/F3 CD74-ROS1G2032R cells after
treatment with the indicated TKIs. (D) Overlay of crizotinib docking from
simulated models with the actual ROS1:crizotinib complex. (E) Docking score
histograms for native ROS1 and ROS1G2032R for crizotinib, foretinib, and
cabozantinib. A threshold docking score of −6 is indicated by the vertical
dashed orange line, where scores above or below this value correspond to poor
or good binding conformations, respectively.
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Fig. 1. Structural differences between the ROS1 and ALK kinase domains
underlie the differential selectivity of TKIs. (A) Proliferation of Ba/F3 CD74-ROS1
and EML4-ALK cells after 72-h exposure to cabozantinib, foretinib, crizotinib,
brigatinib, ceritinib, AZD3634, and alectinib. Data are normalized to vehicle-
treated control, and values shown are the mean ± SEM. (B) Scatter plot of cell
proliferation IC50 values for each TKI against Ba/F3 cells expressing CD74-ROS1
(blue) and EML4-ALK (orange). Categories of selectivity profile are indicated
above the plot. (C) Immunoblot analysis of phospho-ROS1 from TKI-treated Ba/F3
CD74-ROS1 cells (Upper) and phospho-ALK from TKI-treated Ba/F3 EML4-ALK
cells (Lower). (D) Alignment of ROS1 (blue) and ALK (orange) using structural
homology (based on Cα atoms). The A-loop is not shown. (E) Surface repre-
sentation of ROS1 kinase, with P- and A-loops shown in ribbon representation
(yellow). The protein surface is colored based on sequence identity between
ROS1 and ALK kinase, with red for identical sequence and blue for nonidentical
sequence. (F) Ribbon model depicting the rotation of αC-helix in ROS1 and ALK.
(G) αC-helix rotation plotted against the volume of the specificity site for ROS1
and ALK kinase calculated from molecular dynamic simulation.
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Structural Differences in the Kinase Domains of ROS1 and ALK Underlie
TKI Selectivity. ROS1 and ALK share >64% overall sequence ho-
mology in the kinase domain and ∼84% within the ATP binding
site. Structural alignment (Fig. 1D and Fig. S2) demonstrated a low
overall root mean square deviation (rmsd) of 2.3 Å between the
two kinase domains. However, in comparison with the ATP bind-
ing site, the specificity site (defined as the pocket enclosed between
the αC-helix and the catalytic DFG loop) (Fig. S3A) in ALK and
ROS1 showed multiple differences (Fig. 1E). To investigate these
subtle differences, we performed molecular dynamics (MD) sim-
ulations of the ROS1 and ALK kinase domains for 500 ns under
explicit solvent conditions using the catalytically active and inactive
conformations. Throughout this manuscript, “active” refers to the
aspartic acid–phenylalanine–glycine (DFG)-in state and “inactive”
refers to the DFG-out state of the kinase, irrespective of the
conformation of the rest of the A-loop. Both ROS1 and ALK were
stable during the course of the simulation, and no large-scale
conformational change was observed (Fig. S2). Root mean square
fluctuation (RMSF) of the protein was also measured from the
simulation (Fig. S3B). The αC-helix was stable in the active con-
formation of both ROS1 and ALK whereas flexibility of the P-loop
was slightly higher compared with the corresponding inactive
conformation. Although MD simulation of the active state of ALK
was initialized using the A-loop in the autoinhibitory state, con-
formations pertaining to the active A-loop were also explored in-
termittently during the course of MD simulation. Based on the
simulations, the A-loop was overall significantly more flexible than
the other structural elements of the ROS1 and ALK kinase do-
mains. The active conformation of ALK showed reduced flexibility
in the A-loop compared with the inactive conformation due to
stabilization through a network of aromatic/hydrophobic residues
(Y1096, F1098, F1174, F1245, and F1271) at the specificity site
(Fig. S3C). In particular, in the active state of ALK, A-loop residue
Y1278 engages in an aromatic stacking interaction with Y1096,
which in turn is internally stabilized by four neighboring phenyl-
alanine residues. Conversely, the inactive conformation of ROS1
showed less flexibility in the A-loop compared with the active
conformation, largely due to increased proximity of the A-loop to
both the P-loop and the αC-helix compared with ALK (Fig. S3D).
Conformational analysis of the specificity site using MD sim-

ulations further distinguished the inactive conformations of
ROS1 and ALK with respect to pocket volume and αC-helix
orientation (Fig. 1F). Specifically, ROS1 and ALK sampled
markedly different average pocket volumes (186 Å3 and 135 Å3,
respectively) (Fig. 1G), and the positioning of the bulky side-
chain of Q2012 in ROS1 close to the C terminus of the αC-helix
restricts the αC-helix from collapsing into the specificity site. In
contrast, the equivalent position in ALK (C1182) lacks such
constraints, thus reducing pocket volume. Also, in ROS1, the
proximity of Q2012 to the αC-helix influences local changes and
contributes to a backbone hydrogen bond observed between
M2001 and E1997 whereas ALK lacks such an interaction. Also,
ROS1 and ALK differ in the identity of amino acid sidechains
lining the specificity site pocket, providing an additional source
of divergence in its size and shape. In particular, ROS1 M2001
and L2010 correspond to ALK I1171 and V1180, respectively.
These subtle differences in the specificity site could impact the
orientation of the αC-helix, as evidenced by the ROS1 αC-helix
sampling an average of 88° compared with 75° in ALK (Fig. 1G).
These findings suggest that, despite the significant sequence

homology between ROS1 and ALK, differences in the rigidity
and orientation of the αC-helix and A-loop contribute to speci-
ficity site pocket volume, with the larger pocket in ROS1 capable
of accommodating binding of larger scaffolds.

The CD74-ROSG2032R Mutation Confers Resistance to Dual ROS1/ALK TKIs
but Remains Sensitive to the ROS1-Selective Inhibitor Cabozantinib.
Emergence of clinical resistance due to acquisition of a G2032R

mutation in the kinase domain of CD74-ROS1 was recently
documented in a crizotinib-refractory NSCLC patient, confirming
that TKI vulnerability to kinase domain mutations extends to
targeting of ROS1 (15, 22). We ranked TKIs in our panel for the
capability to block growth and survival of Ba/F3 CD74-ROS1G2032R

cells. We found that cabozantinib, a Food and Drug Administration
(FDA)-approved inhibitor structurally related to foretinib (Table
1), is a highly effective inhibitor of CD74-ROS1G2032R and exhibits
a fourfold higher potency compared with foretinib (IC50 of 15.3 vs.
50.1 nM) (Fig. 2A). In contrast to the ROS1-selective TKIs, none of
the dual ROS1/ALK inhibitors showed efficacy against the CD74-
ROS1G2032R mutant, exhibiting ∼25- to 140-fold reduced sensitivity
compared with cells expressing native CD74-ROS1 (Fig. 2B and
Table S1). These trends were confirmed by immunoblotting, where
cabozantinib was the most potent inhibitor of ROS1 autophos-
phorylation in Ba/F3 CD74-ROS1G2032R cells (Fig. 2C).
MD simulation has played a major role in uncovering intricate

details of biomolecular recognition at the atomic level (24, 25). To
better understand the effect of the G2032R mutation with respect
to differential TKI binding, MD simulation of the ROS1G2032R

mutant was performed to relax the entire complex. The system was
stable over time, and no large-scale conformational changes were
observed during the simulation. However, RMSF data revealed
that the substitution of arginine at position 2032 reduces the
overall flexibility of the protein (Fig. S4A). In particular, the mu-
tant was highly stabilized by formation of a salt bridge between the
guanidinium group of R2032 and the carboxyl group of β-strand
residue E1961. Additionally, although simulations using native
ROS1 revealed a hydrogen bond between residues R1948 and
T1963, this interaction was lost in the G2032R mutant. Instead,
R1948 of the mutant kinase reorients toward the ATP binding site,
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forming an unusual ion-pair with R2032 that restricts P-loop
flexibility. This interaction, although uncommon, has also been
observed in other proteins as a stabilizing factor (26–28).
To overcome challenges associated with incorporating receptor

flexibility into computational analysis of inhibitor binding mode
and strength (29), we performed docking assessment on the entire
conformational ensemble generated by the MD simulation (30).
Consistent with the high degree of resistance conferred by the
ROS1G2032R mutant to crizotinib, modeling showed that R2032
forms stable interactions that result in partial occupancy of the
crizotinib-binding site, creating a direct steric clash between the
guanidinium group of R2032 and the pyrazole and piperidine
moieties of crizotinib. Additional stabilization and reorientation of
residues such as L1951 also constrict the piperidine-binding region.
Docking simulations performed on the native ROS1 MD ensem-
ble accurately predicted the crizotinib binding pose (most favor-
able docking score of −9.6 kcal/mol; systems with a score less than
−6 kcal/mol are empirically categorized as good binders), as solved
previously by X-ray crystal structure (22) (Fig. 2D). Docking sim-
ulations also distinguished the capacity for crizotinib binding be-
tween native ROS1 and ROSG2032R, displaying poor docking
scores for the G2032R mutant (Fig. 2E). In contrast, docking of
cabozantinib and foretinib resulted in good binding scores for both
native ROS1 and ROS1G2032R (Fig. 2E), again consistent with in
vitro results. Crizotinib resistance is mainly attributable to steric
incompatibility between the partially solvated piperidine moiety of
crizotinib and the arginine sidechain of residue 2032. By contrast,
the quinoline group of cabozantinib is positioned at a substantial
distance from the arginine side chain of residue 2032, leaving
sufficient space for this residue to engage in a salt bridge with
E1961. This positioning was evident upon inspection of the docked
poses of cabozantinib, which suggest that the quinoline moiety of
cabozantinib is positioned at least 5 Å away from the R2032
side chain. These findings extend our understanding of how the

G2032R mutant confers crizotinib resistance (22) and confirm the
ability of computational modeling to accurately predict the binding
selectivity of ROS1 TKIs.

The ROS1-Selective TKIs Cabozantinib and Foretinib Bind the Inactive
Conformation of ROS1. Small-molecule, ATP-competitive TKIs
generally engage with a target kinase in a type I or type II manner,
corresponding to binding of the catalytically active or inactive
conformation, respectively. Analysis of the binding pose of cabo-
zantinib in complex with ROS1 demonstrated a preference for
the inactive conformation, with the lowest docking score being
−12 kcal/mol (Fig. 3A). Specifically, the quinoline moiety of cabo-
zantinib was found to occupy the adenine-binding site, forming a
hydrogen bond with the backbone atoms of E2027 and M2029,
whereas the aryl linker makes aromatic stacking interactions with
F2103 of the DFG motif (Fig. 3B). This observation is further
affirmed by the fact that a number of crystal structures of kinases
bound with quinolone- or quinazoline-based inhibitors showed that
these fragments specifically occupy the adenine-binding site (31–
33). Additional interactions include a hydrogen bond between the
dicarboxamide group of cabozantinib (positioned close to gate-
keeper residue L2026) and the catalytic K1980 residue and en-
gagement of the fluorophenyl moiety (occupying the specificity site)
with F2004 and F2075 in T-shaped and π–π aromatic stacking, re-
spectively. Residues lining the specificity site (M2001, L2070, and
I2100) provide additional hydrophobic interactions between cabo-
zantinib and ROS1.
To understand whether ROS1 displays an induced effect upon

cabozantinib binding, the ROS1:cabozantinib complex with the
lowest docking score was subjected to MD simulation for 50 ns
under explicit solvent conditions, and the resulting trajectory was
analyzed after stripping the solvent and the ligand molecule.
Subsequent redocking of cabozantinib to the MD ensemble gen-
erated from this holo-simulation revealed dramatically more
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favorable binding than the parent apo-simulation conformation from
which it was initialized, improving the docking score to −16 kcal/mol
and strongly suggesting induced conformational changes at the
binding site (Fig. 3C). MD simulation of the complex facilitates
relaxation of the enzyme and ligand by removing any close con-
tacts or strain observed in the initial docked pose. Subtle changes
in the orientation and displacement of both the structural moieties
of the cabozantinib molecule and the residues within 4 Å of
cabozantinib significantly improved the binding score. For exam-
ple, the dicarboxamide and cyclopropyl moieties of cabozantinib
were in close contact with residues D2102 and E1997 in the apo-
simulated docking pose. Repositioning of these amino acids and
neighboring residues resulted in optimized hydrogen bonding with
the dicarboxamide group as well as more favorable van der Waals
interactions between the fluorophenyl group and specificity site
residues L2070 and I2100. Also, slight readjustment in the position
of the quinoline moiety of cabozantinib relaxed a close contact
with residue L1951 observed in the starting point docked pose.
Foretinib, a close structural analog of cabozantinib (Table 1),

was also docked to the ROS1 MD conformational ensemble.
Analysis of the foretinib-docking pose showed a similar cabozantinib-
like binding mode, with the additional morpholine moiety in
foretinib interacting with residues K1976 and E2030 (Fig. 3B).
This docking pose is further supported by the c-MET crystal
structure bound with foretinib, which showed a similar binding
conformation (34). However, closer examination of the foretinib
docked poses additionally revealed a reverse binding pose,
wherein the morpholine group formed favorable interactions with
the αC-helix, whereas the fluorophenyl and quinoline moieties
instead occupy the adenine-binding site and specificity site, re-
spectively (Fig. 3B). Although intriguing, such inhibitor alternative-
binding modes have also been visualized in other kinases (35, 36).
For example, the crystal structure of SYK kinase revealed an
alternate binding pose for imatinib (PDB ID code 1XBB). Ex-
amination of the top 200 conformations confirmed that ∼68% of

the docked poses maintained the cabozantinib-like pose whereas
∼32% exhibited the reverse binding mode. Based on this puta-
tive dual binding mode capacity for foretinib but not cabo-
zantinib, we generated Ba/F3 CD74-ROS1 cell lines with alanine
substitutions at select positions predicted from the modeling to
preferentially disturb cabozantinib binding versus foretinib
reverse pose binding. Accordingly, all four alanine mutants tested
demonstrated ∼2.5-fold to fivefold decreased sensitivity to cabo-
zantinib compared with foretinib in vitro (Fig. 3D). This dis-
covery suggests that foretinib may potentially engage the kinase
in its reverse binding mode upon mutation although more rig-
orous free energy calculations would be necessary to ascertain this
finding. Overall, these findings suggest that ROS1-selective TKIs
bind to the inactive conformation of ROS1 in a type II manner, in
contrast to the type I binding mode exhibited by the dual ROS1/
ALK inhibitor crizotinib.

ROS1-Selective TKIs Feature Largely Distinct Resistance Profiles
Compared with Dual ROS1/ALK Inhibitors. Acquired TKI resistance
due to point mutations is a frequent clinical challenge in many
malignancies, including NSCLC (37–39). Given our findings that,
among the inhibitors tested, the ROS1-selective TKIs cabozantinib
and foretinib uniquely retain potent activity against the CD74-
ROS1G2032R mutant, we prospectively investigated potential mu-
tations capable of conferring resistance to either or both TKIs.
Accelerated cell-based resistance screens were performed starting
from Ba/F3 cells expressing native CD74-ROS1 in the presence
of increasing concentrations of cabozantinib or foretinib. We ob-
served a concentration-dependent reduction in the percentage of
wells that exhibited outgrowth with each TKI (Fig. 4A and Table
S2). For both TKIs, sequencing of recovered clones for ROS1 ki-
nase domain mutations revealed position 2113 in the A-loop as the
most frequently mutated residue at all concentrations tested. The
specific substitution at this position shifted from asparagine to
glycine with increased TKI concentrations (Fig. 4C). With respect
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Fig. 5. Mutants recovered from resistance screens
for ROS1-selective TKIs, including those involving
position D2113, confer varying levels of sensitivity
to dual ROS1/ALK inhibitors. Scatter plots of cell
proliferation IC50s for the indicated TKIs are shown
for Ba/F3 cells expressing (A) CD74-ROS1 point mu-
tations and (B) G2032R-inclusive CD74-ROS1 com-
pound mutations recovered in resistance screens for
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structure description of the inactive ROS1 kinase
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to cabozantinib, multiple substitutions of residues F2004 [cysteine
(C)/valine (V)] and F2075 [cysteine (C)/isoleucine (I)/valine (V)]
were recovered from concentrations up to 80 nM, consistent with
favorable interactions between the fluorophenyl group of the in-
hibitor and these residues implicated from computational modeling
of cabozantinib binding (Figs. 3B and 4C). Also in line with pre-
dictions from modeling of variant foretinib binding poses, muta-
tions at these two positions were recovered less frequently with
foretinib than cabozantinib (Fig. 4C and Table S2). Notably, the
F2075V mutation of ROS1 is analogous to the F359V mutation in
the kinase domain of ABL1, which is known to confer high-level
resistance to imatinib and nilotinib, both of which bind an inactive
conformation of the kinase (see Fig. S6) (40).
A more recent issue that has gained attention in molecularly

targeted kinase inhibitor therapies is the risk for acquiring multi-
drug-resistant compound mutations as an undesirable byproduct of
sequential TKI therapy (41–43). Given cabozantinib’s efficacy
against the crizotinib-resistant CD74-ROS1G2032R mutant, a frac-
tion of patients treated with second-line cabozantinib may harbor
G2032R or another mutation at baseline. To anticipate G2032R-
inclusive ROS1 compound mutations that may confer resistance to
ROS1-selective TKIs, we performed resistance screens starting
from Ba/F3 CD74-ROS1G2032R cells in the presence of cabozantinib
or foretinib (Fig. 4B). Similar to screens starting from native CD74-
ROS1, we observed a concentration-dependent reduction in the
number of wells with outgrowth and the spectrum of mutated res-
idues. Low frequency mutations identified in resistant clones re-
covered from cabozantinib-treated wells included the following:
E1974K, I2009L, E2020K, N2112K, R2116K, W2127*, M2128T,
M2134I, L2223*, and N2224K (Fig. 4D and Table S3). Position
2113 was the most frequently mutated site in tandem with G2032R
for both TKIs, with clones recovered at concentrations as high as
320 nM for foretinib and 640 nM for cabozantinib largely con-
stricting to compound mutants pairing G2032R with F2004(I/V/C),
F2075(C/I/V), or D2113G (Fig. 4D and Table S3).
To evaluate the sensitivity of mutations identified in our re-

sistance screens for cabozantinib and foretinib to other ROS1
TKIs, we rederived nine of the most frequently recovered single
mutants (E1974K, F2004C, E2020K, F2075C, F2075V, V2089M,
D2113G, D2113N, and M2134I) and eight G2032R-inclusive
compound mutations (G2032R paired with F2004C, E2020K,
F2075C, F2075V, V2089M, D2113G, D2113N, or M2134I) in
Ba/F3 CD74-ROS1 cells and tested their sensitivity against our panel
of seven TKIs (Fig. 5 A and B and Table S4). All single mutants
showed 2- to 30-fold decreased sensitivity to the ROS1-selective,
type II inhibitors, cabozantinib and foretinib, but remained sensi-
tive to the dual ROS1/ALK, putative type I binders crizotinib,
brigatinib, ceritinib, and AZD3463. Consistent with the insensitivity
of the CD74-ROS1G2032R mutant to all of the tested dual ROS1/
ALK TKIs, we found that all G2032R-inclusive ROS1 compound
mutants also exhibit high-level resistance. By contrast, G2032R-
inclusive CD74-ROS1 compound mutants displayed varying
degrees of resistance to cabozantinib and foretinib. For example,
among the most frequently recovered compound mutations for
cabozantinib was G2032R/D2113N (Fig. 4D and Table S3), which
demonstrated ∼15-fold increased IC50 (255.8 nM) for cabozanti-
nib, compared with cells expressing G2032R or D2113N (Fig. 5 A
and B and Table S4). Overall, results from profiling of single mu-
tants suggest that, whereas ROS1 kinase domain point mutations
involving residues F2004, F2075, and D2113 may confer resistance
to the ROS1-selective inhibitors cabozantinib and foretinib, they
may remain sensitive to dual ROS1/ALK TKIs. However, emer-
gence of compound mutations poses a potential vulnerability for
both of these categories of ROS1 TKIs (Fig. 5 C and D).

The ROS1D2113N Mutant Induces an Altered A-Loop Conformation and
Compromises Binding of Cabozantinib. Given the high frequency
with which the D2113N mutation was recovered from cell-based

resistance screens for CD74-ROS1, we performed MD simula-
tions of this mutant to elucidate the local and global confor-
mational changes induced in the ROS1 kinase domain. RMSF
analysis of the ROS1D2113N inactive conformation showed de-
creased flexibility of the A-loop compared with native ROS1
(Fig. S4B). This altered flexibility can be attributed to the local
changes observed in the A-loop upon mutation, indirectly
impacting the binding site of ROS1-selective TKIs. The D2113
residue in native ROS1 simultaneously interacts with the posi-
tively charged R2116 and is repelled by another negatively
charged residue in the A-loop (E2120). The D2113N mutation
nullifies this repulsion and instead creates a hydrogen bond be-
tween these two residues (N2113 and E2120) (Fig. 5E), resulting
in a significant shift and stabilization of the ROS1D2113N A-loop
conformation and alteration of the αC-helix dynamics.
To investigate the dynamics of the αC-helix relative to the

A-loop, the distance between residue E1997 (αC-helix) and R2107
(A-loop) was monitored throughout the MD simulation. Notably,
these residues are proximal and form a salt bridge in the inactive
kinase, as observed in many other kinases adopting an SRC-like
inactive conformation (44–46), whereas they are further apart and
lack such interaction in the active state (Fig. 5E). Although distance
profiling of the active conformation from MD simulation showed
that both ROS1 and ROS1D2113N sampled similarly (14 and 15 Å,
respectively) (Fig. 5F), conformational analysis of the inactive
state showed a bimodal distribution, with higher distances for
ROS1D2113N (averaged at 4.8 and 8.5 Å) compared with native
ROS1 (4 Å). These data suggest that the inactive state of native
ROS1 participates in salt bridge formation between E1997 and
R2107 (as inferred from the reduced distance between them)
and that the D2113N mutant displaces R2107 outside of the αC-
helix and the interaction between E1997 and R2107 is lost. Due
to displacement of residue R2107 in ROS1D2113N, E1997 reor-
ients its sidechain and partially occupies the specificity site,
thereby creating a potential steric clash with type II binding in-
hibitors. Although alterations in the specificity pocket due to the
D2113N mutation present a possible resistance mechanism sce-
nario for type II inhibitors, inherent limitations in the initiali-
zation of the computational model or the finite accessibility of
the simulation time scales cannot be completely ruled out.
Foretinib and cabozantinib were docked to the inactive

ROS1D2113N MD ensemble and compared with native ROS1. We
found that both inhibitors demonstrated significantly less favorable
docking scores for ROS1D2113N (Fig. S5) compared with native
ROS1. In contrast, crizotinib demonstrated equivalent, favorable
docking scores for both native ROS1 and ROS1D2113N (Fig. S5).
Taken together, these results suggest that alterations of position
D2113 may represent a unique liability for ROS1-selective type II
inhibitors, possibly impacting the conformation of the specificity
site. Although speculative in nature, relevant experiments are war-
ranted to further explore these differences.

Discussion
Rational, molecularly guided clinical use of TKI therapies has
substantially impacted patient outcomes in several cancer sub-
types, including NSCLC (37, 47). The recent establishment of
rearranged ALK and ROS1 as distinct molecular diagnostic
subgroups of NSCLC, coupled with the clinical efficacy of cri-
zotinib, has driven an explosion of new inhibitor development.
Although several inhibitors have shown promising clinical activity
(48–50), resistance to therapy has already surfaced. The high
degree of sequence homology between the catalytic domains of
ALK and ROS1 suggests that ALK TKIs may be repurposed as
ROS1 inhibitors and vice versa, but our results establish limits to
this inhibitor design principle.
Upon consideration of all available results for first- and second-

generation ALK and/or ROS1 TKIs, including the current study,
we suggest three operational categories of selectivity: dual ROS1/
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ALK, ROS1-selective, and ALK-selective. Among the dual ROS1/
ALK TKIs, crizotinib and ceritinib both demonstrate crystallo-
graphic evidence of a type I binding mode for ALK, and a similar
binding mode is observed for the ROS1:crizotinib complex (22, 51,
52). Our computational studies reveal considerably greater struc-
tural similarity between the catalytically active conformations of
ALK and ROS1, and the chemical scaffolds of the newer dual
ROS1/ALK TKIs ceritinib, brigatinib, and AZD3463 are highly
related (Table 1), suggesting a common preferential type I binding
mode among dual ROS1/ALK inhibitors. Intriguingly, the ALK-
selective inhibitor alectinib, which exhibits no ROS1 inhibitory
activity, has also been reported to preferentially engage the active
conformation of ALK (53). Modeling of alectinib in active ALK
suggests that this lack of activity against ROS1 is due at least in part
to two interactions not present in ROS1: (i) interaction of the ethyl
group of alectinib with a hydrophobic ALK hinge region residue
(A1200) and (ii) unique access of alectinib’s nitrile group to the
specificity site (despite its type I binding mode) by interacting with
E1167 of the ALK αC-helix. Notably, this analysis may also provide
additional context for understanding the mechanism behind the
reported alectinib-resistant ALKV1180L mutation (54), which is
predicted to disrupt this nitrile-E1167 interaction.
In contrast, the ROS1-selective inhibitors cabozantinib and

foretinib exhibit a type II binding mode and preferentially en-
gage the inactive conformation of ROS1. This binding mode is
primarily due to structurally important differences that permit
accommodation of larger, type II inhibitor scaffolds. It is known
that, in comparison with the specificity site of the inactive kinase
domain, the ATP binding site in the active conformation is highly
conserved among many kinases, forming the basis of selective
type II inhibitor design (55). Notably, we observed that cabo-
zantinib binding to ROS1 involves conformational selection,
followed by an induced-fit mechanism to achieve optimized in-
teraction. A recent study by Wilson et al. used an evolutionary
approach to examine protein structure and identified a similar
induced-fit mechanism for imatinib that is critical to its selective
type II binding of ABL1 compared with the highly related SRC
kinase (56). Such a binding mechanism may also have implications
for additional biochemical properties, including kinetic on- and off-
rates. Although our ensemble docking of the structurally related
foretinib showed a similar initial binding pose to that of cabo-
zantinib, an alternate reverse orientation binding mode was also
present. Conformational clustering revealed that the reverse
binding mode exhibited by foretinib was present primarily in low-
population clusters featuring a slightly more open specificity site.
Further studies using free energy calculations and advanced sam-
pling methods will be required for in depth characterization. To-
gether, these findings suggest a potentially important theme in
application of small-molecule TKI therapies, wherein structural
differences in the inactive conformations of related kinases may
explain both the mechanistic subtleties and the contrasts seen in
TKI binding affinity and inhibitory efficacy (56, 57).
Consistent with differences in binding mode, distinct patterns

of kinase domain point mutation-based resistance are apparent
for the three categories of TKIs described here. In ALK-rearranged
NSCLC, crizotinib resistance due to acquisition of kinase domain
mutations is routinely observed, with 11 substitutions spanning 9
residues reported in clinical resistance (Table 1), in addition to
several other residues implicated from in vitro resistance screening
assays (20, 21). Although clinical follow-up remains limited for the
newer inhibitors, a subset of crizotinib-resistant ALK mutations
(those involving positions 1171, 1174, and 1202) have already been
implicated in clinical resistance to the dual ROS1/ALK TKI cer-
itinib and/or the ALK-selective TKI alectinib (Table 1) (21, 54, 58).
This pattern is akin to the clinical experience in EGFR-driven lung
cancer, where type I TKIs such as erlotinib evoke dramatic but
inevitably transient responses, funneling to common point muta-
tion-based failure (47). Although newer EGFR TKIs with different

binding properties (e.g., irreversible binding, such as afatinib) have
offered some benefit, resistance and/or intolerance is still commonly
observed. The only reported ROS1 mutation in clinical resistance
to date is CD74-ROS1G2032R (analogous to the resistant G1202R
mutation found in EML4-ALK) (Fig. S6), verified at autopsy in a
patient with metastatic NSCLC that had been controlled with
crizotinib before relapse (22). Our finding that this mutation remains
highly sensitive to cabozantinib is consistent with a recent report
(59). Given cabozantinib’s efficacy against both native and G2032R-
mutant ROS1 fusions, an investigational new drug filing with the
FDA for evaluation of cabozantinib in crizotinib-naive and -refractory
ROS1 fusion-positive lung cancer has been initiated (clinical trial
identifier, NCT01639508), and a phase 2 trial is actively accruing
patients (clinical trial identifier, NCT01639508).
Clinical experience with TKIs for ROS1- and ALK-driven

NSCLC, along with our in vitro profiling and structural modeling
data, suggests important themes regarding resistance. First, with
respect to dual ROS1/ALK inhibitors (type I mode binders),
ROS1 mutations within the ATP binding site may represent a
significant resistance liability. All tested TKIs in this category
demonstrated limited to no efficacy against cells expressing the
CD74-ROS1G2032R mutant (Fig. 2 A and B). Conversely, ROS1-
selective inhibitors (type II mode binders) remain highly effec-
tive against ATP binding site mutations but are vulnerable to
variants that favor the active conformation of ROS1 or those
that constrict the specificity site of inactive ROS1. As an exam-
ple, mutations at the F2004 and F2075 sites of ROS1 reside in
the specificity pocket, which is occupied by the type II inhibitors
cabozantinib and foretinib, but usually not by type I compounds.
The nearly nonoverlapping resistance profiles of type I com-
pared with type II inhibitors may open an important strategy for
clinical management of resistance.
Dual ROS1/ALK TKIs remain effective against nearly all

mutations in the specificity site that confer resistance to the
ROS1-selective inhibitors. However, in line with findings from
sequential therapy with ABL1 TKIs in CML (41–43), the po-
tential emergence of G2032R-inclusive compound mutations in
ROS1 fusions could yield high-level resistance to multiple type I
and type II inhibitors (Fig. 5 B and C). At present, it is not known
whether the ROS1G2032R mutation detected in a relapsed patient
will be the most prevalent resistance mutation for ROS1. Al-
though the overall median duration of responses to crizotinib in
ROS1 fusion-positive patients seems longer than that observed in
patients harboring ALK fusions (15), resistance profiles are still
nascent and will take several years of clinical experience to fully
establish. Nonetheless, the spectrum of ROS1 TKI-resistant
mutations implicated clinically or from cell-based screening to
date is noticeably restricted, compared with results from similar
profiling of ABL1 TKIs in CML (60, 61), suggesting a scenario
more like that seen with FLT3 TKIs in acute myeloid leukemia
(62), where escape routes are confined to a relatively smaller set of
mutations. This finding has potential implications for continued
TKI development and the prospect of maximal control of ROS1
mutation-mediated drug resistance. In addition to the activity of
ROS1 inhibitors, clinical tolerability in the face of chronic dosing
will likewise serve as an important determinant of how and in what
order to effectively use these treatments in the clinic. These clinical
decisions may also ultimately dictate the durability of response and
emergence of TKI-resistant mutations.
Looking forward, consideration should be given to development

of new inhibitors for ROS1 and ALK. One possibility is to develop
and optimize type II inhibitors for ALK. Although a preclinical
type II ALK scaffold has been described (63), to our knowledge,
there are no reported clinical TKIs that engage the inactive con-
formation of ALK. Whether such TKIs would demonstrate dif-
ferential efficacy over their type I binding counterparts remains to
be seen although the possibility of a nonoverlapping resistance
profile might offer additional options for patients with refractory
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ALK-rearranged disease. Another important consideration for
TKI development is that, although targeting both ROS1 and ALK
with a single drug may seem appealing in terms of broader clinical
applicability, attempting to target resistance mutations within the
active conformation TKI binding sites, such as G1202R in ALK
and G2032R in ROS1, may prove difficult given overlapping
resistance profiles of such type I inhibitors. Alternatively, struc-
ture-based design of improved, potent ROS1-selective TKIs that
accommodate mutations, either by avoiding direct contact with
such residues or by using additional productive contacts within
the altered binding pocket, may prove a useful strategy.
In summary, our in vitro profiling of a panel of clinical TKIs,

combined with computational structural modeling and resistance
screening, helps define therapeutically relevant differences between
ROS1 and ALK, providing a basis for further development of in-
hibitors to circumvent resistance in NSCLC and other malignancies.

Methods
Cell Viability Assays. All TKIs were prepared as 1-mM stocks in DMSO before
each experiment. Inhibitors were distributed at 2× concentration using a
D300 Digital Dispenser (HP) [capable of accurately administering very small
volumes (10 pL–150 nL)] into 384-well plates preloaded with 25 μL per well
of complete medium. Ba/F3 cells expressing CD74-ROS1 constructs were
seeded (800 cells per well; 25 μL) into drug plates using a Multidrop Combi
Reagent Dispenser (Thermo Scientific), and plates were incubated for 72 h at
37 °C, 5% CO2. Viability was measured using a methanethiosulfonate-based
assay (CellTiter96 Aqueous One Solution; Promega) read on a Biotek Synergy
2 plate reader. All experiments were performed at least two independent
times in triplicate. Data were normalized using Microsoft Excel, and absolute
IC50 values were calculated with GraphPad Prism software using a nonlinear
curve fit equation modified using previously described parameters (64).

Immunoblot Analysis. Ba/F3 CD74-ROS1, CD74-ROS1G2032R, and EML4-ALK cells,
as well as human NSCLC cell lines (HCC78 and H3122), were treated with the
indicated concentrations of inhibitors for 2 h, pelleted, washed once in ice-cold
PBS, and lysed in 200 μL of cell lysis buffer (Cell Signaling Technology) sup-
plemented with 0.25% deoxycholate, 0.05% SDS, and protease and phos-
phatase inhibitors. Equal amounts of protein were extracted with SDS sample
buffer for 15 min at 80 °C and run on 4–15% Tris-glycine precast gradient gels
(Criterion; Bio-Rad). Proteins were transferred to Immobilon-FL membranes
(Millipore) and probed with phospho-ROS1 [3078, 1:1,000; Cell Signaling
Technology (CST)], total ROS1 (3266, 1:1,000; CST), phospho-ERK1/2 (9101,
1:1,000; CST), total ERK2 (sc-1647, 1:2,000; Santa Cruz), total ALK (3333, 1:1,000;
CST), phospho-ALK (6941, 1:1,000; CST), phospho-Akt (4060, 1:1,000; CST), AKT
(610860, 1:1,000; BD Transduction Laboratories), and GAPDH (AM4300,
1:5,000; Ambion). Blots were imaged using either a LI-COR Odyssey imaging
system or the Bio-Rad ChemiDoc imaging station according to the manufac-
turer’s protocol for immunoblot detection with use of Infrared dye or horse-
radish peroxidase-conjugated secondary antibodies, respectively.

Accelerated Cell-Based Resistance Screen. Ba/F3 cells expressing native CD74-
ROS1 or CD74-ROS1G2032R were treated overnight with N-ethyl-N-nitrosourea
(ENU) (50 μg/mL), pelleted, washed, resuspended in fresh media, and distrib-
uted into 96-well plates (1 × 105 cells per well) in 200 μL of complete medium
supplemented with the indicated concentrations of either cabozantinib or
foretinib. Wells were observed for media color change and cell growth under
an inverted microscope daily for 4 wk, and wells exhibiting outgrowth were
transferred to 24-well plates containing 2 mL of complete medium supple-
mented with the same concentration of cabozantinib or foretinib. At con-
fluency, these wells were harvested, pelleted, and stored at −20 °C. Genomic
DNA was extracted using a DNeasy Tissue Kit (Qiagen); for low inhibitor con-
centrations wherein near 100% outgrowth of wells was observed, DNA was
extracted from a randomly selected subset of expanded clones. The CD74-ROS1
kinase domain was amplified using primers CD74-ROS1 M13F1 (5′-GTA AAA
CGA CGG CCA GTG CTC TTC CAA CCC AAG AGG-3′) and ROS1-M13Kin1-Rev1
(5′-CAG GAA ACA GCT ATG ACC GCC ATC TTC ACC TTC AAA GC-3′) and bi-
directionally sequenced using M13F (5‘-GTA AAA CGA CGG CCA GTG-3′) and
M13R primers (5‘-CAG GAA ACA GCT ATG ACC-3′). The resultant chromatographs
were analyzed for mutations using Mutation Surveyor software (SoftGenetics).

Molecular Dynamics Simulations. Molecular dynamics (MD) simulation was
performed using the Amber ff12SB force field (65) in NAMD simulation soft-
ware (66). During the initial stages of model refinement, nonhydrogen atoms
were restrained (100 kcal/mol/Å2), and the system was relaxed by energy min-
imization using 1,000 steps of the steepest descent algorithm. During the next
stages of the heating, equilibration, and production run, all bonds involving
hydrogen atoms were restrained using the SHAKE algorithm (67). Periodic
boundary conditions with particle mesh Ewald summation were used to handle
the long-range electrostatic interactions (real-space truncation at 9.0 Å and grid
spacing of 1.0 Å) (68). All eight systems were heated from 100 to 300 K in 50 ps
using a 1-fs time-step. After heating of all systems, 5 ns of equilibration were
performed using the NPT ensemble with a 2-fs time-step. Temperature and
pressure were controlled at 300 K and 1 atm using the Nosé–Hoover Langevin
piston algorithm (69) and Langevin dynamics (70), respectively. For each of the
eight systems, three independent replicates were generated and simulated for
500 ns using the NPT ensemble. Coordinates were saved every 10 ps, and
conformational analysis was performed on the combined ensemble. A cumu-
lative 12 μs simulation trajectory was generated for further analysis.

Conformational Analysis of ROS1 and ALK. The CPPTRAJ software of the
AmberTools suite was used for postprocessing the MD-generated trajectories
(71). For each system, a combined 1,500-ns (500 ns and three replicates) trajec-
tory was analyzed for various molecular properties. Root mean square deviation
(rmsd) and root mean square fluctuation (RMSF) of the protein were measured
using a trajectory fitted on either the initial or average structure as reference.
Structural fitting was performed using a least-square fitting method for the
protein backbone atoms. Rotation of the αC-helix was estimated using an angle
defined by the Cα atoms of three residues located in the N and C terminus of the
αC-helix and the rigid F-helix: Q1989, F2004, and W2145 for ROS1 and the cor-
responding residues in ALK (Q1159, F1174, and W1313). The specificity site
pocket volume of ROS1 and ALK was measured using the POVME program (72),
with both kinases’ trajectories aligned using the binding site as defined by the
following residues: L1951, A1978, K1980, E1997, M2001, L2028, G2032, L2086,
and D2102 for ROS1 and equivalent residues in ALK based on structural align-
ment. This qualitative estimate of the pocket volume is independent of the
definition of the active site used here for alignment. Interatomic distances be-
tween residues in the P-loop (F1956), αC-helix (E1997), and A-loop (R2107) of
ROS1 and ALK (corresponding residues) were measured using the position of the
Cα atoms during the course of the simulation.

Molecular Docking Simulations. Ensemble docking was performed using the
Glide program of Schrödinger’s package (Suite 2012, Maestro, version 9.3).
Conformations (1,500) were extracted from each simulated system (one con-
formation for every nanosecond), and a docking grid for the receptor was
generated using the binding site residues defined above (encompassing the ATP
binding site and specificity site). Ligands (crizotinib, foretinib, cabozantinib, and
alectinib) were prepared using the Ligprep module of the Schrödinger’s package
(version 3), docked using the GlideXP method (Glide version 5.8; Schrödinger,
LLC), and analyzed for binding interactions (73). Parameterization of cabo-
zantinib was performed using standard Amber protocol (74). Cabozantinib ge-
ometry was optimized using Gaussian 09 (www.gaussian.com) at the HF/6–31G*
level theory consistent with ff12SB force fields, and initial atomic charges were
derived using restricted electrostatic potential (RESP) (75). Fifty nanoseconds of
implicit solvent generalized-Born MD simulation was performed at 300 K, and
the resulting trajectory was clustered using the CPPTRAJ program (71). Repre-
sentative structures from the top three clusters were selected, and the geometry
was optimized at the HF/6–31G* level. RESP charges were derived using the
multiconformation charge fitting method. Antechamber was used to assign
other parameters from the generalized Amber force field (74).
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