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Abstract: An important challenge, in the medicinal chemistry field, is the research of
novel forceful drugs to overcome tumor-acquired resistance. The c-Kit tyrosine kinase
receptor (TKR) represents a suitable target for the carcinogenesis control of gastro-
intestinal stromal (GIST), leukemia, and mastocytosis tumors; nevertheless, several
hotspot mutations of the protein limit the efficacy of a few clinical administered TKRs
inhibitors. In this study, a new in silico protocol based on ligand and structure-based
combined method is proposed, with the aim to identify a set of new c-Kit inhibitors able
to complex c-Kit mutated proteins. A recent and freely available web-server DRUDIT is
used for the ligand-based method. The protocol application allows for identifying a new
generation of potential TKR inhibitors, which, in silico, complex the V654A and T6701
mutated proteins and potentially overcome resistant mutations (D816H). The structure-
based analysis is performed by Induced Fit Docking (IFD) studies. The comparison
between the explored ligands and well-known drugs highlights the possibility to
overcome tumor-acquired resistance. The best-selected structures (630705 and SML1348)
provide valuable binding affinities with the mutated c-Kit forms (respectively T670I and
V654A).
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1. Introduction

Targeted treatment is one of the most important and efficacious therapeutic
approaches in the cure of cancer. The inhibition of a specific target inserted in the
carcinogenic pathways and overexpressed in the tumor district enhances the effectiveness



of a drug, and therefore significantly reduces the side effects of healthy and rapidly
replicating tissues. The targeted therapy is characterized by a personalized medicine
profile since the treatment is chosen not only according to the site of tumor development
but also in relation to its molecular characteristics, which may be different from patient to
patient. The proteins that regulate proliferation, differentiation, apoptosis, and cellular
invasiveness are at the basis of the transformation of healthy cells into neoplastic ones,
and, for this reason, they represent the selective targets of this therapeutic approach [1-4].

Great efforts by the scientific community are recently focused on the research of new
drugs with a specific activity on gatekeeper targets, for the treatment of both most
recurrent neoplasms, such as the breast, colorectal and lung cancer, and less frequent
tumors, such as the carcinoma of the kidney. In this contest, the family of tyrosine kinases
receptors (TKRs), plays a crucial role in the processes of cancer growth, since their
activities are of primary importance in tumor phenotype maintenance and, at the same
time, modulate several functions in the tumor microenvironment [5,6]. The TKRs are
membrane receptor proteins with intracellular kinase activity. The binding of a specific
ligand to the extracellular domain, usually followed by proteins dimerization, transduces
the signal to the intracellular region of kinase, with the consequent change of the catalytic
binding site from the inactive to active conformation. The phosphorylation of tyrosine
residues triggers the cascade signaling until gene transcriptions. The gene mutations of
TKRs affect the kinase activity, and potentially lead to the constitutive activation of the
receptors, in absence of their endogen ligands. A deregulated tyrosine kinase activity
modifies the physiological balance among cell proliferation, survival, differentiation, and
apoptosis processes. This condition can promote neoplastic transformation and
contributes to sustaining the malignant phenotype. Chronic activation of several TKRs for
growth factors and cytokines is a common marker of different types of human cancers [7].
Experimental data show that tumor cells are often “addicted” to TKR activities since their
inhibition severely impairs the proliferation and survival of tumor cells [8].

Based on these features, several TKRs, (such as ABL1, BCR-ABL, BRAF, CRAF, EGFR,
FLT3, MET, VEGFR-1, VEGFR-2, RET, PDGFR, and c-KIT), could be identified as key
biological targets in anticancer therapeutic protocols. In this work, we focus on several
gains of function point mutations of the receptor c-Kit involved in the abnormal cell
expression of different proliferating diseases, i.e. gastrointestinal stromal tumor (GIST),
leukemia and mastocytosis [9-11].

c-Kit is a member of the Type III transmembrane TKRs subfamily, including FMS, Flt-
3, PDGFRa, and {3 receptors. The activation of c-Kit is generally promoted by the Stem Cell
Factor (SCF), a cytokine protein with a crucial role in melanogenesis and hematopoiesis.
This TKR is characterized by five extracellular immunoglobulin-like domains, a single
transmembrane helix, an autoinhibitory juxtamembrane region (JMR), and a cytoplasmic
(proximal and distal) kinase domain (KD), that is split by a kinase insertion domain (KID)
[12]. The activated c-Kit kinase conformation is characterized by a catalytic triad of amino
acids, the DFG-motif (D810, F811, G812), which is immediately before the A-loop
(included in the distal KD), whereby the two amino acids aspartic acid and phenylalanine
are oriented towards the proximal KD in the ATP binding pocket (DFG-in). Whereas, in
the inactivated conformation, the DFG-motif is distant from the binding site (DFG-out).



The c-Kit JMR is a regulatory region, with an autoinhibitory function. JMR forms a 3
hairpin loop that inserts into the kinase ATP binding site, interfering with the DFG-motif
and the A-loop in the protein activated conformation.

In cancer cells, the constitutive activation of the c-Kit TKR shifts the equilibrium
between DFG-out and DFG-in conformations in favour of the open activated form, with
the admission of ATP in the binding pocket and the increase of phosphorylation of the
tyrosine kinase domain. The subsequent intracellular signaling cascade leads to abnormal
tissue proliferation. The clinical administration of TKRs inhibitor imatinib, in first-line
treatment, turns off c-Kit over-activity. Competing with the ATP binding pocket, it locks c-
Kit in an auto-inhibitory conformation [12]. Unfortunately, numerous hotspot mutations
in the different domains of c-Kit display acquired resistance to the systematic therapy,
with the protein insensitive to imatinib. The second-line therapy is provided by several
kinase inhibitors, such as sorafenib, sunitinib, that exhibit efficacy, especially, when c-Kit is
mutated into the ATP-binding pocket (V654A and gatekeeper mutant T670I) [13, 14];
however, these drugs are ineffective to many of the mutations detected in the activation
loop [15-17]. Even regorafenib, approved in the third-line treatment of patients resistant and
intolerant to imatinib and sunitinib, is moderately active against c-Kit secondary mutations,
(D816H/V) [14]. With this regard, this work aims to explore new forceful c-Kit TKR
inhibitors, proposing a novel in silico protocol built on a ligand and structure-based
combined method, to suitable inhibit the V654A and T6701 mutated proteins and
overcome more resistant mutations (D816H).

2. Results and discussion

2.1. Amino acids maps analysis at ATP binding site

The PDB ID 3GOE [19] is selected in order to study the interactions of known inhibitors
of c-Kit, reported in Figure 1, with the wild type (WT) and mutated protein forms. 3GOE is
the crystallographic representation of c-Kit kinase domain (x-Ray diffraction, 1.6 A) in
complex with sunitinib at ATP binding site, in a DFG-conformation out-like and aC-helix
conformation out, (Figure 2).
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Figure 1. c-Kit known inhibitors.

The first part of this work investigates the most recurrent single-point mutations
inserted in the ATP binding pocket like V654A and the mutant T670I, while in the second
part, we studied the affinity of the best-ranked molecules in complex with multi-mutated
c-Kit proteins, considering also the D816H mutation in the A-loop of the activation region.

The single-point mutated forms (V654A and T670I), complexed with sunitinib, and
built starting from the selected c-Kit 3D structure (3G0OE), have been uploaded to PRIME
for energy minimization [20,21], as reported in material and methods.

These new mutated c-Kit forms have been successively processed by Induced Fit
Docking (IFD) [22-24], using the well-known drugs reported in Figure 1 as ligands. The
overview of the amino acids implicated in the binding at ATP pocket, for all tested drugs,
are reported in Table 1, and the amino acids that have the proximity of 2.5 A to ligands are
labeled.



Figure 2. c-Kit kinase domain in complex with sunitinib (PDB id: 3GOE): in CPK
representation are reported the mutation points V654, T670, and D816; in tube
representation is reported the ligand.

All tested drugs (except sorafenib in the T6701 mutated form) interact with the amino
acid F811 of the DFG-motif, strongly connected with the constitutive activation of the c-Kit
TKR in cancer cells. The analysis of the data reported in Table 1 confirms the affinity of
imatinib with c-Kit WT form, involving A621, K623, V654, T670, C673 and F811 amino
acids at 2.5 A proximity, and highlights a reduction in the number of amino acid
interactions for the V654A and T670I mutated forms. The more frequent amino acids,
which cooperate for the binding mode of the second and third-line inhibitors (cabozantinib,
ponatinib, sorafenib, sunitinib, and regorafenib), are L595, V603, K623, T670, C673, C674,
M757, E811, A814 (Table 1). All these residues are not strictly involved in the interactions
between imatinib and the three TKR forms under investigation, suggesting their role in
increasing the affinity binding of the new generations inhibitors with the TKR mutated
forms. The analysis of the 2D amino acids (AA) maps (see SI), points out the recurrent
formation of donor and acceptor hydrogen bonds between the crucial amino acid C674
and the NH functional groups reported in sunitinib, regorafenib, and sorafenib. Furthermore,



ionic interactions and hydrogen bonds are formed between the AA residues E671, E758
and the nitrogen atoms of cabozantinib, sunitinib, and regorafenib.

Table 1. Overview of the amino acids involved in the binding of the selected known drugs
in the ATP binding site at 2.5 A proximity.

Amino Acid
Drug £ R E N R TERNCR B IRReETE ST
5 QASIYSRSSSOESZE5N0EEE £

WT X XX XX X X

Imatinib V654A X X X X X
T670I ¥ X X X X 5
WT XX X XXXX X XX XX 12

Cabozantinib ~ V654A XX X XXXX X XX XX 12
T6701 XX X XXXX X XX XXX 13
WIT X X X X X X XX 8

Ponatinib V654A X X XX X XX 7
Te701 X X X XX X X X XX 10
WT XX XXX XXX XX X 11

Sorafenib V654A XX Xx X X X XX X 9
T6701 X X X XXX X 7
WT XX XX XX XX X 9

Sunitinib V654A X XX XX XX X 8
Te701 XX XX XX XX X 9
WT XX X X X X X XX X 10

Regorafenib V654A X X X X X XX X 8
Te70I X X X X X X X XX X 10

The docking XP results (Table 2) confirm the trend of the binding affinity between
selected inhibitors and the three c-Kit proteins (WT, V654A, and T670I), in agreement with
the experimental data obtained in the clinical treatments [25]. Imatinib, an inhibitor of first-
line treatment, shows the highest affinity binding for the WT protein while no well-fitting
with the other c-Kit mutated forms (V654A and T670I), is observed.

To validate molecular docking studies, Spearman's rank correlation coefficient ¢ has
been applied. This statistic approach is a rank-based measure of association between the
wet-lab bioassay values and the reported docking scores. The inhibitors under
investigation are imatinib, sorafenib, and sunitinib for which the Kds are available. The o
value of 0.93 state the validation of the molecular docking protocol (Supplementary
material, S1).



Further analysis of the molecular docking results shows as sunitinib and the other
inhibitors of the second and third-line treatments [26-28], maintaining the affinity for the
c-kit WT form, exhibit better binding scores with the two mutated kinases.

Table2. IFD scores of the selected known c¢-Kit inhbitors.

Drug WT V654A T670I
Docking scores
Imatinib -10.187 -9.010 -6.110
Cabozantinib |-10.712 -11.655 -12.168
Ponatinib -9.811 -11.401 -10.854
Sorafenib - 9.687 -11.861 -9.853
Sunitinib -9.744 -10.782 -10.355
Regorafenib |-11.139 -12.664 -12.426

In Figure 3, the binding poses of imatinib (first line-treatment) are compared with that
of cabozantinib (second line-treatment) into the ATP-binding region of the WT (a), and
V654A (b) T670I (c) mutated isoforms, in order to emphasize the amino acids involved in
the complexes. Full data of the amino acids representations are reported as supplementary
material (52).
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Figure 3. Representation of ligands interactions at ATP binding site: imatinib vs
cabozantinib (a, WT c-kit protein; b, V654A single-point mutated form; ¢, T670I single-
point mutated form).

The number of amino acids at 2.5 A of proximity, closely interacting with the drugs of
new generation (i.e. cabozantinib, Figure 2 - right), is higher than that observed for the TKR
protein complexes with imatinib (Figure 2 — left). This outlines, that the shape of the
inhibitors, able to overcome tumor resistance, is better suited in the ATP regions of both
WT and mutated forms. With this regard, the binding poses of imatinib, and cabozantinib, at
the ATP binding site of the T670I mutated form (Figure 4), show how cabozantinib is buried
in the ATP cavity deeper than imatinib, and point out the pivotal importance of the
interaction between the amino acid 1670 and the dimethoxy substituents on the phenyl
moiety.



Figure 4. Docking poses of imatinib (left) and cabozantinib (right), in the ATP binding
pocket of the T670I mutated form.

2.2. Identification of new c-Kit ATP binding site ligands

A set of new molecules is identified as possible selective c-Kit modulators starting
from the 3D c-Kit structures (WT and the rebuilt mutated isoforms) and the amino acids
site map information, obtained by the above in silico studies.

In particular, a database of thousands of commercial compounds was submitted to a
sequence of ligand and structure-based methods, flowing the procedure schematically
described in Figure 5.
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Figure 5. Flow-chart of the applied protocol.

2.2.1. Ligand based DRUDIT Biotarget Finder

The first analyzed protocol is the application of the Biotarget Finder tool available on
the web-server DRUDIT (www.drudit.com) [29,30], adopting a ligand-based approach

based on the selection of several molecular descriptors. The robustness of this method in
the discovery of new antitumor lead compounds has been previously demonstrated [31-
38]. The crucial step of the protocol is the matching of the molecules database with the
template of the receptor under investigation, built through calculated molecular
descriptors. The template of c-Kit receptor has been built, selecting a set of well-known c-
Kit modulators endowed with ICso values at sub-micromolar concentration [24]. Then the
external target has been uploaded in DRUDIT web-server [29,30], and the whole database
of structures has been submitted to the Biotarget Finder tool with default parameters.
From the output matrix of this in silico ligand-based protocol, a set of molecules with a
Drudit Affinity Score (DAS) upper to 0.7 is selected and used for the subsequent molecular
docking structure-based analysis (supplementary material S3).

2.2.2. Structure based Molecular docking

The molecular docking settings, above mentioned for the validation of native ligands
(materials and methods section), has been adopted for the docking analysis of the
molecules selected by the ligand-based protocol (721 hits) into the ATP binding cavity of c-
Kit WT protein. A total number of 36 best-fitting molecules have been identified fixing a



cut-off of docking score at -8.00. A further selection was performed by considering a series
of filters well consolidated in the search of bioactive compounds, such as 1) PAINS filters
[39]; 2) Lipinski’s rule [40]; 3) Veber rules [41]; 4) Egan rules [42]. Thus, the 36 molecules
previously selected have been submitted to SwissADME web-facilities as available at
http://www.swissadme.ch [43]. The molecules resulting at the end of the screening
procedure are reported in bold in Table 3.

Table 3. Selection of the hits by conventional filters to screen bio-active compounds.

g o
2, £ 8 5
S = & & = 3
s S B S S 8 %
Molecule o § e O T 9 © =
ID MW ¢ = = Q9 & % E 9
R EI e . - = E
w X
g > ™
3
39753 400.47 4 0 11663 026 0 O 0 0
45350 261.12 2 1 5967 224 0 O 0 O
55607 418.47 3 3 12319 204 0 O 0 0
55723 426.51 4 0 12429 028 1 O 0 O
56561 430.50 5 0 12296 053 0 O 0 0
71106 506.64 6 4 13691 289 1 2 1 0
76308 522.64 5 4 14743 263 1 2 1 0
78510 245.25 3 2 6532 107 0 O 0 0
223948 452.42 9 3 11451 132 1 1 1 0
271462 441.40 8 5 11744 015 1 1 1 0
534218 238.06 2 1 5469 184 0 O 0 0
630705 222.24 3 1 5793 111 0 O 0 O
630713 206.17 4 1 5270 102 0 O 0 O
748439 199.25 1 2 6146 179 0 O 0 0
754137 210.27 0 2 73.3 203 0 O 0 1
A202 386.41 7 5 10127 142 0 1 1 1
A5877 235.22 4 2 6143 08 0 O 0o 2
C7493 393.44 6 2 10869 295 0 O 0 0
D7006 441.40 8 5 11744 015 1 1 1 0
D7635 393.50 3 2 11520 241 0 O 0 O
L2411 452.54 4 1 13578 356 0 O 0 0
M1000000 452.42 9 3 11451 132 1 1 1 0
M7824 452.42 9 3 11451 132 1 1 1 0
03264 370.45 5 4 10690 293 0 O 0 1
P8477 376.41 5 2 10349 215 0 O 0 0
PZ0293 391.37 6 0 10539 306 0 O 0 0
S4568 345.36 5 1 9674 270 0 O 0 0
S9692 371.45 4 2 10472 275 0 O 0 O
SML0140 376.34 5 0 101.79 19 0 0 0 0



SML0314 445.56 3 4 13672 406 0 0 0 O
SML0574 342.46 2 1 976 299 0 0 0 O
SML1084 447.50 4 1 13271 336 1 0 0 O
SML1307 352.38 5 2 10101 271 0 O O O
SML1348 461.53 6 1 12473 309 0 0 0 O
SML1352 457.59 2 5 14022 381 0 O 0 O
SML1660 446.52 4 2 13248 424 0 0 0 O

The 24 top-scored molecules (depicted in Figure 6) have been examined by Induced-
Fit studies to evaluate the binding affinity (Table 4) and analyse the amino acids involved
in the three different ATP binding pockets (WT, V654A and T670I mutated proteins).
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Figure 6. Top scored hits identified.

The results have been finally compared with those previously obtained for the known
TKR inhibitors of the first and second-line treatments (Supplementary material, 54). In
general, the set of amino acids involved in the binding are similar to that highlighted for
the interactions with cabozantinib, regorafenib, and ponatinib (see above, 2.1. paragraph).

The data processing has been aimed at evaluating the docking score differences
between the c-Kit WT protein and the mutated forms. In particular, the molecules with a
AGscore between the mutated forms and the WT form higher than 1 have been selected
(Table 4).

Table 4. IFD Molecular docking results (XP scores) of the top scored molecules.

WT-XP  V654A-XP T6701-XP AGScore AGScore

*ID GScore GScore GScore V-WT T-WT
39753 -9.986 -9.689 -9.508 0.297 0.478
45350 -8.690 -8.885 -8.917 -0.195 -0.227
55607 -10.428 -10.803 -11.022 -0.375 -0.594
55723 -9.184 -7.99 -9.219 1.194 -0.035
56561 -9.702 -9.668 -9.552 0.034 0.150
78510 -9.056 -7.775 -10.162 1.281 -1.106
534218 -8.030 -8.483 -9.415 -0.453 -1.385
630705 -8.532 -8.411 -9.861 0.121 -1.329
630713 -9.617 -9.126 -9.807 0.491 -0.190
748439 -9.939 -9.249 -9.375 0.690 0.564
C7493 -9.756 -8.326 -8.802 1.430 0.954
D7635 -10.055 -9.163 -10.134 0.892 -0.079
L2411 -9.644 -9.315 -9.802 0.329 -0.158
P8477 -9.462 -9.060 -9.383 0.402 0.079
PZ0293 -7.945 -8.846 -9.440 -0.901 -1.495
S4568 -10.443 -8.420 -7.817 2.023 2.626
S9692 -9.765 -10.024 -10.065 -0.259 -0.300
SML0140 -8.918 -10.290 -9.790 -1.372 -0.872
SML0314 -11.015 -10.86 -11.193 0.155 -0.178
SML0574 -8.980 -9.167 -8.267 -0.187 0.713
SML1307 -12.488 -11.346 -13.300 1.142 -0.812
SML1348 -6.856 -10.517 -7.955 -3.661 -1.099
SML1352 -9.702 -8.840 -9.684 0.862 0.018
SML1660 -12.859 -10.041 -11.830 2.818 1.029

*in bold were highlighted the selected structures.

Thus, the analysis of the data reported in Table 4, shows how the derivatives 78510,
534218, 630705, and PZ0293 are the best candidates to interact with T670I c-Kit mutated



form, while molecules SML0140, SML1348 appear more inclined to complex V654A
mutated protein.

The overview of the amino acids involved in the ligand-protein binding at 2.5 A of
proximity is reported in Table 5. The six selected molecules interact with the amino acids
L595, V603, K623, V654A, T6701, C673, and F811, consistently with the pivotal amino acid
residues highlighted in the analysis of the binding mode of c-kit second and third-line
inhibitors.

Table 5. Overview of amino acids, interacting with the selected structures in the
binding with the ATP regions of c-Kit forms.

O N - -+ O O o ¥ N <
forms Z RG2S ECr0C0% 950 %ERRS <
WT v vVvivVvvivV VV VYV YV v 12
V654 A 78510 v vvyv vV v 4 4 4 9
T6701 v v vVvvivVvivyy v v v V|12
WT v vV v vV v 4 4 7
V654 A 534218 v v vVvvivVvivVyy 4 9
T6701 v vVvivVvvy vV v vV v v)11
WT v vvivVvivivVvivVvyvyy 4 vV v V|13
V654 A 630705 v v 4 vvvVvyy 4 4 4 v)11
T6701 vV Vv vVvvVvvivVvVvevyvyv 4 4 4 v| 14
WT v vVvivVvivVvvivyvivVyyv 4 vV v vV v 15
V654 A PZ0293 |V ¥V vvivVvvivVvvyvyy 4 vvvevyy 16
T6701 vV Vv vV v vvivVvy 4 4 10
WT v vVvevyyV vVvvVvyvyy 4 11
V654 A SML0140 | v/ ¢/ vVvvVvvivVvVvevyvyv 4 vvvvv, 15
T6701 v vvivVvvivVvvyvyy 4 vV v v v| 14
WT v vVvvivy vvvVvvyy 4 vV v 4 v| 16
V654 A SML.1348 vvvVvivVvivVvivV vV VV VYV 4 vvvy 4 V|18
T6701 vV Vv vVvivVvvy vvivVvivVvivVvyy vV v 4 v| 18

The selected ligands show a suitable fit with the T670I mutated kinase form,
establishing close interactions with the mutated amino acid 1670 in the ATP-binding site,
and the best-scored ligand 3,4-dihydro-3-oxo-2H-(1,4)-benzothiazin-2-ylacetic acid
(630705) is reported in Figure 7 (left). Furthermore, also SML0140 and SML1348 were
found to be valuable modulators of V654A mutated form, due to the electrostatic bonds
with A654. The best ranked ligand (SML1348) is reported in Figure 7 (right).
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Figure 7. Binding sites representation of the 3D binding modes (upper) and maps (down)

of the 630705 (left, T670I c-kit mutated form), and SML1348 (right, V654A c-kit mutated
form).

The analysis of the binding mode of the selected molecules confirms a promising
binding capability at the ATP binding pocket. In fact, as observed in the case of
cabozantinib (Figure 3), the ligands are buried in the cavity close to 1670 (Figure 7, left
upper) and the A654 (Figure 7, right upper). In particular, analyzing the 2D AA map
(Figure 7, left lower), the NH and carbonyl moieties of the molecule 630705 establish
donor and acceptor hydrogen bonds with the amino acids E671, C673. Compound
SML1348 (Figure 7, right, lower), interacts with the ATP active region, bonding the amino
acid residues N680, C673, and K623 with donor and acceptor hydrogen interactions. The
aryl moiety of the ligand forms cation-m interaction with the pivotal amino acid F811.

2.3. Comparative XP docking

In order to evaluate the behavior of the selected derivatives in presence of two (1670
and A654) and three (1670, A654, and HB816) simultaneously mutations, IFD docking
studies have been carried out. In particular, the respective proteins have been built and
optimized following the same protocol used previously for the c-Kit single-point mutated
forms. Table 7 shows the IFD docking results. The selected hits are compared with imatinib



and sunitinib, and, as expected, the docking score data confirm the weak capability of
imatinib to complex the mutated forms both with two 1670-A654 (IA) and three mutations
1670-A654-H816 (IAH), providing the worst results. Docking scores assign to sunitinib, for
both the mutated cases (IA and IAH), a high rank, demonstrating its efficaciousness as c-
Kit modulator. Finally, the data acquired for the SML0140 and 78510 (Table 7) suggest a
promising capability of these molecules to overcome D816H acquired resistance, showing
values comparable to that of sunitinib.

Table 7. Molecular XP docking results of the studied molecules into mutated proteins (IA,

IAH).
.. IA IAH
Derivative )
Docking score
Imatinib -8.58 -7.37
Sunitinib -10.88 -9.67
78510 -8.322 -9.404
534218 -5.078 -8.851
630705 -6.631 -8.555
PZ0293 -6.328 -7.673
SML0140 -8.728 -9.702
SML1348 -6.491 -8.157

3. Conclusions

The mixed ligand- and structure-based in silico protocols applied in this study allow us
to identify a set of molecules as new potential modulators of c-Kit mutated proteins able to
overcome the most frequent acquired resistance in the clinical treatment of cancer.

One of the advantages of the method is the possibility to easily explore previously
developed ligand-based protocols, available through the web-server DRUDIT; this last, in
fact, provides a rapid and non-conventional selection of new potential modulators of c-Kit.
The ligand-based methods, based on the molecular descriptors, allow for selecting
heterogeneous structures, not constrained by steric reasons to the binding cavity. The
further structure-based study can be performed rapidly and leads to identify the best
features, required to the c-Kit modulators to overcome the tumour cell resistance.

The protocol, therefore, permits identifying a set of structures with a significant
binding capability, almost comparable to known drugs, and with a potential selectivity
against the mutated forms. In particular, the derivatives 78510, 534218, 630705, and
PZ0293 are identified as successful candidates to interact with T670I c-Kit mutated form,
while molecules SML0140, SML1348 appear more incline to complex V654A mutated
protein.

In general, the six selected molecules interact with the amino acids L595, V603, K623,
V654A, T6701, C673, and F811, in agreement with the pivotal amino acid residues
highlighted in the analysis of the binding mode of c-Kit inhibitors of second and third-line
treatments. Finally, exploring the interactions with the multi-mutated forms 1670-A654



(IA), and three, 1670-A654-H816 (IAH), SML0140 shows a significant binding score against
the mutated form IAH if compared with the known drugs.

4. Materials and Methods

4.1. Structure based studies

The ligands and protein-ligand complex used for the in silico studies were prepared
as follows:

4.1.1. Ligand Preparation

The default setting of the LigPrep tool implemented in Schrodinger’s software has
been used to prepare the ligands for docking [44]. All possible tautomers and a
combination of stereoisomers have been generated for pH of 7.0+0.4, using the Epik
ionization method [45]. Energy minimization is subsequently done using the integrated
OPLS 2005 force field [46].

4.1.2. Proteins Preparation

The high-resolution crystal structure of c-Kit (PDB ID: 3GOE) [12] is downloaded from
the Protein Databank [47]. All water molecules were deleted using Protein Preparation
Wizard of Schrodinger software that is subsequently employed for further preparations of
the protein structure using the default settings [48].

Bond orders have been assigned and hydrogen atoms added as well as protonation of
the heteroatom states using Epik-tool (with the pH set at biologically relevant values, i.e.
at 7.0+2.0). The H-bond network has been then optimized. The structure is finally
subjected to a restrained energy minimization step (rmsd of the atom displacement for
terminating the minimization was 0.3 A), using the Optimized Potentials for Liquid
Simulations (OPLS) 2005 force field [46].

The optimized c-Kit crystal structure is also used as a starting point to build the
mutated forms (V654A, T670I, IA, and IAH). In details, point mutations are applied by
sequence viewer tools, available in MAESTRO suite. The resulting structures are
optimized by PRIME module.

Finally, as the results from each refinement run are examined, the quality of each
model has been further validated through the Ramachandran Plot generated, which
shows a low fraction of all residues (< 2.8-4.0 %) falling outside the favourable regions.

4.1.3. Docking Validation

Molecular Docking is performed by Glide program [49-51]. The receptor grid
preparation has been carried out by assigning the original ligand (sunitinib) as the centroid
of the grid box. The generated 3D conformers are docked into the receptor model using
the Standard Precision (SP) mode as the scoring function. A total of 5 poses per ligand
conformer are included in the post-docking minimization step, and a maximum of 2
docking poses are generated for each ligand conformer. The proposed docking procedure



is validated by the re-dock of the crystallized sunitinib within the receptor-binding pockets
of 3GOE (WT form) and 3GOF (mutated D816H form). The results obtained are in
significant agreement with the experimental poses, showing a rmsd of 0.75 and 0.92 for the
3GOE and 3GOF, respectively. Moreover, to validate the docking scores the comparison of
GLIDE score-in-place and flexible functions (XP mode) was performed on 3GOE obtaining
comparable values (-9.59 and -9.75 respectively).

4.1.4. Induced Fit Docking

Induced fit docking simulation is performed using the IFD application as available
[52,53] in the Schrodinger software suite [54], which is demonstrated to be an accurate and
robust method to account for both ligand and receptor flexibility [55]. The atomic
coordinates for c-Kit are downloaded from the Protein Data Bank (PDB id 3GOE) and
submitted to the Protein Preparation Wizard module in Schrédinger as follows: adding
hydrogen, assigning partial charges (using the OPLS-2001 force field) and protonation
states. All crystal waters have been removed.

The IFD protocol is carried out as follows [56, 57]: the ligands are docked into the rigid
receptor models with scaled-down van der Waals (vdW) radii. The Glide Standard
Precision (SP) mode [49-51] is used for the docking, and 20 ligand poses are retained for
protein structural refinements. The docking boxes are defined to include all amino acid
residues within the dimensions of 25 A x 25 A x 25 A from the center of the original
ligands; the induced-fit protein-ligand complexes are generated using the Prime software
[58, 59]. The structures obtained from the previous step are submitted to side-chain and
backbone refinements. All residues with at least one atom located within 5.0 A of each
corresponding ligand pose are included in the refinement by Prime. All the poses
generated are then hierarchically classified, refined and further minimized into the active
site grid before being finally scored using the proprietary GlideScore function, defined as:
GScore= 0.065*vdW + 030*Coul + Lipo + Hbond + Metal + BuryP + RotB + Site, where: vdW
is the van der Waals energy term, Coul is the Coulomb energy, Lipo is a Lipophilic contact
term which rewards favorable hydrophobic interactions, Hbond is an H-bonding term,
Metal is a metal-binding term (where applicable), BuryP is a penalty term applied to
buried polar groups, RotB is a penalty for freezing rotatable bonds and Site is a term used
to describe favourable polar interactions in the active site.

Finally, IFD score (IFD score = 1.0 Glide_Gscore + 0.05 Prime_Energy), which accounts
for both protein-ligand interaction energy and total energy of the system, is calculated and
used to rank the IFD poses. The more negative is the IFDscore, the more favorable is the
binding.

4.2. Biotarget Finder module (DRUDIT)

The selection of suitable c-Kit inhibitors is performed through the module Biotarget
Finder as available in the web-server www.drudit.com [30]. The tool allows predicting the
binding affinity of candidate molecules versus the selected biological target. The template
of the biological target is built by using a set of known modulators. The selected



structures, well-known inhibitors of c-Kit, are acquired from the binding database [35] and
are further filtered by applying a cut-off of 1 uM to IC50. The resulting structures are
uploaded to web-server as external targets, to get the c-Kit template. The entire database is
submitted to the Biological Predictor module by using the default parameters, and the
output results are obtained as DAS (Drudit Affinity Score) for each structure.

Supplementary Materials: The following are available online: S1, Spearman's rank
correlation test; S2, amino acids maps of known drugs; S3, S2-DRUDIT results, 54, amino
acids maps of the selected compounds.
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