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ABSTRACT

The c-Met kinase has emerged as an attractivettemgdeveloping antitumor agents because of isel
relationship with the development of many humanceasy, poor clinical outcomes and even drug
resistance. A series of novel c-Met kinase inhiitbave been identified with multiple workflow ihig
work, including virtual screening, X-ray crystaltaghy, biological evaluation and structural optiatian.
The experimentally determined crystal structureéhef best hit compoundL-11 in c-Met kinase domain
was highly consistent with the computational prédic Comparison of the hit compounds with diffdren
c-Met kinase inhibitory activity by molecular dynm$ simulations suggested the key protein-ligand
interactions for structural optimization. Based these, structural optimization produced compodtéd
with better c-Met kinase inhibitory activity and pnoved anti-proliferative activity. These experirtadn
findings proved the reliability and efficiency ofioin silico methods. This strategy will facilitaterther

lead discovery and optimization for novel c-Metdge inhibitors.
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1. Introduction

The c-Met kinase is a receptor tyrosine kinase #rgiressed in endothelial and epithelial cells.
Hepatocyte growth factor (HGF) is the natural ligaof c-Met, also known as a scatter factor. The
HGF/c-Met signaling pathway plays important roles mormal development, organogenesis, and
homeostasis [1]. The activation of c-Met by HGFs=mireceptor dimerization and autophosphorylation o
tyrosine 1234 and 1235. Phosphorylated c-Met furthggers the activation of downstream signaling
pathways such as the Ras/MAPK, c-Src, and PI3Kpsthways. Meanwhile, c-Met induces an invasive
program consisting of cell proliferation, migratjanvasion, and survival that is essential for pblpgical
events during normal processes such as morphogetigsr regeneration, and wound healing. Aberrant
HGF/c-Met signaling through constitutive activatiagene amplification, mutations, and activationaaf
autocrine loop occurs in virtually all types of idotumors, and as such is implicated in multiplendu
oncogenic processes, such as mitogenesis, surangipgenesis, and invasive growth, especiallyha t
metastatic process [2-5]. Furthermore, overexpoessi c-Met and HGF was demonstrated to correlate
with poor prognosis or metastatic progression inuaber of major human cancers, including lung,
prostate, renal, ovarian, gastric, and liver camci®]. In this sense, c-Met has recently attracted
considerable interest as a therapeutic targetdnous cancers [7].

The c-Met kinase inhibitors are grouped accordmtheir binding mode in the binding site. Compounds
with a U-shaped binding mode in the ATP binding sate Type | c-Met kinase inhibitors. In general,
compounds of this type exhibit relatively good gkl selectivity profiles with a limited number of
off-target kinase hits, such as Crizotinib and B2A¥903. They compete with ATP to bind in the ATP
binding site and mimic the interactions between Adrfél the binding site, including the hydrogen bond
interactions with the residues in the hinge redgiBro1158, Tyr1159 and Met1160). Interaction witk th
activation loop is also important to kinase intobst, including DFG motif and Tyr1230 in c-Met kieas
The DFG motif (Asp1222, Phel223 and Glyl1224) isseoved in kinase, interactions with which are
beneficial for improving kinase inhibitory activit{furthermore, Tyr1230 in c-Met kinase domain igua
so that compounds got interactions with it showeddgselectivity. Type 1l c-Met kinase inhibitorsear
multi-targeted c-Met kinase inhibitors that pase tiatekeeper and occupy the deep hydrophobic back
pocket. A significant movement of the A-loop is weed for entering the c-Met back pocket which is
compensated by additional interactions with therbgtobic back pocket, often leading to compoundk wi

high molecular weights and high lipophilicities. tBwdrogen bond interactions with the hinge recoa



the shared protein-ligand interactions of Type d éinc-Met kinase inhibitors. The representativ®let
inhibitors of Type I, Il and other types in differteclinical phase studies have been shown in Fig. 1
Especially, Crizotinib (c-Met/ALK) and CabozantinyEGFR2/c-Met) have been approved for the
treatment of non-small cell lung carcinoma [6]. iBes, some other c-Met kinase inhibitors have htsen
put into clinical studies, including PF-042179031aiNJ-38877605 of Type |, BMS-777607, GSK1363089
and MGCD-265 of Type II.
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Fig. 1 The representative c-Met kinase inhibitors ofetiint structural types.

Encouraged by these findings, a multiple workflamgluding virtual screening, biological evaluation,
X-ray crystallography, molecular dynamics simulat{8] and structural optimization, has been appted
identify novel c-Met inhibitors in this study. Coteg-based pharmacophore model and molecular docking
were used as the structure-based approaches, wialdigand-based approaches were ligand-based
pharmacophore we have developed [9], 2D chemiaailasity, and 3D-shape. These two types of
approaches focused on different aspects and coreptech each other. A series of novel and potent t-Me

inhibitors have been identified after biologicabation. The experimentally resolved crystal dtrces of



the best hit compoundiHL-11 in complex with c-Met kinase domain validated tbemputational
prediction. Structural optimization yielded compdulie with better c-Met kinase inhibitory activity and
significantly improved anti-proliferative activity.

2. Materials and Methods
2.1 Structure-Based Virtual Screening

Molecular Docking The available programs, Glide, Gold, Surflex &idocker, were used for docking.
As a test set, 11 ligands in the crystal structwkshe kinase domain of c-Met were extracted and
re-docked into the binding site. The PDB IDs foe il complex structures were 2RFS [10], 2WD1 [11],
2WGJ [12], 2WKM [13], 3A4P [14], 3CCN [15], 3CD85}, 3DKF [16], 3DKG [16], 3F66 [17], and 3I5N
[18]. The root mean square deviation (RMSD) betwibendocked and crystal conformations of the ligand
was a criteria to assess the docking accuracy.

Glide. The protein in the crystal structures was prapameng theProtein Preparation Wizaravorkflow.
The generated receptor grid was centered on thedign the crystal structure, which was definedhas
ligand-binding site search region. The compoundbeaocked was confirmed by an enclosing box that
was similar in size to the crystal ligand. The coomds were prepared withgPrep and docked into the
binding site usingslide standard/extra precision (SP/XP) mode. Defaultrggttwere used for all the other
parameters. The best pose was determined by theirpfigand interactions and Glide score. All these
procedures were completed in Schrédinger 2009.

Gold. Gold uses a genetic algorithm to explore the binding f&ir bioactive ligands. Protein structures
were prepared by adding hydrogen atoms and deletatgr molecules as well as the ligand in Sybyl 8.9
10 A radius surrounding the ligand was definedhasligand binding site. Only the best conformatidn
the docked ligand was included in the output amemsettings in the genetic algorithm were lefiadét

Surflex An empirical scoring function was used to dogjafids into the binding site. The active site was
defined as protomol, an idealized ligand that makesy potential interaction with the binding sitewas
used to align the ligand fragments and also prothdelirection to grow the fragments. All the pnejins
were completed in Sybyl 6.9.

CDocker CDocker is a grid-based molecular docking metkimat employs CHARMmM. During the
docking procedure, the receptor keeps rigid whgarnd is flexible. Protein and ligands were pre@dare
DS 2.5 (Accelrys Discovery Studio 2.5). The bindgiig was defined based on the volume occupietidy t

bound ligand. Only the best conformation of theksakcligand was output.



Generation of Complex-based Pharmacophore Modafs. focused on developing a complex-based
pharmacophore model for type | c-Met inhibitors.tAé outset of this study, only 11 crystal struesuof
c-Met kinase domain in complex with type | inhilsg#avere available in PDB. All these complex stroesu
were aligned by @ atoms so that the active sites were thus align&der molecules were retained in order
to include the possible water-mediated hydrogerdbon

Pharmacophore model was generated for each comipéesed on the aligned structures. The
protein-ligand interactions were converted to plerophoric features, including hydrophobic centers,
aromatic rings, and hydrogen bond donors and asre@tiong with their direction vectors. Excluded
volume spheres representing different spatial postoccupied by adjacent residues were automigtical
added to the final model. All features in the llamhacophore models were clustered according to
different types of interactions with the activeesiExcluded volume spheres used as steric coristraere
clustered based on the specific residues theysepted. The cluster centers were identified uEidig and
Cluster Pharmacophoraool in DS 2.5. Finally, the pharmacophore modeswcomplemented with
3D-shape constraints to improve the selectivitthefc-Met inhibitors.

Validation of Complex-based Pharmacophore Modd&®trospective discovery of known c-Met
inhibitors was used to validate the pharmacophotagpability of distinguishing active inhibitors fro
inactive compounds. A database included other @érted type | c-Met inhibitors and 538 randomly
selected decoy compounds was constructed. Decoses salected from FDA-approved small molecule
drug without reported biological activities on c-Me Drugbank [ttps://www.drugbank.c@/Structures of
all these molecules were prepared using SciTegpelife Pilot 7.5. Multi-conformations of each
compound were generated using the FAST conformateearch protocol implemented in DS 2.5 with an
energy threshold of 20 kcal/mol and a maximum 0% Zeonformers. A multi-conformation database
included all the conformers of 624 compounds waslted. All screening experiments were performed by
using Best Flexible Searctalgorithm. Enrichment Factor (EF), Goodness of f@#H) and receiver

operating characteristic (ROC) scores were usetdatuate the performance of pharmacophore screening
2.2 Ligand-Based Virtual Screening

Ligand-based Pharmacophore Modeling. HypoGen ligand-based pharmacophore model has been
developed and rigorously validated in our previstugly [9]. The pharmacophore was generated using 23
known c-Met inhibitors of diverse structures. Iinssted of two Hydrogen Bond Acceptors (HBA), one

Hydrophobic center (HY) and one Ring Aromatic (RA)he capability of it in identifying active



compounds from inactive ones was illustrated witlearichment factor of 21.07 and a ROC score #3@®.8
It was suggested that such a phamacophore modkl serve as a reliable tool for the discovery oivne
c-Met inhibitors.

2D Chemical Similarity and 3D-shapklolecular similarity was calculated using SciTeBipeline Pilot
7.5. The c-Met inhibitors collected from literatsrgvere used as the reference compounds. Tanimoto
coefficient between the ChemDiv and reference camge was calculated. 3D-shape was applied in

combination with the complex-based pharmacophoréeio
2.3 Crystal Structure Selection and Database Prepation

Crystal Structure Selectio@ross-docking was performed to select the mosalsiai crystal structure for
the structure-based virtual screening. The comgtaxctures were firstly superimposed onto the ezfee
structure (PDB ID: 2WGJ). The co-crystal ligandgevextracted and prepared before they were re-docke
using the selected docking programs. RMSD valuésden the crystal and docked conformations were
considered as the criteria for crystal structuteci®n. Because the docking accuracy may be &ffieby
the type of the bound inhibitor, a representativacsure for each structural type of inhibitor wased in
the structure-based virtual screening.

Database PreparatioriThe ChemDiv compound library containing 0.7 millioompounds was used for
virtual screening in this study. For molecular dagk all the structures in the compound database we
prepared using SciTegic Pipeline Pilot 7.5. Theyemgrotonated, added with partial charges, and then
minimized with the MMFF94x force field to a gradierof 0.0001 kcal/mol A. For the
pharmacophore-based virtual screening, all thecstres were subjected to conformation modelinggisin
the Catalyst module of DS 2.5. Multi-conformatiasiseach compound were generated usingRAST
conformational search protocol implemented in DS Rith an energy threshold of 20 kcal/mol and a
maximum of 255 conformers. These compounds wereerted into a searchable multi-conformation

database.
2.4 Further Scoring

The compounds passed through the parallel virtcrglening lines and cascade molecular docking were
then further scored. First, they were energy mingdiin MOE 2009 (Molecular Operating Environment,
version 2009.10) to obtain their LigXKp binding affinity, which is mainly presented byetlenergy of
hydrogen bonds and hydrophobic interactions. Secthay were scored using molecular mechanics, the

generalized Born model, and the solvent accedsifMM-GB/SA) method with OPLS 2005 and GB/SA



in MacroModel of Schrédinger 2009 to calculate tinee energies (E_Macromodel) of the optimal
chemical conformations. Third, another module immeated in Schrodinger 2009, Prime MM-GBSA
which calculates ligand binding energies and ligatrdin energies between a set of ligands andglesin

receptor, was also applied to calculate the binflieg energies between the compounds and kinasaidom
of c-Met. Including Glide Gscore, four differentosimg methods in total were applied to select the

potential compounds from the docking results.
2.5 Kinase inhibitory and anti-proliferative assays

Chemical Source. The selected compounds were all purchased from Cclapse
(http://www.tsbiochem.com/). The structure and turof all chemicals were confirmed by mass
spectroscopy (MS) and liquid chromatography-tandeass spectrometry (LC-MS/MS).

Biochemical kinase Assay$he c-Met kinase inhibitory activity was deteredhusing Hot-SpotSM
kinase assay by Reaction Biology Corp. (Malvern BSA). After the substrate was prepared in freshly
prepared reaction buffer (20 mM Hepes pH 7.5, 10 MyCl,, 1 mM EGTA, 0.02% Brij35, 0.02 mg/mL
BSA, 0.1 mM NgVQg, 2 mM DTT, 1% DMSO), 5 nM of human GST-tagged &rkinase was delivered
into the substrate solution and mixed gently. Tésting compounds were dissolved in 100% DMSO to
specific concentration and added into the kinagetien mixture by Acoustic technology (Echo550;
nanoliter range). The reaction mixture was incuthdte 20 min at room temperaturéP-ATP (Specific
activity 10 uCi/uL) was delivered into the reaction mixture to iaié the reaction and incubated at room
temperature for 2 h. The kinase activities werected by filter-binding method. ¥gvalues were obtained
using GraphPad Prism (San Diego, CA).

AlamarBlue® Cell proliferation AssaysThe human tumor cell lines used in preliminary
anti-proliferation assays were A549 (lung), HCT1l{&lon), MCF-7 (breast), PC3 (prostate) and
SGC-7901 (gastric) initially, and EBC-1 (lung), MKBA (gastric), NCI-H460 (lung), PC3, Colo-205
(colon) were used for anti-proliferation assays®iv compounds obtained after structural optimizatid|
experiments were done under standard conditions’C3and 5% Cg). Cells were seeded in 384-well
plates in medium supplemented with 10% fetal bowseeum (FBS). After 24 hours, the wells were
changed with serum-free medium [with 0.04% bovierus albumin (BSA)]. Cells were treated with test
compounds for 72 hours. Addd alamarBIlu& reagent directly to cells in 40 culture medium. Incubate
for 1 to 4 hours at 37 °C in a cell culture incuraprotected from direct light. Detect the fluaresce

intensity at excitation wavelength of 540-570 nraglp excitation is 570 nm) and fluorescence emisaton



580-610 nm (peak emission is 585 nm) with the 8afiicroplate Reader (Tecan, Switzerland). Thg IC
values were calculated by fitting the data to tlymagion for competitive inhibition using nonlinear

regression method (GraphPad Prism, San Diego, CA).
2.6 Crystal Structure Determination

Protein Purification and Crystallization Production of the kinase domain (1038-1346 aa) of
recombinant human c-Met followed the protocols oAy [19] with certain modifications. The cDNA
fragment was cloned into the vector pET28a andotbéein was co-expressed with catYopH subcloned in
PET15b (164-468AA) [20]. The expressed c-Met kindsenain was passed through a Ni-NTA column
(Qiagen) and further purified by QHP ion exchangkimin (GE) which eluted with 25 mM Tris pH 8.5,
100 mM NacCl, 10% glycerol, 1ImM DTT. The protein wesncentrated to ~10 mg/mL for further
crystallization.

Cocrystallization of the c-Met kinase domain witbngpoundHL-11 was carried out by mixing a
solution of the protein-ligand complex with an elqualume of precipitant solution (0.1M Tris pH7 5%
glycerol, 12% MPD,5% isopropanol, 15% PEG5KMME).eTprotein-ligand complex was prepared by
adding the compound to the protein solution tonalfconcentration of 1 mM dfiL-11. Cocrystallization
utilized the vapour-diffusion method in hanging psoCrystals were flash frozen in liquid nitrogerthe
presence of well solution supplemented with 25%ejlgl.

Structure Determination and Refinemebata were collected at 100 K on beamline BL17UWhat
Shanghai Synchrotron Radiation Facility (SSRF), amere processed with the XDS [21] software
packages. The structure was solved by moleculdagement, using the program PHASER [13] with the
search model of PDB ID 4GG5 [22]. The structure wefthed with PHENIX [23]. With the aid of the
program Coot [24], compounHL-11, water molecules were fitted into to the initlaJ-Fc map. The

complete statistics, as well as the quality ofgbkred structures, are shown in Table S1.
2.7 Molecular Dynamics Simulation

Molecular dynamics simulations were performed usMMBER 9.0 software package with the ff99SB
force field to simulate c-Met in complex with itshibitors and calculate their binding free energlie
co-complex structures were obtained by moleculakithg. The ligands were firstly fully minimized lblye
AM1 method and electrostatic potentials computethatHF/6-31G* level in the Gaussian 09 program.
The RESP fitting technique in AMBER was used toedeine the partial charges. The force-field
parameters for the ligand were generated with #reegl AMBER force field (GAFF) by Antechamber.



Hydrogen atoms were assigned using the LEaP moddieh sets ionisable residues to their default
protonation states at a neutral pH value. Each émmpas immersed in a cubic box of TIP3P water rhode
with a 10 A minimum solute-wall distance. A total five Cl ions were added to neutralize each
protein-ligand complex system. Energy was minimizethe solvated system employing 1000 steps of the
steepest descent algorithm and 2000 steps of tjagade gradient algorithm with a nonbonded cutdff
10A. The protocol for molecular dynamics simulatimmsisting of gradual heating, density equilitmati
equilibration and production procedures in an isotial isobaric ensembIdIPT, P = 1 atm and T = 298K)
MD. The system was gradually heated from 0 to 288K0ps, followed by density equilibration at 298K
for 500ps, and then constant equilibration at 298K500ps. Then each protein-ligand complex system
underwent a process of equilibration procedurel winé system achieved a continuous stable stats, i
production stage. The time step was set to 2 féewthe snapshots were taken every 10 ps to reberd t
conformation trajectory during production MD. Thentonded interactions were treated with a 10A €utof
SHAKE algorithm was applied to constrain all bomdslving hydrogen atoms to their equilibrium lehgt
The conformations of different systems were colldcevery 50ps after the system achieved their
equilibrium status. The collected snapshots weeel figr structural and energetic analysis of eachptex
system.

Binding free energy calculations were also perfatree investigate binding affinity between different
ligands and the binding pocket. The methods like RBSA [25] and MM/GBSA [26] are usually used for
investigating the energetic contribution of protegand binding affinities. For different proteirgand
systems, the process of converged status was aséldef binding free energy calculation. The solute
solvent dielectric constants were set as 1.0 an@, 88spectively. The binding free energy of difar

ligands to the protein was calculated as follows:

AGbinding:Gcomple>'<[G‘protein'*'Gliganol]

For different protein-ligand systems, the processbinding free energy calculations were also agapli
for hydrogen bond occupancy calculations. The hyenobond distance was set as 3.5A and angle was
120.0°. Other parameters were kept default.
2.8 Chemistry

'H NMR and *C NMR spectra were obtained at room temperaturagusi Bruker Avance 300
spectrometer. DMSOg@r CDCk containing 0.03% tetramethylsilane (TMS) (99.8%Adamas, Inc.) was

used as a solvent for NMR measurements. Chemiifts €5) for 'H NMR are given in parts per million



(ppm) relative to residual DMS@® .50 ppm) or KO (6 3.33 ppm). Chemical shifts)(for 3C NMR are
given in ppm relative to DMS® 39.50 ppm). Splitting patterns are designatedbews: s = singlet, d =
doublet, t = triplet, q = quartet, m = multiplet,broad. High resolution mass spectrometry (HRMS3%
obtained on a Q-TOF micro spectrometer. Meltingnfgoiwere determined with a Micro melting point
apparatus. TLC plates were visualized by exposutdttaviolet light.

2.8.1 4-((4-amino-5-mercapto-4H-1,2,4-triazol-3-ymethyl)phenol (1)

2-(4-hydroxyphenyl)acetic acid (5.02 g, 33 mmolditazinecarbothiohydrazide (3.80 g, 36 mmol) and
CH3SOsH (6.91 g, 72mmol) were dissolved in 8 mL sulfolaamel 6 mL HO. The solution was stirred at
90 °C for 24 h. After cooled to room temperature, thigtare was poured into 50 mL ice water. Saturated
agueous sodium carbonate solution was added tstatigiPH to 7-8. The mixture was filtered anddlire
vacuo to give 3.60 g df asblue solid: 50% yieldH NMR (300 MHz, DMSO#ds) & 13.52 (s, 1H), 9.35 (s,
1H), 7.07 (dJ = 8.0 Hz, 2H), 6.69 (d] = 7.3 Hz, 2H), 5.54 (s, 2H), 3.89 (s, 2H); M.[6208C; ESI-MS
m/z: 223.2 [M-H] .

2.8.2 4-((6-(1H-indol-2-yl)-[1,2,4]triazolo[3,4-b]],3,4]thiadiazol-3-yl) methyl)phenyl 1H-indole-2-
carboxylate (2a)

1(1.00 g, 4.50 mmol),H-indole-2-carboxylic acid (0.60 g, 5 mmol) werestilved in 3 mL sulfolane, and
12 mL POC} was added. The reaction mixture was stirred a@%or 18 h, then cooled to room
temperature, poured into 200 mL ice water. NaOH a@dded to adjust the PH to 7. The mixture was
filtered and dried in vacuo to give 0.60 g2afas white solid: 27% yieldH NMR (300 MHz, DMSO#ds) &
9.35 (s, 1H), 8.60 (s, 1H), 8.09 (s, 1H), 7.14X&,7.9 Hz, 2H), 6.75 — 6.66 (m, 2H), 4.26 (s, 28193 (s,
3H); m.p.: 280-28%C; ESI-MS m/z: 491.3 [M+H]

2.8.3  4-((6-(1-methyl-1H-pyrazol-4-yl)-[1,2,4]triablo[3,4-b][1,3,4] thiadiazol-3-yl)methyl)phenyl
1-methyl-1H-pyrazole-4-carboxylate (2b)

Synthetic procedure was followed as described donound2ato give 2b as white solid: 27% yieldH
NMR (300 MHz, DMSOd) § 8.61 (s, 1H), 8.53 (s, 1H), 8.10 (s, 1H), 8.011(8), 7.42 (d,J = 8.2 Hz, 2H),
7.18 (d,J = 8.0 Hz, 2H), 4.45 (s, 2H), 3.93 (s, 3H), 3.9238); m.p.: 167-168C; ESI-MS m/z: 421.2
[M+H] "

2.8.4 4-((6-(1H-indol-2-yl)-[1,2,4]triazolo[3,4-b]1,3,4] thiadiazol-3-yl)methyl)phenol (3a)

2a(0.49 g, 1.00mmol) was dissolved in 15 mL THF &abDH (0.2 g, 5 mmol) was added. The mixture

was stirred at room temperature for 24 h. 1IN HC$ wdded to adjust the PH to 7 and the solution was



extracted with ethyl acetate (20 mL x 2). The orgdayer was washed with brine (30 mL), dried over
NaSO, and concentrated. The residue was purified byhfladumn chromatography (SiCOchloroform /
MeOH) to give 0.32 g oBa as gray solid: 91% yieldH NMR (300 MHz, DMSO#dg) § 12.28 (s, 1H), 7.66
(d, J = 8.1 Hz, 1H), 7.46 (dd] = 12.9, 8.3 Hz, 3H), 7.28 (dd,= 22.1, 13.2 Hz, 4H), 7.11 (,= 7.6 Hz,
1H), 4.44 (s, 2H); m.p.: 191-19B; ESI-MS m/z: 348.4 [M+H]

2.8.5 4-((6-(1-methyl-1H-pyrazol-4-yl)-[1,2,4]triaplo[3,4-b][1,3,4] thiadiazol-3-yl)methyl)phenol (3h
Synthetic procedure was followed as described donound3ato give 3b as white solid: 85% yieldH
NMR (300 MHz, DMSO#g) 5 9.35 (s, 1H), 8.60 (s, 1H), 8.09 (s, 1H), 7.14)(d,7.9 Hz, 2H), 6.75 — 6.66

(m, 2H), 4.26 (s, 2H), 3.93 (s, 3H); m.p.: 2€3decomposed); ESI-MS m/z: 313.1 [M+H]

2.8.6 2-(4-((6-(1H-indol-2-yl)-[1,2,4]triazolo[3,48][1,3,4]thiadiazol-3-yl)methyl)phenoxy)-N,N-
dimethylacetamide (11a)

3a (94 mg, 0.30 mmol) and 2-chloro-N,N-dimethylacetian(44 mg, 0.36 mmol) was dissolved in 10 mL
DMF and CsCO;s (0.32 g, 0.90 mmol) was added. The reaction mixtuas stirred at 82C for 3 h. After
cooled to room temperature, 30 mL water was addéldet reaction mixture, and the mixture was exé@ct
with ethyl acetate (30 mL x 2). The organic layexswvashed with brine (50 mL), dried over,8&@, and
concentratedThe residue was purified by flash column chromaipby (SiGQ, chloroform / MeOH) to give
30 mgl1-1aswhite solid: 23% yield*H NMR (300 MHz, DMSOdg) & 8.59 (s, 1H), 8.08 (d,= 0.8 Hz, 1H),
7.25(d,J=8.3 Hz, 2H), 6.88 (dl = 8.6 Hz, 2H), 4.79 (s, 2H), 4.32 (s, 2H), 3.923(), 3.57 (s, 4H), 3.43 (s,
4H); 3¢ NMR (75 MHz, DMSO+dg) 6 167.06, 158.76, 157.10, 138.12, 129.56 (2C), ¥71.86.32, 125.01,
121.54, 120.59, 114.74 (2C), 112.36, 107.37, 6538971, 35.55, 34.89, 29.53; m.p.: 225-227HRMS
(ESI) m/z455.1244 (455.1261 calcd fopE,0NeNaG:S’, [M+Na]™).

2.8.7 2-(4-((6-(1-methyl-1H-pyrazol-4-yl)-[1,2,4]t&azolo[3,4-b][1,3,4] thiadiazol-3-yl)methyl)phenoxy
-1-morpholinoethan-1-one (11b)

Synthetic procedure was followed as describeddarmoundl1-1to givell-2as white solid: 40% yieldH
NMR (300 MHz, DMSO#g) § 8.59 (s, 1H), 8.08 (d,= 0.8 Hz, 1H), 7.25 (d} = 8.3 Hz, 2H), 6.88 (d] = 8.6
Hz, 2H), 4.79 (s, 2H), 4.32 (s, 2H), 3.92 (s, 38151-3.61 (brs, 4H), 3.48-3.40 (s, 4C NMR (75 MHz,
DMSO-ds) 6 165.96, 146.54, 137.66, 131.74, 129.61(2C), 127193.72(2C), 65.99(2C), 65.83, 44.73,
41.55, 29.50; m.p.: 164-188; HRMS (ESI) m/z 462.1307 (462.1319 calcd for,dEl>1N/NaQGsS',
[M+Na]™).

2.8.8 2-((7-methoxyquinolin-4-yl)oxy)acetic acid (4



2-hydroxyacetic acid (5.00 g, 65 mmol) and KOH (6d) 90 mmol) were mixed and heated to 2Z0
4-chloro-7-methoxyquinoline (5.00 g, 26 mmol) dissd in DMSO (20 mL) was added dropwise. The
reaction mixture was stirred at 170 for 2.5 h. After cooled to room temperature, $bkition was poured
to 50 mL ice water. Saturated aqueous sodium catbaolution was added to adjust the PH to 7-8. The
mixture was filtered and dried in vacuo to giveBg of 4 as brown solid: 62% yield. m.p.: 223-225%
HRMS (ESI) m/z234.0763 (234.0761 calcd forE1.NO,", [M+H]").

2.8.9 4-amino-5-(((7-methoxyquinolin-4-yl)oxy)methl -4H-1,2,4-triazole-3-thiol (5)

4 (2.00 g, 8.60 mmol), hydrazinecarbothiohydrazitl®@ g, 9.50 mmol) and GBG;H (1.80 g, 19 mmol)
were dissolved in 3 mL sulfolane and 3 miCH The solution was stirred at 80 for 24 h. After cooled to
room temperature, the mixture was poured into 30ioeLwater. Saturated agueous sodium carbonate
solution was added to adjust the PH to 7-8. Thelunéxwas filtered and dried in vacuo to give 1.80f §
asbrown solid: 69% yield. HRMS (ESIm/z304.0864 (304.0863 calcd for414NsO.S", [M+H]™).

2.8.10 6-(1H-imidazol-2-yl)-3-(((7-methoxyquinolind-yl)oxy)methyl) -[1,2,4]triazolo[3,4-b][1,3,4]
thiadiazole (11c)

5 (1.00 g, 3.30 mmol ) andHtimidazole-2-carboxylic acid (0.40 g, 3.60 mmol)revalissolved in 3 mL
sulfolane, and 12 mL POgWas added. The reaction mixture was stirred dC8for 18 h, then cooled to
room temperature, poured into 200 mL ice water. Na@s added to adjust the PH to 7. The mixture was
filtered and dried in vacuo to give 92 mgldf-3as gray solid: 7% yieldH NMR (300 MHz, DMSO#ds) 5
13.83 (s, 1H), 8.77 (d, = 5.4 Hz, 1H), 8.01 (d] = 9.0 Hz, 1H), 7.52 (s, 1H), 7.36 = 2.5 Hz, 1H), 7.28
(d, J = 5.2 Hz, 2H), 7.18 (dd] = 9.2, 2.6 Hz, 1H), 5.82 (s, 2H), 3.90 (s, 3H)pm205-207C; HRMS
(ESI") m/z380.0914 (380.0924 calcd for£114N70,S", [M+H]™).

2.8.11 3-(((7-methoxyquinolin-4-yl)oxy)methyl)-6-fiazol-4-yl) -[1,2,4]triazolo[3,4-b][1,3,4]

thiadiazole (11d)

Synthetic procedure was followed as describeddarmoundl1-3to give 92 mg ofl1-4as yellow solid: 7%
yield. *H NMR (300 MHz, Chlorofornd) & 8.94 (d,J = 2.0 Hz, 1H), 8.74 (d] = 5.4 Hz, 1H), 8.29 — 8.07
(m, 2H), 7.41 (dJ = 2.6 Hz, 1H), 7.18 — 7.08 (m, 1H), 7.04 Jd 5.4 Hz, 1H), 5.78 (s, 2H), 3.94 (s, 3H);
m.p.: 211-213C; HRMS (EST) m/z397.0528 (380.0536 calcd for£113Ne0,S,", [M+H]).

2.8.12 6-(1H-indol-2-yl)-3-(((7-methoxyquinolin-4-{)oxy)methyl) -[1,2,4]triazolo[3,4-b][1,3,4]

thiadiazole (11e)

Synthetic procedure was followed as described éongound11-3to give 113 mg ofil1-5 as light brown
solid: 8% vyield*H NMR (300 MHz, DMSO#dg) & 12.33 (s, 1H), 8.75 (d, = 5.2 Hz, 1H), 8.02 (d] = 9.2



Hz, 1H), 7.67 (dJ = 8.0 Hz, 1H), 7.52 = 7.23 (m, 5H), 7.20 — 7.00 2iH), 5.83 (s, 2H), 3.89 (s, 3H): m.p.:
258-258C; HRMS (EST) m/z429.1125 (429.1128 calcd fopfEl1gNeO,S, [M+H]*).

2.8.13 6-(1H-benzo[d]imidazol-5-yl)-3-(((7-methoxyginolin-4-yl)oxy) methyl)-[1,2,4]triazolo[3,4-b]
[1,3,4]thiadiazole (11f)

Synthetic procedure was followed as describeddormoundl1-3to give 156 mg ol1-6as gray solid: 11%
yield. 'H NMR (300 MHz, DMSO#dg) & 13.12 (s, 1H), 8.79 (d, = 5.5 Hz, 1H), 8.44 (s, 1H), 8.20 (s, 1H),
8.10 (d,J = 9.1 Hz, 1H), 7.78 (s, 2H), 7.40 — 7.28 (m, 2AHP1 (ddJ = 9.3, 2.6 Hz, 1H), 5.93 (s, 2H), 3.91
(s, 3H); m.p.: 249-25C; HRMS (ESI) m/z430.1069 (380.0536 calcd fop{E16N;05S", [M+H] ).

3. RESULTS AND DISCUSSIONS
3.1 Virtual Screening

3.1.1 Selection of Docking Programs and PDBs

Table 1. RMSD values between the crystal and dockeébrmations of inhibitor

PDB ID CDocker Glide(XP)® Gold Surflex
2RFS 0.49 0.34

2WD1 0.85 0.28 | 063 0.73
2WGJ 0.64 072 0.48
2WKM

3A4P 0.42 0.15 0.79
3CCN 0.36 015 024 0.43
3CD8 0.50 018 | 064 0.20
3DKF 028 028 0.1
3DKG 0.51 031 042 0.42
3F66 0.75 086 072 032
315N 0.48 025 040 0.31
Mean (A) 0.93 046 | 078 0.71
Std. dev. (A)  0.74 042 050  0.66

0A<RMSD<0.5A = 0.5A<RMSD<1A 1.5A<RMSD<2A 2A<RMSD

2 color code bar is given according to the RMSDgefiGlide extra docking precision mode.

Four docking programs, including CDocker, Glide |d@nd Surflex, were evaluated by re-generating
the ligand binding conformation in the 11 crystalistures. The resulted RMSDs (Table 1) between the
docked and crystal conformations of inhibitors segjgd Glide and Gold were preferred for molecular
docking. Glide outperformed the other programs rsly one RMSD value was over 1.00 A (1.59A for
2WKM) and the average RMSD value was also the ssiallGold was also considered as a suitable
program since the docking results were all in tteeptable range. Therefore, Gold and Glide werectssd

for the molecular docking in this study.



Only limited number of crystal structures of c-Md@tase domain in complex with type | inhibitors wer
available at the outset of this study. All thesailable crystal structures of c-Met kinase domain i
complex with type | inhibitors were evaluated. Cdesing both of the cross-docking accuracy and
structure types of the ligands, crystal structyR3B ID: 2WD1 [11], 2WGJ [12], 2WKM [12BA4P [14],
and 3QTI [27]) were selected for cascade molealdaking (supplementary Table S2).

3.1.2 Complex-based Pharmacophore Generation and Wdation

Complex-based pharmacophore models were generatedl lon the eleven crystal structures (Table 1)
with different type | c-Met inhibitors (supplementaFig. S1) to cover comprehensive pharmacophoric
features. Structural alignment and feature clugeg. 2) yielded different groups of pharmacophoric
features, including hydrogen bond donors (HBD), rbgeén bond acceptors (HBA), hydrophobic center
(HC) and aromatic ring (RA). HBD was not selectegtduse of its small number and dispersed spatial
distribution. Two representative HBA features refilel hydrogen bond interactions between the ligamt
Met1160, Aspl222 were kept. Two main HC groups weumd. One was located in the adenine binding
pocket, and the other was between the hydrophasiclwes Met1211 and Tyrl1230. RA cluster center
covered right the spatial position of the second. HHOwvas found that most of the chemical groups
represented by the second HC were aromatic. TherefA was more feasible to represent the chemical
groups required in this region. Considering thdése first HC and the RA were kept in the pharmacoph
model. Thus, the initial pharmacophore model (Hypodnsisted of two HBA, one HC and one RA

—

(supplementary Fig. S2.A).

1

o Wb
N

% TrRiZ:0

Fig. 2 (A) The 11 complex structures were well a$id in a common reference structure (PDB ID: 2WGJ).
(B) The pharmacophoric features generated basdteoaligned complex structures: HBA, green; HBD,
magenta; HC, cyan; RA, orange.



To improve selectivity, the initial model Hypol wagtimized by adding excluded volume spheres,
which resembled sterically inaccessible regioniwithe binding site. Twelve excluded volume feasur
were found and clustered in the ATP-binding sitbpse spatial positions were respectively occupied b
residues Lys1161, Met1160, Leul157, Ala1108, ll&108et1211, Leul140, Gly1085, Tyr1230, Lys1110,
Asn1209, and Aspl1222. The resultant pharmacophodehwas Hypo2 (supplementary Fig. S2.B). It was
complemented with shape constraint based on thaatriginding conformation of Crizotinib to obtain a
more restrict model, Hypo3 (supplementary Fig. $2.C

It was suggested théigand pharmacophore mappingodule could generate low-energy conformations
similar to bioactive conformations of active intdys in the binding pocket. WithBest Fit selected,
PF-02341066 was well mapped onto Hypo3. The RMSIluevdetween the crystal and mapping
conformation is 1.5689A (supplementary Fig. S3)gasted acceptable predictive ability of this mddel

binding conformation.
Table 2. Statistics of pharmacophore model valtati

Parameter Hypol Hypo2 Hypo3
Total molecules in database (D) 624 624 624
Total number of actives in database (A) 86 86 86
Total Hits (Ht) 394 287 12
Active Hits (Ha) 78 74 12
% Yield of actives [(Ha/Ht) x 100] 19.80 25.78 1
% Ratio of actives [(Ha/A) x 100] 90.70 86.05 13.95
Enrichment factor (EF) [(Ha x D)/(Ht x A)] 1.44 r8 7.26
False Negatives [A - Ha] 8 12 0
False Positives [Ht - Ha] 316 213 0
Goodness of Hit Score (GH) 0.15 0.24 0.78

2 [(Ha/4HtA) (3A + Ht)) x (1 - ((Ht - Ha)/(D -A))]GH score of >0.6 indicates a functioning model.

Enrichment factor (EF), Goodness of Hit Score (@&HY ROC scores were applied as the criteria to
assess the performance of these three models fogpettive discovery of active c-Met inhibitorsrfro
inactive ones. Most of the active compounds co@ddentified by Hypol and Hypo2 (Table 2), but also
many false positives. For Hypo3, only 12 compowvdse retrieved, but all active ones, indicatingsty
reliability of this model in rejecting inactive cqounds. Hypo3 was more statistically significardrth
Hypol and Hypo2 (Table 2). The GH score was 0.78ewvthe accepted value of GH must 0.5 for a
screening model to be considered as well define@BCRscore was 0.807 (supplementary Fig. S4),
indicating that in eight out of ten cases, one canly selected active c-Met inhibitors is betterkaah than

an inactive one. Considering all of these, Hypo3 tie most suitable model for virtual screening.



3.1.3 Virtual Screening Workflow

I Structure-base Virtual Screening >

Docking Programs Evaluation SWDL. SWET, VEM
PDBs Selection » 2 WGJ, 2 s

l [—I—l 3A4P and 3QTI
2WGJ 480 Molecules
Gold Glide Glide Drug likeness
SP XP Gscore,
e — LigX_pKi,
] Glide Glide

= = e o Vol (‘zlxsca[()lc y E_Macromodel
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Ligand-based Pharmacophore :
64 Potential
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In Vitro Assays
Ligand-based Virtual Screening > t 14 Hit
its l

Fig. 3 The discovery process for novel c-Met intuts.

ChemDiv compound database was used for virtualesarg (Fig. 3). The first parallel line was the
cascade molecular docking using Gold and Glider kaown c-Met inhibitors (I6: 2, 20, 100, and 640
nM) were used as positive control. Their lowestd36itness 55.00 and highest Glide Gscore -7.3 aefre
as the threshold values to discard the compoundsypecored in the Gold and Glide HTVS docking
procedures. The first 10% of the Glide SP dockegults were then put into the cascade docking ubmg
selected PDBs. The second parallel line was peddrivy Glide independently. The first 10% ranked
compounds of former mode were put into the nextkohgc mode. The third parallel line was the
complex-based pharmacophore model. The first 10ftpooinds mapped well on Hypo3 were put into
cascade docking. Ligand-based pharmacophore mods| wged as another query for screening the
compound database. The first 10% compounds mappkamvit were put into cascade docking. The other
parallel line is 2D chemical similarity. Compounsigh Tanimoto coefficient less than 0.5 were keyter
all the parallel lines, cascade molecular dockismg the selected crystal structures was appliea! tihe
retrieved compounds. The compounds with prefernedithg pose in all the selected crystal structuvese
considered to be potential hits. Through visuapéwsion, 480 novel compounds were obtained. After
filtered by further scoring (Fig. 3) and drug-liless, the first 64 compounds of each structural type

different scoring methods were selected and puszth&iem vendors in sufficient purity and quantity.
3.21n Vitro Biological Evaluation of Virtual Hits

After biological evaluation, fourteen hit compounasre found, with Crizotinib as the positive cohtro
Among them, compounddL-9, HL-10, andHL-11 sharing similar scaffold got the d¢values of 11.19,

3.31 and 0.19 uM (Table 3), respectively. The otliecompounds (data not shown) were in micromolar



range, which were in the process of further stmattaptimization [28]. However, the three hit coropds
did not show significant inhibitory activity agatribe selected cancer cell lines (Table 3), indacpturther
structural optimizations were needed. Compotihdll showed high selectivity against KDR and B-raf
(supplementary Table S3). It was supposed thaspesificity might be closely related with the ‘Ehaped
binding mode of type | inhibitors. But this hyposi®should be validated by experimental approatkes

X-ray crystallography to disclose binding modeHaf-11.
Table 3. Structures and activities of the hit coomus.

ChemDiv Kinase Inhibition Tumor Cell lines Inhibition Rate (%) under 10uM
Comp. Structure
IDNUMBER c-Met A549 HCT116 MCF-7 PC3 SGC-7901
o
HL-9 D727-0159 Q%,N\N%N/O 11.19 10.42 8.2 35.7 57.74 15.53
)
HL-10 D727-0656 p% Shq,% /@(" 3.31 20.11 4.73 4541 19.43 12.37
I
O
HL-11 D727-0806 @")%N\N\ 0.19 6.08 0.64 1494 551 12.26
/ /S/L\NN
Crizotinib — Q’ﬁgg 0.001053 0.1343 0.2536° 0.045 ND" 0.3213

#1Cxp values in qu’not determine

3.3 X-ray Crystallographic study

Fig. 4 A) Interactions oHL -11 with the kinase domain of c-Met revealed by thestalystructure (PDB ID: 5YAS). The
compound was shown by cyan sticks. Hydrogen borats whown as green dash line. The residues hydiogeiing to

HL-11 were coloured in green while other surroundingidiess were colored in yellow. B) AR{F.) difference

electron-density map contoured at 8.0or HL-11 in its complex structure with c-Met kinase detared by the X-ray
diffraction. C) The crystal-structure determinegigic) and docked (magenta) conformationslibf11 were aligned in the
binding site.

The crystal structure of c-Met kinase domain in p@&r with HL-11 has been determined at 1.89 A

resolution (PDB ID: 5YAS5; supplementary Table Sfiyvas found thaHL -11 utilized a ‘U’ shaped crystal



binding pose (Fig. 4A). Unlike Crizotinib, although took such a conformation, the protein-ligand
interactions mainly focused on the side of Argl2@8pl1222 and Tyrl1230. Hydrogen bonds were
generated betweeHL-11 and the two residues, Argl1208 and Aspl222. Hydsbjghandn-n stacking
interactions between the scaffold HL-11 and the side-chain of Tyrl1230 contributed greatlythe
binding. The hydrogen bond betweldh-11 and the main-chain of Met1160 was considered toribieal

for c-Met kinase inhibitors. The electrostatic dgnef HL-11 (Fig. 4B) showed that it was possible for the
methyl to rotate in different directions, but nastdrb this hydrogen bond. Therefoidl-11 perfectly
fitted into the binding cavity of c-Met kinase.

Importantly, the crystal binding conformation &fL-11 turned out to be very similar to the
computational prediction (RMSD = 0.4147A; Fig. 4@)oving the accuracy of molecular docking. Based
on this experimental validatiofL-9 andHL-10 were supposed to take similar binding modéibfl1
due to their similar structures and docking confations. Molecular dynamics simulations were appleed
find their differences for further structural opteation.

3.4Molecular Dynamics Simulation

Molecular dynamics simulations were performed tacielate the differences of protein-ligand
interactions between compouhidl-10 andHL-11. Both of the simulations were performed for 1Qfg.
5). ForHL-11, the protein-ligand system kept equilibrium allaiigh the process while it converged after
7.3 ns forHL-10. The predicted root mean square fluctuation (RM&hues (supplementary Fig. S5)
illustrated that the protein kept stable in thecpss of modeling, especially the conservative tesidlike
the hinge region, Aspl1222 and Tyr1230. Both of biing free energy values féiL-11 and HL-10
calculated with MM/GBSA and MM/PBSA methods illistied that it was more stable for protein-ligand
binding ofHL-11 thanHL-10, consistent with their c-Met kinase inhibitoryiaity. The individual energy
terms (Table 4) illustrated that van der waals gyneontributions and polar desolvation energy waee
major reasons for the distinct binding affinity ldf.-11 andHL-10. Hydrogen bond analysis found that
both of these two compounds formed conserved hyirdgnds with the amino acid residues Met1160 and
Aspl222 (Table 5). The occupancies of the hydrogemd with Met1160 were 98.51% and 92.66%,
respectively. But the occupancies of the other &digen bond with Aspl1222 were 32.18% and 74%,
indicating that it was more stable for the hydrogend withHL-11 thanHL-10. This was supposed to be
one of the reasons thidt_-10 was less potent thaflL-11. Besides, this also illustrated that hydrogen bond

between the ligand and Asp1222 was very import@anthieir activity.
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Fig. 5 RMSD of protein-ligand complex in 10 ns, rbdckbone atoms of c-Met kinase domain; blue: he#oms of the
ligand. A)HL-10. B)HL-11.

Table 4. Predicted binding free energies and iddiai energy terms d¢iL-10 andHL-11 in complex with
c-Met kinase domain (kcal/md), calculated by MM/PBSA and MM/GBSA.

Contribution HL -10 pt -
Mean/(kcal/mol) Mean/(kcal/mol) Mean/(kcal/mol) Std

AE g -6.50 2.67 -16.91 271
AE ygw -47.42 2.95 -49.19 2.26
AE intra 0.00 0.00 0.00 0.00
AE gas -53.92 4.05 -66.10 2.93
AG -6.00 0.14 -5.70 0.12
AG 34.98 3.16 36.47 2.06
AG ppele 28.48 3.45 19.57 2.38
AG pp ot -24.94 3.93 -35.33 2.62
AG g 22.46 1.97 27.75 1.96
AG gpele 15.96 1.66 10.84 1.53
AG gp ot -37.46 3.00 -44.05 2.22

Ece electrostatic energy term;Evan der waals energy term;,&: internal energy contributions generated becatdise o
conformation changes; &= Eqet Eawt Einra; Gnp: NON-polar desolvation free energy termy:Golar desolvation free
energy calculated using MM/PBSA; (ae= Ece+ Gon, G poiot= Egast Gon+ Gnp Ggoe polar desolvation free energy
calculated using MM/GBSA; Geie= Eciet Ggb Ggp,tot= Egast Ggp+ Gnp-
Table 5. Statistics of hydrogen bonds formatioowieen compoundiL -11, HL -10 and the corresponding
residues of c-Met.

Compd. Hbond Distance (A) Angle (°)  Occupied (%)
o9@MOL 3.095 (x0.17) 2.966(x0.14) 23.77(x11.69) 98.51
N14@MOL 3.263 (x0.15) 3.206 (x0.17)47.59 (+8.98) 32.18
0O21@MOL 2.966(+0.14) 3.095 (x0.17) 22.98 (x12.15) 92.66

N7@MOL 3.206 (+ 0.17) 3.263 (+0.15) 40.88 (+11.14) 74.00

Occupied (%): Percentage of snapshots with H-bonadtion during MD simulations. The larger the qued value, the
more stable the hydrogen bonds are. Percentages than 50% mean the hydrogen bonds are not stable.

HL-10

HL-11

3.5 Structural Optimization

3.5.1 Molecular Design and Chemical Synthesis

Further structural optimization was performed teelep more potent c-Met kinase inhibitors based on

the experimental and computational results (Fig86p, 28, 29]. The hydrogen bonds with Met116d an



Asp1222 were retained. For' Rve proposed that it should be extended to theesblaccessible region to
get hydrophilic interactions (compourida and11b). Besides, we also supposed thatsRould be bulky
and hydrophobic groups to fully occupy the aderbiveding pocket (compountilc~11j. Linker group
was used to keep the ‘U’ shaped binding conformaiothe entire ligand. We selected the commongdus
linker groups to replace the original one (compoura~11j. The hydrogen bond betweerf Rnd
Arg1208 was not stable in the process of molecdieramics simulation. Compounds with differerft R
groups were designed to investigate whether it wgmrtant or not. The hydrophobicity of Rvas also
investigated. These newly designed compounds visexllin Table 6. Their general synthetic routes fo
compoundlla-11f were outlined in Scheme 1 and 2. The procedurésharacterization were detailed in

section 2.8, and the NMR spectra was in the supgiany material.
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Fig. 6 Binding mode for structural optimization.

Docking conformations of all these new compoundshim binding site of c-Met kinase domain were
shown in Fig. S6 in the supplementary material.yTkept similar binding mode with the hit compound
HL-11 and the extending of'Rand R in the binding site was consistent with our desigpdrogen bond
interactions were found between all these new camga@nd Aspl22, Met1160. Furthermore, compound
1la,11candllekept hydrogen bond interactions with the residugl®08 as expected.

Table 6. The new designed compounds and theiitro c-Met kinase inhibitory activity.

Comp. R Linker R c-Met (IGo: uM)
11a QS <:%§ -CH,- @:}% 6.51
N H
\
o]
TP S 5.49
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Scheme 2. Reagents and conditions: a) 2-hydroxyacetic acid, KOH; b) 6M HCI, rt; ¢) CH;SO;H, sulfolane, H,O, 90°C; d) POCI;_ sulfolane, 85°C.
3.5.2In Vitro Biological Evaluation of 11a~11f

From Table 6, the optimization to extend iRto the solvent accessible region gave negatseilts.
Compound1la and 11b only got micromolar inhibitory activity. On the pgpsite, the bulky and

hydrophobic R group (compoundllc11f) gave the expected results. Comparison betweerc-tfiet



kinase inhibitory activity of compountila and11evalidated the two hypotheses fot &otimization. For
the linker, it didn’t make significant differenceégcause both of them could keep the ‘U’ shapedimind
conformations. But they could be used for expandimg structural diversity. The different Rroups
showed certain hydrophobicity and aromatic propewys preferred to strengthen the protein-ligand
interactions, including-n interaction with Tyr1230. From the results of caupdl11ld andl1le hydrogen
bond between the ligand and Argl208 should be &/dior improving c-Met inhibitory activity.
Furthermore, compoundle and 11f with the best c-Met kinase inhibitory activity algot improved
anti-proliferative activity (Table 7) compared withe starting point. Compouridle showed comparable
inhibitory activity against NCI-H460, PC3 and C&65 to Crizotinib. But their anti-proliferative agty

against EBC-1 and MKN45 were still needed to beroved.

Table 7. Anti-proliferative activity (16: uM) of 11eand11f.
Comp. EBC-1 MKN45 NCI-H460 PC3 Colo-205
1lle 0.506 1.171 2.055 2.970 2.242
11f 3.17 1.02 ND ND? ND*
Crizotinib  0.013 0.022 2.244 9.787 2.449

2 not determined

4. CONCLUSION

A new series of novel Type | c-Met inhibitors hakeen identified in this study with the muilti
workflows, including virtual screening, biologicavaluations, X-ray crystallography, molecular dyiam
simulation and structural optimization. The crydiaiding conformation of the best hit compourdd-11
was highly consistent with the computational resMiblecular dynamics simulations elucidated themmai
detailed differences between compoudd-10 andHL -11. Based on this starting point, hypothesis for
structural optimization was proposed and novel@nats of compounHL-11 were designed. Compound
11d~11f showed bettem vitro c-Met inhibitory activity and anti-proliferativecaivity. Compoundlle
showed significantly improved anti-proliferativetiaty against several cancer cell lines. The expental
results illustrated that bulky hydrophobié &oups that got hydrogen bonds with Met1160 wemeficial
for better c-Met inhibitory activity. Aromatic arftydrophobic R groups were preferred to strengthen the
protein-ligand interactions. It was also favoureddditional stable hydrogen bond between the higand
Arg1208. All these experimental findings proved takability and efficiency of oum silico methods.
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HIGHLIGHTS

The best hit compound HL-11 identified with the reliable virtual screening workflow exhibited potent
c-Met kinase inhibitory activity.

Comparison of the hit compounds with different c-Met inhibitory activity by molecular dynamics
simulations suggested the key protein-ligand interactions for structural optimization.

The experimentally resolved crystal binding mode of compound HL-11 was highly consistent with the
computational prediction.

Structural optimization of compound HL-11 resulted in 11e with better c-Met kinase inhibitory activity

and improved anti-proliferative activity.



