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ABSTRACT

Cell cycle is a highly coordinated and well congehprocess and abrogation in the cell cycle areafintark of
many types of cancer, thus,it has been under tbéigit as a target of anti-cancer therapeutics flacades. A wide
range of tumor-associated mutations have been dirtkeabnormal regulation of protein kinases. MPStg@in
family isdual-specific protein kinases among seltirat are heavily involved in cell cycle regulaticabrogation in
MPS1 have been linked to many types of cancer.etiaggMPS1 by small molecule inhibitors has attealctnany
researches due to their high involvement in cameegression. However, despite numerous trials, MP&ibitors
failed to reach clinical trials. In this work, wéuslied the protein-ligand interactions via an autied approach. At
least one interaction with the MPS1 hinge regiors\i@und to be key for protein ligand binding andswesed as
basis for creating pharmacophoric docking consttairSeveral docking protocols, e.g. standard anustrained
docking protocols, were examined for their MPSItual screens’ enrichment. It was found that corigte
docking followed by refinement step had the supigriover other examined docking protocols. Accogly, virtual
screening for druglike library was pursued. Sevdrb were nominated for in vitro testing in theufe as they
showed convenient binding modes with the MPS1 poutkearticular, satisfying the key interactionstiwthe
MPS1 hinge region.The knowledge-based drug desigtegy explored and conducted here can potentiafigrm
new MPS1 inhibitors.

Key words: MPS1, drug design, virtual screening, inhibitoestrained docking.
Abbreviations: VS, virtual screening; PLIF, protein-ligand intastion fingerprint; EF, enrichment factor; HBD, hydyen bond donor; HBA,
hydrogen bond acceptor

INTRODUCTION

Cell cycle regulation is highly controlled procdhst plays a critical role in all cell fate decis®) protein kinases
are major regulators of such important processAgide from the cyclin-dependent kinases (CDKs3, tifaditional
cell cycle regulators, many kinases are emergingegsmitotic regulators such as Polo, Bub and MP31The
MPS1 (monopolar spindle) family is newly discovengatein kinases and they are under the microsdope
potential drug targets due to their unique mitodigulation role [2].

MPS1 protein kinases are predominantly found in deybtas. This family of protein kinases is amongnyna
families known to regulate a number of steps obgift. Several MPS1 kinase functions have been lyestvidied
particularly those involve activities at the kineftore in both the chromosome attachment and thedlepi
checkpoint; they have been also found to functioceatrosomes [2]. Away from mitosis, MPS1 kinakage been
found to have key function in development, cytokisgand many signaling pathways. MPS1 abrogatiomany
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types of cancers has put them in the spotlightaftticancer drug design. Like other cell-cycle raguis, Mpsl
levels are abrogated in a variety of human car{@grs

Mpsl mRNA levels are found to be upregulated ianyndifferent human tumors, including thyroid pkgsy
carcinoma, breast cancer, gastric cancer tissu@jagctancers [3-5], moreover, high levels of Mpss been found
in higher grades of breast cancers [6]. On theraontMps1l mRNA is significantly depleted or absentesting
cells and in tissues with a low proliferation r§f¢ Therefore, the relation between elevated Migs&ls and cell
proliferation as well as with tumor aggressivenessdearly undeniable. This clear correlation pas MPS1 in the
spotlight as anti-cancer target.

The emergence of MPSL1 as a novel drug target focezatherapy, has paved the road for many resepoips to
start exploring the possibility of targeting thelhe first small inhibitor of Mps1 was Cincreasiniath has been
found to not to be verypotent with 50% inhibitoigncentration (IC50) = 70QM [8]. After that, many structurally
distinct inhibitors have been studied and testath awide range of potency(i} ranging from 8 to 700nM. None
of these inhibitors have made it yet to the clihgtadies[9, 10] as the lack of excellent seletyiyirofile was a
major obstacle faced these inhibitors. More regerttvo small molecule inhibitors have showed anedieat
selectivityprofile with an IC50 below 10nM, BAY 11809 and BAY 1217389 have achieved moderate effigac
vivo tumor xenograftstudies [11].

It is clearly critical to keep exploring new smatlolecule inhibitors that specifically target MPSitilireliable
highly specific molecules pass the clinical studidsrein, we optimize and analyze MPS1-ligand &xt#ons to
work out which is key for ligand binding. Conseqthgnwve validate and conduct structure-based virsgkening
for the discovery of new potential MPS1 inhibitors.

MATERIALSAND METHODS

Analysis of M PS1-ligand complexes

A set of 15MPSl-ligandcomplexes was obtained frédva Protein Data Bank [12].All 15 crystal structures
underwent a visual and automatic check via theemmopreparation wizard [13]. Afterward, automatedtgin-
ligand analysis was carried out on the whole séflBE1-ligandcomplexesusing the MOE software packadg A
protein-ligand interaction fingerprint (PLIF) [18}as generated for each complex.PLIF methodologyissussed
elsewhere [15]. Minimum score threshold for hydmodsonding was set as 1%; and5% for ionic interactio
Interactions scored less than the identified thokelshnot considered in the final PLIF. The obtaiddF graph
shows the interaction occupancy of each residubdarMIPS1 active site that is involved in interactigith any of
the MPSL1 inhibitors. This interaction occupancyé&fined as the percentage of ligands interacting tie side
chain or the main chain of a given amino acid.

Preparation of Test setsfor seeding experiments

A test set was prepared for conducting virtual escieg seeding experimentsagainst the ATP binditey i the
MPS1 structure. Thetest set was composed of twa types of ligands:firstly, known MPSL1 inhibitorss(ligands)
which were found co-crystallized with MPS1 in theDBRSecondly, decoy ligands (985 ligands)
wereselectedrandomly from a commercial databasé&{@injl6]) in order to act as inactive ligands. Botpes of
ligands, known inhibitors and decoys, were proagéssa thewashmodule in MOE [13] in order to add missing
hydrogens and to assign their ionization stateHaZpPartial charges were given for each ligandctvhias then
energy minimized via the MMFF94x forcefield[17-23].

Protein preparation for seeding experimentsand VS

The MPSL1 crystal structure was obtained from tluégim data bank (PDB ID: 3HMO). The structure wheaked
and repaired for any missing atom, residue or Miaghe protein preparation wizard in MOE [14]. bigithe MOE

3D protonatemodule [13], hydrogen atoms were added to the MB®yme structureand partial charges were
assigned on each atom based on the MMFF94 forddfl&-22].All water molecules were removed prioofgin
preparation. The docking site was identified via toordinates of the co-crystallized ligand.

Docking protocols used in VS validation

A hinge region pharmacophore was designed befoc&imgp using the MOBPharmacophore Elucidatiomodule
[13] for use in the constrained docking protocolvol pharmacophore points were created accordingh¢o t
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coordinates of the-lactam oxygen and nitrogen atoms that are hydrdgemd to the backbone amide of the hinge
region. The first pharmacophore point was set asrg&l and it only accepts hydrogen bond acceptBA) whilst

the second point was set as optional and it ordgats hydrogen bond donor (HBD). Then, the preptasidset was
docked into the ATP binding site on the MPSlprotasing the MOE-Dock program. Triangle Match and
Pharmacophore [13] were employed as placement mietho the standard and constrained docking prasocol
respectively. The London dG function was employeds¢ore generated poses of each docked ligandsieA b
description of the both docking algorithms andghering function is discussed elsewhere [13, 24fKing output
finally involved the only top ranked pose of eadtkkd ligands which sorted according to their doglgcores.

Pharmacophoric constraints to the two previouslingd pharmacophoric points were applied in thest@ned
docking protocol. Only poses thatmet at least theeetial pharmacophoric feature were considereddoring.
Where applicable, the best pose of each ligandrgestefrom constrained docking was refined viaMiFF94x

forcefield [18-23] inside the MPS1 ATP binding sited then scored via GVBI/WSA scoring function. €emsus
scoring that involved both the GVBI/WSA and the Hon dG scoring functions was employed to rank thal fist

of ligands.Known inhibitors appeared in the top B%, 5% and 10 % of the docked ligand library wewanted so
that to calculate the enrichment factor (EF). ERtfie topn% was calculated using the following equation.

_ numbenf inhibitorsrankedn thetopn% of screenetlbrary
opn% totalnumbeiof knowninhibitors

EF x100%

Ligand library preparation for VS

A ligand library was obtained from the National Canlinstitute/USA [25] and TimtecCompany [16]. THiltration
rules for druglike characteristics were applied: Yeber's rules [26] and the Lipinski's rule ofdiy27]. Such rules
involve: molecular weight 500, hydrogen bond donor (HBB)5, hydrogen bond acceptor (HBA)10, logP< 5,
polar surface area (PSA)140 and rotatable bonds10. Ligands were assigned a protonation statedbasehe
Washmodule in MOE[13, 14] and then atoms weregivertiglactharges based on the MMFF94x force field [B}-2

Virtual screening protocol

The constrained/refined docking protocol was emgdbyere to screen the drug-ligand like library agaithe
previously prepared MPS1 active site. Thus, thermphaophoric constraints were applied during thekihae
process via tieharmacophore docking algorithfh3]. London dG[13] was employed as a scoring fiomcto score
and rank poses generated from the placement stabtethe top ranked pose of each docked ligand aeasidered
in the output list.

The top 10% of the docked librarywas refined vie BiMFF94x force field [18-23]and were then assigbeuling
energies bythe GBVI/WSA dG scoring function [13]mSensus scoring, that involved the sum of rankenfro
GVBI/WSA and London dG scoring, was employed tokréme final list of ligands. Using th®IACCSalgorithm
[28],top 2000 ligands of the refined list were ¢tred and visually inspected. The clustering marameters,
similarity and overlapping, were set to 60. Ligarfidsn various chemical scaffolds that showed pleabinding
modes and convenient pocket filling were selectedte final hit list.

As for the reference ligand docking and scoring,used the active conformation the co-crystallizgdnd with
MPS1(PDB: 3HMO). The 3HMO ligand, staurosporine,wasstrained docked and refined inside the ATPibind
site of MPS1 and was then scored based on the B3 dG scoring function.

RESULTSAND DISCUSSION

Analysis of ligand-M PS1 complexes

To attain better understanding for the key inteéoast necessary for ligand binding to MPS1, the AlliRling site
should be assessed along with the co-crystalliakitbitors [29].We performed automated protein-liganteraction
analysis on 15 MPS1-ligand complexes which wasofgdid by visual analysis. This automated analysis wa
conducted by producing protein-ligand interactiongérprints (PLIF) for eachMPS1-inhibitor co-cryitzed
complex. Each residue in the MPS1 active site leases for its side chain and backbone amide intierac As
shown in Figure 1,seven residues mainly appeaontribute to the stabilization of MPS1 inhibitorside the ATP
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binding site; for clarity, only the amino acids atved in two or more interactions are shownin theéFPgraph
(Figure 1).

The PLIF profile illustrates the importance of tenserved hinge region in the ATP binding siteskabilising the
MPS1 inhibitors in the catalytic pocket: almosttatfted complexes appear to be involved in at lesthydrogen
bonding with one of the hinge region residues,ipaldrly Gly605 which had an occupancy of 87% (Fegul)
and/or Glu607 which had an occupancy of 47%. Lys®&®& also capable of making high number of ligand
interactions, with an occupancy of 53% (Figure Adtually, only one MPSL1 inhibitor failed to intetawith the
backbone amide of the both hinge region residues.fok the surface contact, 1le531 was able to fauch
interactions with 93 % of the MPS1 inhibitors. Qtlieree residues, lle607, Asp608 and 1le663 wevelied in a
less number of interactions with the examined ldgarwith occupancies ranging between 13 % and 2 F
visual inspection of the MPS1 crystal complexes,catcrystallized ligands appear to have a HBA atodless
extent, HBD on their structures thatmake the ctuoidrogen bonding observed in our PLIF study.

Validation of virtual screening

The effect of various docking factors and protoamtsvirtual screening can be evaluatedby condudiisgries of
docking experiments,called seeding, against the M&®&yme. Seeding experiments are performed viangix
known inhibitors with presumed inactive ligands ahdn dock the newly formed test set into the taeggive
site[29]. This should be done for two times, in fhr@sence and absence of that examined factorrwiftds,
enrichment factor (EF) of each screen is calculatadounting the known inhibitorsthat have bednieeed in the
top-ranked list of docked compounds[29]. EF valarsthen compared so the importance of that péati¢actor on
the virtual screening can be evaluated.

Kinases were studied by Perola [30] and they wetmd to have a conserved loop that is called “Hinggion
which is regularly involved in one or two hydrogeonding with the kinase inhibitor. Additionally,was observed
by the same scientist [30] that using constrainedkihg to force such an interaction with the hirrggion is
favourable for virtual screening. As mentioned poasly, in the case of MPS1, the Gly605 and tosséde extent
Glu603 are the main residues in the hinge regiahdne commonly observed interacting with the Mirdbitors.
Thus, it was important to check if Perola’s obsgoracan be generalized to MPS1. Accordingly, weated a two-
point pharmacophore (

Figure 2) based on the co-crystallized MPSL1 inhibitor thatolves an essential feature (HBA to interact with
Gly605) and an optional feature (HBD to interacthwslu603).

Three docking protocols were evaluated here: ($Jaadarddocking protocol, where ligands are placed by the
Triangle Match algorithm and generated poses amedoia London dG; (2) eonstraineddocking protocol, where
ligands were placed by the Pharmacophore algorahdhgenerated poses were then scored via Londoarati3(3)

a constrained/refinedlocking protocol, where ligands were placed byRharmacophore algorithm and generated
poses were scored via London dG and then refinedWiFF94x forcefield. The refined poses were resdoria
the GBVI/WSA dG scoring function and the final ligh output was ranked via consensus scoring usitlg bo
London dG and GBVI/WSA dG. In theonstraine@ndconstrained/refinedocking protocols, the previously created
two-point pharmacophore was used to guide the plantof the ligand atoms.

Enrichment factors were calculated for thethreekohacprotocols employed during the ligand screeragginst the
MPS1 active site (

Table1). Firstly, for screening with thetandardprotocol, we find that the Efss0 value was equal to 20. Secondly,
the constrainedprotocol was able to retrieve one third of thewndnhibitors in the top 3%, (Efsw= 33), which
isgreater than thstandarddockingby 32 %. Thirdly, theonstrained/refinegrotocol was able to achieve as high
EF value as 60, which is almost two times gredtan ttheconstrainedprotocol and even three times greater than
the standardprotocol. Looking at their enrichment profileciin be concluded that tieenstrained/refinegrotocol
had clear superiority over the other two protocots)firming the importance of the MPS inhibitorseiraction with
the hinge region and emphasizing the significanicéaving a post-docking processing to filter oup-tanked
ligands with unreasonable binding mode. Constrgikiocking to previously identified key interactiatso showed
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superiority over standard docking in the proteiro$yne phosphatases [24] and enoyl acyl carrigepraeductases
[31] virtual screens; by enhancing their enrichmeamd docking accuracy.

Structure-based virtual screening

The previously prepared drug-like ligand library svdocked into the ATP binding site of MPS1. A sckem
representing our virtual screening work flow iswhdn

Figure4. The workflow started with filtering the initialgand library as per the common druglike rules reasing
the sizeof the ligand library from 852,929 ligand$32,546ligands. In the other hand, the MPSlgmattructure
was checked and prepared. Afterwards, the drudigend librarywas docked into the ATP binding site the
MPS1 structure. Throughout docking, the previoyslgpared pharmacophoric constraint was employezhsoire
key interactions with the hinge region of the ATiRding site will take place. Only 539,514 ligandsrey able to
satisfy the pharmacophoric features and appeartétbidocked ligand listproduced by constrained dagKThe top
10 % of this listwas refined inside the MPS1 podthat ligand-protein interactions can be optédiand clashes
with the surrounding residues can be eliminatea tOip 2000 ligands were clustered into differerdrsital classes
and were visually inspected for their pocket fijiand binding mode suitability. Accordingly, 50 qoonnds belong
to different structural clusters were nominatedféduren vitro testing.

Table 2 shows selected examples from the findidtialong with their predicted binding energiesnsensus rank
and cluster number. Interestingly, most of the tetk compounds had better docking scores thanetegence
ligand, staurosporine, and contained many of tlyeskeuctural features that are important for MP8idimg. As the
GBVI/WSA dG function considers more terms in itsdi predicted scores than London dG, mainly sciioes the
former function are considered within the followitgxt. Thebinding energies of the selected hitsiaidi for
favorable binding with MPS1. The four shown hitsTiable 2 were able to obtain GBVI/WSA dG scoredinithe
range of -7.0 and -7.3 kcal/mol, which iseven lothem the reference ligand (-6.2 kcal/mol).

The binding modes of the four hits are shown in

Figures and Figure 6 where all ligands can be observddrtn at least one interaction with hinge regionkieme
amide. As shown in

FiguresA, compound ST025178 was able to form a hydrogemding with Lys553 via its ether oxygen and an
ionic interaction with Lys649 via its carboxylateogp. Additionally, ST025178 was involved in mulépvan der
Waals interactions with the surrounding residuegarticular, with the key residue 1le531. As shawn

FiguresB, ST45224452 appears to be nicely filling thewacsite in addition to forming key hydrogen bondixi¢h
the Gly605 backbone amide via its amide carbongll@mother hydrogen bonding with the Lys553 sidérchia its
ether oxygen.

The binding mode of compound ST50710122 is showkigare 6A where the key interaction with the MRige
region is seen between the ligand ether oxygenthedGly605 backbone amide. Interestingly, this courul
appears to be involved in two electrostatic inteéoms with the Lys553 protonated amine. The firgefaction is
hydrogen bonding that was formed by the ligand anuarbonyl and the second interaction is cationteraction
that was made by the terminal aromatic ring of coumgl ST50710122. The latter interaction was alem $e the
binding mode of compound ST45225022, as shown gurEi 6B. Additionally, ST45225022 was capable of
forming two hydrogen bonding interactions with thiege region backbone amides. All in all, the valet VS
approach used in this work suggested a list of@steng hits that could act as inhibitors for MAS the future.

Table 1.Enrichment factors obtained for three different docking protocolsat different top ranked library percentages

Topranked library%  Standard Constrained  Constrained/Refined

Top 3% 20.0 33.3 60.0
Top 5% 26.6 66.7 66.7
Top 10% 40.0 80.0 80.0
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Table 2.TheGBVI/WSA dG and London dG scores of the selectedbest hits obtained from the receptor-based virtual screening against
M PSL1, along with their consensusrank and cluster number

Compound London GBVI/WSA dG scores Rank by
1D 2D structure dG (kcal/mal) Consensus Cluster
=
o]
ST025178 )\Q -15.38 -7.23 17 1
0. o] NYO
\o = NH
[e]
Y
NYN
0,
ST 45224452 ) \/NH -15.93 -7.00 25 25
[e]
\\o\ / \ / ‘ N
- -
o = ©
ST50710122 reYw -15.44 -7.10 28 28
(Z/ \ 7
o7
ST45225022 -15.19 -7.28 29 5
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Figure 1.A graph showsPLIFsof 15 ligand-M PS1 complexes assessed in this study. For clarity, only amino acidsinvolved in the gr eatest
number of interactions are shown
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Figure 2.TheM PS1 3D structure along with the two-pointPhar macophor e that wascreated based on the co-crystallized ligand inside the
ATP binding site
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Figure 3.A graph showsthe enrichment profiles at differentportions of the top-ranked ligand list resulting frommultiple M PS1 screens
using the three examined docking protocols
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Figure 4.Ascheme shows thevirtual screening wor kflow employed against MPSL1 using a druglike ligand library

Figure 5.Predicted binding modes of ST025178 (A) and ST 45224452 (B) with the ATP pocket of the M PS1 enzyme. Some of the protein
structureisnot shown for clarity

Figure 6.Predicted binding modes of ST45225022 (A) and ST50710122 (B) with the ATP pocket of the M PS1 enzyme. Some of the protein
structureisnot shown for clarity
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CONCLUSION

Analysis of protein-ligand interactions for a sdét1ld MPS1-ligand complexes revealed that almostkawn

inhibitors were involved in at least one interactivith the MPS1 hinge region, mainly the Gly605 kimme amide.
Accordingly, a pharmacophoric constraint was crdteforce these interactions with the hinge region once
applied throughout docking; it enhanced the enrmhthof the MPS1 screen in a clear manner. Follovirey
constrained docking with a refinement step wasrbledle to even further enhance the MPS1screesmimighment.
Applying this validated protocol in screening agkrdrug-like library against the ATP binding site MPS1

produced a number of interesting hits that coutdaagotential anticancer agent in the future. €hdets have even
lower binding energies than the reference inhibstaurosporine and have many of the required feattar inhibit

the MPS1 enzyme.
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