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Abstract 

Abstract 

Standard cytotoxics and radiation therapeutic approaches in cancer are not only highly 

toxic, but also of limited efficacy in treatment of a significant number of cancer 

patients. The molecular analysis of many cancer genomes have shown a remarkable 

complexity and pointed to key genomic and epigenomic alterations in cancer. These 

discoveries are paving the way for targeted therapy approacbes. However, tbere are a 

large number of potential targets but only a few can regulate key cellular functions 

and intersect multiple signaling networks . Tbe Aurora kinase family members CA, B, 

and C) are a collection of bi gbly related and conserved serine-tbreonine kinases that 

fulfill these criteria, being key regulators of mitosis and multiple signaling pathways. 

Aurora kinase family members are involved in a wide range of cell cycle events 

including centrosome separation, cytoki nesis, kinetochore forma60n, spindle 

assembly, chromosomal segregation and microtubule dynamics. Alterations in Aurora 

kinase signaling are associated with mitotic errors and have been closely linked to 

chromosomal aneuploidy in cancer cells. Thus, Aurora kinases have emerged as 

promising targets for cancer therapy because of their critical role in mitosis . In order 

to fi nd the selective features for Aurora kinase inhibitors, 3D-pharmacophore 

bypothesis was built using two datasets, a set of novel Aurora specific inhibitors 

reterived from Enamine database and a set of known Aurora kinase inhibitors. The 

selected hypotbesis was then used for screening Princeton and Dorsy databases in 

order to retrieve more potent and novel inhibitors. These hits were sorted on the basis 

of Absorption , Distribution, Metabolism and Excretion (ADME) and drug like 

propelties and then short listed compounds were verified by molecular docking 

studies in order to gain insights into the structural features of these inhibitors. Our 

docking results implicate that chemical features of model 1 for both pbannacophore 

models are in full agreement witb enzyme inhibitor specific targeting leading to 

kinase activity inbibition. 
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Chapter 1 Introduction 

1 Introduction 

Cancer ce ll s manifest character istic abnormal growth properties accompany ing clonal 

evo lution of ce lls disp laying progressively increasing genomic instability capable of 

invasion and metastas is to distant organ sites. With the emerging knowledge abo ut the 

ro le of known oncogene and tumor suppressor gene mediated pathways in 

deregulat in g the growth of cancer cell s, nove l chemotherapeutic agents targeting these 

pathways are bein g developed. Such therapeutic approaches are des igned to disrupt 

the signaling netwo rks invo lving the respective target genes which are aberrantly 

ex pressed to cause uncontrolled growth of the mal ignant ce ll s. Wh i Ie these strategies 

have shown promise in the initial treatment outcomes, their long term efficacy 

remains questionable in many instances since prolonged exposure to a spec ific target 

inhibiting drug often leads to cancer cell s rewiring the aberrantly express ing signaling 

events to continue proliferation in a deregulated manner. This becomes possible since 

signaling cascades determining the abnormal growth phenotype are not regulated by 

linear events but result from complex functional networks constituted of cross talking 

individual signaling pathways. It is therefore logica l to expect that fo r cancer 

therapeutics to be maximally effective, multiple signaling pathways convergi ng on the 

fundamental growth regu latory processes such as DNA replication and/or mitosis 

need to be targeted in a robust manner. It is note-worthy, in this context, that efficacy 

of most conventional and novel chemotherapeutic agents rests on the prem ise that 

cancer ce lls can be preferentially eliminated due to their persistent cyc ling nature by 

interfering with either their replicationirepair of DNA or by disrupting the mitotic 

division process (Katayama H. et al., 20 10). 

Functional genomic data from tumors is proving helpful in allev iating the prob lem by 

identify ing the putative therapeutic target proteins regUlating cell cyc le that are 

differentially expressed in tumors compared with the normal ce lls of the adult ti ssues. 

1t is plausible that pharmaceutica l target ing of such proteins would help the 

deve lopment ofa new generation of effective therapeutic drugs that will have minimal 

host toxicity. These drugs while still interfering with the cell proliferation process 

would be expected to have a more se lective effect on the tumors due to a preferential 

negative response of signal attenuation in the tumor ce lls compared to their normal 

counterparts (Sharma et aI. , 2006) . Based on this rationale, prote ins invo lved in cell 
f 
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Chapter 1 Introduction 

cyc le (Perez et al. , 2007) regulation and cell cyc le associated kinases (Keen and 

Tay lor, 2004) express ing at abnorm ally high levels in tumors, have been proposed as 

promis ing novel targets for the deve lopment of anticancer drugs. In the recent past, a 

number of inhibitors against new mitotic targets have indeed been rapid ly moving into 

clinical trials (Garber, 2005). Among the mitosis regulatory kinases, evo lutionar ily 

conserved fami ly of seri ne/ threonine kinases referred to as A urora kinases has 

emerged as exceptionally attractive targets for anti cancer drug di scovery. The interest 

I n des igning drugs aga inst Aurora kinaseJamily membe r~t~ll s fr~m the facts that 

,these kinases express at e l evate~ leve ls ill- many hUI~lan cancers: Moreov~r, they are 

not on ly vitally important regulators of mitosis but have a lso been show n to - - --
fu nctiona lly interact w ith ml~tiple critica l oncoproteins and tumor suppressor 

proteins. Prec linical studies of Aurora kinase inhibitors have shown promising results 

and the ongoing phase I and IT c linica l trials for several of these targets as anticancer 

molecules have a lso yie lded encourag ing results so far. 

1.1 Aurora Kinases 

Aurora kinases play an important role in ce ll cyc le and belong to the serine/threonine 

kinase fami ly (G ird ler, 2006). fn recent years Aurora kinases have been emerged as 

an important drug targets in several pharmaceutical companies and research 

industr ies, since they playa major role in regu lat ing mitos is and cytok inesis (Foote et 

al. , 2008). Mitosis is a v ital process for the regene ration of tissues development of an 

individual as we ll as for the functiona l integrity of a ce ll (Qi , 2005). Three diffe rent 

types of Aurora kinases were reported in mammals, des ignated as Aurora kinases A, 

Band C, which share a high s imilarity in amino ac id sequence , however they 

exhibit distinct fu nct ions. For example, Aurora ki nase A is " polar kinase", primari ly 

associated w ith the centrosomes separation (D utertre, 2002). Aurora kinase B is 

" equatorial ki nase", and is a chromosomal passenger protein (M urata-Hori , 2002), 

whi le Aurora kinase C appears in the centrosome from anaphase to telophase and is 

highly expressed in testis. All three kinases influence the ce ll cycle from its G2 phase 

through cytok ines is but they appear at spec ific locations during mitos is. 

Abnormalities of Aurora kinases have strong link with cancer initi ation and serve as 

guide to the current growth of new c lasses of anti -cancer drugs w hich spec ifica lly 

target the _ATP-binding domaillS of Aurora kinases. Aurora kinase B and Aurora 

Characterization of Aurora kinase inhibitors by molecular modeling, docking and 
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Chapter 1 Introduction 

ki nase A (Aurora BfA) are over expressed in human tumors (Ditchfie ld, 2003)and 

inhibition of these kinases may lead to antitumor effects, hence they have attaineda _ 

considerable interest in deve loping spec ific and nove l anti -cancer drugs to achieve the 

se lectivity between Aurora BfA (Foote et at., 2008). 

1.2 Am'ora Kinase Protein Structm'e 

Aurora kinases have an amino ac id sequence length rangin g fro m 309-403 (Bolanos

Garcia, 2005). They have N-terminal domain, a protein kinase domain and a C

terminal domain. Aurora A and B share 71 % identity 111 their C-tenni nal catalytic 

domain. The high percentage of conservat ion is very important in relation to the 

specificity of substrates and inhibi tors. Structural and motif based comparisons 

suggested an early divergence of Aurora A from Aurora B and Aurora C (Cheetham 

et at. , 2002). Aurora A, B, and C have been mapped on chromosomes 20qI3.2, 

17p 13 , 1, and 1 Oq 13 respectively. 

1.3 Am'ora Kinase Function 

Aurora kinases are involved in multiple functions of mitosis. Aurora A is invo lved in 

mitotic entry, separation of centriole pairs, accurate bipolar sp ind le assembly, 

alignment of metaphase chromosomes and completion of cytokinesis (Marumoto et 

aZ., 2003). The activity of Aurora A is closely re lated to centrosomes. It plays a ro le in 

bipolar spindle assembly, maturation of duplicated centrosomes by recruiting proteins 

includi ng D-Tacc24 (Berd nik and Knob lich, 2002), y-tubu lin25 (Hannak et at. , 2001), 

SPD-2 (Kemp et at., 2004), and centromeric ChToh27 (Conte et at. , 2003). Recently 

ro le of Aurora A in the promotion of nuclear envelop breakdown has been described 

(Portier et at., 2007). Aurora B is one of the main components of the chromosomal 

passenger complex, which is a functional mitotic structure. It is involved in 

chromosomal bi-orientation, regulating kinetochores microtubule association and 

cytokines is (Adams et at. , 2001). incorrect attachments of sister chromatid 

kinetochores to microtubules can be resolved by Aurora B. Inhibition of Aurora B by 

small molecule inhibitor, Hesperad in, significantly increased synte lic attachment, 

which may lead to genetic instability (Hauf et at. , 2003). Aurora B is specifically 
I 

enriched at ~teli~chm _ ites and is invo lved in the release of improper 

kinetochore microtubule attachments during chromosomal bi-orientat ion (Knowlton 
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et al., 2006). Aurora B phosphorylates histone H3 (Ser 10), which is believed to aid in 

chromatin condensation and separation (Goto et al., 2002). Aurora C exhibits similar 

functions to those assigned to Aurora B and is required for cytokinesis. Hence Aurora 

C may be as important a kinase as other kinases in the regulation of various mitotic 

events. Figure 1.1 shows role of Aurora kinases in mitosis (Li et al., 2004). 

Figure 1.1: A schematic image illustrating the location and expression of Aurora Kinases A, B, 

and C during mitosis (Adapted from: Teicher, 2008). 

1.4 Aurora Kinase Role in Cancer 

Aurora kinases perform important functions during mitosis and hence their aberrant 

expression can lead to cell transformations underlying cancer. In many tissues, 

Aurora kinase over-expression leads to genetic instability (aneuploidy), which may 

cause cancer. Aneuploidy is a condition where the cells alter, DNA content may a~ise 

from mitotic defects including centrosome duplication, centrosome separation, 

cytokinesis and chromosomal bi-orien!ation errors. In all these processes, Aurora 

kinases are involved. Therefore it is tempting to state that the aberrant expression of 

Aurora kinases may lead to aneuploidy. Hence Aurora genes have been classified as 

Characterization of Aurora kinase inhibitors by molecular modeling, docking and 
virtual screening approaches 4 



Chapter 1 Introduction 

bonafide oncogenes (Kollareddy et af. , 2008). Table 1.1 shows involvement of Aurora 

kinases in various types of cancers . 

Table 1.1: Over-expression 0" amplification of Aurora killases ill wide variety of tumors types, 

maki ng them as attractive targets. 

AUt"ora Kinase 

Aurora A 

Aurora B 

Aurora C 

Tumor Type 

Breast Cancer 

Human Gliomas 

Ovarian 

Prostrate 

Cervical 

Co lon 

Pancreatic 

Lung Cancer 

Colon Cancer 

Thyroid cancer 

Oral cancer 

Non small ce ll lung carcinoma 

Breast cancer 

Breast cancer 

Liver cancer 

1.5 Development of Aurora Kinase Inhibitors 

Reference 

(Zhou et af. , 1998) 

(Reichardt et af. , 2003) 

(Zhou et af. , 1998) 

(ZhoLi et al. , 1998) 

(Zhou et af. , 1998) 

(Zhou et af. , 1998) 

(Li et af. , 2003) 

(Ou et af. , 2007) 

(Katayama et al. , 1999) 

(Sorrentino et al. , 2005) 

(Qi et af., 2007) 

(Smith et af. , 2005) 

(TchatchoLi et at ., 2007) 

(Kimura et at., 1999) 

(Kimura et af. , 1999) 

Since the discovery of Aurora kinases, much effort has been made by researchers to 

identify inhibitors. Typically, all three kinases influence by regulating the cell cycle 

and their malfunction may lead to cancer phenotype. This has increased the poss ibili ty 

of developing new anti-cancer drugs that cou ld inhibit Aurora kinases. Among these 

inhibitors, AT9283 , AZD1 152, PHA-739358, MLN8054, Hesperadin, MK-0457 and 

ZM447439 are of interests with specificities to type of Aurora kinases and are in 

clinical trials (Mountzios et al., 2008). [n th is study, we used three known inhibitors 

of Aurora Kinases: i) Hesperadin ii) MLN8237 and iii) 4-(4'-Benzamidoani lino)-6,7-

dimethoxyqu inazol ine. 

Characterization of Aurora kinase inhibitors by moLecular modelillg, docking alld 
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1.501 Aurora Kinase Specific inhibitors are more potent inhibitors than other 

talogeted cancel" therapies 

Aurora kinase inhibition maybe a hi ghly s ignificant cancer therapeutic strategy for a 
\ 

number of reasons . First, Aurora kinase activity is essential for the fundamental defect 

in cancer and the bas is of its abi lity to cause uncontrolled ce ll proliferat ion . If a 

cancer cell is prevented from proliferat ion, it cannot cause injury. Secondly, Auro ra 

kinase inhibition, by stopping ce ll proliferati on, a lso prevents a cancer ce ll from 

accruing additiona l mutations, the phenomenon that enables tumors eventually to 

escape the effects of anti-cancer drugs .! A lso, inhibition of Aurora kinase activity 

freezes cancer cel ls in mitos is, which frequently pushes them into programmed ce ll 

death or apoptos is, resulting in reduction in number of cancer ce lls (Eymin 

and Gazzeri , 2010). 

Furthermore, Aurora kinase activity is necessarily hi gher in proliferating ce lls than in 

resting ce lls (i.e. , ce lls in the G 1 phase of the ce ll cyc le). This provides for some 

natural degree of se lectivity, or targetin g of Aurora kinase inhibitors for cancer cel ls 

rather than normal or resting ce lls. Finally, because Aurora kinase acts in the last 

phases of cell cycle, A urora kinase inhibitors have the potenti al to be more 

applicable and less like ly to encounter res istance than other targeted cancer therapies 

(Park and Lee, 2003). 

1.6 Computel"-Aided Dmg Design 

Computer-a ided drug des ign (CADD) is an important part of the rational drug des ign 

process, in which extensive computer modeling methods are employed to reduce the 

costs and speed up the drug deve loping process (Acharya et al. , 2011 ). Genera lly 

speaking, drug deve loping is still a time-cons llming, expens ive, difficult, and 

inefficient process w ith low rate of novel therapeutic discovery. Based on the most 

updated estimation in 2009, the average expense on one new dru g is about 1.3 to ~ 1.7 

bi llion and the developing process may take about e ight to ten years (Co llier, 2009). 

Among 10 proj ects, on Iy one of them would be successful. Therefore, computer-aided 

drug des ign composes an important part of the drug deve loping process. CADD can 

fully utili ze the ex isting know ledge abo ut the current available dru gs and structure 

information of the drug targets. Based on the inform ation uti li zed, CADD can be 

Characterization of Aurora kinase illhibitors by molecular modeling, docking and 
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classified into two categories: the ligand based (indirect drug design) methods and the 

structure based (d irect drug design) methods (Taft et at., 2008). 

The ligand based methods re ly on the know ledge of other ex ist ing ligands that can 

bind to the target (Chang et al., 2006). With the structura l information and the binding 

affi nities of the known li gands, the pharmacophore mode l can be constructed and the 

quantitative structure-activity relationship (QSAR) may be derived . By these mode ls, 

researchers can modify the existi ng ligands or predict new molecules that can 

efficientl y bind to the same target. However, the ligand based methods must start 

from a set of known high-affinity li gands and thus can only exp lore limited 

conformational spaces aro und the ligands used upon constructing the mode l. 

Therefore, these methods are mainly used to improve and optim ize ex isting dru gs 

(Loew et at. , 1993). 

The structure based methods rely on the knowledge of three dimension structure of 

the drug target, which can be obtained us ing experimental methods such as X-ray 

crysta llography and NMR spectrosco py or constructed by homology modeling 

method (Marrone et al. , 1997). Structure based drug design can be further divided into 

two categories: Virtual screening, which focu ses on finding ligands from an existing 

database that can bind to the active site of a given target; the other one is fragment 

based method, w hich aims to design a novel mol ecule with high affinity and 

selectivity by joining the fragments that may bind to multipl e parts of the active site 

(Schneider and Fechner, 2005). 

The virtual screening method has to screen a large database in order to iso late the top 

hits. Although the screening algorithms have been optimized and run very fast, the 

computational costs are sti ll tremendous, especia lly when taking the flexibility of 

molecules into account. On the other hand, the fragment based methods can start with 

a smaller fragments database and generate denovo scaffolds by recombination of the 

limited fragments, and thus been proposed as a time and cost-efficie nt manner. 

However, as the fragment based methods arc newly emerged and st ill under 

developing, resu lts are normally used to " inspire" the medicinal scientists rather than 

been adopted (Schneider and Fechner, 2005). 

Characterization of Aurora kinase inhibitors by molecular modeling, docking and 
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The methods mentioned above are complementary to each other and could ex ist in 

different phases of d rug deve lop in g process. For example, when des igning a new 

drug for g ive n target w ith 3 D structure, v irtua l sc reen ing method can be adopted first 

to give some suggestion. 

1.7 Aims and O bjectives 

In th is study, we adopted ligand based as well as structure based virtua l screening 

methods to fi nd more potent inhibitors for Aurora k inases. 

The structures of Aurora Band C w ill be predicted and binding s ite information fo r 

three A urora kinases is gathered. Two datasets wi ll be inc luded in the study, 

i) Dataset of nove l inhibito rs of Aurora kin ases, 

ii) Dataset of known inhibi tors of A urora k inases . 

Binding modes fo r both datasets w ill be studi ed in deta il for Aurora kinase A, B and 

C. Ligand based drug des igning process is used for 3D pharmacoph ore generation fo r 

both datasets and that pharmacophore model is lIsed for screenin g additiona l 

databases to reterieve more Aurora k inase inhibitors. As binding s ite of Aurora 

kinases is well studied, structure based drug designing process wil l be lIsed to screen 

novel inh ibitors that frequent ly interact w ith the binding s ite res idues of Aurora 

k inases . Dataset of known inhibito rs w ill a lso be used fo r derivatives generation to 

find more stab le, spec ific and potent inhibitors for a ll three members of Aurora 

ki nases . 

Characterization of A urol'fl kinase inhibitors by molecular modeling, docking and 
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2 Materials and Methods 

2.1 Software, Serve.·s and Databases Used 

Table 2. 1 shows the list of software, servers and tools that are used in our research 

study. 

Ta ble 2.1: List of software, too ls and set'vet's. 

No. Tools Pm'pose URL 

1. Swiss Model 
3 D Structure 

http://swissmodel.expasy.org/ 
generation 

2. Wincoot 
Structure http://w1;VW.ysbl.york. ac. uk/~/ohkamp/coot 

Refinement Iwincoot. html 

3. 
NIH sever, Structure http://nihserver.mbi.ucla. edu 
Molprobity Validation http://molprobity.b iochem.duke.edul 

4. WHATIF 
Structure http://swift·cmbi.ru.nl/servers/html/index.h 
Validation tml 

5. 
PROCHEC Structure http://nihserver.mbi.ucla.eduIPROCHECK 
K Va lidation I 

6. VERlFY-3D 
Structure 

http ://nihserver.mbi.ucla. eduIVerify_3D/ 
Va lidation 

7. ERRAT 
Structure 

http://nihserver.mbi.ucla.eduIERRATv2/ 
Validation 

Aurora kinase 

8. 
Enam ine foc used library is 

http://www. enamine.netl 
Database taken for li gands 

screenlll g 

9. LigandScout 
Phannacophore 

http://www. inteligand. comlligandscoutl 
Generation 

10. PyRx Virtual Screening http://pyrx.sourceforge.net 

11. Autodock Dockings http://autodock.scripps.edu 

Princeton, 
Libraries are taken 

12. Uorsy 
to perform virtual http://vvwwpl'incetonbio.com 

Databases 
Screening http://www.ukrorgsynth.com 

13. Pubchem 
Known inhibitors 

http://pubchem.ncbi. nLm. nih. gov/ 
are taken 
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No. Tools 

14. Chem T 

15. Others 

PUI'pose 

A nalogs 
generation of 
known inh ibitors 
and for 20 profiles 
generation 

Discovery Studio, 
L igplot,Orisis 
Property Exp lorer, 
Pymol, YMD 

2.2 3D StructUl'e P"ediction 

Materials and Methods 

URL 

h ltP://vIlWvll . esa. ipb.pt/b i ochemcore/index. 
php/dslc 

h Up: // accelrys. com/products/ discovery
studio, 
www.biochem.uc!.ac. ukl bsl11/ ligplot, 
http://www.organicchemistry. org/prog/p e 
01, vllWWPYl1101. orgl, 
http://www.ks. uiuc. edu/Research/vl11d/ 

In the absence of a well-defined structure, homology mode ling provides a rational 

a lternative to develop a reasonable 3D mode l. Notably, homo logy mode ling is 

currently the most accurate method for 3D structure prediction y ie lding mode ls 

suitable for a wide spectrum of app li cations, such as investigations into mechanism, 

structure-based drug deve lopm ent and virtual screening (Li and Wang, 2007). This 

approach can produce a reaso nable structura l mode l for any g iven protein seq uence 

that has related templates having more than 25% amino ac id sequence identity 

(Tramontano, 1998) . 

The construction of protein models by homology modeling normally proceeds a long a 

series of we ll -defined and commonly accepted steps: ( I) seq uence a l ignm ent between 

the target and the template; (2) building an initial mode l; (3) refi ning the mode l; and 

(4) eva luating the qua lity of the mode l (G inalski , 2006). F igure 2.1 shows steps of 

homology model ing. 
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evil(! a model (or Ihe larget 
uSing il\!orma:ion lrom 'ernpl., •• 'ruel",,,, 

TARGET 
SEQUENCE 

Materials and Methods 

TEMPLATE 
STRUCTUR~S) 

AUONMENT 

T~ •• ...a::.n~~P1"1I~r •• 
~1>:t'UfP; . n "" ~~ ... r'=r"''1''.''n/·JO,u ''II''1H'l.~. r,"", 

Figure 2.1 : Steps of H omology Modeling. First of all templ ate is identitl ed using target sequence, 

then model of taget sequence is build using template structure and fi na lly model is eva luated (Adapted 

from Eswar e/ al. , 2007). 

2.2.1 Swiss Model 

In order to e lucidate the 3D structures of Aurora Band C, we used template mode ls 

having PDB IDs 2VGP and 2NP8, respectively. Swiss-Mode l program was used to 

predict the structures. 

Swiss Moe l was initiated In 1993 by Manuel Peitsch. Swiss Model is a fully 

automated protei n structure homology mode ling server accessible via the ExPASy 

Web server (Schwede et af. , 2003; http ://swissmodel. expasy.org/). 1t takes a seq uence 

a lignment and a PDB file as input for the template . T hese are submitted over a server, 

and the knowledge-based homology mode l is constructed us ing the ~Modil C> 

program (Pe itsch, 1996). Model co nstruction includes complete backbone and s ide 

chain building, loop building, and ver ification of model quality including packing. 

Characterization of Aurora kinase inhibitors by molecular modeling, docking and 
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The model thus built is energy minimized using the Gromos96 force fi e ld (Christen et 

al. , 2005). The model coordinates are returned in POB format. Very little or no user 

intervention is needed. 

2.3 Structm'e Validation 

The mode ls were optimized by Wincoot (Emsley et al. , 2010) and validated by 

Ramachandran plot (Laskowski et al. , 1996), PROCHECK (Laskowski et al., 1996), 

Errat (Colovos and Yeates, 1993), Verify 3D (Eisenberg et al. , 1997) and WHAT-if 

(Vriend and Sander, 1993). 

2.3.1 Wincoot 

The structures were optimized and refined us ing wincoot (Emsley et al., 2010). 

Wincoot was used for geometry analysis in order to check for improbable bond 

lengths, angles, etc. S imilarly, peptide omega analysis was also performed us ing 

Wincoot to check non-planar peptide bonds. Problematic rotamers were then 

corrected by Wincoot, using its rotamer library. Rotamer analysis by Wincoot checks 

for unusual protein side-chain conformations. 

2.3.2 PROCHECK 

PROCHECK (Laskowski el al., 1993) was used to estimate th e stereo-chemical 

quality of a model. Overall , PROCHECK program finds covalent geometry, planarity, 

dihedral ang les, chirali ty, non-bonded interact ions, main-cha in hydrogen bonds, 

d isulphide bonds, stereo chem ical , parameters, parameter comparisons and residue

by- residue analysis . 

2.3.3 Ramachandran Plot 

Ramachandran 's plot is a protein structure validation tool for checking the detailed 

residue-by-residue stereo-chemical quality of a prote in structure. The phi and psi 

distribution of Ramachandran ' s plot of non-glycine, non-proline residues are 

summarized in Ramachandran Plot. A good homology model should have >90% of 

the residues in the favorable region. Ramachandran plot was constructed for each 

protein mode l using PROCHECK web-server. 

Characterization of Aurora kinase inhibitors by molecular modeling, docking and 
virtual screening approaches 12 



Chapter 2 Materials and Methods 

2.3.4 ERRAT 

ERRA T (Co lovos and Yeates, 1993) is a so-ca lled "overall quality factor" for non 

bonded atom ic interactions, and hi gher scores mean higher qual ity . The norma lly 

accepted range is >50 for a hi gh quality model. 

2.3.5 Verify 3D 

VERIFY 3D (E isenberg et 01. , 1997) uses energetic and empirical methods to produce 

averaged data points for each res idue to evaluate the quality of prote in structures. 

Us ing this scoring function , if more than 80% of the residue has a score of >0.2 then 

the protein structure is considered of high qual ity. 

2.3.6 WHAT-IF 

WHAT-IF (Vriend and Sander, 1993) is used to check the normality of local 

environment of ami no ac ids. For the WHAT-IF evaluat ion, quality of th e distribution 

of atom types is determined around amino fragments. For a reliable structure, WHAT

IF packing scores should be above -5 .0. 

F igure 2.2 shows the workflow diagram of research study. 
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i) Protein Structure Prediction 

Target Sequence 

) Ycs 
3D Structure Ready 

~----------------

ii) Novcllnhibitor Dataset 

Potential Hits 

50,000 
compounds from 

Princeton 
Database 

15 ,000 
compounds from 
Uorsy Database 

No 
Ab initio or Threading 

No 

iii) Known Inhibitor Dataset 

T hree known inhibitors 

2,000,000 compounds 
from Uorsy Database 

Figul'c 2.2: Workflow diagram, i) Protein structure prediction methods, If template is avai lable 

homology modeling is used otherwise ab initio or threading strategy is used, the predicted structure is 

also refined and evaluated, ii) Novel Inhibitors Dataset is generated from Aurora kinase focused 

library, a pharmacophore model is generated from the novel inhibitors dataset that is used further for 

database screening to find more Aurora kinase inhibitors, iii) Known inhibitors Dataset is also used for 

derivatives and pharmacopore generation that is a lso used to find Aurora kinase inhibitors by database 

screening strategy. 

2.4 Data Collection 

Two datasets are prepared for our study. 

i) Compounds extracted from Enamine (www.enamine.net) Aurora Kinase 
FocLi sed Library. 

ii) Known inhibitors of Aurora Kinases. 
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2.4.1 Virtual Screening of Aurora Kinase Focused Library 

Vi rtual screening (VS) is usually described as a cascade offi lter approaches to narrow 

down a set of compounds to be tested for biolog ical activity against the intended dru g 

target. Starting with a fast evaluat ion of the drug- likeness of compounds, VS is often 

fo llowed by ligand-based and/or structure-based approaches if the target structure is 

available (Muegge, 2008). The computationa l methods employed in VS can be 

divided in to three c lasses, w ith increas ing complex ity and co mputational 

require ments. In practice they are often used in combination. These include, 

evaluation based on two-dimensional (20) property profil es (Zheng et al. , 1998); 

evaluation based on a target-spec ific pharmacophore, which is a reduced 

representatio n of the key features in the ta rget system or ligand and eva lu ation based 

on detailed 3D structure mode ling of receptor-li gand interact ion (van Drie et al. , 

1989). 

fn this study 2,575 co mpounds were selected for v irtua l screening from Aurora 

foc used library taken from E namine Database. 2 0 property profil es were generated to 

check whether a compound is "drug like" and to check whether it is synthetically 

access ib le or orall y bio-avai lable. A simples t way to verify is by the " ru le of fi ve" 

(Lipinski et al. , 2001 ). Co mpounds that fulfill the "drug like" cr ite ri a were se lected 

for VS . 

The most detailed and time consuming, but perhaps the most re levant VS technique 

involves obj ect ive docking of 3D mode ls of both ligand and receptor targets. The 

quality of the fit between a g iven li gand and target is used to rank the ligand, or to 

predict the actua l binding affi ni ty by calibration w ith the known li gand receptor 

complexes. The molecul ar docking approach req uires 3D mode l of both target and 

library of compound structures (Subramanian et at. , 2006). In this study, Autodock 

4.2 (Morris et al. , 1998) integrated in pyrx was used to perform VS. Compounds were 

short-li sted on the basi s of binding energ ies and were subsequently checked for 

toxicity, so lubility, mutagenic ity and tumorgenic effects by OSIRfS Propel1y Ex plorer 

(Korff et aI. , 201 2). Hits showing high ri sks of undes ired effects like mutageni city or 

a poor intestinal absorption were e liminated while compounds exhibiting low toxicity 

values were further se lected. The compounds were then filtered on the bas is of 

binding affi ni ties to the potential ATP binding site of Aurora kinase (Li et al. , 2008) 
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by molecular docking. These compounds were subsequently ranked and grouped on 

the basis of their specificity, selectivity and affinity properties. Moreover, further 

families were identified for selected compounds which included quinazoline, 

carboxamide and benzoic acid. Later using these families, more compounds were 

selected on the basis of binding and docking energies. The test set compounds 

included In this study were 2-(thiophen-2-yl) quinazoline (A); N-[(E)

phenylmethylidene ]-1 H-imidazole-I-carboxamide (B); 2-{[( 1 E)-(2-hydroxyphenyl) 

methylidene]amino}benzoic acid (C) and a known inhibitor 2-(lH-pyrazol-5-yl)-lH

benzimidazole (D) (Figure 2.3). 

A B 

D 

HO-OO 
H 

Figure 2.3: Basic structures of compounds isolated from Aurora focused library, (A) 2-(lhiophen-

2-yl) quinazoline, (B) N-[(E)-phenylmethylidene]-IH-imidazole-I-carboxamide, (C) 2-{ [(I E)-(2-

hydroxyphenyl)methylidene]amino} benzoic acid and (D) 2-(1 H-pyrazol-5-yl)-1 H-benzimidazole. 

2.4.2 Known Inhibitors Dataset 

Three known inhibitors, MLN8237, Hesperadin and 4-(4'-Benzamidoanilino)-6,7-

dimethoxyquinazoline (Figure 2.4) are used in this study and taken from pubchem 

database (http://pubchem.ncbi.nlm.nih.gov/). MLN8237 (Alisertib) is a selective 

Aurora kinase A inhibitor with median IC50 of 61 nM. MLN8237 (Alisertib) is a 

second-generation, orally bioavailable, highly selective small molecule inhibitor of 

the Aurora A kinase (serine/threonine protein kinase) with potential antineoplastic 

activity. MLN8237 (Alisertib) binds to and inhibits Aurora A kinase, which may 
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result in disruption of the assembly of the mitotic spindle apparatus, disruption of 

chromosome segregation, and inhibition of cell proliferation (Maris et at., 2010). 

Hesperadin is a human Aurora B inhibitor with an IC50 of 40 nM for the prevention 

of the phosphorylation of substrate (Jetton et at. , 2009). 

The third compound 4-(4'-Benzamidoanilino)-6,7-dimethoxyquinazoline (Kollareddy 

et at. , 2012) is reported in pubchem database for inhibition of Aurora A and Aurora B. 

It acts as a potent, selective, and ATP-competitive inhibitor of Aurora kinases (ICso = 

310 nM and 240 nM for Aurora A and B, respectively. 

A B 

c 

Figure 2.4: Basic Structures of A) MLN8237, B) Hesperadin and C) 4-(4'-Benzamidoanilino)-6,7-

dimethoxyquinazoline. 

2.5 Pharmacophore Generation 

A pharmacophore is defined as an ensemble of universal chemical features (hydrogen 

bonds, charge interactions and hydrophobic areas) that characterizes a specific mode 

of action of a ligand in the active site of the macromolecule in 3D space. This 

pharmacophoric pattern is the condition for ligand-macromolecule interaction. 

Searching these chemical patterns in large molecule databases allows finding new 

scaffolds for developing lead structures. In this study, we have developed two three 

dimensional pharmacophore hypotheses using Ligand Scout tool (Wolber and Langer, 

2005), i) set of four novel compounds (A) 2-(thiophen-2-yl) quinazoline. (B) N-[(E)-
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phenylmethyli dene ]-1 H-im idazo le-1 -carboxam ide. (C) 2- {[ (1 E)-(2-

hydroxyphenyl)methylidene]amino } benzo ic ac id and (D) 2-(1 H-pyrazol-5-y l)-1 H

benzim idazo le (A-D) taken from A urora kinase foc used library i i) three known 

inhibitors of Aurora kinases i.e. , A) MLN8237, B) Hesperadin and C) 4-(4'

Benzam idoa ni lino )-6, 7 -d imethoxyqu inazo l ine (A-C). 

2.5.1 Ligand Scout 

Ligand Scout (Wo lber and Langer, 2005) generates structure-based as we ll as ligand

based pharmacophore models. The ligand-based strategy derives pharmacophore 

models from a set of li gands in the absence of the macromolecule structure by 

considerin g the conform at ional flexibility of the ligands. It is based on the principle 

that common structures containing small molecules provide similar biologica l 

activity. Thus, this approach searches a common feature pattern that is shared in an 

active ligand-set (Wo lber et al. , 2006). 

2.6 Docking and Vir·tual SCI'eening Studies 

Automated dockin g was used to locate the appropriate binding orientations and 

conformations of various inhibitors in the Aurora kinase binding pocket. 

2.6.1 Auto Dock 4.2 

To perform the task, genetic algorithm in program Auto Dock 4.2 (Morris et al., 

1998) was used. Workin g with Auto Dock 4.2 includes 3 steps : 

1. Preparation of receptor and ligand fi les. 

2. Ca lculation of affi nity maps by using a 3D grid around the receptor and 

ligand . 

3. Defining the docking parameters and running the docking simulat ion . 
( I 0 o ':) ,J '- ..... .; r"9A ..., l ~ I ~ l 1 J.' ~ ,D\ -y\. . d J 

Polar hydrogen ato ms and Kollman charges were ass igned to the receptor prote ins. 

For li gands, Gaste iger partial charges were ass igned and non-polar hydrogen atoms 

were merged. All torsions for ligands were allowed to rotate durin g docking. 

The program Auto Grid was used to generate the grid maps. Each grid was centered at 

the structure of the correspond ing receptor. The grid dimensions were 80* 80* 80 A 3 

with points separated by 0.375 A. For all ligands, random starting positions, random 
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orientations and torsions were used. T he trans lat ion , ~uatern ion and tors ion steps were 
) " 

taken from default va lues in Auto Dock. T he Lamarck ian genet ic a lgor ithm method 

was used for minimization us in g default parameters. T he standard docki ng protocol 

for rigid and flexib le li gand docking consisted of 50 runs, using an initial popu lation 

of 150 random ly placed individuals, with 2.5* 1 06 energy evaluations , a max imum 

number of 27000 iterations, a mutation rate of 0.02, a crossover rate of 0 .80, and an 

elitism value of 1. C luster ana lys is was performed on the docked results using an 

RMS tolerance of 1.0 A. The c lusters were ranked by the lowest energy representative 

of each c luster. 

2.6.2 PyRx 

PyRx (http: //pyrx.scripps.edu) is a Virtual Screening software for Computational 

Drug Discovery that can be used to screen libraries of compounds against potential 

drug targets. PyRx enab les Medicinal C hemists to run Virtual Screening from any 

platform and he lps users in every step of this process, from data preparation to job 

submiss ion and analysis of the results. While it is true that there is no magic button in 

the drug discovery process, PyRx inc ludes docking w izard w ith easy to use user 

interface which makes it a valuab le tool for Computer-A ided Drug Design. PyRx also 

includes chemical spreadsheet-like fun ctionality and powerful v isua lization engine 

that are essential for Rational Drug Design. 
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3 Results 

3.1 Structure Prediction and Refinement 

3.1.1 Prediction of human AlII'om Band C 3D Stl'llctul'es 

[n order to predict the hum an Aurora B structure, crysta l structure of Xenopus laevis 

Aurora B (POB 10: 2VGP; reso lution 1.70 A) was obtained from POB (Berm an et al., 

2000) and used as template. MSA ana lys is indicated 80% sequence identity between 

the target and template sequences and RMSO score was found to be o.ossA. 

Alignment between target and temp late is shown in Figure 3.1. 
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Figul'e 3.1 : Scqucnce Alignment of target and template for Aurora kinase B. 
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300 

Aurora C model predict ion was carried out using human Aurora A (PDBID : 2NP8, 

resolution 2.25 A) as best temp late, whi ch ex hibited a sequence identi ty of 77%. The 

backbone RMSD between the 2NP8 and Aurora C modeled structure was 0.079A, 

indicating a hi gh homology shown in Figure 3.2. 
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Figlll'e 3.2: Sequence Alignment of template and tar'get for Aurora kinase C. 

301.2 StnIctUioe Validation 
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Results 

Ramachandran' s plot indicated that 99.1 % and 99.3% res idues lie in allowed regions 

fo r both Aurora B and C models, respectively as shown in Figure 3.3. None of the 

active s ite res idues were present in the disall owed region. Moreover, parameters li ke 

peptide bond planarity, non-bonded interactions, Co, tetrahedral distortion, main chain 

H-bond energy and overall G facto r fo r both the structures lie w ithin favo rable range 

as shown in Figure 3.4. 
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Figure 3.3: Ramachandran plot for homology modeled A) Aurora kinase B, it showed that 99.2% of 

residues lie in favored and allowed regions, B) Aurora kinase C, it shows that 99.3% of residues lie in 

favored and all owed regions. 
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Figure 3.4: Main chain parameters plotted by PROCHECK for (A) Aurora kinase Band 

(B) Aurora kinase C. 

The homology models were further verified using ERRAT, Verify3D and WHAT-IF 

tools. ERRA T measures the overall quality factor for non bonded atomic interactions 

and an accepted range is above 50 for a high quality model. The ERRAT scores were 

95 .2 and 87.7 for Aurora Band C, respectively. 

Verify3D employs energetic and empirical methods to produce averaged data points 

for each residue to evaluate the quality of structures. A score above 0.2 for more than 

80% residues suggests a considerable high model quality. In both Aurora Band C, 

92.19% and 98.73% residues had score above 0.2. 

WHAT-IF is used to check the normality of local environment for amino acids. In this 

evaluation, the quality atomic distribution is determined around amino fragments. For 

a reliable structure, WHAT-IF packing scores should be above -5.0. In case of Aurora 

Band C models, none of the scores for any residue was found less than -5.0. These 
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Chapter 3 Results 

data indicated that Aurora Band C mode ls are of good quality to a ll ow for further 

study. 

3.1.3 Binding Sites rOl' Aurora Band C 

Generally, at ATP binding pocket of Aurora kinase A, Glu2 11 and Ala213 res idues 

were found to be crucial for the potent ligand binding and kinase se lectivity (Talele 

and McLaughlin , 2008). In case of Aurora B prote in, Lys 106, Glul55 and A la 157 

were the critica l amino acids with respect to interaction (Fu et al., 2008). These 

res idues were found to be highly conserved structurally among Aurora prote ins. For 

identify ing ATP binding pocket of Aurora kinase C an alignment between A urora A 

and C is carried out, it showed that for Aurora kinase C G lu 12 1 and A la 123 res idues 

were the critical amino acids. Binding s ite information for Aurora kinases was also 

gathered from POB (Berman et al. , 2000) database. All enteri es reported in POB for 

Aurora kinases were gathered and the ir binding mode (residues) was studied us ing 

Ligplot. Fo r Aurora kinase A the res idues reported in POB enteri es include Ala213 

and Glu21 1, Leu 139, Va 1147, Lys 162 and Glu2 17. For Aurora kinase B the res idues 

inc lude Ala 157, Glu155 , Leu83, Va191 , Lys l06 and G lul61. L ikewise binding s ite 

info rm ation for Aurora ki nase C is gathered from alignment of A urora C w ith Aurora 

A and B. The binding s ite res idues are also co nserverd in Aurora C and inc ludes 

Alal 23 , G lu 121 , Leu39, Va147, Lys62 and G lu 127 respect ive ly. POB enteries 

inc luded in the study inc lude 20WB, 2WTV, 2WTW, 2C60, 4AF3, 3QBN, 3P9J, 

2W IO, 2WI G, 2WI C, 3HOY, 3H IO, 2X6E, 2X60, 2X81 , 3MYG, 3NRM, 3U04, 

3UOO, 3UPW, 3MII , 2VGP, 2VRX, 3VAP, 3K5U, 2BFY, 2N P8, 2BFX, 2VGO, 

3AMA, 3AMB, 2F4J, 2WIH. 

30 structure of Aurora B along with the template structure and its superimposition 

results is shown in Figure 3.5 A-C. 3D structure of Aurora C a long with its template 

and super impos ition results is shown in F igure 3.6 O-F. 
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Figure 3.5: Surface and ribbon representations of Aurora Kinase B model in pink color (A) and 

template model (2VGP) in gray, (B) are superimposed well (RMSD ea = O.055A) indicated in (C). 
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E 

F 

Figure 3.6: Ribbon representation of Aurora Kinase C target structure (D) in pink and template 

(E) in gray color (2NP8), (F) Superimposition of Aurora C and 2NP8, Amino acid residues 

involved in binding with ATP are indicated by red color. 
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3.2 Docking Studies, Phar'macophor"e Generation and Database Screening for 

Novel Inhibitors Dataset 

2D profiles of selected compounds from Aurora kinase focused libraray were 

generated from Oris is Property Exp lorer (Korff et of. , 201 2) as shown in Tab le 3. 1. 

Ta ble 3.1: T he 2D profiles of test-set compounds, (A) 2-(thiophen-2-yl) quinazoli ne, (8) N-[(E)

pheny lmethylidene ]-1 H-imidazole- I-carboxamide, (C) 2-{ [( I E)-(2-hydroxypheny I)methylidene] 

amino} benzoic acid and (D) 2-( I H-pyrazo l-5-yl)- 1 H-benzimidazo le. 

Hydrogen Hydrogen 
Molecular 

No. of Drug 
Ligand Bond Bond 

Weight 
C LogP rotatable Solubility 

Score 
Acceptor Donor bonds 

A 3 0 2 12.27 3.47 -4.18 0.41 

B 4 0 190.137 1.69 -1.64 0.81 

C 4 3 241.242 2. 16 3 -2.88 0.74 

D 4 2 184.197 1.31 -2.24 0.59 

3.2.1 Molecular Docking of Selected Inhibitors 

Protein li gands docking were performed using AutoDock 4.2 and each docked pose 

was analyzed individually to monitor the interactions. Binding energy is the sum of 

the intermolecular energy and the torsional free energy penalty and docking energy is 

the sum of the intermolecu lar energy and the ligand' s internal energy. Inhibition 

constant in AutoDock is calcu lated usi ng the express Ion Ki= 

exp((~G * 1 OOO)/(Rcal*TK), where ~G is docking energy, Rcal is 1.98719 and TK is 

298.15. Docking energy is the sum of the intermolecular energy and the ligand 

internal energy (Morris et of. , 1998). The values of binding energies, docking 

energies and inhibition constant va lues for the selected compounds docked against 

Aurora kinases are listed in Tab le 3.2. 
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Table 3.2: Binding energies, docking energies and inhibition constant va lues for (A) 2-(lhiophen-

2-yl) quinazo l ine, (B) N-[(E)-phenylmethylidene J- I I-I -im idazo le-I-carboxamide, (C) 2-{ [( 1 E)-(2-

hydroxyphenyl)melhylidene]amino }benzoic acid and (D) 2-( 1 !-I-pyrazol-5-y l)- 1 I-I -benzimidazo le. 

Aurora Kinase 

A B C A B C A B C 

Compounds Binding Energy (Kcal/mol) Docl{ing Energy (Kcalfmol) Ki (~M) 

A -6 .18 -7.1 -6.06 -7.43 -7.99 -6.96 16.08 6.28 36.04 

B -6 .1 4 -7.27 -6 .03 -6.85 -7.87 -6.65 26.95 4.67 37.9 

C -6.91 -7.74 -7.63 -6.9 1 -7.74 -7.63 8.62 2.1 2.55 

0 -5 .79 -6 .79 -6 .37 -6 .23 -7.23 -6 .8 57.0 10.59 21.57 

Figure 3.7 shows binding energies ofthese compounds is graphica lly represented as 

0 

-1 

-2 

-3 

• Aurora A 
-4 

Aurora B 
-5 

• Aurora C 
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-9 

FigUJ'e 3.7: Binding enc"gics of (1) 2-(thiophen-2-y l) quinazo line, (2) N-[(E)-phenylmethyli deneJ- 11-1-

imidazo le- I-carboxami de, (3) 2-{ [( 1 E)-(2-hydroxyphenyl)methyl idene Jam ino} benzo ic acid and (4) 2-

( I I-1-pyrazol-5-yl)- 1 !-I-benzimidazole against three Auro ra kinases. 

Figure 3.8 shows docking energies graphicall y 
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Figure 3.8: Docking energies of (1) 2-(th iophen-2-yl) quinazo line, (2) N-[(E)

phenylmethy l idene ]-1 H-imidazole-I-carboxamide, (3) 2-{[( I E)-(2-hydroxypheny l)ll1ethylid

ene ]amino} benzoic acid and (4) 2-(1 H-pyrazol-5-yl)-1 H-benzimidazole against three Aurora 

kinases. 

3.2.2 Binding Mode of 2-(thiophen-2-yl) quinazoline 

Altogether, binding energies of all four compounds range from -7.74 to -6.03 , while 

docking energies range from -7.99 to -6 .23 . Figure 3.9 shows a docked model of 2-

(thiophen-2-yl) quinazoline into the active sites of Aurora kinases. Quinazo line -N

ring atom shows H-bonding with Ala2 13 of Aurora kinase A (-N ... HN, distance; 1.9 

A). In addition , it exhibited hydrophobic interactions with Lys 162, G lu2 11 , Ala2 l 3 

and Va1147. Likewise, quinazoline -S- atom showed H-bonding with Alal 57 of 

Aurora kinase B (-S ... HN, distance; 2.3 A) and hydrophobic interactions with res idues 

Leu83 , Va191, Glu1 55 and Glul61. It formulated pi-pi interactions with Tyrl56 

residue. For Aurora kinase C, quinazoline -S- ringed atom showed H-bonding with 

Alal23 of Aurora kinase C (-S ... HN, distance; 2.5 A) whereas hydrophobi c 

interactions were found with residues Leu49, Ala70 and Glu1 2 l residues . However, 

pi-pi interactions were seen with Leu173 . 
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Figure 3.9: 2-(thiophen-2-yl) quinazoline interactions (a) Aurora kinase A binding pattern, 

hydrogen bonding is shown with with Ala213 , (b) Aurora kinase B binding pattern, hydrogen 

bonding is shown with Ala157, (c) Aurora kinase C binding pattern, hydrogen bonding is 

shown with Ala 123. 

3.2.3 Binding Mode of N-[ (E)-pbenylmetbylidene]-lH-imidazole-l

carboxamide 

Figure 3.10 shows docked model of N-[(E)-phenylmethylidene ]- lH-imidazole-l

carboxamide in the Aurora kinases binding sites. N-[(E)-phenyl methylidene]-lH

imidazole-l-carboxamide formulate H-bond with Ala213 of Aurora kinase A by its -

0- atom (-O .. . HN, distance; 2.4 A). In addition, its hydrophobic interactions were 

examined with residues Leu139, Va1147, Lys162, Leu194 and Glu21 1. The 0 atom 

makes H-bond with Ala157 of Aurora kinase B(-O ... HN, distance; 2.4 A). 

Furthermore, it showed hydrophobic interactions with Leu83, Va191, Glu155 , Glu161. 
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For Aurora Kinase C, it represented two hydrogen bonds with Ala123 with -0- and -

N- atoms (-O .. . HN, distance; 2.l A and N ... HN, distance; 3.1 A) whereas hydrophobic 

interactions were found with Leu49, Va157, Tyrl22, Glu121 and Leu173 residues. 

- Glul 27 ,"'" 

Figure 3.10: N-[(E)-phenylmethylideneJ-IH-imidazole-l-carboxamide interactions (a) Aurora 

kinase A binding pattern, hydrogen bonding is shown with Ala 213, (b) Aurora kinase B binding 

pattern, hydrogen bonding is shown with Ala 157, (c) Aurora kinase C binding pattern, two hydrogen 

bonds are shown with Ala 123. 

3.2.4 Binding Mode of 2-{[(1E)-(2-hydroxyphenyJ)methylidene]amino} benzoic 

acid 

Figure 3.11 shows docked model of 2-{[(1E)-(2-hydroxyphenyl)methylidene] 

amino}benzoic acid in Aurora kinases binding sites. It makes two H-bonds with its 

two -0- atoms(-O ... HN, distance; 2 A and -O ... HN, distance; 2.5 A) whereas 

hydrophobic interactions were found with, Ala160, Leu210, Glu211, Pro214, 

Characterization of Aurora kinase inhibitors by molecular modeling, docking and 
virtual screening approaches 31 



Chapter 3 Results 

Gly216, Lys162 and Leu263. The pi-pi interaction was examined with Tyr212. For 

Aurora Kinase B, this compound showed hydrogen bonding with Ala157 with its -0-

atom (-O ... HN, distance; 2 A) and it showed hydrophobic interactions with Leu83, 

Va191 , Gly160, Glu155, Glu161. Two pi-pi interactions were detected with residues 

Phe88 and Tyr156. For Aurora Kinase C, this compound showed hydrogen bonding 

with Ala123 with its -0- atom(-O ... HN, distance; 1.8 A) and it showed hydrophobic 

interactions with residues Va157, Leu49 Tyr122, Pro124, and Gly126 residues. The 

pi-pi interaction was found with Arg47. 

a 

P\l* ( 

c 

Figure 3.11: 2-{[(lE)-(2-hydroxyphenyl)methyJidene)amino}benzoic acid interactions, (a) Aurora 

kinase A binding pattern, two hydrogen bonds are shown with Ala 213, (b) Aurora kinase B binding 

pattern, hydrogen bonding is shown with Ala 157, (c) Aurora kinase C binding pattern, hydrogen 

bonding is shown with Ala 123 . 
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3.2.5 Binding Mode of 2-(lH-pyrazol-5-yl)-lH-benzimidazole 

F igure 3. 12 shows docked mode l of 2-( I H-pyrazo l-S-y l)- l H-benz im idazo le with 

Aurora ki nases bind ing sites. 2-( 1 H-pyrazo l-S-y l)- l H-benz imidazo le makes two 

hydrogen bonds with Ala2 13 w ith its -N- and -NH- atoms (-N .. . HN , d istance; 2. 1 A 

and -NH .. . O , d istance; 1.8 A) and one hydrogen bond w ith G lu2 11 w ith its -NH- atom 

(-NH ... O, d ista nce; 2 A) w hereas it showed hyd ro phobic interactions w ith res idues 

Arg137, Leu 139, A la 160 and Leu1 94. Fo r Aurora K inase B, th is compound 

formulated two bonds w ith A la l S7 w ith its -N - and -NH- atoms (-N ... HN, d istance; 

2. 1 A -NH ... O and distance; 2 A) and one hydrogen bond w ith G lul SS w ith its -NH-

atom (-NH ... O, distance; 1.9 A) and it showed hydrophobic interactio ns w ith Leu83 , 

A la I04, Leu1 38, Leu207 and G ly 160 . T he p i-p i interaction was detected w ith 

Tyd S6. For A urora K inase C, this compound formulated two hydrogen bonds with 

A la I 23 w ith its -N- and -NH- atoms (-N ... HN , distance; 2 A and -N H .. . O , dis tance; 

1.9 A) and one hydrogen bond w ith G lu1 2 1 w ith its -NH - atoms (-NH .. . O, di stance; 

2. 1 A) w hereas hydrophobi c interacti ons were fo und w ith res idues G lu1 2 1, Tyr 122 

and G ly l26 res idues. The pi-pi interactions were identified w ith res idue A rg47. 
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Figure 3.12: 2-(lH-pyrazol-5-yl)-lH-benzimidazole interactions, (a) Aurora A binding pattern, two 

hydrogen bonds are shown with Ala 213 and one bond is shown with Glu 211 , (b) Aurora 8 binding 

pattern, two hydrogen bonds are shown with Ala 157 and one hydrogen bond is shown with Glu 155, 

(c) Aurora kinase C binding pattern, two hydrogen bonds are shown with Ala 123 and one hydrogen 

bond is shown with Glu 121. 

3.2.6 Evaluation of Pharmacophore model and Analysis 

An alignment of four selected compounds was done and ten pharmacophore models 

are generated using ligand based pharmacophore modeling strategy. Table 3.3 shows 

score of generated ten pharmacophore models and their corresponding features. 
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Table 3.3: Scores of ten pharmacophore models along with their features. HBA, hydrogen bond 

acceptor; HBD, hydrogen bond donor; AR, aromatic ring; HD, hydrophobic region. 

Models Score HBA HBD AR HD 

0.6503 + + ++ + 

2 0.6200 + ++ + 

3 0.6180 + ++ + 

4 0.6169 ++ + + 

5 0.6168 ++ + + 

6 0.6166 + + + + 

7 0.6166 + + + + 

8 0.6157 ++ + 

9 0.61 2 1 ++ + 

10 0.6118 ++ + + 

Among them the first model shows the highest score of 0.6503. For this model five 

features were identified that includes one hydrogen acceptor, one hydrogen donor, 

one hydrophobic region and two aromatic rings. This model 1 (Figure 3.13) was used 

as 3D query to screen the Princeton (www.princetonbio.com) and Uorsy 

(www.ukrorgsynth.com) chemical databases consisting of 50,000 and 15,000 

structurally diversified molecules, to retrieve new compounds which could be a 

selective and novel scaffold of Aurora kinase inhibitors. 

Figure 3.13: Alignment of 2-(thiophen-2-yl) quinazoline, N-[(E)-phenylmethylidenel-lH

imidazole-l-carboxamide, 2-{[(lE)-(2-hydroxyphenyl)methylidene)amino}benzoic acid and 2-

(lH-pyrazol-5-yl)-IH-benzimidazole with pharmacophore model I , green region shows hydrogen 

bond donor, red region shows hydrogen bond acceptor. 

The specified pharmacophor~ features for the selected compounds are described in 

Figure 3.14. 
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Figure 3.14: 2D Depiction pharmacophore models: (A) compound A (B) compound B (C) 

compound C (D) compound D. HBA, hydrogen bond acceptor shown by red line; HBD, hydrogen 

bond donor shown by green line; AR, aromatic ring shown by blue region; HD, hydrophobic shown by 

yellow region. 

In correlation with the sharing features, pharrnacophore fit score was calculated for 

the four compounds. 2D depictions clearly indicate that compounds C and D share all 

five features of the selected pharmacophore model with score values of 47 and 48, 

respectively; while compound A shared four features with score of 41 and compound 

B shared two pharmacophore features having score of 26. 

3.2.7 Princeton Results 

A library of 50,000 compounds was screened using the generated pharmacophore. 

13,982 Compounds were identified that shared the pharmacophore like features. Out 

of 13,982 compounds, 180 compounds were further extracted on the basis of exact 

pharrnacophore features including one H-acceptor, one H-donor, two rings and one 

hydrophobic region. These 180 compounds were subsequently used for docking. 

Receptor and ligand complementarities were checked and 160 compounds were 

filtered based on these criteria. Later, compounds showing the positive binding 

energies were eliminated leading to 130 compounds. Interactions were mapped for 

these compounds with Aurora family members. 30 compounds were short listed based 
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on frequent interaction with binding s ites. 20 stru ctures of these se lected compounds 

are shown in Figure 3.15. 

H 

IIO'C\J~ ~ o~ )~~: ~ 0/ \~ 
OH 

o 0 

9 10 

26 21 26 29 30 

Figu"e 3.15: 20 structures of 30 compounds ext.·acted from Princeton showing frequent 

interaction with binding site of Auro"a kinases. 

Binding, docking and inhibition constant va lues for these se lected compounds is 

shown in Table 3.4. 

Table 3.4: Binding energies, docking ene"gies and inhibition constant values for Aurora kinase 

A,B and C for Princeton selected compounds. 

Aurora kinase 

A B C A B C A B C 

Binding Energy Docl<ing Energy Inhibition Constant 
~Kcal/mol) ~Kcal/moQ (~M) 

-8.42 -8. 13 -7.48 -9.87 -9.52 -8.75 0.668 1. 1 1 3.28 

2 -8.55 -9.33 -8.82 -9.99 -10.35 -9 .01 0.53 8 0.143 0.342 

3 -8.21 -8.85 -7.55 -9.35 -10.34 -9.11 0.958 0.324 2.92 

4 -7.35 -8.8 -7.77 -9.83 -11.09 - 10.54 4 .1 3 0.356 2.03 
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5 -8.96 -8.47 -8.48 -10.5 -9.77 -9.46 0.269 0.620 0.612 

6 -8 .18 -10.36 -9. 15 -10. 18 -12.38 -11. 17 1.01 0.25 0.196 

7 -6.27 -7.37 -6.31 -8.92 -9 .99 -9. 12 29.8 3.95 11.28 

8 -7.88 -8 .78 -9.59 -9.54 -10.37 -10.02 1.67 0.365 0.93 

9 -7.08 -7.33 -6.66 -9.25 -9.84 -9. 17 6.5 4.23 13 .2 

10 -6.41 -7.17 -6 .16 -7.57 -9.07 -7.78 20.17 5.53 0.30 

II -7.66 -7.95 -8.96 -8 .39 -8.67 -9.7 2.42 1.5 0.270 

12 -8.06 -8.76 -8.93 -8.29 -9.33 -9.44 1.23 0.381 0.286 

13 -9.29 - 10.29 -8.88 -10.17 -11.79 - 10.34 0.1 54 0.28 0.307 

14 -8.45 -9.04 -9.3 -9.9 1 -10.59 - 10.81 0.639 0.236 0.152 

IS -8.74 -9.73 - 10.01 -8.97 -9 .55 -9.26 0.392 0.73 0.45 

16 -8.0 1 - 10. 11 -8 .8 -10.22 -12.4 1 - 11.1 5 1.34 0.38 0.355 

17 -7.7 1 -8 .78 -7.56 -9 .04 -9 .96 -8.68 2.22 0.366 2.86 

18 -8.3 -10.2 -9 .08 - 10.59 -12.62 -11.15 0.827 0.33 0.222 

19 -9.2 -9.96 -10.18 -10.22 -10.96 -10.9 0.18 1 0.50 0.34 

20 -9.3 -10.96 -9.87 - 10.2 -12.4 - 11.1 3 0. \5 0.9 0.58 

21 -8.2 1 -9.86 -8.55 -10 .33 -12 . \4 -10.81 0.957 0.59 0.536 

22 -9. 1 -10.66 -9.09 -11.1 7 -12.63 -10.05 0.2 13 0.15 0.2 16 

23 -8.09 -9.12 -8 .56 -9.96 -10 .84 -10.5 1.17 0.205 0.534 

24 -9.04 -1 0.39 -9.5 -9.94 -11.5 -9.89 0.238 0.24 0.109 

25 -7.59 -9.2 -9.07 -10.1 3 -11.36 -11 .49 2.73 0.181 0.223 

26 -7.23 -8.64 -7 .63 -8.96 - 10.37 -9.29 4.99 0.466 2.57 

27 -8.92 -9.6 -9.46 -9.11 -9.85 -9.7 0.288 0.92 0.117 

28 -8.57 -9.49 -9.35 -8 .67 -9.48 -9.07 0.52 1 0.110 0.139 

29 -8 .76 -9.68 -10.02 -9.77 -10.58 - 10.48 0.3 81 0.80 0.45 

30 -15.3 - 16.3 -15.02 -16. 1 -16.94 -15 .83 6XIO·6 1.13 0.985 

Graphically binding energies are shown in Figure 3. 16 and docking energies in Figure 

3.17. 
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Figure 3.16: Binding Ene'·gies for 30 compounds extracted f,·om Pdnceton database showing 

frequent interaction with Aurora kinases binding site. 
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Figure 3.17: Docking Energies for 30 compounds extracted from Princeton database 

showing frequent interaction with Aurora kinases binding site. 

3.2.8 Binding Mode of Pl"inceton extracted compounds 

The binding energy values for the Aurora A binding compound derived from 

Princeton database ranged from -6.4 1 to - 15.3 Kcal/mol , whi le the docking energies 
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ranged from -7.57 to -16.1 Kcallmol. Intermolecular energy values ranged from -7 .6 

to - 16.19 Kcal/mol. Unbound energy va lues ranged from 0 to -1.05 Kcal/mol. Aurora 

B binding compounds exhibited binding energ ies rang ing from -7 .17 to - 6.3 

Kcallmo l. The corresponding docking energ ies ranged from -8 .67 to - 16.94 Kcallmo l. 

FLllihe rmore, intermolecu lar energies were from -8 .37 to - 17.9 Kcallmol. For Aurora 

C, binding energies ranged from -6.16 to - 15.02 Kcal/mol , whereas docking energies 

ranged from -7. 78 to -15 .83 Kcallmol. However, intermo lecu lar energ ies ranged from 

-7.35 to - 15.9 1 Kcallmol. For Princeton se lected compou nds 1-6 compounds belong 

to phenol fam ily, 7-8 compo unds fro m benzoate fa mily, 9-10 compounds fro m 

ethanone fam i Iy, 11 - 12 compounds fro m chromen-2-one fam i Iy, 13-19 compounds 

from carboxamide fam ily, 20-22 compounds from su lfonamide fami ly, 23-29 

compounds from benzamide family and compound 30 from propanoate fam ily. A ll 

these compo unds exhibit freq uent interact ion with binding s ites of Aurora kinases. 

Among these compounds 30 showed the highest va lues for binding and docking 

energies. The interaction patterns of compound 30 w ith Aurora A, Band Care 

descr ibed in F igure 3. 18. For Aurora Kinase A, compound 30 showed hydrogen 

bonding w ith Ala213 with its -0- atom (-O .. . HN, d;2A), while it formed hydrophobic 

interactions with Va1147, Lys 162 G lu2 11 residues. In addition, 3 pi -pi interactions 

were detected w ith T ry2 12, Arg 137, Leul 39 res idues. In contrast, for Aurora B, 

compound 30 showed hydrogen bonding with Ala 157 (-O .. . HN, distance; 1.8A) with 

its -0- atom , hydrophobi c interact ions with Arg81 , Phe88, Va191 , Lys 106 and G lul 55 

res idues. The pi-pi interaction was fo und with Try 156. ]n case of Aurora C, 

compound 30 bonding was w ith Ala 123 w ith its -0- aom (-O .. . HN, distance; 2A) and 

it formu lated hydrophobic interactions w ith Lys72, G lu1 2 1, G ly 12 and Leu173 

resid ues. T he pi-pi interactions were identified with Arg47 and Leu1 73. 
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Gu2 

Figure 3.18: Princeton compound 30 mode of interactions. (a) Aurora A binding site pattern, it 

showed hydrogen bonding with Ala 213 (b) Aurora B binding site pattern, it showed hydrogen bonding 

pattern with Ala 157 (c) Aurora C binding site interaction showing interaction with Ala 213 . 

3.2.9 Uorsy database results 

A library of 15,000 compounds derived from Uorsy database was screened using the 

generated pharmacophore hypothesis and 10,330 compounds were short listed based 

on common pharmacophore like features. Subsequently, 380 compounds having the 

exact pharmacophore features were selected for docking studies. Furthermore, on the 

basis of receptor and ligand complementarities, 250 compounds were filtered. Finally, 

50 compounds were tested for binding with Aurora kinases and 12 compounds were 

refined on the basis of binding energy values. Structures of these selected compounds 

are shown in Figure 3.19. Binding energies, docking energies and inhibition constant 

for these compounds are shown in Table 3.5. 
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Figul'e 3.19: 2D structures of 12 co mpounds extracted from Uorsy showing fl'equent intel'action 

with binding site of A 111' 0 ra kinases. 

Ta ble 3.5: Binding Energies, docking energies and inhibition constant va lues for Auro J"a Idnases 

A, Band C for Uorsy selected compounds. 

Aurora Kinase 

A B C A B C A B C 

Binding Energy Docldng Energy Inhibition Constant 
(Kcal/moQ (Kcal/mol) ~/;!:M) 

-8.87 -9.9 -9.05 -9.46 -10.49 -9.65 0.3 17 0.05 5 0.232 

2 -7.1 -7.21 -6.46 -8.95 -9. 07 -8.3 6.23 5.2 1 18 .42 

3 -9.76 -11.45 - 10.44 -10.06 - 11.75 -10.74 0.07 0.004 0.022 

4 -10.37 -1 1.54 - 10.56 -10.67 - 11.84 - 10.85 0.025 0.004 0.018 

5 -9.3 - 10.89 -9 .83 -9.6 -11.19 - 10.1 3 O. 152 0.01 0.062 

6 -9.24 -10.45 -9.58 -9.54 - 10.74 -9.88 0. \67 0.022 0.094 

7 -9.5 -10.79 -9.94 -9.8 -1 1.09 -10.24 0.109 0.01 2 0.051 

8 -1 0.02 -\0.55 -9.5 -10.02 -10.55 -9 .5 0.045 0.019 0. 110 

9 -6.81 -6. 61 -6.03 -7.73 -7.52 -6.95 10.2 1 14.35 38 .08 

10 -8.04 -8.55 -8 -8.93 -9.45 -8 .89 1.27 0.536 1.37 

11 -7.71 -7 .33 -6.59 -7.71 -7.33 -6.59 2.25 4.27 14.87 

12 -8.77 -9.84 -9.2 -8.77 -9.84 -9.2 0.374 0.061 0.181 

Graphically Binding a nd docking energies are shown in Figure 3.20 and Figure 3.2 1. 
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Figu"e 3.20: Binding energies for 12 Uorsy extracted compollnds showing frequent interaction 

with Aurora kinases binding site. 
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Figur'e 3.21: Docking Energies for' 12 compollnds extracted from Uorsy database showing 

frequent interaction with Aurora kinases binding site. 

3.2.10 Binding Mode ofUo,'sy Screened Compounds 

Binding energy values for Uorsy screened compounds involved in Aurora A binding 

ranged from -6.8\ to - 10.37 Kcal/mol , while docking energies ranged from -7.7 1 to-

10.67 Kcal/mol. Moreover, intermolecular energies ranged frol11 -7.\\ to - \ 0.67 
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Kcallmol. In case of Aurora B binding compounds, binding energ ies ranged from -

6.16 to - 11.54 Kcal/mol , docking energ ies ranged fro m -7.33 to - 11.84 Kcal/mol , 

while intermolecular energ ies ranged from -6. 91 to - 11 .84 Kcal/mol. For co mpounds 

interacting w ith Aurora C, binding energies ranged from -6. 03 to -10.56 Kcal/mo l, 

docking energies ranged from -6.59 to -10.85 Kcalimol , while intermolecular energ ies 

ranged from -6.33 to - 10.85 Kcalimol. For Uorsy screened compounds 1-8 

co mpounds belong to acetamide family , compound 9 be lon gs to acetic acid family , 9-

11 compounds belong to quinazoline family and compound 12 be longs to phosphane 

family. All these selected compounds show frequent interaction with Aurora kinases 

binding s ites. Compound 4 be longs to acetamide family and shows lowest binding 

and dockin g energ ies among all selected compounds. Its interaction with binding s ite 

is analyzed in more detail as shown in Figure 3.22. For Aurora kinase A it makes H

Bond with its -0- atom (-O ... HN, distance;1.9A), hydrophobic interactions with 

Lys162, Glu211 , Val147and Leu139. For Aurora kinase B it makes two hydrogen 

bonds with its -0- atom with Ala157 and Glu161 , i. e., (-O ... HN , distance; 2 .7A) , 

G lu161 (-O ... HN, distance; 3.7 A) and one H-Bond with its -H- atom Leu83 (-FLO, 

distance; 2.7 A), hydrophobic interactions are with Phe88 and Tyr 156. For Aurora 

kinase C it makes H-Bond with A la123 with its -0- atom (-O ... HN, distance ; 2. 1 A) 

and hydrophobic interactions w ith Leu49, Va157, Lys72 and Arg47 . 
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a 

Figure 3.22: Uorsy compound 4 interactions (a) Aurora A binding site pattern, it showed hydrogen 

bonding with Ala 213 (b) Aurora B binding site pattern, it showed hydrogen bonding with Ala 157 and 

Glu 161 (c) Aurora C binding site pattern, it showed hydrogen bonding with Ala 123. 
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3.3 Docking Studies, Analogs Generation, Pharmacophore Genemtion and 

Database Scr-eening for Known Inhibitors Dataset 

20 profiles of MLN8237, Hesperadin and 4-(4'-Benzamidoanilino)-6,7-

dim ethoxyquinazo line compounds is shown in Table 3.6. 

Table 3.6: The 20 pl'Ofiles of A) MLN8237, B) Hesperadin and C) 4-(4'-Benzamidoanilino)-6,7-

dimethoxyquinazoline. 

Ligand 

A 

B 

C 

Hydrogen 
Bond 

Acceptor 

6 

6 

7 

Hydrogen 
Molecular 

Bond 
Weight 

Donor 

2 500 

3 5 12 

2 400 

No. of 
CLog P rotatable Solubility 

bonds 

5.558 5 -4.18 

- 1.2 6 - 1.64 

2.955 5 -2.88 

3.3.1 Molecular Docking Studies on MLN8237, Hesperadin and 4-(4'

Benzamidoanilino)-6,7-dimethoxyquinazoline 

Drug 
Score 

0.6 

0.8 

0.74 

Binding energy, dockin g energy and inhibition constant for MLN8237, Hesperadin 

and 4-(4'-Benzam idoanilino)-6,7-dimethoxyquinazoline are shown in Tab le 3.7. 

Table 3.7: OocI<ing energies, binding energies and inhibition constant values for A) ML 8237, B) 

Hesperadin and C) 4-(4'-Benzamidoanilino)-6,7-dimethoxyquinazo line. 

Aurora Kinase 

A B C A B C A B C 
Binding Energy Docl<ing Energy 

Inhibition Constant (nM) 
~Kcal/mol2 ~Kcal/l11ol2 

A -8.67 -8.68 - 10.02 -10.16 -10 .18 -11.51 442.99 431.23 45 .01 

B -5.09 -6.02 -9.64 -9.57 -10.5 - 14. 11 184850 38360 86.19 

C -7.63 -7.83 -7.27 -9.42 -9 .62 -9.06 25700 18200 46700 

Graphically binding and docking energies of these compounds are shown in Figure 

3.23 and Figure 3.24. 
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Figure 3.23: Binding energies fOI' A) MLN8237, B) Hesperad in and C) 4-(4'-Benzalllidoanilino)-6,7-

dimethoxyquinazol ine. 
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Figure 3.24: Docl<ing Energies for A) MLN8237, B) Hesperadi n and C) 4-(4'-Benzalllidoanilino)-

6,7-d illlethoxyqu inazo line. 

3.3.2 Analogs Generation for Known Inhibitor's 

For each inhibitor three R groups were introduced to generate 1000 derivatives 

generated for each inhibitor by us ing ten different functional groups for every R group 

(Figure 3.25). Some functional groups are not compatible with ligand so derivatives 

are checked for functional group co mplementarity . Derivatives showing 

complementarity with selected functional gro ups were further se lected, lipinski rule of 

five was app lied for further filtration process, derivatives obeying rule of five were 

further selected for docking studi es. Derivatives that lacked complementarity w ith 

receptor were eliminated . Compounds which showed lower binding and docking 
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energies than parent analog were further selected. Fina lly interactions were checked 

for selected compounds with binding s ite. Compounds which showed freq uent 

interaction w ith bind ing site were short li sted. 

A B 0 R 

~ 

~ 
... lo..l:Jlo 

1..-; HO = 

~ H HOy ..... O '"(0 yR 

OH t-V~'OH 
OH 

Figure 3.25: R groups introduced in A) MLN8237, B) Hesperad in, C) 4-(4'-Benza lllidoani lino)-6,7-

di Illethoxyquinazo line. 

3.3.3 Binding Mode of MLN8237 

In Aurora A MLN8237 showed two H Bond with A la213 at a distance of 2. 1 A and 

Glu2 11 at a d istance of 2. 1 A respective ly w ith its -0- atom (-O ... HN), hydrophobic 

interact ions with Leu139, Lys 162, Thr2 17, no pi-pi inte ract ions are detected. In 

Aurora B this co mpound makes H Bond w ith Ala l 57 at a distance of 2.2 A and 

G Iu 125 at a distance of 2. 1 A with its -0- atom (-O .. . HN) , hydrophobic interactions 

with Phe88, G lu 155, Tyrl 56 and G lu 16 1, no pi-p i interactios were detected. In 

Aurora C MLN8237 showed two H Bonds with A la123 at a distance of2 A and 2.3 A 

and one H Bond bond with G lu1 21 at a distance of 3 A w ith its -0- atom (-O ... HN), 

hydrophobic interactions with Leu49, Lys72 , two pi-pi interactions were detected 

with G ly52 and Lys53 res idues as shown in Figure 3.26. 
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Figure 3.26: MLN8237 interactions a) Aurora A binding site pattern, two hydrogen bonds are shown 

with Ala 213 and Glu 211 b) Aurora B binding site pattern, two hydrogen bonds are shown with Ala 

157 and Glu 125 c) Aurora C binding site pattern, two hydrogen bonds are shown with Ala 123 and 

one hydrogen bond is shown with Glu 121. 

Derivatives of MLN8237 which shows lower binding and docking energies and 

frequent interaction with binding site of Aurora kinases are shown in Table 3.8. 
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Table 3.8: Derivatives of MLN8237. 

Rl R2 R3 

8 Ani line Br Bromine K) 2-Piperi dine 

2 6
2 

Aniline Br Bromine ~NH 4-P iperidine 

3 8 Aniline CI Chlorine K) 2-P iperidine 

4 8 An iline CI Chlor ine ~NH 4-P iperidine 

5 Br Bromine ~H Hydroxyethyl Br Bromine 

6 Br Bromine ~H Hydroxyethyl CI Chlorine 

7 Br Bromine ~H Hydroxyethyl ~H Hydroxyethyl 

8 Br Bromine ~H Hydroxyethyl ~ ~H2 Aminoethyl 

9 Br Bromine ~H2 Aminoethyl Br Bromine 

10 Br Bromine ~H2 Ami noethyl ~ Methyl 

Binding and Docking energies of these derivatives is shown in Table 3.9. 

Table 3.9: Binding energies, docking energies and inhibition constant va lues fOI' M LN8237 

Derivatives. 

Aurora Kinase 

A B C A B C A B C 

Binding Energy Docking Energy 
Inhibition Constant (nM) 

~Kcal/moQ ~Kcal/moQ 

-14.2 1 -17.33 -13.9 1 -20.47 -23 .6 -19.36 0.03837 0.000197 0.25236 

2 -13.26 -17.25 -13. 16 -2 1.15 -23 .52 -19.43 0.01 22 0.000226 0.22403 

3 -15.31 -17.57 -11.72 -23.92 -23 .84 -19 .5 0.00599 0.000132 0.19909 

4 -14 .79 -17.37 -13.23 -21.05 -23.64 -20.05 0.01448 0.000185 0.07893 

5 -11.49 -11.69 -13.03 -14.75 -12.88 -15.35 0.11577 2.69 0.04142 
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6 -13.43 - 11.77 - 14.16 -14.63 -1 2.96 - 15.28 0.14263 2.34 0.0476 

7 - 14.04 - 13 .3 1 - 14.08 - 14.04 - 13.61 -15 .98 0.0841 5 0.17478 0.003 2 1 

8 -13 .5 - 13.3 1 - 15.68 - 13.8 - 13.6 1 - 15.9 1 0.12776 0. 17583 0.00357 

9 -11.88 -1 1.37 - 15.62 - 14.4 -1 2. 57 - 14 .98 0.2076 4.61 0.0780 

10 -13 .65 -1 2.19 -13.69 - 14.24 -1 2.79 - 14.87 0.09806 1.1 5 0.03462 

Graphical ly binding and docking energ ies for MLN8237 derivatives are shown in 

Figure 3.27 and Figure 3.28. 
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Figul'e 3.27: Binding Enel'gies for MLN8237 Del·ivatives. 
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Figure 3.28: Docking Energies for MLN8237 Derivatives. 
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3.3.4 Binding Mode for Hesperadin 

In case of A urora A Hesperadin makes H Bond with Ala213 at a distance of 2.2 A 

with its -0- atom , G lu2 11 at distance of 2.3 A with its -0- atom and 2 bonds with 

Lys141 at a distance of 1.9 A and 2.4 A respectively with its -H- atom , it makes 

hydrophobic interaction with Leu139 and G lu260. In case of Aurora B Hesperadin 

makes H Bond with Alal57 at a distance of 2. 1 A with its -H- atom , Pro 158 at 

distance of 2.3 A with its -H- atom , pi-pi interact ion Argl76 and hydrophobic 

interaction with Phe88, Leu83 residues. In case of Aurora C Hesperadin makes H 

Bond with Ala 123 at a distance of 1.8 A with its -0- atom, G lul 27 at distance of 2.2 

A with its -H- atom, G ly52 at a distance of 2.5 A with its -0- atom , pi-pi interactions 

with Arg47 and hydrophobic interaction with Glu121 , Leu49, Lys72 and Val57 

residues as shown Figure 3.29. 
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> "'V41 

Figure 3.29: Hesperadin interactions a) Aurora A binding site pattern, two hydrogen bonds are 

shown with Ala 213 and Glu 211, also two hydrogen bonds are shown with Lys 141, b) Aurora B 

binding site pattern, hydrogen bonding is shown with Ala 157 and Pro 158, c) Aurora C binding site 

pattern, hydrogen bonding is shown with Ala 123, Glu 127 and Gly 52. H-Bond is indicated by green 

dashed line. 

Table 3.10: Derivatives of Hesperadin . 

Rl R2 R3 

1 3-Piperidine H Hrdrogen r-CNH 
4-Piperidine 

2 Methyl H Hrdrogen ~H2 Aminoethyl 
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3 ~H Hydroxyethyl ~H Hydroxyethyl H Hrdrogen 

4 ~H Hydroxyethy l ~H Hydroxyethy l 2-Piperidine 

5 ~H Hydroxyethyl H Hrdrogen I-I Hrdrogen 

6 Aminoethy l H Hrdrogen 2-Piperidine 

7 Aminoethyl H Hrdrogen 3-Piperidine 

8 Am inoethyl H Hrdrogen H Hrdrogen 

9 H Hrdrogen Aniline 3-Piperidine 

Derivatives of hesperadin showing lower binding and docking energies then 

hesperadin and showed frequent interaction with Aurora kinases binding site are 

shown in Tab le 3.11 . 

Ta ble 3. 11 : Binding energies, dockin g energies and inhibition constant values for Hesperadin 

Derivatives 

Aurora Kinase 

A B C A B C A B C 

Binding Energy Docking Energy 
(Kcal/mol) (Kcal/mol) 

Inhibition Constant (nM) 

-21.53 -18 .78 -21.17 -24.52 -21.77 -24.15 0.0000002 0.0000057 0.0000003 

2 -20.98 -18 .2 1 -2 1.23 -22.42 -21.19 -23.29 0.0000057 0.000019 0.00000 I 

3 -19.42 -15.98 -20 .39 - 19.2 - 17.77 -21.34 0.000173 0.00194 0.0000047 

4 -17.73 -16. 17 -19 .89 -19.22 -17.96 -2 1.42 0.000166 0.0014 0.000004 

5 -17.9 1 - 16.54 -19.9 - 19.18 -17.73 -21.11 0.000065 0.000747 0.0000025 

6 -18.61 -16.48 -20.51 -19.82 - 18 .27 -21.75 0.000061 0.000826 0.000002 

7 -18 .03 - 16.55 - 19.96 -19.84 - 18 .34 -21.79 0.0000022 0.000739 0.0000022 

8 -10.62 -16 - 10.68 -20.09 - 18.38 -22.28 0.0001047 0.00187 0.0000026 

9 -17.94 -14.76 -18.86 -20 .6 - 17. 14 -21.24 0.000044 0.01524 0.000015 
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Graphically binding and docking energ ies for hesperad in derivatives are shown in 

F igure 3.30 and Figure 3.3 1. 
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Figlll'e 3.30: Binding Energies for Hesperadin Del'ivatives. 
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Figure 3.3 1: Docking Energies for Hespel'adin Del'ivatives. 

3.3.5 Binding Mode of 4-(4'-Benzamidoanilino)-6,7-dimethoxyquinazoline 

In case of Aurora A 4-(4'-Benzamidoanilino)-6,7-dimethoxyquinazoline makes H 

Bond with Ala213 at a distance of 3 A with its -0- atom, pi-pi interactions w ith 

Arg137 and Tyr2 l2 and hydrophobic interaction w ith Va1147, A la160, Leu139, 

Thr2 17 res idues. In case of Aurora B thi s co mpound makes H Bond w ith A la 157 at a 
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distance of 3.1 A with its -0- atom and Glu161 at a distance of 2.5 A with its -N

atom, pi-pi interaction with Gly 160 and hydrophobic interaction with Phe88, Leu83 , 

Va191 , Glu155 residues. In case of Aurora C it makes two H Bonds with Ala123 at a 

distance of 2.2 A and 3.2 with its -N- atom, pi-pi interactions with Leu49 and 

hydrophobic interaction with Leu49, Va157, Lys72 and Glu121 residues shown In 

Figure 3.32. 
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Figure 3.32: 4-(4'-Benzamidoanilino)-6,7-dimethoxyquinazoline interactions a) Aurora A binding 

site, hydrogen bonding is shown with Ala 213, b) Aurora B binding site pattern, hydrogen bonding is 

shown with Ala 157 and Glu 161, c) Aurora C binding site, two hydrogen bonds are shown with Ala 

123 . H-Bond is indicated by green dashed line. 
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Table 3.12 : Del"iva t ives of 4-(4'-Benzamidoanilino)-6,7-dimethoxyqu inazoline 

RI R2 R3 

K:) 3- t-CI Chlorine Methyl 
Piperidine 

r-CNH 
4-

2 CI Chlor ine CI Chlorine 
Piperidine 

3 8 Aniline CI Chlorine Methyl 

Derivatives of 4-(4 '-Benzalllidoanilino)-6,7-dilllethoxyquinazo line that show lower 

binding and docking energies then 4-( 4'-Benzalll idoan il ino )-6, 7-

dilllethoxyquinazoline are shown in Table 3. 13. 

Table 3.13: Binding energies, docking ene.·gies and inhibition constant values fo.· 4-(4'

Benzamidoan ilino )-6, 7 -d imethoxyq uinazoline Derivatives. 

Aurora Kinase 

A B C A B C A B C 

Binding Energy (Kcal/mol) Docldng Energy (Kcal/mol) Inhibition Constant (nM) 

-11.64 -10 .05 -12. 13 -13.43 - 11.84 -13.92 2.94 42.75 1.27 

2 -1 1.89 -10.13 -12.29 -13.68 - I 1.92 -14.08 1.92 37.25 0.9742 

3 -14.13 -11.21 -10.56 -15.62 -12.7 -12.05 0.04383 6.06 18. 15 

Graphically binding and dockin g energies of 4-( 4'-Benzalll idoanil ino )-6, 7-

dilllethoxyquinazo line derivatives is shown in Figure 3.33 and Figure 3.34. 
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Figul'e 3.33 : Binding Energies for 4-(4'-Benza midoanilino)-6,7-dimetho xyquinazoline 

Derivatives. 
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Figure 3.34: Docking Enel'gies for 4-(4'-Bcnzamidoanilino)-6,7-dimethoxyquinazoline 

Del"ivatives. 

3.3.6 Evaluation of Pharmacophore model and Analys is 

An alignment of three known inhibitors A) MLN8237, B) Hesperadin and C) 4-(4'

Benzamidoanilino)-6,7-dimethoxyquinazoline was carried out and ten phannacophore 

mode ls were generated. Tab le 3. 14 shows the score of mode ls along with 

corres ponding features . 
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Table 3.14: Scores of ten pharmacophore models along with their features. HBA, hydrogen bond 

acceptor; HBD, hydrogen bond donor; AR, aromatic ring; HD, hydrophobic. 

Models Score HBA HBD AR HD 

1 0.75 +++++++ ++ + 

2 0.73 ++ +++++ + 

3 0.72 ++++++++ + 

4 0.68 +++++ ++ 

5 0.66 ++++++ + 

6 0.65 ++++++ + 

7 0.65 +++ ++ + 

8 0.64 +++++ ++ 

9 0.61 +++++ + 

10 0.60 ++++++ + 

Among them the first model shows the highest score of 0.75. For this model ten 

features were identified which include seven hydrogen acceptors, two hydrogen 

donors and one aromatic ring. This model 1 was used as 3D query to screen the 

Uorsy chemical databases consisting of 2,00,000 compounds structurally diversified 

molecules, to retrieve new compounds which could be a selective and novel scaffold 

of Aurora kinase inhibitors. Figure 3.35 shows alignment of three inhibitors along 

with the corresponding features of pharmacophore model. 

Figure 3.35: Alignment of MLN8237, Hesperadin and 4-(4'-Benzamidoanilino)-6,7- · 

dimethoxyquinazoline with pharmacophore modell, green region shows hydrogen bond donor, red 

region shows hydrogen bond acceptor. 
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2D depiction of these compounds is shown in Figure 3.36. 
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Figure 3.36: 2D Depiction pharmacophore models: (A) MLN8237 (8) Hesperadin (C) 4-(4'

Benzamidoanilino)-6,7-dimethoxyquinazoline. HBA, hydrogen bond acceptor shown by red line; 

HBD, hydrogen bond donor shown by green line; AR, aromatic ring shown by blue region. 

3.3.7 Uorsy Results 

A library of 20,00,00 compounds was screened using the generated pharmacophore. 

15000 Compounds were identified that shared the pharmacophore like features. Out 

of 15000 compounds, 200 compounds were further extracted on the basis of exact 

pharmacophore features including one aromatic ring, seven hydrogen bond acceptors 

and two hydrogen bond donors. 

These 200 compounds were subsequently used for docking. Receptor and ligand 

complementarities were checked and 120 compounds were filtered based on these 

criteria. Later, compounds showing positive binding energies were eliminated leading 

to 90 compounds. Interactions were mapped for these compounds with Aurora family 
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members. 10 compounds were short li sted based on freq uent interaction with bi nding 

s ites. Structures of these se lected compounds are s hown in Figure 3.37 . 
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Figure 3.37: 2D structures of Uorsy Extracted Compounds showing frequent inte"action with 

Aurora kinases binding site. 

Binding, docking and inhibition constant va lues for these uorsy extracted compounds 

is shown in Tab le 3 .15 . 

Table 3. 15: Binding ene"gies, docking ene"gies and inhibition constant va lues for Uorsy selected 

compounds. 

Aurora Kinase 

A B C A B C A B C 

Binding Energy Docking Energy 
Inhibition Constant (nM) 

{Kca J/moQ {Kca IlmoQ 

1 -8.73 -8.57 -4.25 - 10.52 - 10.36 - 11.88 397.08 52 1.69 39.97 

2 -5 .59 -6.96 - 10.09 -7.98 -9.35 -6.64 79440 7900 766020 

3 -6 .1 -6 .29 -6.05 -8.78 -8.97 -8.74 33930 24640 36650 

4 -6.55 -6.25 -5.37 -8.94 -8.64 -7.76 15760 26230 11 57 10 

5 -10.65 -12.45 -10.29 -10.39 -13.34 - 11.1 8 15.7 1 0.7490 28.76 

6 -1 1.23 - 10.79 -10.66 -1 2.42 - I 1.98 -11.86 5.87 12.38 15.3 

7 - I 1.8 - 12.59 -12.09 -1 2.7 - 13.49 -12.98 2.23 0. 59058 1.38 

8 - 10.79 - 12.32 - 10.75 -I 1.69 -13.2 1 - 11.64 12.22 0.93451 13.24 

9 -10.59 -12. 15 -10.56 -12.09 -13.64 - 12.05 17. 14 1.25 18.3 

10 -8.79 -8.11 -8.37 -8 .79 -8. 11 -8 .37 74 10 23 170 14920 

Graphically binding and docking energies of uorsy extracted compounds are shown in 

F igure 3.38 and F igure 3.39. 
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Figure 3.38: Binding Energies for Uorsy Extracted compounds. 
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Figure 3.39: Doc\dng Energies for Uorsy extracted compounds. 

3.3.8 Binding Mode ofUorsy Extracted Compounds 

Binding energy values for Uorsy screened compounds involved in Aurora A binding 

ranged from -5.59 to -11.8 Kcal/mol, while docking energies ran ged from -7.98 to -

12.7 Kcallmol. In case of Aurora B binding compounds, binding energies ranged from 

-6.25 to -12.59 Kcallmol , dockin g energies ranged from -8.64 to -13.49 Kcal/mol. For 

compounds interacting with Aurora C, binding energies ran ged from -4.25 to -12.09 
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Kcal/mol, docking energies ranged from -11.88 to -12.98 Kcal/mo l. Compounds 1-9 

belong to carboxamide family and 10th compound belongs to acetamide family. 
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4 Discussion 

Recently, structures of known ligands in complex with the ir receptors have been 

correctly predicted computationally usin g the structures of the independent receptor 

and ligand molecules (Ud ier-B lagovic et al. , 2003) . From the standpo int of exploring 

chemical space, computationa l screens of chemical databases have identifi ed new 

ligands for over 50 receptors of known or even, in some cases, computer-mode ll ed 

structures (Schap ira et al. , 2003). The use of vil1ual screening to discover new 

inhibitors is becoming a common pract ice in modern drug discovery (Shoichet, 2004) . 

Until now, development of a large number of drugs was based on structure-based 

design and screening strategies (Kitchen et ai., 2004). In this context, recent 

identification of nove l binding partners and key downstream effectors, together with 

small molecule inhibitors that display efficacy against tumours, heralds an upsurge of 

interest in Aurora kinases (Weaver and Cleveland, 2005). A urora kinases are 

impol1ant regulators of diverse cell cyc le events, ranging from entry into mitosis, 

centrosome function, mitotic sp indle formation , chromosome biorientation and 

segregation and cytokines is. 

In this study, we exp lored novel inhibitors for Aurora Kinases llsing computational 

approaches. In total, two datasets were used in this study. The first dataset was 

prepared from Aurora kinase focused library taken from Enami ne database and 20 

profiles were generated . Compounds that did not fulfill Lipinski rule of five cr iteria 

had been eliminated whereas remaining compounds were screened against Aurora A, 

Band C. Lipinski's Rule of five is drawn from the statistical study of existing drugs 

and focuses on the "drug-likeness" of small molecules (Lipinski et al., 2001) . 

Subsequently, each compound was docked into the defined grid representation. 

Binding and docking energies for these compounds were computed and monitered. 

The compounds with positive binding and docking energies were eliminated as more 

negative energy score (kcal/mo l) corresponds to increased binding affi nity (Gilson 

and Zhou, 2007). Later, binding s ite interactions were mapped for a ll Aurora kinases. 

The compounds show ing frequent interactions with binding site were fUI1her selected 

and classified. These compounds belonged to diffe rent families including quinozaline, 

benzoic ac id, carbox im ide and benzimide. Binding modes of these compounds were 

studied in detail which indicated that fO ll r compollnds fl.dfi lled the criteria of binding, 
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docking and inhibition constant. These four compounds were then subjected to 

pharmacophore modeling using Ligandscout tool (Wolber and Langer, 2005). 

Altogether, ten pharmacophore models were generated. Among them, the first 

pharmacophore model showed the highest score. Its features included one hydrogen 

acceptor, one hydrogen donor, one hydrophobic region and two aromatic rings and 

this model was used as a reference to screen libraries isolated from Princeton and 

Uorsy databases . Virtual screening of these libraries was performed and compounds 

showing pharmacophore like features were selected and subjected to docking stud ies 

against Aurora kinase proteins. Finally, representative molecu les on the top hits list 

were selected and fUl1her analyzed for the ir interactions with target proteins. The 

binding ana lysis indicated that these mo lecules could be potentia l drugs for Aurora 

kinases. 

Family analysis for selected compounds resulted in presence of multiple families 

including phenol, benzoate, ethanone, chromen-2-one, carboxam ide, sulfonamide, 

benzamide, propanoate, acetamide, acetic acid, quinazo line and phosphane families 

respectively. Table 4.1 shows reported inhibitors for Aurora kinases along with their 

family origin. 

Table 4.1: Reported Aurora kinase inhibitors. 

Compounds Name Origin Reference 

1 AZD1152 Acetamide (Tsuboi et al., 20 11) 

2 VX680 Carboxamide (Fiskus et al., 20 I 0) 

3 MLN8237 Benzoic acid (Maris el al ., 20 I 0) 

4 PHA680632 Carboxamide (Soncini et al., 2006) 

5 Hesperadin Sulfonam ide (Jetton et al., 2009) 

6 ZM447439 Benzimide (Girdler et al., 2008) 

7 CCT129202 Acetamide (Chan et al. , 2007) 

8 AT9283 Urea (Dawson et al., 2010) 

9 SNS314 Urea (Arbitrario et al., 2010) 

10 ENMD2076 Amine (Diamond et al. , 20 11) 

11 PF03814735 Acetamide (Jani et al., 20 10) 

12 CYC116 Amine (Wang et al ., 2010) 

13 K00590 Quinazoline (www.pubchem.com) 
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To our knowledge, this study is the first one repOlting compounds belonging to 

phenol, benzoate, ethanone, chromen-2-one, acetic acid, propanoate and phosphane 

famili es could contribute as inhibitors for Aurora kinases. Involvement of 

carboxamide, sulfonamide, benzamide, acetamide and quinazoline famili es as Aurora 

kinase inhibitors is already known (Table 4 .1). 

Next, second dataset was prepared from known inhibitors of Aurora kinases which 

included MLN8237; a repOlted inhibitor for Aurora kinase A, Hesperadin a reported 

inhibitor for Aurora kinase Band 4-(4'-Benzamidoani lino)-6,7-dimethoxyquinazoline 

which is a reported inhibitor for both Aurora kinase A and B. Docking analysis of 

these compounds was carried out to validate the bindings of these compounds with a ll 

three members of Aurora proteins. Docking studies showed that MLN8237, 

hesperadin and 4-( 4'-Benzamidoanilino)-6, 7-dimethoxyquinazoline bounds at 

specific binding s ites of all three Aurora proteins. We propose that MLN8237 could 

be used as an inhibitor against Aurora B and Aurora C, hesperadin could be used as 

inhibitor for Aurora A and C while 4-(4'-Benzamidoanilino)-6,7-

dimethoxyquinazoline could be used as inhibitor for Aurora C. 

Derivatives for these known inhibitors were also generated and filterted using specific 

criteria and selected derivatives were docked for monitoring their interactions. The 

binding and docking energy values of the ligand molecules were observed and 

compared to pre-ex isting inhibitor molecules MLN8237, Hesperadin and 4-(4'

Benzamidoani lino )-6,7 -dimethoxyquinazoline. These comparisons indicated that 

higher binding affinity of designed analogues to the receptor is present than the 

orig inal. The derivatives showing noticable interactions with predicted binding site 

were picked. The 3D pharmacophore model was generated lIsing known inhibitors 

dataset. Ten pharmacophore models were generated for this dataset a lso and among 

them the first one showed highest score and included features such as seven hydrogen 

acceptors, two hydrogen donors and one aromatic ring. A library from Uorsy database 

was taken and screened using this pharmacophore model. Virtual screening of library 

was carried out and compounds showing pharmacophore like features were short 

listed which were further used for docking in order to check their binding affinities 

with Aurora proteins. The compounds having interactions with binding site residues 

were selected and analyzed. 
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In this study, a two-round screening schema was adopted in order to get a balance 

between time, cost and accuracy. In the first round , li gand based drug designing 

approach was used to shortlist the compounds according to pharmacophore li ke 

features and during the second phase, structure based drug des igning approach was 

used to identify the compounds that bind to the drug targets efficiently. Currently, 

computer aided drug design approaches mainly focus on structure .based properties of 

a drug target and its possible binder to design a chemical that could bind the target 

efficiently. Essentially, they are based on the " lock and key" principle proposed by 

Fisher more than 100 years ago (Pyrkov et al., 20 10). 

Conclusively, our results proved the importance of in silica strategies for the 

screen ing of ligands that can bind to macromolecules with both avai lable and 

unavailable crystallographic structure. Several novel lead compounds were identified 

using virtual screening and molecular docking against Aurora kinase proteins. The 

principal goal in the development of Aurora kinase inhibitors is to assess whether the 

administration of these small molecules to patients will yie ld a clinical benefit. We 

want to propose inhibitors that have minimum toxicity, fewer side effects and are 

highly specific. In future, subjecting these molecules into in vitro studies may lead to 

develop a potent lead for the inhibition of Aurora kinases. 
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