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ABSTRACT

5-Nitroimidazole derivatives have been focused hie past decades due to their remarkable biologizad
pharmacological activities.Ornidazole is a 5-nitnudazole derivative drug which has antimicrobiatian. It is
used in the treatment of protozoal infections, atsb in the treatment of amebiasis, giardiasisshamoniasis and
prophylaxis of anaerobic bacterial infections. Thigidy presents DFT study on bio-active Nitro hetgclic
compounds -orinadazole and with modified orinadez®lor the compounds, initial geometry optimizagiomere
carried out with DFT. The lowest energy conformasioof the compounds obtained by the Density Fumaiio
Theory [DFT] method by employing Becke’s three-pagter hybrid functional [B3LYP] and 6-311++G [d,phsis
set.In this study, physicochemical, pharmacological a@mérmacokinetic properties in addition to bioawdility
of ornidazole and its derivatives are discussedni@azole and its derivatives were subjected to Mgiration,
Molsoft and Osiris programs to predict their molkouproperties that are important for drug candidat
Subsequently, all of them were docked into thevaddites of proteins namely lucf [Anti-Parkinsootpin], 3k21
and 4wvd [Anti-Parasitic protein], 4e9u [Anti-Infedee protein], 3hj3 [Anti-protozoal protein], ljkand 3wx4
[Anti-Bacterial protein] were considered in antimibial studies of Ornidazole and its derivativesncg all
compounds fulfilled the criteria for good membrageemeability, oral bioavailability, low toxicity ahthe potential
inhibitory activities towards all protein and theantimicrobial activity has been tested. The présesrk deals with
theinsilico docking studies of all target proteins inhibitoxith ornidazole and its derivatives. Thesilico docking
studies were carried out using AutoDock Vina 1gr@gram. The docking energy of fluro-ornidazolehwite9u
shows binding energy -5.6 kcal/mol whereas ornittagbows binding energy -5.3 kcal/mol. Fluro-oa®dle with
3hj3 shows binding energy -5.8 kcal/mol whereaddazole shows binding energy -5.1 kcal/mol. Thesrilts
clearly indicate that the fluro-ornidazole has demior higher binding sites and interactions with the proteins
compared to the standard drug ornidazole.

Keywords: Antimicrobial action, molecular docking, molecufaoperties prediction.

INTRODUCTION

Approximately, out of 100,000 proteins in the hunpaiateome, only about 500 are currently targetedobwhich
approximately 40,000 drugs were only approved waide [1]. This suggests that there is considerabtgpe for
identification of new targets and for the desigd @iscovery of new drugs. On the other hand, thheeot average
failure rate for drugs in clinical trials is 81%][A lack of efficacy causes 30% of these failua@sl concerns with
toxicological and clinical safety account for aretl30% [3]. Failure in the later stages of drugaedlepment is very
expensive, particularly if a potential drug reachbase Il or IlI clinical trials before problems erge. These issues
emphasize the importance of identification of males that are likely to reach the market at théyesiage of drug
discovery. In 1991, the industry observed a faihate of 40% due to bioavailability and pharmacekimissues [3]
but incorporation of ADME [absorption, distributiometabolism, and excretion] principles earliertli®e drug
development process to eliminate weak candidatesduuced failures for these reasons to 10% [4k approach
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has been facilitated by development of theoretita@ithods for prediction of “drug-like” properties small
molecules over the last 20 years. These have rafngedthe simple, but effective and widely accepteginski
“rule of five” [5] to sophisticated algorithms farediction of ADME properties [6,7]. Input to thealgorithms has
been facilitated by use of text-based molecularaggntation through the powerful SMILES approagh [8

Structure-based drug design against protein tafgetdeen facilitated by the growing number of girostructures.
However, not all these proteins are targets fogdtesign. The number of “druggable” proteins [thts® may be
targets for drugs] was first addressed in 2002 bpkths and Groom, [9] with an upper estimate of@L&Ad more
recent reviews13, 14 suggest that this number resnailid. A goal of structure-based drug desigr] j$Go use
structures of these proteins, or homology modelsvel@ from related proteins, to identify lead corapds
computationally. The main method is molecular dogKil1, 12] in which an attempt is made to locatdarules in
a binding site using stereo chemical and energetisiderations, with various simplifying assumpsiatepending
on the required throughput.

Appreciation of the science of structure-based ddesign requires familiarity with structural bioigg
thermodynamics, molecular association, stereocligménd computational methods; while appreciatidnthe
biopharmaceutical properties of drugs requiresraderstanding of cell biology, physiology, precliaidormulation,
and physical organic chemistry. The subject ofcétme-based drug design is only properly understimothe
context of an integrated approach, this is a kegoimmercial drug design and it is also requireteaching of drug
design. Here, a computational approach using Webéaoftware is shown to be effective for this psgp The
most effective approach is to require to measueraetions between the ligand and the protein, kvpiovides an
understanding of contacts based on hydrogen bondiagtrostatics, and hydrophobic association. &atpn of
images with coloring of key amino acids involvedtie ligand interaction is also required. Theséviiets provide
a basis for modification of the ligand.
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Fig. 1 — optimized Molecular structure of ornidazoé (compound-I)
Fig. 2 -. optimized Molecular structure of Fluro-omidazole (compound-I-a)
Fig. 3 - optimized Molecular structure of Bromo-orridazole (compound-I-b)
Fig. 4- optimized Molecular structure of lodo-ornidazole (compound-I-c)

Ornidazole, chemically known as 1-chloro-3- [2-nyét-nitro-1H-imidazol-1-yl] -2 proponol [Fig.1]. T structure
of Ornidazole is of some interest as it posseasgsong electron attracting nitro group as weldadrong electron
donating OH group and has the possibilities ofaimolecular as well as intermolecular hydrogen hapdinternal
rotation about a C-C bond may result in severahisic conformations. Ornidazole is a 5-nitroimidazderivative
drug which has antimicrobial action. It is usedhe treatment of protozoal infections and alschim treatment of
prophylaxis of anaerobic bacterial infections.Pidiasind bacterial infections affecting the gagitestinal tract
represents a significant cause of morbidity andtafioy worldwide. Nitro heterocyclic drugs have beavailable
since the early 1960s for the treatment of anaerptitozoa. The application of these drugs has wadeand they
are presently used to treat anaerobic pathogerutefia and protozoa. 5-nitroimidazoles are a wsiilished
group of antiprotozoal and antibacterial agentg thhibit the growth of both anaerobic bacteria a®ftain
anaerobic protozoa, such as Trichomonas vagiratimmoeba histolytica and Giardia lamblia. Ornidazxerts a
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rapid and reversible antifertility effect in malats [13]. Ornidazole is administered orally, vadiinaor

intravenously.lt has been used for amebic livercebses, duodenal ulcers, giardiasis, intestinabliasis and
vaginitis [14-16]. Ornidazole has recently beenduséth success in patients with active chron’s aése [17].
Ornidazole is one of the most frequently used astids for curing Helicobacter pylori infection. @dazole has
also been preferred for surgical prophylaxix beeaafdts longer elimination half life and excellgrgnetration in to
lipidic tissues versus other nitroimidazole derives theraphy [18-19].

To reduce side effects of the drugs, it is of ies¢to develop new agents for the topical use dfifieal orinadazole
for the long-term management of several diseaswsthé researchers, the prospect of overcomingyhemic side
effects of a drug, achieving an effect at a muckelodose, is very attractive. Modification of thieusture of a
known drug is one way to develop new drugs. Theogse of this study is to take a known medicinalgdamd
modify its structure by adding, deleting or chamgsomething. After, all the information is knownich as the
drug’s structure, in this case orinadazole, onernake modifications. Also it is important to knowwh the drug
functions for the treatment of the illness it tasgeOrinadazole cures the illness but the treatroentes with side
effects and in this study | have planned to addrfhe [F], Bromine [Br] and lodine instead of chitar as shown in
figures [2-4] respectively. Fluorine makes it mpiaar so it can be more soluble and also overcdmeside effects
from its calculatedilico Physicochemical and Drug-Likeness Properties valdese the structure is modified with
fluorine, the drug may cure without any undesiraditie effects.

Several protein structures which have cocrystalliteorine-containing ligands were examined andngetically
inspected in several studies. All the fluorine-edming ligands collected from the PDB were dockathiw their
corresponding protein binding sites, introducing fluorine hydrogen bonding contribution improvhe tesults of
the docking experiments in terms of accuracy an#ling.

Fluorine atoms are often present in drugs and tkeigholecules as proven by the relatively frequacturrence
[14.4%] in the refined MDDR database of fluoringitaining molecules [20-21]. In fact, fluorine atora® often
introduced in drug skeletons to modify pharmacatkinproperties, such as oral absorption[22] anddoupy key
positions[23] where they will modulate metaboli@ectons,[24 ]blocking metabolic routes of oxidaf@s+-26] .
Thus, knowledge of the nonbonding behavior of cently bonded fluorine is necessary to approachkamy of
molecular modeling problem correctly, whether itnislecular recognition or pharmacokinetics and ingliam.
Evidence regarding fluorine hydrogen bonding hagely been published from the 1960s,[27] and in réngent
decades the hydrogen bonding acceptor capabiltydfie halogen atoms has often been investigatdabth their
ionic and bonded forms. It is commonly accepted filbarine is a stronger acceptor than the othéodens [27] but
is not as strong as oxygen and nitrogen, [28-3@re#s in their ionic [31-34] and metalbonded [38]fs all the
halogens act as considerable proton acceptorsaddeptor capability of halogenated compounds wastitatively
measured by Laurence and Berthelot [36] who usetRFEchnique to produce a broad scale of hydrdgmrding
acceptor capability. In this scale fluorinated comnpds exhibit substantially different values fronoge of their
heavier halogen counterparts, as the latter ang weak acceptors comparable[fpbases.[36-37 ]The survey by
Howard and co-workers[38 ]Jof the X-ray data starethe Cambridge Structural Database [CSD][39] aée@ short
contacts of fluorine atoms to acidic hydrogen aras weinforced by theoretical calculations from vkhi@lf of the
binding energy of a hydrogen bond to oxygen wagyaed to the fluorine. Furthermore, the large sealalysis
conducted by Shimoni and Glusker[40] in the CSDesded that acidic hydrogen prefer to bind to threnger
acceptors such as oxygen and nitrogen comparelliddnfe atoms. The geometry of hydrogen bonds iiag|
fluorine’s was only investigated on small molecutmntacts in the CSD[41] although the amount ofodépd
crystal structures on the Protein Data Bank ar¢h/é has increased significantly through the ygag00% of
growth in the last 10 years] [43].

Ornidazole and Nitroimidazole derivatives were lawolecular weight anti-microbial compounds with diert

activity against anaerobic microorganisms. For thigpose, | have reported modified orinadazole rfi~lu
orinadazole] which is the low molecular weight witlo bad effect in mutagenic, tumorigenic, irritgtiand

reproductive effects compared to the standard droglazole and so selected the subject of the prasady.

In the light of the above findings and we undertoational molecular design of novel antimicrobigghe class of
orinadazole and its derivatives. To this, all theposed compounds were initially submitted to Msiination [44],
ALOGPS 2.1 [45], molsoft [46] and Osiris [47] pragns to predict their molecular properties thatiamgortant for
drug candidates. Subsequently, we docked all cfethmolecules into the active sites of the protéiad were
considered in antimicrobial studies mentioned ates/evell as into the active site of all the prageivhich is a well-
recognized target for Anti-Parkinson, Anti-Parasi#hnti-Infective, Anti-protozoal and Anti-Bactetliactivities of
5-Nitroimidazole -based compounds. Finally, sinde campounds fulfilled the criteria for good membea
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permeability, oral bioavailability, low toxicity @&n potential inhibitory activities towards 21ucf, 3k2and
4wvd,4e9u,3hj3,1jk2 and 3wx4 proteins.

Computational Details

All of the electronic structure calculations weesformed using density functional theory [DFT] agplemented in
the Gaussian 09 programs [48]. Becke's three-pammeybrid B3 functional [49] is used, along withet
correlation functional of Lee—Yang—Parr [LYP] [50The standard 6-311++G [d, p] basis set is usedtter
geometric optimization. The DFT methods, especidiig B3LYP hybrid DFT method, have been shown to
reproduce accurate geometries [51], Ground-staienized geometries of the molecules are calculati#dout any
geometrical restriction, except those enforced yoypreetry. The title molecules are found to be miniomatheir
respective potential energy surfaces as revealdtidojack of imaginary frequencies. To obtain the tminimum
energy for the potential energy surface scan ofitleemolecules as shown in fig. [5].
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Fig. 5- Conformation analysis of ornidazole

Drug likeness and molecular property prediction:

The second part of the integrated approach is am@e the biopharmaceutical properties of the pabiigand and
modified ligands. The rule of five [52], the numbarrotatable bonds [nrotb], and polar surface 4RSA] [53]
were determined using the Molinspiration programthiese calculations I&®joctanol/water partition coefficient] is
calculated as a sum of fragment based contributimalscorrection factors based on the methodologgldped by
Molinspiration while PSA is calculated based onitiethodology published by E#t al [53 ] as a sum of fragment
contributions O— and N- centered polar fragmentsofption [%ABS] was calculated by equation: %AB3G9-
0.345%PSA [54] .Solubility [AlogPs] was calculatasing ALOGPS 2.1 program. These kinds of resultsige an
excellent basis for understanding the biopharmézaussues associated with ligand design. Thesdskof results
provide an excellent basis for understanding tlphrmaceutical issues associated with ligand deblgst of the
properties violate the Lipinski rules, includingetkiery negative LogP [miLogP], and the related higimbers of
hydrogen bond acceptors and donors. This providgsaal basis for discussion of the likely difficulof oral
delivery of this agent, based on its probable pdasorption properties. In addition, the numberatétable bonds
[nrotb] is high, and this allows discussion of puigl affinity problems and the need to build igidity in the
molecular structure.

ALOGPS program by Tetket al [55-57] is based on the largest data base antbs thoroughly evaluated. The
method was developed on the basis of neural Netwndemble analysis of 12908 organic compounds frem
PHYSPROP database of the Syracuse Research Caopor@he theoretical toxicity properties [mutagétyic
tumorigenicity, irritating and reproductive effégtdruglikeness and drug-score values were caledlat the Osiris
Property Explorer. The prediction of the Osirisce#dtions is a fragment-based approach and thermrme
frequency of each fragment is determined withindbkection of traded drugs and within the suppbsedndrug-
like collection of commercially available chemicf8]. Drug-likeness score predicts an overall dikgness score
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using a MolSoft's program. Drug likeness may bardsf as a complex balance of various molecular gnas and
structure features, which determine whether pdefamolecule is drug or non-drug.

DOCKING STUDIES

The docking simulations were performed using Autod/ina 1.1.2 program [59], Current distribution§ o
AutoDock consist of two generations of softwaret@dock 4 and AutoDock Vina. AutoDock 4 actually sists of
two main programs: autodock performs the dockindhef ligand to a set of grids describing the tayetein;
autogrid precalculates these grids. AutoDock Vioasdnot require choosing atom types and pre-cdioglgrid
maps for them. Instead, it calculates the griderivally, for the atom types that are needed [6QftoRock Vina
achieves an approximately two orders of magnituseed-up compared with the molecular docking sofwar
developed in AutoDock4, while also significantlypnoving the accuracy of the binding mode predictidrurther
speed-up is achieved from parallelism, by using tithoéading on multicore machines. AutoDock Vina
automatically calculates the grid maps and cludtegsresults [59]. Models of protein binding sitesre based on
the structure deposited in the Protein Data Barjk[6dder the PDB ID 3k21[62], 4wvd[63] , lucf [64e9u[65]
,3hj3[66],1kj2 [67] and 3wx4 [68] were employedetihgs for input grid boxes are given in detaits i
Supplementary data. Default docking parametersflemible space of 24x24x24 A3 were validated bydoeking
native ligand which docked exactly in the positnesent in the crystal structure. Subsequentlyligdhds were
docked using same docking parameters. We havediegpthe first 10 poses for each compound and ramimgful
differences in binding mode have been noticed. Eguasntly, in the docking studies, we have focusdyg on the
best ranked pose.

Pharmacophoric Mapping
Pharmacophoric mapping which involves ligand intgom patterns, hydrogen bond interaction, hydrdgdio
interactions was evaluated using Accelrys Disco&ndio 3.5 DS Visualizer [69].

RESULTS AND DISCUSSION

Molecular properties such as membrane permeabilitsirophobicity and bioavailability are associateith some
basic molecular descriptors such as Rofgpartition coefficient], log S [solubility], moledar weight, humber of
hydrogen bond acceptors and donors in a molecule. application of guidelines linked to the concepdrug-
likeness has gained wide acceptance as an appiagetiuce attrition in drug discovery and developtij€0]. The
knowledge of oral bioavailability, membrane pernikigband toxicity for a series of drug-like moldes is a
fundamental step for the optimization of their desisynthesis and biological applications. One haf major
prerequisites for the selection of orally bioavialiéadrug candidates is the prediction of their apson properties
[71]. It is generally accepted that some of thegidgchemical descriptors of the drug molecules tamseful for
predicting drug absorption. Lipinski al. [52] proposed “the rule of five” according to whiorally active drugs
should have [a] a molecular weight under 500 Daltdb] limited lipophilicity [expressed by I&g< 5], [c] a
maximum number of 5 hydrogen bond donors [expressethe sum of OH and NH groups], and [d] a maximum
number of 10 hydrogen bond acceptors [expresséteasum of Nand O atoms]. Molecules violating mitven one
of these rules are not expected to be viable danglidates. In addition to the molecular propertissussed by
Lipinski, other parameters have been applied asompaotational filter for membrane permeability and
oralbioavailability. Among recently published altis, a few should be mentioned. Zketa@l reported [55] that the
absorption of a drug is usually very low if theatdated solubility is <0.0001 mg/L. The solubilfparameter, log S,
is another important parameter for determining dlikgness. The absorption of a compound is conaldgr
influenced by its solubility. Generally, high logv@lues correspond to good absorption. Over 80%hefmarketed
drugs have log S >-4, which corresponds to thebdahiof 0.1 mmol/l [72]. Further, in a large stutbased on over
1100 drugs candidates, Velmtral [73] proposed that the descriptors moleculaxilfidity [rotatable bond count
10] as well as polar surface area [PSA40 A2] or total hydrogen bound couiad< 12 H-bond donors and
acceptors] correlate with oral bioavailability iatr These findings are in agreement with those emtesl by
Refsgaarcet al [71]. Also, Raevskget al [74] showed that the best descriptor of humaestinal absorption of 32
passive transported compounds is the sum of H-bondrs and acceptorsCad] which should bg 8. Palmet al
[75] found that PSA was the best descriptor toedéhtiate poorly absorbed drugs at an early stddbeodrug
discovery process and drugs that are completelgrabd had PSA 60 A’ while drugs that are < 10% absorbed
had PSA<140 A. Molecular polar surface area [PSA] is a very usparameter for the prediction of drug transport
properties. It is used to estimate the percenthgbsorption. PSA and volume are inversely propogl to %ABS.
Number of rotatable bonds dictates the conformatiahanges of molecules under study, which congghyue
decides binding of receptors or channels. Theylghoe<10 to have good oral bioavailability.

853



K. Chandrasekaranand R. Thilak Kumar J. Chem. Pharm. Res., 2016, 8(3):849-861

Table 1.In Silico Physicochemical Properties of Proposed ornidazolend its derivatives. Important for Membrane Permeability and
Oral Bioavailability*

Compound MW logP | logS| HBD| HBA| NROTB| AlogPs| XCad | PSA | %ABS | Viol

Rule

Lipinski [18] <500 <5 <5 <10

Zhao [21] >0.0001

Veber [48] <10 <12

Raevsky [49] <8

[y
|9 © oo

Palm [50] <60

Ornidazole

Compound-I -
1-(3-chloro-2-hydroxypropyl)-2-methyl-5-nitro- 219 012 1.82 1 4 4 0.37 5 83.9 80 0

1Himidazole

Fluro- Ornidazole
Compound-I-a
(X=F) 203 ’ ) 1 4 4 -0.30 5 83.9 80 0
1-(3- Fluro -2-hydroxypropyl)-2-methyl-5-nitro ’ ’
1Himidazole

Bromo- Ornidazole
Compound-I-b
(X=Br) 213 0.26 ) 1 4 4 0.76 5 83.9 80 0
1-(3- Bromo -2-hydroxypropyl)-2-methyl-5-nitro
1Himidazole

lodine- Ornidazole
Compound-I-c
1(X=1) 311.08 | 0.53 2'24 1 4 4 0.87 5 83.9 80 0
1-(3-lodo-2-hydroxypropyl)-2-methyl-5-nitro- ’
1Himidazole

*MW- molecular weight; logP, logarithm of compoupatition; HBD, number of hydrogen bond donors; HBAmber of hydrogen bond acceptors; NROTB,
number of rotatable bonds; AlogPs, solubilifGad, total hydrogen bound count; PSA, polar surfam in A; %ABS, percentage of absorption; vi@)ations

The results disclosed in Tableshow that, except parameter proposed by Palm Elbandidate compounds
satisfy predictions of good membrane permeability aral bioavailability and, thus, might be consatkas drug-
like molecules. In Tabléd; the calculated absorption percentage [%ABS] ¢ @iresented. As seen, all candidate
compounds exhibited a great %ABS ranging from 80bsBquently, we have used the Osiris program for
calculating the fragment based drug-likeness ofpgtaposed compounds also comparing them with ozoida
Chloramphenicol and fluconazole the standard dréggositive drug likeness value [0.1-10] points dbat a
molecule contains predominantly fragments whichfegquently present in commercial drugs. As seefahlez2,
although studied compounds present low or eventivegdrug-likeness value, all of them with the eptien of
compound-b [-3.69] have still better drug-likeness valuesarttthloramphenicol [-4.61]. The Osiris calculations
allowed us also to predict the overall toxicity thie candidate drugs as it may point to the preseficgome
fragments generally responsible for the irritantitagenic, tumorigenic, or reproductive effectshiase molecules.
The Osiris study revealed that all compounds withéxception of-b presenta highin silico toxicity risk profile.

In this study we also verified the drug-score, whimmbines drug-likeness, lipophilicity, solubilitynolecular
weight, and toxicity risks in one value and thisynh@ used to judge the compound’s overall potettigjualify for

a drug. As seen from results collected in Tahlthe target compounds showed moderate to goodshrmig [0.25-
0.82] that revealed their potential as safe leadpmunds. Interestingly, the Fluro- ornidazole [81@6mpound has
better drug-score value than Ornidazole [26%].

The values of lod ranged from -0.18 to 0.53 for all designed molesuivhile the values of log S were between -
1.61 and -2.24. Both of these set of values aréwitiin the accepted ranges for drug like molespkes described.
The polar surface areas [PSA] of all 3 moleculesless than 84 Awell below the “drug like” value of 140 %
The percentage of absorption [% ABS] calculated foasd to be greater than 80 for all the moleculdwy are
small in size [molecular weights are less than §32ol] also. All designed molecules have rotatdideds 4, 4 H-
bond acceptors, and 1H-bond donors. Compounds$-¢-ahowed positive drug-likeness values, rangiagnf0.39
to 0.61 and compound I-b gave negative value fagdikeness -3.69. Osiris calculations for 1500@droig like
chemicals and 3300 marketed drugs found that a®@#t of the marketed drugs had positive values efdiug
likeness parameter, while almost all the nondrkg themicals had negative values [78]. A positiatug of drug
likeness indicates that the molecule consists masftibuilding blocks [fragments] that are commoiibund in
marketed drugs.
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Table 2. Drug-Likeness Properties of Target Compoutis

Compound Vi 1_—|9CXICIty R|sk|§é R Drug-Likeness| Drug score%
Ornidazole | (0.8) | (0.6) + (1.0) (0.6) 1.82 26
Fluro- Ornidazole Compound I-a(X=F) (1.0) |- e | 1o - (1.0) - 0.61 81
Bromo- Ornidazole Compound I-b(X=Br) (06) + QL.-| (0.6) +| (0.6) +H -3.69 11
lodine- Ornidazole Compound I-c(X=I) 06) + ®6 | (10) -| (1.0 - 0.385 27
fluconazole - - - + -1.13 46
chloramphenicol + + -4.61 10

#Ranked according to: (-) no bad effect, () medima effect, (+) bad effect.
bM,mutagenic effedl, tumorigenic effect!, irritating effect; °R, reproductive effect.

Drug-likeness model score (a combined effect of sglochemical properties, pharmacokinetics and
pharmacodynamics of a compound and is represented iumerical value) was computed by Molsoft (Mélso
2007) software for the four molecules under stulyshown in the fig. 6 & 6A the dotted line grapidicates non
drug-like behavior and those fall under thickeseligraph are considered as drug-like. Maximum dikeness
values and drug scores were found to be 61 andr@spectively for the compound Fluro-ornidazole)(Ifdext to

it, compound |-c was predicted to have drug likenealue 0.39 and drug scores 27%. Compound I|-bnbavi
Bromine [Br] substitution gave negative drug likesesalue and low drug score 11% [<50%)]. Hence hd ac
could not be treated as potential candidates evamh they complied with the Lipinski's rule. Itutt be observed
from the results that amongst compounds I-b andthe drug likeness decreased. On the basis of ldteigess
model score, compound I-a is a predicted as palghtrapeutic candidates and can be selectegritinesis.

Fig-6 : Fig-64 1
1 — prugs -1_ Drugs
2— Non-drugs = =— Non-drugs
3— ‘Ornidazole () -3~ Compound-La

T 1 1 1
6.00  -4.00  -2.00 0-0&3 2.00  4.00 6.0 -6,00 -4.00  -2.00 0,00  2.00  4.00  6.00

Fig. 6 & 6A- Drug likeness model score graph

DOCKING STUDIES

As it was mentioned in the introduction, the intti@ns of the proposed compounds with the actiessof the
proteins namelylucf [Anti-Parkinson protein], 3kzhd 4wvd [Anti-Parasitic protein], 4e9u [Anti-Intae
protein], 3hj3 [Anti-protozoal protein], 1jk2 andw®4 [Anti-Bacterial protein] were analyzed. The Hing
simulations were performed using AutoDock Vina 2.Jprogram. The binding Gibbs free energié&b
corresponding to the best poses of the ligands frami-c within the binding pocket of target proteins arspitiyed
in Table3.As indicated by the negative value of the Gibbsefrenergy, both ornidazole and its derivatives
demonstrate potential inhibitory action against talt proteins. Important to note, compouind shows more
favorable binding affinity to the binding site 0é9u, 3hj3 and1kj2 than the native ligand. The ddgkese of all
proteins with fluro-ornidazole and ornidazole ateown in figure .7. Since Fluro-ornidazole compouih]
fulfilled the criteria for good membrane permeabhijlioral bioavailability, low toxicity, and poteati inhibitory
activities towards all the proteins compared todtasmdard drug orinadazole.
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Fig.-7 Compound I &I-a with 3H.J3

_ g P

Fig .7 - Molecular surface representation of Targeprotein with compound | & I-a (shown in stick) dodcked in the active site

Table 3. Binding Free Energy 4G;,) Corresponding to the Best Docking Poses of Compnds in the Active Site of Target proteins

. Binding Energy AGb (kcal/mol)
Ligands Anti-Parasitic protein | Anti-Parkinson protein | Anti- Infective protein | Anti-protozoal protein | Anti-Bacterial protein
3K21 4WVD 1UCF 4E9U 3HJ3 1KJ2 3WX4

Ornidazole
I(X=CI) 5.4 -5.0 -4.8 -5.3 5.1 5.1 -5.0
Fluro- Ornidazole
Compound -5.2 -4.9 -4.8 -5.6 -5.8 -5.2 -4.8
I-a(X=F)
Bromo- Ornidazole
Compound -5.3 -5.1 -4.2 -5.2 -5.3 -4.7 -4.9
I-b(X=Br)
lodo- Ornidazole
Compound -5.6 -5.1 -4.7 -5.3 -5.4 -5.1 -4.9
I-c(X=1)

Hydrophobic Effect

Protein-ligand complexes may be stabilized by thealled hydrophobic effect. In protein-ligand iretions, this
effect often leads to the stacking of aromaticcdess against the ligands. Two variations of thertyhobic effect
are discussed in literature: the “classical” hgghobic effect and the “non-classical” hydropholeffect [77]. The
classical hydrophobic effect results mainly frongtiy favorable entropy of formation. Here, smalldhyphobic
solutes induce an ordering of the water moleculekeasolvent-surface interface. In the case of‘tiaclassical”
hydrophobic effect, the complex formation is maiegthalpy driven due to favorable interactions et the
solute molecules forming the complex as well asfable interactions between the solvent molecidgdrophobic
effect of protein-ligand interactions of the compds orinadazole and fluro-orinadazole are showigir8.

Fig. 8 - Hydrophobic effect representation of Targeprotein with compound | & I-a. The hydrophobic intensities of the binding site
ranges from -3.00 [least hydrophobic area - bluehade] to 3.00 [highly hydrophobic area —brown shade
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Hydrogen Bonds

Hydrogen bonds may be established between polanggd atoms and lone pairs of hydrogen bond accedue
to the large number of hydrogen bond donors anédgocs present in carbohydrates, they tend to foydrogen
bonds when in complex with a protein. Here, botidlyig partners compete with water molecules forhydrogen
bonds. As a result, the overall enthalpic gain flimydrogen bond formed between carbohydrate astgiprmay
be small. Although carbohydrates often displacewalter molecules in the binding site, in a numbkrcases
conserved water molecules are observed in the rgnsite. These water molecules mediate proteineterdrate
interactions, especially if no or only few diregtdnogen bonds are established [78-79]. Howeverem@mblecules
may also help in stabilizing oligosaccharide confations [80]. Although some approaches exist f&mtainto
account the solvent molecules in the binding s&&],[ calculating water mediated hydrogen bonds ha t
carbohydrate with itself is still very difficult.

The interaction of amino acids, hydrogen bonding &AD diagrams depicting interactions of differgatget
proteins with the Fluro- Ornidazole [I-a] and Ormwle [I] drug molecule is given in Fig.9 and thukearly
demonstrated the binding positions of the liganthwie protein target. In the 2-D diagrams, Resdeiecled in
green participate in van der Waals interaction ligh ligand while residues in pink forms electrtastateractions.
H-bond and alkyk interactions are shown by green and light pinketblines, respectively. Hydrogen bonding
pocket is shown for clarity. Analysis of the reamfligand complex models generated after succesifcking of
the fluro-ornidazole and ornidazole were basedhenpgarameters such as hydrogen bonds distanceo avid
interactions, binding energy and orientation of doeked compound with the active site. As a gernetlal in most
of the potent therapeutic agent, both hydrogen kadi hydrophobic interactions between the compantithe
active sites of the receptor have been found tesgonsible for mediating the biological activity.

Table-4 Interaction of amino acids, hydrogen bondig distance of different target proteins with the Firo- Ornidazole[l-a] and
Ornidazole [I] drug molecule

) Hydrogen Bond Distance Pi Interaction Pair Distance
Protein Compound A
Donor atom Acceptor atom Donor atom Acceptor atom
A:ASN27:ND2 02 2.8 Nitroimidazole rin A:ARG167:NEHR 5.13
Orinadazole (1) A:ARG170:NE 04 3.05 Nitroimidazole ring A:ARG167::B 5.16
A:ARG170:NH1 03 2.97
A:ARG170:NH2:B 03 2.87
A:ARG170:NH1 02 2.95
3K21 A:ARG167:NH1 02 2.87
A:ARG167:NH2:B 03 2.93
l-a A:ARG170:NH2:B 02 3.01
A:HIS20:ND1 03 3.04
A:ARG170:NH1:B 02 3.21
A:ARG167:NH1 03 3.2
1UCE Orinadazole (I)| A:TYR67:HN 02 2.09
l-a H15 03 2.38
Orinadazole (1) A:SER355:HG 03 2.25
AWVD A:SER355:HG 04 2.36
l-a H 15 A:ILE357:0 2.00
H15 A:ARG353:0 2.61
A:GLN165:HE22 03 2.35 ATYR41 nitroimidazole rin 15
Orinadazole (I)| A:ASN168:HD21 04 2.46
4E9U 03 H15 2.29 __ i
A:GLN165:HE22 03 2.37 nitroimidazole ring ATYR41 .16
l-a A:ASN168:HD21 04 2.45
H15 03 2.18
03 H15 2.19
Orinadazole ()| H15 A:GLU294:0E2 2.36
3HJ3 A:HIS403:HE2 02 2.07
la A:HIS348:HE2 03 2.2
A:THR303:HN 02 2.02
1KJ2 Orinadazole (I)| ATYR67:N 03 2.92
l-a A:TYR67:N 03 2.85
A:LYS20:HZ2 03 1.8
A:LYS20:HZ2 04 1.88 Nitroimidazole rin A:LYS23:NZ 4.6
Orinadazole ()| A:LYS20:HZ3 03 2.3
3WX4 A:LYS23:HZ2 04 1.92
A:GLU94:0E1 H15 2.29
l-a H15 A:TYR52:0 2.19 A:HIS30 Nitroimidazole ring 5.10
A:ASN34:HD22 N6 2.23

As shown in Table-3 , Fluro- Ornidazole shows dibig energy -5.2 kcal/mol and standard drug Omota -5.4
kcal/mol with 3k21. Comprehensively shown in Figude the compound Fiuro-ornidazole (I-a) demonstatan
der Waals interactions with GLU23, ILE19 and elestatic interactions with ARG167 & 170, HIS20. Gmund
I-a is a hydrogen bond donor from electrostatidduess ARG167 &170, HIS20 at a distances 2.87 A3493.2 A,
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2.95 A, 3.01 A, 3.21 A and 3.04 A respectively.endns in compound -I demonstrates only the elstetic
interactions with TYR28, ASN27 & 24, HIS20, ARG1#add hydrogen bond donor from electrostatic residue
ASN27 and ARG170 at a distances 2.8 A, 3.05 A7 A9and 2.87 A . The arene-arene fi interactions are
established between compound —I and ARG167.Thao+{ornidazole [I-a] shows binding energy -5.6keel
and Ornidazole[l] -5.3 kcal/mol with 4e9u, the caupd |-a demonstrates van der Waals interactioits w
VAL137, PHE22, LEU141, CYS44, ALA134, HIS18 and @lestatic interactions with TYR41 & 248, ARG45,
LEU164, GLN165, ASN168 and GLY161. Compound l-aaifiydrogen bond donor from electrostatic residues
ASN168 and GLN165. whereas in compound-l demorestraan der Waals interactions with ALA134, GLY138,
PHE22, LEU141, VAL137, CYS44, HIS18 and electrastahteractions with TYR248, GLN165, ASN168,
GLY161, ARG45, LEU164. Compound- | is a hydrogemdadonor from electrostatic residues ASN168 and
GLN165 at a distances 2.5 A, 2.4 A respectivelye Brene-arenen{ n] interactions are established between
compound —I and TYR41.

The Fluro- Ornidazole [I-a] shows binding ener§yB kcal/mol and standard drug Ornidazole[l] 1-kcal/mol
with 3hj3, , the compound I-a demonstrates vanWilaals interactions with HIS307, THR355, TYR360,H344
and electrostatic interactions with GLY301, LYS3605348, ASP302, MET356, ASN304, THR303 and TYR353.
Compound I-a is a hydrogen bond donor from eletdt@ms main chain residue THR303 and side chaindtesi
HIS348 at a distances 2.02 A, 2.2 A respectiveliieWéas in compound -I demonstrates van der Wiaigsactions
with TYR342, PHE298, ASP426, GLY430, PHE433 aret&bstatic interactions with HIS403, GLU294, ILEB31
TRP316, ASN319 & 434, CYS402. Compound- | is a bgen bond donor from electrostatic residues HIS%#B
GLU294 at a distances 2.07 A, 2.36 A respectivehe Fluro- Ornidazole [I-a] showes binding energykcal/mol
and Ornidazole[l] -5.1 kcal/mol with 1kj2, the cpound |-a demonstrates van der Waals interactinitis
ARG98, GLU94, PRO66, LYS62 and electrostatic intdoams with TYR67, GLY65, GLN95, ILE91and GLU90.
Compound I-a is a hydrogen bond donor from eletdtiwsmain chain residue TYR67 at a distance 2.8@/tereas

in compound -I demonstrates van der Waals intemastwith GLU94, ARG98, GLY65, PRO66 and electatist
interactions with TYR67, GLN95, ILE91, GLU90, LYS6Zompound- | is a hydrogen bond donor from
electrostatic main chain residues TYR67 at a distgh92 A.

Fig.-9 Compound- I&I-awith 3K21 | Compound-1&I-a with 3HJ3

e

......

Fig. 9- The interaction of amino acids, hydrogen bading and 2-D diagrams depicting interactions of diferent target proteins with the
Fluro- Ornidazole[l-a] and Ornidazole [I] drug mol ecule
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Nitroimidazoles are generally considered mutagestiemicals. The nitrogen group present in nitroirnade
derivatives is considered responsible for the nmnagty of these compounds. Further, more resultsioed
confirm that the nitro N@moiety is engaged in a hydrogen bond with the arhiydrogen of ARG167, ARG170,
ASN27, HIS20, TYR67, SER355, GLN165, HIS348, THR3&3d LYS20. The calculated hydrogen bonding
distance of different target with the Fluro- Orridee and Ornidazole is shown in Figure .9. Hydrodpemd
interaction decides the nature and properties omblecules. Interactions of molecules with targedgtgins are
absolutely crucial to various bioactivities, whichturn depend on the structural features of théemdes, including
their hydrogen-bonding abilities. Most potent aatiterial and antifungal activity exhibited by thengpound might
be due to the presence of the electron withdrawirggstituent NO2group at the 5th position in Nitriiazole. The
molecular docking analysis explains the bindingrgnef Fluro- Ornidazole drug molecule with diffeteprotein
target. The hydrogen bonding distances betweedrig molecule and the amino acids of the proteiwlibg site is
a clear manifestation of the bioactivity of the emlile. Molecular docking studies of Fluro- Ornidazwith 1ucf,
3k21 and 4wvd, 4e9u, 3hj3, 1jk2 and 3wx4 exhibibdading interactions and warrants further studmsthe
development of potent lucf, 3k21 and 4wvd , 4e®jB,3Ljk2 and 3wx4, inhibitors for the treatmentRdrkinson,
Parasitic, Infective, protozoal and Bacterial dises.

CONCLUSION

As seen from the results, it is interesting to ribte the Fluro- Ornidazole [81%] compound has tebelrug-score
value than Ornidazole [26%]. The Ornidazole andrdiitidazole derivatives were low molecular weigimtia
microbial compounds with excellent activity agaim@staerobic microorganisms. Even though the regiltthe
Physicochemical and Drug-Likeness Properties of tlew Compound l-a [Fluro-orinadazole] shows low
molecular weight, it has no bad effect in mutagenimorigenic , irritating and reproductive effectampared to the
standard drug ornidazole.The results of the mosalibcking study clearly demonstrates that thed-l@rnidazole
and standard drug Ornidazole has inhibitory agtidgainst lucf, 3k21 and 4wvd ,4e9u,3hj3,1jk2 amk4
inhibitors for the treatment of Parkinson ,Parasitifective ,Protozoal and Bacterial disease&s€hresults clearly
indicate that the Fluro- Ornidazole has similardimg sites and interactions with all the proteisstlat of the
standard drug Ornidazole. Thissilico studies by Fluro- Ornidazole clearly showed thehition of all the above
proteins. Further investigations on the compoundgd-I Ornidazole anéh vivo studies are necessary to develop
potential chemical entities for the prevention arehtment of Parkinson, Parasitic, and Infectivetqroal and
bacterial diseases. On the basis of drug likenesgehscore and molecular docking study, the comgdtinro-
Ornidazole is predicted as potential therapeuticlichates and can be selected for synthesis.

Moreover, this compound is an effective drug whichelatively safe and produces only minimal siffeas. No
doubt the availability of computational and in aiiapproaches is the landmarks in drug discoveoggss. The
virtual screening and the docking analysis haveigdes a remarkable approach for accessing therteddcules to
be used as drug ligands and to understand theiprbggand binding affinity.

REFERENCES

[1]JP Overington; B Al-Lazikani; AL HopkinsNat. Rev. Drug Discover3006 5, 993-996.

[2]J A DiMasi; L Feldman; A Seckler ; A Wilso&lin. Pharmacol. Ther201Q 87, 272-277.

[3]l Kola; J LandisNat. Rev. Drug Discover3004 3, 711-715.

[4]K Tsaioun; M Bottlaender; A MabondzBMC Neurol 2009 9 [Suppl. 1], S1.

[5]CA Lipinski; F Lombardo; BW Dominy; PJ Feenéddv. Drug Delivery Re\1997, 23, 3-25.

[6]B Agoram; WS Woltosz; MB Bolgedv. Drug Delivery Rex2001, 50 [Suppl. 1], S41-S67.

[7]Simulations PlusHome Page. http://www.simulasigoius.com/ [accessed AQ@1]].

[8]D Weininger J. Chem. Inf. Comput. Sdi988 28, 31-36.

[9] AL Hopkins; CR GroomNat. Rev. Drug Discoverg002 50, 727-730.

[LO0]JH Lin. Curr. Top. Med. Chen?2011, 11, 171-178.

[11]E Yuriev; M Agostino; PA Ramsland. Mol. Recogni?011, 24, 149-164.

[12]P Kolb; RS Ferreira; JJ Irwin; BK Shoich&urr. Opin. Biotechnol2009 20, 429-436.

[13]Thevor G.Cooper, Ching-hei Yeung, Rolf Skupamd Gunter HaufeJournal of Andrology VVol.18, No.4,
July/August1997.

[14]KC Lamp ; CD Freeman; NE Klutman; MK Lac@lin. Pharmacokinef 36, 353- 3731999

[15]DE Schwartz; F Jeungthemotherapy22, 19-29,1976

[16]JF Rossignol; H Maisonneuve; YW CHat. J. Clin. Pharmacol. Toxicgl22, 63-72,1984

[17]IK Triantafillidis; D Nicolakis; A Antoniou; Hereti.Am. J. Gastroentergl96, 254-2552001

[18]C Martin; B Bruguerolle; MN Mallet; M CondomiseB Sastre; F GouirAntimicrob. Agents ChemotheB4,
1921- 19241990

859



K. Chandrasekaranand R. Thilak Kumar J. Chem. Pharm. Res., 2016, 8(3):849-861

[19]H Merdjan; C Bonnat; E Singlas; B Diquét Chromatogr.273, 475-4801983

[20]MDL Drug Data Report is available from Molecul2esign Limited Information Systems, Inc., 1460&aina
St., San Leandro, CA 94577.

[21]1 Muegge; SL Heald; D Brittellid. Med. Chem2001, 44, 1841-1846.

[22]MB Van Niel; | Collins; MS Beer; HB BroughtorSKF Cheng; SC Goodacre; A Heald; KL Locker; AM
MacLeod; D Morrison; CR Moyes; D O’Connor; A Pikst Rowley; MGN Russel; B Sohal; JA Stanton; S
Thomas; HVerrier; AP Watt; JL Castrd. Med. Chem1999 42,2087-2104.

[23]YJ Wu; CD Davis; S Dworetzky; WC Fitzpatrick; Barden; H He; RJ Knox; AE Newton; T Philip; C Ruis
DV Sivarao; LQ Sun; S Tertyshnikova; D Weaver; Stded! Zoeckler; MW SinzJ. Med. Chem2003 46, 3778-
3781.

[24]1 Zamora; L Afzelius; G Cruciand. Med. Chem2003 46, 2313-2324.

[25]M Rowley; DJ Hallett; SGoodacre; C Moyes; Ja@forth ; TJ Sparey; S Patel; R Marwood; S Patel; S
Thomas; L Hitzel; D O’Connor; N Szeto; JL Castrdd Plutson; AM MacLeodJ. Med. Chem2001, 44, 1603-
1614.

[26]S Dugar; N Yumibe; JW Clader; M Vizziano; K HiM Van Heek; DS Compton; Jr. H. R Da\gsorg. Med.
Chem. Lett1996 6, 1271-1274.

[27]R West; DL Powell; LS Whatley; MKT Lee; P.von$thleyer J. Am. Chem. So&962 84, 3221-3222.

[28]D O’'Hagan; HS Rzep&Zhem. Commuri997 645-652.

[29]P Murray-Rust; WC Stallings; CT Monti; RK Prest JP Gluskerd. Am. Chem. Soit983 105, 3206-3214.
[30]L Brammer; EA Bruton; P Sherwoo@ryst. Growth Des2001, 1, 277-290.

[31]T StainerActa Crystallogr.1998 B54, 456-563.

[32]M Mascal.J. Chem.Soc., Perkin Trans1297, 1999-2001.

[33]A Allerhand; P Scheleyer. von BR. Am. Chem. Sot963 85, 1233-1237.

[34]SA Harbell; DH McDanield. Am. Chem. Sott964 86, 4497-4497.

[35]L Brammer; EA Bruton; P SherwooNew J. Cheml999 23, 965-968.

[36]C Laurence; M BertheloPersp. Drug Discovery De200Q 1, 39-60.

[37]C Ouvrard; M Berthelot; C Laurencg&. Chem. Soc., Perkin Trans19299 1357-1362.

[38]JAK Howard; VJ Hoy; D O’Hagan; GT Smitfietrahedronl996 52, 12613-12622.

[39]FH Allen; JE Davies; JJ Galloy; O Johnson; OnKard; CF Macrae; EM Mitchell; GF Mitchell; JM ShmitDG
Watson.J. Chem. Inf. Comput.

Sci.1991], 31, 187-204.

[40]L Shimoni; JP GluskelStruct. Chem1994 5, 383-397.

[41]3D Dunitz; R TaylorChem. Eur. J1997, 3, 89-98.

[42]HM Berman; J Westbrook; Z Feng; G GilllandNTBhat; HWeissig; IN Shindyalov; PE Bournducleic
Acids Res200Q 28, 235-242.

[43]http://mww.rcsb.org/pdb

[44]Molinspiration Cheminformatics, Bratislava, 8k Republic, http://www.molinspiration.com.

[45]a] IV Tetko; J Gasteiger; R Todeschini; A Maub Livingstone; P Ertl; VA Palyulin; EV RadchemkNS
Zefirov; AS Makarenko; VY Tanchuk; VV Prokopenkd. ComputAid.Mol. Des, 2005 19, 453. b] Tetko, I.V.
Drug Discov Today 2005 10,

1497. c] Virtual Computational Chemistry Laboratdnjtp://www.vcc lab.org2005
[46]http://mww.molsoft.com/mpr op

[47] http://www.organic-chemistry.org/prog/peo

[48] M.J. Frisch, G.W. Trucks, H.B. Schlegel, GEuseria, M.A. Robb, J.R. Cheeseman, G.ScalmarBavbne,
B. Mennucci, G.A. Petersson, H. Nakatsuji, M. Catigag X. Li, H.P. Hratchian,A.F. 1zmaylov, J. BloinG. Zheng,
J.L. Sonnenberg, M. Hada, M. Ehara, K. Toyota, Buéa, J.Hasegawa, M. Ishida, T. Nakajima, Y. Hor@a
Kitao, H. Nakai, T. Vreven, J.A. Montgomery, Jr,JEeralta, F. Ogliaro, M. Bearpark, J.J. Heyd, EatBers, K.N.
Kudin, V.N. Staroverov, T. Keith, R.Kobayashi, Jomhand, K. Raghavachari, A. Rendell, J.C. Buran§. S
lyengar, J. Tomasi, M. Cossi,N. Rega, J.M. Millavh, Klene, J.E. Knox, J.B. Cross, V. Bakken, C. Adard.
Jaramillo, R.Gomperts, R.E. Stratmann, O. Yazyey¥, Austin, R. Cammi, C. Pomelli, J.W. Ochterski,_.Riartin,
K. Morokuma, V.G. Zakrzewski, G.A. Voth, P. Salvadd.J. Dannenberg, S. Dapprich, A.D.Daniels, Qk&s
J.B. Foresman, J.V. Ortiz, J. Cioslowski, D.J. F8010 GAUSSIAN 09,Revision C.01 ed., Gaussian, Inc.,
Wallingford, CT

[49] A.D. Becke J. Chem. Phy$98 [1993 1372-1377.

[50] C. Lee, W. Yang, R.G. PaPhys. Rev. B7 [1989 785-789.

[51] K.K. Onchoke, C.M. Hadad, P.K. Dutth,Phys. ChemA 110 R00q 76—84.

[52]CA Lipinski; F Lombardo; BW Dominy; PJ Feenédv. Drug. Deliv. Rey1997 23, 3-25.

[53] P Ertl; B Rohde; P Selzel. Med. Chem200Q 43, 3714-3717.

[54] Y Zhao; MH Abraham; J Lee; A Hersey; NC Lusdmn G Beck; B Sherborne; | Coop&harm. Res 2002
19, 1446-1457.

860



K. Chandrasekaranand R. Thilak Kumar J. Chem. Pharm. Res., 2016, 8(3):849-861

[55]IV Tetko; VY Tanchuk; AE Villa.J. Chem. Inf.Comput. Sc2001, 41, 1407-1421.

[56] IV Tetko; VY TanchukJ.Chem. Inf. Comput. Sc2002 42, 1136-1145.

[57] IV Tetko; VY Tanchuk; TN Kasheva; AE Villd. Chem. Inf. Comput. Sc2001, 41, 246-252.

[58] S Emami; A Kebriaeezadeh; N Ahangar; R Khonadgioorg. Med. Chem. Let?011, 21, 655-659.

[59] O Trott; AJ OlsonJ. Comput. Chem201Q 31, 455-461.

[60] http://autodock.scripps.edu/#VINA

[61] www.pdb.org and the following citation: HM Baan; JWestbrook; Z Feng; G Gilliland; TN Bhat; H id#&g;
IN Shindyalov; PE BournéNucleic Acids Res200Q 28, 235-242.

[62] AK Wernimont, M Amani; W Qiu; JC Pizarro; JDr%; YH Lin; JLew; A Hutchinson; R Hu,2p17]
Proteins79: 803-820

[63] L Jin; X Feng; H Rong; Z Pan; Y Inaba; L QM Zheng; S Lin; R Wang; Z Wang; S Wang; H Liu; S L
W Xie; Y Li. [2013 Nat Commur: 1937

[64] K. Honbou, N. N. Suzuki, M. Horiuchi, T. Nikil. Taira, H. Ariga, F. Inagaki2p03 J.BIOL.CHEM 278:
31380-31384

[65] Fu-Yang Lin, Yi-Liang Liu, Kai Li, Rong Cao, & Zhu, Jordan Axelson, Ran Pang01d J.Med.Chem55:
4367-4372

[66] W. Edward Martucci, Johanna M. Rodriguez, idsé A. Vargo, Matthew Marr, Andrew D. Hamilton, KarS.
Anderson. 2013 Medchemcomm: 1247-1256

[67]3.-B. Reiser, C. Grégoire, C. Darnault, T. MassA. Guimezanes, A.-M. Schmitt-Verhulst, J. Cntezilla-
Camps, G. Mazza, B. Malissen, and D. Hous280J Immunity16: 345-354

[68]C.-H.Ho, H.-C.Wang, T.-P.Ko, Y.-C.Chang, A. H.- J.Wang. The T4 phage DNA mimic protein Arn
inhibits the DNA binding activity of the bacteriaistone-like protein H-NS 2014 J.Biol.Chem. 289:; 27046-27054
[69]. Accelrys Software Inc., Discovery Studio Mdidg Environment, Release 3.5,

San Diego: Accelrys Software InRQ07. http://accelrys.com/products/discoverystudioligiszation-download.php
[70]PD Leeson; B SpringthorpBlat. Rev. Drug Discay2007, 6, 881-890.

[71]Hanne H. F. Refsgaard, Berith F. Jensen, P&r&ckhoff, Mette Guldbrandt, Michael S.Med. Chem 2005
48, 805-811.

[72] C. Tyrchan, N. Blomberg, O. Engkvist, T. Kogend S. MuresamBioorg Med Chem Let200919:6943-7.
[73]D. F. Veber, S. R. Johnson, H.-Y. Cheng, BShiith, K. W. Ward, and K. D. Kopplé. Med. Chem 2002 45,
2615-2623.

[74]0leg A. Raevsky, Valery I. Fetisov, Ellen Pegpalina, James W. McFarland, Klaus-J. Schaerant-Act
Relat, 200Q 19, 366-374.

[75]K Palm; P Stenberg; K Luthman; P ArturssBharm. Res 1997, 14, 568-571.

[76][Last accessed daz013Dec 30]. Available from: http://www.organic-chemsorg/prog/peo/

[77]JEA Meyer; RK Castellano and F Diedericl20D3 Angew. Chem. Int. Ed42:1210 — 1250. doi:
http://dx.doi.org/10.1002/anie.200390319.

[78]Y Bourne; P Rouge” and C Cambillati9pd J. Biol. Chem265:18161 — 18165.

[79]C Clarke, RJ Woods; J Gluska; A Cooper; MA Nytlnd GJ Boons2p0]] J. Am. Chem. S0d23:12238 —
12247. doi: http://dx.doi.org/10.1021/ja004315q.

[80]P. Cargabal, R. A. Jockusch, I. Hinig, L. Co8k, R. T. Kroemer, B. G. Davis, D. P. GamblinCémpagnon,
J. Oomens, and J. P. SimorZ)(Qg J. Am. Chem. So&27:11414 — 11425.

doi: http://dx.doi.org/10.1021/ja0518575.

[81]M Rarey; B Kramer and T Lengauet9Pg Proteins34:17 — 28.

doi: http://dx.doi.org/10.1002/[SICI]1097-0134[198191]34:1<17::AID-PROT3>3.0.CO;2-1.

861



