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  Ligandi basedi drugi designi andi drugi discovery 

 

Introduction 

Computer-aidedi drugi designi isi ai veryi usefuli tooli fori drugi designingi asi iti minimizesi thei 

timei utilizedi ini identification,i characterization,i andi structurali optimizationi ofi noveli drugi 

candidate [1-5]. Iti cani bei utilizedi fori rationali designi ofi drugs.i Prodrugsi arei typicallyi 

designedi toi increasei thei specificityi ori bioavailabilityi ofi thei originali drugi molecule [6-8].i  

Mainlyi twoi approachesi arei applicablei ini CADD.i Thei firsti approachi isi thei Ligandi basedi 

drugi designi andi structure-basedi drugi designi isi thei secondi approachi wei cani applyi fori thei 

designi ofi newi drugi candidates.i Ligandi basedi drugi designi isi ani indirecti approachi toi 

expeditei thei developmenti ofi compoundsi whichi arei pharmacologicallyi active.i Thei 

developmenti isi donei byi studyingi thei moleculesi thati interacti withi thei biologicali targeti ofi 

interest [9]. While structure-basedi drugi designi utilizedi thei knowledgei ofi thei 3Di structurei 

ofi thei targeti moleculei toi identifyi andi optimizei thei potentiali drugi candidates [10-12]. 

Identificationi ofi thei suitablei targeti moleculei isi thei firsti andi thei foremosti stepi ini thei 

processi ofi drugi designingi whichi isi associated withi ai disease.i Usuallyi ai keyi proteini ofi ai 

biochemicali pathwayi whichi isi associatedi withi thei targeti diseasei servei asi ai potentiali drugi 

target [6, 13, 14].  

Dependingi oni thei diseasei state, moleculesi referredi toi asi leadi compoundsi arei identifiedi ori 

designedi toi inhibiti ori promotei thei concernedi biochemicali pathway [15-18]. Thei nexti stepi 

ini thei processi ofi drugi discoveryi isi toi optimizei thei leadi moleculesi toi maximizei thei 

interactioni withi thei targeti molecules.i Ini thei processi ofi leadi optimization,i CADDi playsi ai 

veryi importanti role.i Ligand-basedi drugi designi methodsi arei usedi ini thei absencei ofi 

informationi regardingi thei 3Di structurei ofi receptor.i Thei informationi isi confinedi onlyi toi 

thei moleculari structurei andi properties.i  

Duei toi thei lacki ofi ani experimentali structure,i thei knowni ligandi moleculesi thati bindi toi thei 

drugi targeti arei studiedi toi understandi thei structurali andi physicochemicali propertiesi ofi thei 

ligandsi thati correlatei withi thei desiredi pharmacologicali activity [19-22].i  



Aparti fromi thei knowni ligandi molecule,i ligand-basedi methodsi mayi alsoi includei naturali 

productsi ori substratei analoguesi thati interacti withi thei targeti moleculei havingi desiredi 

pharmacologicali effect [9]. Alternatively,i ini thei presencei ofi ai 3Di structurei ofi thei drugi 

target,i structure-basedi methodsi suchi asi moleculari dockingi ori in-silicoi chemicali alteration,i 

arei usuallyi appliedi fori leadi optimization [23-27]. 
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Thei Basicsi ofi QSAR 

Thei well-knowni approachesi fori ligand-basedi drugi designi arei thei methodsi ofi 

pharmacophorei modellingi andi QSAR.i QSARi isi ai computationali methodi usedi toi quantifyi 

thei correlationi betweeni thei chemicali structuresi ofi ai seriesi ofi compoundsi andi itsi chemicali 

andi biologicali responses.i Thei basici hypothesisi behindi QSARi methodi isi thati thei similari 

structurali andi physiologicali propertiesi yieldi similari activity [28,29]. Initiallyi ai groupi ofi 

leadi moleculesi arei identifiedi whichi representsi thei desiredi biologicali activityi ofi interest.i Ai 

quantitativei relationshipi isi establishedi betweeni thei physico-chemicali featuresi ofi thei activei 

moleculei andi thei biologicali activity.i Thei developedi QSARi modeli isi theni usedi toi 

optimizei thei activei compoundsi toi enhancei thei biologicali activity.i Thei compoundsi 

predictedi arei theni experimentallyi testedi fori thei desiredi activity.i Thei QSARi methodi cani 

bei thusi usedi asi ai tooli fori identificationi ofi compoundi modificationsi withi improvedi 

activity. 

Thei generali methodologiesi ofi QSARi isi builti uponi ai seriesi ofi consecutivei steps: 

1) Identifyi thei ligandsi withi experimentallyi measuredi valuesi ofi thei desiredi biologicali 

activity.i Thesei ligandsi shouldi havei ai largei variationi ini biologicali activity. 

2) Identifyi andi determinei thei moleculari descriptorsi associatedi withi variousi structurali 

andi physicochemicali propertiesi ofi thei moleculesi underi study. 

3) Discoveri thei correlationsi betweeni thei moleculari descriptorsi andi thei biologicali 

activityi thati cani explaini thei variationi ini activity. 

4) Testi thei statisticali stabilityi andi predictivei poweri ofi thei QSARi model. 

Thei biologicali activityi ofi thei seriesi ofi compoundsi isi experimentallyi measuredi andi thisi 

willi acti asi ai dependenti variablei ini QSARi modelling.i Thei moleculesi arei selectedi andi arei 

insilicoi modelled.i Toi bringi moleculesi toi ai stablei configuration,i thei energyi ofi thei 

moleculesi arei minimizedi byi usingi variousi energyi minimizationi proceduresi likei moleculari 

mechanicsi ori quantumi mechanicali methods [21,30-33]. 

Nexti stepi isi thei generationi ofi moleculari descriptorsi fori thei seti ofi moleculesi whichi affecti 

thei biologicali activityi ofi thei molecule.i Moleculari descriptorsi cani bei topological,i 

structural,i moleculari weighti variable,i lipophilicityi etc.i dependingi uponi thei QSARi method,i 

quantumi ori mechanicali toolsi cani bei usedi toi developi ai mathematicali relationshipi betweeni 

thei moleculari descriptorsi andi biologicali activity.i Thei biologicali activityi ofi thei moleculesi 



isi dependenti uponi thei moleculari descriptors.i Theyi cani increasei asi welli asi cani leadi toi 

decreasei ini biologicali activity.i Thei finali stepi isi thei validationi ofi modeli generatedi byi 

usingi thei seti ofi molecules.i Thei validationi methodi adoptedi includesi bothi internali asi welli 

asi externali validation,i toi testi thei statisticali significance,i predictivei poweri andi robustnessi 

ofi molecules.i  

Thei strengthi ofi thei classicali QSARi isi thati byi usingi veryi simplistici mathematicali 

relationsi involvingi variousi physicochemicali propertiesi andi chemicali substituentsi iti isi 

ablei to explaini andi predicti biologicali activityi ofi ai seriesi ofi similari molecules. 

Thei moleculari descriptorsi usedi fori correlationi withi thei activityi werei mostlyi 

representativei ofi fragmentsi ofi thei parenti molecule,i includingi substituentsi oni thei 

parent.i Thei advantagei ofi usingi fragment-basedi descriptorsi isi theiri readyi availabilityi 

fori ai wide-rangei ofi substituentsi computationali easei andi thei abilityi toi keepi thei 

mathematicali implementation fairlyi understandablei [34] 

3Di QSAR 

 

Descriptorsi thati describei 3Di featuresi ofi ai molecule. Asi thei namei suggests,i 3Di 

QSAR methodi includes developi ai QSARi model.i Variousi geometric,i 

physicalcharacteristicsi andi quantumi chemicali descriptorsi mayi be usedi toi describei thei 

3Di featuresi ofi thei ligandsi ini thei 3D QSARi method.i Suchi moleculari descriptorsi arei 

then combinedi toi createi ai pharmacophorei thati cani explaini the biologicali activityi ofi 

thei ligands.  Ai pharmacophorei is definedi asi thei 3Di spatiali orientationi ofi variousi 

features,i such asi hydrogeni bondi donorsi ori acceptors,i whichi arei essential fori thei 

desiredi biologicali activityi [35-36].  

Thei developed pharmacophorei modeli isi testedi fori thei stabilityi andi statisticali 

significancei toi obtaini thei finali 3Di QSARi model.i Therei arei severali reviewi articlesi 

availablei thati elaboratelyi discuss variousi techniquesi ofi 3Di QSARi modelingi [34,i 35,i 

38-37, 39, 40, 41,i 42, 43, 44, 45, 46, 47, 48].i Toi avoidi redundancy,i thei followingi 

sectioni willi brieflyi describei thei majori 3Di QSARi techniques currentlyi ini usei fori 

drugi design.i Thei concludingi sectioni willi providei ai detailedi descriptioni ofi thei CSP-

SARi methodi developedi ini ouri laboratoryi alongi withi applicationsi ofi the method. 

 

CoMFA 



COMFA usesi lennard-Jonesi andi coulombici potentiali i functioni toi calculatei sterici andi 

electrostatici interaction,i respectively,i whichi cani causei unrealisticallyi highi valuesi 

forthesei energyi termsi duei toi thei hyperbolici naturesi ofi thei energyi functions.i Ani 

arbitraryi cutoffi valuei fori thesepotentiali functionsi isi assignedi ini CoMFAi toi avoidi 

suchi behaviori [49,50]. 

Comparativei Moleculari Fieldi Analysisi (CoMFA)i [51]i isi onei ofi thei mosti widelyi 

usedi 3Di QSARi methods.i CoMFAi wasi thei firsti QSARi methodi toi relatei 3Di shape-

dependent sterici andi electrostatici propertiesi ofi ai moleculei toi itsi biologicali activity.i 

Ini thisi methodi thei moleculesi arei alignedi basedi oni theiri 3Di structuresi oni ai 3Di gridi 

andi thei valuesi of sterici andi electrostatici potentiali energiesi arei calculatedi ati eachi 

gridi point.i Usuallyi CoMFAi assumesi thati thei minimumenergyi conformeri isi thei 

bioactivei conformer.i Fori systems withi knowni crystali structures,i crystali coordinatesi 

mayi bei usedi toi definei bioactivei conformers.i Fieldi valuesi correspondingi toi thei 

potentiali energyi termsi arei calculatedi ati eachi gridi pointi fori everyi moleculei andi 

correlatedi withi thei biologicali activity.i PCAi ori PLSi methodsi arei usuallyi usedi fori 

modeli developmenti ini CoMFA.i Thei CoMFAi modeli isi theni testedi fori statisticali 

significancei andi robustness.i Thei successi andi predictivei abilityi ofi CoMFAi modelsi 

arei highlyi sensitivei oni thei alignmenti ofi thei bioactivei conformersi [45,i 52-53].i  

As thei bioactivei conformationi isi noti necessarilyi the lowest conformationi ini thei 

absencei ofi thei receptori [54-55],i thei assumptioni madei byi CoMFAi ini thei selectioni ofi 

bioactivei conformersi andi thei correspondingi alignmenti methodi mayi producei erroneousi 

models.i Byi neglectingi thei dynamicali naturei ofi thei ligandsi CoMFAi limitsi itsi 

applicability.i Anotheri limitationi ofi CoMFAi isi thei formi ofi itsi energyi function,i asi iti 

doesi noti explicitlyi accounti for hydrophobicityi ori hydrogeni bondi interactionsi [45,i 

53,56]. 

 

CoMSIA 

Comparativei Moleculari Similarityi Indicesi (CoMSIA)i [57]i isi ai 3Di QSARi techniquei 

similari toi CoMFA.i However,i unlikei CoMFA,i thei moleculari fieldi expressioni ofi 

CoMSIA includesi hydrophobic,i hydrogen-bondi donori andi acceptori termsi ini additioni 

toi sterici andi coulombici contributions.i CoMSIAi alsoi calculatesi thei similarityi indicesi 

insteadi of interactioni energiesi byi comparingi eachi ligandi moleculei withi ai commoni 

probei withi ai radiusi ofi 1Å,i andi charge,i hydrophobicityi andi hydrogeni bondi propertiesi 

equali toi 1 [58].i CoMSIAi usesi bell-shapedi Gaussiani functioni toi describei steric,i 



electrostatici andi hydrophobici componentsi ofi thei energyi function.i Unlikei CoMFA,i 

thisi allowsi CoMSIAi to avoidi thei usei ofi ani arbitraryi cutoffi valuei fori thei energyi 

calculations.i Similarityi indicesi correspondingi toi CoMSIAi moleculari fieldsi definei thei 

ligand-proteini bindingi interactioni [59]. 

 

Catalyst 

 

Effortsi havei beeni madei toi includei thei conformationali flexibilityi ini 3Di QSARi 

methodology.i CATALYSTi i isi onei ofi thei mosti populari 3Di QSARi softwarei packagesi 

thati usesi conformationali variationi duringi modeli development.i CATALYSTi usesi thei 

polingi algorithmi [60]i toi samplei conformationali spacei fori thei ligandi molecules.i 

Typically,i 250i conformersi arei generatedi ini thisi processi withi ai defaulti cutoffi valuei 

ofi 20i kcal/moli abovei thei energyi ofi globali minimumi conformation.i Spatiali 

orientationsi ofi thei functionali groupsi arei usedi toi developi thei pharmacophorei 

hypothesisi andi thei estimatedi andi observedi activityi valuesi arei comparedi toi evaluatei 

thei QSARi models.i Thei mosti commoni propertiesi ori functionali groupsi usedi toi definei 

the pharmacophorici featuresi are: 

1.i Hydrogen-bondi acceptor 

2.i Hydrogen-bondi donor 

3.i Positivelyi chargesi groupi (basic) 

4.i Negativelyi chargedi groupi (acidic) 

5.i Aromatici ring 

6.i Aliphatici hydrophobici moieties 

7.i Aromatici hydrophobici moieties 

Thei pharmacophorei generationi processi isi dividedi intoi constructivei andi subtractivei 

phases.i Duringi thei constructivei phasei compoundsi havingi activityi greateri thani ai 

cutoffi value arei usedi toi buildi ai pharmacophorei hypothesis.i Ini thei subtractivei phasei 

anyi pharmacophorei thati fitsi morei thani halfi ofi thei inactivei compoundsi isi rejected.i Ai 

costi valuei isi assignedi toi eachi selectedi pharmacophorei basedi oni itsi predictioni error,i 

featurei weighti andi complexity. 

 

CATALYSTi isi equippedi toi overcomei mosti ofi thei drawbacksi ofi thei previousi 3Di 

QSARi methods.i However,i therei arei ai fewi limitationsi ini CATALYST.i Thei 

conformationi generatori ofi CATALYSTi createsi ai maximumi ofi 250i conformersi whichi 



mayi noti includei alli accessiblei conformationsi fori flexiblei ligandi molecules.i Hence,i 

CATALYSTi mayi faili toi includei thei bioactivei conformeri ofi thei activei compounds,i 

whichi ini turni mayi leadi toi incorrecti pharmacophorei models.i CATALYSTi alsoi doesi 

noti generatei modelsi thati includei bothi thei physico-chemicali propertiesi andi i 

pharmacophorici featuresi  

 

CSP-SAR 

 

Principle.i CSP-SARi isi ai noveli methodi fori developingi 3Di QSARi modelsi basedi oni 

thei Conformationallyi Sampledi Pharmacophorei (CSP)i methodi developedi ini ouri 

laboratory [44,i 61,i 62].i Thisi methodi isi designedi fori ligandsi withi conformationali 

flexibilityi andi avoidsi problemsi associatedi withi ligandi alignment.i Asi discussedi 

before,i thei activei or boundi conformationi ofi ai ligandi moleculei doesi noti needi toi bei 

thei lowest-energyi conformationi ini thei absencei ofi thei targeti molecule;i eveni thei 

activei conformeri mayi noti belongi toi thei ensemblei ofi lowi energyi conformersi [63].i Ini 

orderi toi maximizei thei potentiali inclusioni ofi thei bioactivei conformersi ofi thei ligandi 

moleculesi ini thei model,i ai rigorousi samplingi ofi thei conformationali spacei fori eachi 

ligandi isi essential.i Unlike otheri pharmacophorei developmenti methods,i CSPi considersi 

alli accessiblei conformationsi ofi eachi ligandi moleculei fori pharmacophorei development.i 

Thus,i CSPi maximizesi the probabilityi ofi includingi thei bioactivei conformeri ini thei 

model.i Oncei alli accessiblyi conformationsi ofi thei ligandsi havei beeni generated,i 

typicallyi viai moleculari dynamics simulationsi (seei below),i iti isi necessaryi toi extracti 

descriptorsi ofi thei conformationali propertiesi ofi thei ligandsi fori usei ini modeli 

development.i Thisi requiresi thei selectioni ofi pharmacophorei featuresi fori thei seti ofi 

ligandi molecules,i andi representsi ai criticali stepi ini thei CSPi approach.i  

Typically,i thesei featuresi includei hydrogeni bondi donori andi acceptors,hydrophobici 

groupsi ori anyi otheri structurali featurei thati mayi bei importanti fori thei biologicali 

activity.i Availablei SARi datai oni thei systemi ofi interesti mayi guidei buti noti limiti thisi 

selectioni procedure.i Fori example,i thei CSPi approachi wasi successfullyi appliedi toi 

opioidsi usingi previouslyi defined functionali groups,i suchi asi thei basici nitrogeni knowni 

toi bei essentiali fori opioidi activity,i asi welli asi identifyingi noveli functionali groupsi 

duringi modeli developmenti [44,i 64,i 65]. 

Studiesi involvingi relativelyi largei ligandsi thati havei noti previouslyi beeni subjectedi toi 

significanti SARi studiesi posei morei difficultyi ini thei functionali groupi selectioni 



process.i In thei absencei ofi anyi existingi modeli functionali groupi selectioni involvesi thei 

useri consideringi alli functionali groupsi thati mighti havei anyi effecti oni thei biologicali 

activity.i Afteri the identificationi ofi alli possiblei chemicali featuresi thati mayi servei asi 

pharmacophorici points,i alli possiblei distances,i anglesi andi dihedrali anglesi betweeni thei 

featurei pointsi needi toi be considered.i Oncei thesei descriptorsi havei alli beeni identifiedi 

theyi arei regressedi againsti eachi otheri toi eliminatei redundanti descriptorsi fromi furtheri 

analysisi (e.g.i ifi descriptorsi havei a correlationi coefficienti (r2)i greateri than,i fori 

example,i 0.8i onei ofi thosei mayi bei removedi fromi furtheri consideration).i Thei 

remainingi descriptorsi arei theni systematicallyi regressed againsti thei biologicali data,i 

withi thosei havingi correlationi i coefficienti (r2)i lessi thani ai cutoffi valuei (typicallyi 

0.01)i with respecti toi thei biologicali datai discardedi fromi furtheri analysis.i Initiallyi ani 

extensivei calculationi ofi thei structurali descriptorsi isi highlyi recommended.i Fori 

relativelyi largei ligandi moleculesi thei numberi ofi possiblei structurali descriptorsi cani bei 

quitei high,i beingi oni thei orderi ofi 100,000i ori more.i However,i automationi ofi thisi 

procedurei readilyi allowsi thei selectioni ofi descriptorsi fori additionali analysisi toi be 

performed.i  

Thei naturei thei descriptors,i whichi includei selectedi pharmacophorei featuresi ini 

combinationi withi alli accessiblei conformationsi ofi eachi ligand,i isi thei keyi featurei ofi 

thei CSPi approach.i Thisi combinationi requiresi thati thei descriptorsi bei treatedi asi 

probabilityi distributionsi thati include,i fori example,i alli possiblei distancesi betweeni twoi 

pharmacophorei featuresi ori alli possiblei anglesi betweeni threei pharmacophorei features, 

andi soi on.i Toi betteri elucidatei thisi concept,i wei willi expandi oni publishedi resultsi ofi 

ai CSPi studyi ofi bilei acidi conjugatesi andi theiri transporteri (Apicali Sodium-dependenti 

Bilei acidi Transporteri ori ASBT)i [43].i Presentedi ini Fig.i (2)i arei threei conjugatesi ofi 

thei bilei acidi 9,i 2i andi 21,i oni whichi threei pharmacophorei pointsi arei showni (notei 

thati ini thei originali study,i ai totali ofi 30i pharmacophorei pointsi werei initiallyi 

consideredi oni ai totali ofi 13i compounds).i Fori thei presenti example,i threei conjugatesi 

showni ini Fig.i (2)i willi be considered.i Eachi ofi thesei conjugatesi wasi subjectedi toi MDi 

simulationsi toi obtaini alli possiblei conformationsi fromi which probabilityi distributionsi 

ofi descriptorsi basedi oni thei pharmacophorei featuresiwerei determined.i Onedimensionali 

descriptorsi associatedi withi thei NG-OAi distancei andi OA-NG-CGi anglesi are i 

compoundsi 9i (red),i 2i (blue)i andi 21i (turquoise)i [43].i Asi isi evident,i eachi conjugatei 

samplesi ai rangei ofi conformationsi asi representedi byi thei probabilityi distributions.i Iti 

isi thesei distributionsi that representi thei individuali descriptorsi andi thei degreei ofi 



overlapi betweeni thei descriptorsi (seei followingi paragraph)i mayi bei usedi asi 

independenti variablesi fori modeli development.i Ini addition,i thei descriptorsi mayi bei 

developedi ini twoi ori morei dimensions.i Ani examplei ofi 2Di probabilityi distributionsi 

fori thei twoi structurali descriptorsi .i Fromi thei distributionsi iti isi evidenti thati 9i andi 2i 

sharei highi degreei ofi structurali similarityi withi respecti toi thei giveni descriptors,i whilei 

21i didi noti samplei conformational spacei similari toi eitheri 9i ori 2.i Accordingly,i basedi 

oni thisi qualitativei analysis,i 9i andi 2i wouldi bei predictedi toi have similari activityi vsi 

21.i Notably,i thisi analysisi didi noti requirei anyi alignmenti ofi thei ligands,i simplyi ai 

comparisoni ofi the probabilityi distributionsi ofi thei selectedi pharmacophorei features.i 

Thei lacki ofi ai requirementi fori structurali alignmenti representsi anotheri strengthi ofi thei 

CSPi approach.i  

Whilei usei ofi thei CSPi approachi ini ai qualitativei manneri isi ofi utility,i asi describedi 

below,i quantitativei analysisi isi requiredi toi predicti inhibitioni constants,i potenciesi andi 

soi on.i Thisi requiresi thati thei degreei ofi overlapi ofi thei probabilityi distributionsi ofi thei 

individuali ligandsi bei determined,i yieldingi overlapi coefficientsi thati mayi bei usedi 

directlyi ini regressioni analysis.i 1Di overlapi coefficienti ofi ai singlei structurei descriptori 

betweeni twoi ligandsi cani bei calculatedi usingi thei followingi relationi i fori discretei 

probabilityi density 

functionsi [43,i 66], 

 

Computationali Method.  

Thei primaryi requirementi ofi thei CSPi methodi isi adequatei conformationali samplingi 

fori thei ligandi molecules.i Ini orderi toi achievei ai completei samplingi of conformationali 

spacei rigorousi moleculari dynamicsi (MD)i simulationsi [67]i arei ani essentiali parti ofi 

CSP.i However,i otheri samplingi methodsi suchi asi systematici gridi searchi [68-69], 

fragment-basedi searchi [47,i 70],i randomi searchi ori Montei Carloi (MC)i simulationsi 

[71],i distancei geometryi [72],i genetici algorithmi [73-74],i simulatedi annealingi [75,i 76], 

tabooi searchi [77]i etc.i cani alsoi bei appliedi fori conformationali samplingi purposei asi 

longi asi exhaustivei samplingi ofi conformationali spacei cani bei assured.i Ai detaili 

descriptioni ofi thesei searchingi algorithmsi cani bei foundi ini severali reviewi articlesi andi 

booki chaptersi [66,i 78-79]. 

Empiricali forcei fieldsi [20]i arei ani integrali parti ofi ini silicoi modeling.i Anyi moleculari 

forcei fieldi suchi asi CHARMMi [71],i AMBERi [80],i MMFFi [80-81]i ori OPLSi [82] 



whichi isi suitablei fori smalli moleculesi cani bei usedi fori CSPSARi modeling.i However,i 

iti isi importanti thati thei forcei fieldi usedi accuratelyi modeli thei structurali propertiesi ofi 

the moleculesi ofi interest.i Testi ofi thisi accuracyi mayi bei performedi byi quantifyingi thei 

abilityi ofi thei forcei fieldi toi reproducei minimumi energyi geometriesi withi thosei 

obtained fromi quantumi mechanicali (QM)i calculationsi ori highi resolutioni crystalsi 

structuresi suchi asi thosei obtainedi fromi thei Cambridgei i Structurali Databasei [83].i Ini 

addition,i thei usei of QMi methodsi allowsi thei abilityi ofi ai forcei fieldi toi reproducei thei 

changei ini energyi asi ai functioni ofi i ligandi conformationi toi bei validatedi andi 

optimized,i asi required.i Properi treatmenti ofi thei conformationali energiesi isi particulari 

importanti fori thei CSPi approachi asi iti isi basedi oni conformationali distributions.i 

Methodsi fori forcei fieldi validationi andi optimizedi havei been describedi elsewherei [47,i 

84].i  

CSP-SARi modelsi developedi byi ouri laboratoryi usedi MDi simulationsi asi ai tooli fori 

conformationali search.i MDi generatesi consecutivei conformationsi[7[ ofi ai moleculari 

system 

usingi Newton’si secondi lawi ofi motioni ini whichi thei forcei actingi oni ai systemi alongi 

withi velocitiesi ofi thei atomsi ini thei systemi arei usedi toi predicti newi conformationsi byi 

integrating overi time[85]*.i Thei timei evolutioni[ ofi thei positioni andi velocityi ofi thei 

moleculari systemi isi estimatedi fromi thei analyticali solutioni ofi thei differentiali equationi 

ofi motion.i Fori flexible ligandsi replica-exchangei MDi simulationsi [86-87]i arei 

preferablyi employedi fori samplingi thei conformationali space.Replica-exchangei MDi 

simulationi methodsi reducei the probabilityi ofi ai moleculari systemi gettingi trappedi ini 

locali minimumi energyi regioni duringi ai simulationi facilitatingi completei samplingi ofi 

thei accessiblei conformationali space. 

Ini thisi methodi ai numberi ofi replicasi ofi thei samei systemi arei simultaneouslyi 

simulatedi ati differenti temperaturesi andi withi coordinatesi ori otheri propertiesi swappedi 

betweeni thei replicas performedi ati regulari interval.i Thei probabilityi ofi thei exchangei 

ofi twoi replicasi isi subjectedi toi thei Metropolisi Criterioni [88]i therebyi assuringi thati 

thei systemi maintainsi a properi Boltzmanni distribution.i MDi simulationsi ofi eachi replicai 

arei typicallyi performedi usingi 20nsi Langevin dynamicsi [89]i withi ani integrationi timei 

stepi ofi 0.002psi ini thei presencei ofi ani impliciti solventi modeli [90-91],i suchi asi 

Generalizedi Borni Continuumi Solventi Modeli (GBMV)i [92], 

[93].i Usuallyi 20nsi simulationsi yieldi conformationali convergencei fori flexiblei ligandsi 

withi moderatei sizei (~i 650i Daltons);i testingi thati additionali simulationi timei doesi not 



leadi toi additionali samplingi isi ofteni adequatei toi verifyi thati thei fulli rangei ofi 

accessiblei conformationsi ofi thei moleculei hasi beeni sampled.i Coordinatei framesi arei 

savedi fromi thei MD trajectoriesi andi usedi toi determinei thei conformationali distributioni 

ofi thei structurali descriptorsi fromi whichi thei overlapi coefficientsi arei calculated.i 

Duringi ini silicoi modeling thei protonationi statei ofi anyi ionizablei chemicali groupi 

shouldi bei properlyi assignedi basedi oni thei pHi ofi thei experimentali conditioni usedi toi 

measurei thei biologicali activity. 

1Di andi 2Di probabilityi distributionsi ofi variousi pharmacophorici featurei pointsi arei 

obtainedi byi analyzingi thei trajectoriesi fromi thei MDi simulations.i Overlapi coefficientsi 

of thei conformationali distributionsi arei combinedi withi thei physico-chemicali propertiesi 

ofi thei ligandsi toi obtaini ai seti ofi moleculari descriptors.i Thei moleculari descriptorsi are 

subjectedi toi single-variablei asi welli asi multivariablei linear regressioni (MLR)i analysisi 

againsti thei biologicali activityi ofi interest.i Alli possiblei combinationsi ofi thei moleculari 

descriptorsi arei subjectedi toi MLRi analysisi toi identifyi the combinationi ofi descriptorsi 

(candidatei models)i thati cani explaini thei variabilityi ofi thei biologicali activityi ofi thei 

ligands.i Toi avoidi overfitting,i anyi combinationi of independenti variablesi havingi 

correlationi betweeni eachi otheri greateri thani 0.8i arei noti includedi fori multivariablei 

regression.Akaikei informationi criteriai [94,i 95]i isi appliedi toi ranki the candidatei 

modelsi fori systemsi withi morei thani onei statisticallyi significanti quantitativei models.i 

Simplei SHELLi scriptsi mayi bei usedi toi automatei thei processi ofi capturing snapshotsi 

fromi thei MDi trajectoriesi andi calculatingi thei overapi coefficientsi ofi thei structurali 

features.i MLRi analysisi fori alli possiblei combinationsi ofi moleculari descriptorsi and 

calculationi ofi AICi valuesi ofi thei selectedi candidatei modelsi cani alsoi bei automatedi 

usingi statisticali softwarei likei Ri ini conjunctioni withi ai SHELLi script.i Thei 

combinationi ofi CSP approachi withi 3Di QSARi method,i namedi CSP-SAR,i thusi 

potentiallyi cani capturei informationi oni thei bioactivei conformationi ini modeli 

developmenti whichi facilitatesi an understandingi ofi thei biologicali interactionsi dictatingi 

activityi withouti anyi availablei ligand-targeti 3Di structure. 

 

                                                                                                                                                              

Applications. 

Thei CSPi methodi wasi developedi andi firsti successfullyi appliedi on opioidi ligandsi 

[44,62,63,].i CSPi wasi usedi toi studyi bothi peptidici asi welli asi noni peptidic opioidsi 

andi thei derivedi pharmacophorei modeli distinguished opioidi agonistsi fromi thei 



antagonists.i Usingi qualitativei CSPi modelsi foriopioidi ligandsi Bernardi andi coworkersi 

[44] discoveredi thati DPI2505,i ai compoundi previouslyi suggestedi toi bei ai antagonist,i 

mayi acti asi ani agonist.i Thei qualitativei modeli wasi alsoi usedi toi designi noveliopioidi 

ligands. 

Subsequenti applicationi ofi quantitativei CSPi for opioidi ligandsi [63]i yieldedi efficacyi 

andi affinityi modelsi thati werei ablei toi distinguishi betweeni ligandsi thati differedi byi ai 

single substitutioni oni ani aromatici ring.i Thesei effortsi alsoi discoveredi ai noveli 

hydrophobici moietyi imporanti for efficacyi andi affinityi thati hadi noti beeni identifiedi ini 

previous studies.i Thisi representedi ai significanti advancei ini ouri understandingi ofi 

opioidi SAR,i asi previousi thinkingi assumedi thati thei hydrophobici moietyi wasi limitedi 

toi aromatici groups, whereasi asi thei CSPi approachi showedi thati aliphatici moietiesi 

couldi alsoi servei asi thei hydrophobici groupsi ini certaini ligands.i Notably,i thei modelsi 

ofi opioidi developedi byi thei CSP methodsi encompassedi lowi moleculari weight,i 

nonpeptidici opioidsi asi welli asi peptidici ligands.i Previousi opioidi modelsi werei noti 

ablei toi bridgei thisi gap.i  

Thei abilityi ofi thei CSP methodi toi overcomei thisi isi basedi oni thei inclusioni ofi alli 

conformationsi ini modeli development,i thei lacki ofi thei needi toi aligni molecules,i ai 

particulari problemi wheni bothi nonpeptidic andi peptidici ligandsi arei beingi studiedi andi 

thei inclusioni ofi ai largei numberi ofi possiblei pharmacophorei featuresi ini modeli 

development.i Indeed,i thati lateri considerationi ledi toi thei identificationi ofi thei noveli 

hydrophobici moietiesi ini thei selectedi opioids.i Recently,i thei inhibitioni requirementi ofi 

hASBTi usingi amino-piperidinei conjugatesi ofi bilei acidsi wasi studiedi usingi thei CSP-

SARi methodi [69].i CSP-SARi modelsi developedi fori hASBTi inhibitioni successfullyi 

identifiedi structurali andi physico-chemicali descriptorsi thati explainedi thei variancei ofi 

thei biologicali activity.i Despitei thei facti thati thei inhibitorsi usedi ini thisi studyi hadi ai 

narrowi rangei ofi activity,i theconformationali samplingi featurei ofi thei CSP-SARi method 

wasi ablei toi facilitatei identificationi ofi thei informationi fromi thei moleculari descriptorsi 

necessaryi toi explaini thei activity.i Thei quantitativei CSP-SARi modelsi developedi ini 

thisi study wasi ablei toi distinguishi betweeni very-potenti inhibitorsi (<16 M)i fromi 

moderately-potenti (>16i M)i inhibitorsi withi somei exceptions.i However,i furtheri 

qualitativei analysisi was ablei toi overcomei thei limitationi ofi thei quantitativei models.i 

Qualitativei CSP-SARi demonstratedi thati veryi subtlei chemicali modificationsi ini somei 

inhibitorsi ledi toi the formationi ofi salt-bridgei interactioni resultingi ini conformationali 

restrictioni associatedi toi pooreri bindingi affinity.i Thisi studyi establishedi thei strengthi ofi 



CSP-SAR methodi toi capturei thei effecti ofi suchi smalli chemicali modificationi oni 

biologicali activityi andi iti emphasizesi thei utilityi ofi bothi quantitativei andi qualitativei 

CSPi approaches. 

Thei CSPi methodi hasi alsoi beeni appliedi andi discussedi byi otheri researchersi ini thei 

contexti ofi 3Di QSARi [54-60].i CSPi modelsi developedi byi Bernardi andi coworkers,i 

demonstrated thei importancei ofi includingi extensivei conformationali samplingi ini modeli 

development.i Thisi motivatedi otheri researchersi toi includei conformationali samplingi 

duringi thei developmenti ofi 3Di QSARi modelsi fori otheri flexiblei systems.i Gilberti andi 

coworkersi appliedi thei concepti ofi CSPi methodi ini theiri worki byi consideringi ai seti ofi 

representativei conformationsi ofi thei flexiblei ligandsi toi developi selectivei inhibitorsi ofi 

DAT/SERTi usingi CoMFAi andi CoMSIA methodsi [88].i Malliki andi coworkersi [95]i 

usedi thei CSPi methodi fori developingi 3Di pharmacophorei fori thei 13-residuei cyclici 

peptide,i compstatin,i ani anti-complementi peptidei andi otheri relatedi peptidici analogues.i 

Usingi thei CSPi methodologyi thei researchersi werei ablei toi distinguishi betweeni activei 

andi inactivei analogues.i Thei researchersi alsoi extendedi thei originali CSPi worki byi 

Bernardi andi coworkers,i byi includingi dihedrali anglesi asi ai pharmacophorici descriptori 

toi capturei 3Di structurali featuresi ofi thei peptidici ligands.i The inclusioni ofi multiplei 

conformersi insteadi ofi usingi onlyi thei lowest-energyi conformeri yieldedi ai stablei andi 

predictivei model.i Kalaszii andi coworkersi [90]i developedi ai noveli 3D QSARi methodi 

basedi oni i thermodynamici propertiesi toi predicti bioactivei conformationi ofi flexiblei 

ligandsi usingi conformationali analysisi ofi thei ligandi molecules.i Ini two recenti studiesi 

Lexai andi coworkersi [91]i andi Kirschneri andi coworkersi [92]i usedi replicai exchangei 

moleculari dynamicsi toi explorei thei conformationali spacei accessiblei byi peptidic ligandsi 

withi breasti canceri inhibitingi properties.i Theyi usedi ligand-basedi 3Di QSARi methodi 

toi identifyi thei bioactivei conformationsi ofi thei activei ligands.i Conformationali analysis 

ofi thei largeri activei peptidesi allowedi themi toi explaini thei activityi ofi thei existingi 

ligandsi asi welli asi discoveri noveli smalleri peptidici i ligandsi withi fulli biologicali 

activity.i Thei successfuli worksi ofi thesei researchersi confirmi thei validityi andi 

importancei ofi CSPi approachi ini ligand-basedi 3Di QSARi modelingi fori flexiblei 

molecules.i Ini addition,i CSPi hasi alsoi beeni mentionedi ini severali reviewi articlesi [93-

94]i asi ai noveli methodi toi utilizei thei dynamicali behaviori ofi flexiblei biomoleculesi toi 

explaini ligand-proteini binding. 

 

Validationi i ofi thei CSPi Method.i  



Toi assessi theperformancei ofi CSPi methodi asi comparedi toi morei traditionali 3Di 

QSARi approaches,i additionali calculationsi werei performedi asi parti ofi theipresenti 

study.i Thesei involvedi ai comparativei studyi ofi thei inhibitioni pharmacophorei model fori 

hASBTi basedi oni thei thirteeni ligandsi ini G1i andi G3i groupsi asi describedi byi 

Gonzalezi andi coworkersi [55]i withi ai modeli developedi presentlyi usingi thei Catalysti 

approach.i Similari toi thei observationi ofi Gonzalezi andi coworkersi inclusioni ofi thei 

compoundsi ini G2i groupi didi noti yieldi statisticallyi significanti modeli (r2i =i 0.55). 

Catalysti modeli developmenti wasi performedi usingi Discoveryi Studioi 2.1i CatalystTMi 

(Accelrys,i Sani Diego,i CA).i Thei besti conformationi generationi methodi asi 

implementedi in 

CatalystTMi wasi usedi toi generatei upi toi 250i conformersi ofi eachi ligandi basedi oni ai 

20i kcal/moli energyi cutoff.i Teni hypothesesi werei generatedi usingi thei conformersi ofi 

the ligandsi andi theiri Kii valuesi usingi fivei moleculari features,i suchi asi hydrogeni bondi 

donor,i hydrogeni bondi acceptor,i hydrophobic,i positivelyi ionizablei groupi andi negatively 

ionizablei group.i Outi ofi thei teni hypotheses,i thei hypothesisi yieldingi thei lowesti totali 

costi wasi selectedi fori furtheri analysis.i Thei besti inhibitioni modeli generatedi byi 

Catalyst consistedi ofi fivei featuresi includingi onei hydrogen-bondi acceptor,i onei 

hydrogen-bondi donor,i twoi hydrophobici moietiesi andi onei positivelyi ionizablei group.i 

Thei mosti potenti inhibitioni ini thei set,i compoundi 9,i mappedi alli thei fivei featuresi ofi 

thei pharmacophorei ;i 3-OHi representedi thei hydrogen-bondi acceptor,i 7-OHi representedi 

thei hydrogeni bondi donor,i C-19i andi D-ringi representedi thei twoi hydrophobesi andi thei 

basici piperidinei nitrogeni depictedi thei positivelyi ionizablei groupi feature.i Topi threei 

CSP-SARi inhibitioni modelsi alsoi consistedi ofi structurali descriptorsi representingi 

similari featuresi e.g.i 7-OH,i basici piperidinei nitrogeni (positivelyi ionizablei group)i andi 

hydrophobici moietiesi closei toi C-19i andi D-ringi suchi asi centroidi ofi Bi andi Ci ringsi 

andi C-20.i Ini addition,i CSP-SARi modelsi includedi structurali descriptorsi involvingi thei 

relativei orientationi ofi 􀀁-substituenti withi respecti toi thei steroidali nucleus.i However, 

CSP-SARi modelsi didi noti containi anyi descriptori thati explicitlyi consideredi 3-OH.i 

CSP-SARi modelsi alsoi includedi physico-chemicali descriptorsi suchi asi GBi energyi 

(electrostatici componenti ofi solvationi freei energy)i andi logPi (octanol/wateri partitioni 

coefficient).i Thisi isi ai cleari advantagei ofi CSP-SARi methodi overi Catalysti asi therei isi 

noi simplei tooli ini Catalysti thati cani combinei structurali featuresi withi physico-chemicali 

descriptors.i Thei Catalysti model yieldedi r2i ofi 0.849i whilei thei r2i ofi thei besti modeli 



reportedi byi Gonzalezi andi coworkersi wasi 0.813.i However,i thei CSP-SARi modeli 

yieldedi betteri RMSDi valuei thani thei Catalysti model (Tablei 1).i  

Tablei 1i representsi thei observedi andi estimatedi Kii valuesi ofi thei ligandsi basedi oni 

CSPi andi Catalysti methods.Moreover,i thei besti CSP-SARi modeli includedi onlyi twoi 

descriptorsi toi explaini thei activityi whilei fivei descriptorsi werei usedi byi Catalysti 

modeli fori thei samei seti ofi compounds.i Fromi thei comparisoni ofi thei inhibitioni 

modelsi developedi byi the twoi methodsi iti isi evidenti thati CSPi andi Catalysti yieldedi 

veryi similari fittingi quality.i Nevertheless,i thei Catalysti methodi didi noti providei anyi 

tooli toi explanationi ofi thei variationi in activityi duei toi subtlei chemicali modifications;i 

whilei CSPSARi qualitativei modeli wasi ablei toi explaini suchi variationi ini activityi viai 

salt-bridgei interaction. 

 

Limitations. 

 

Onei limitationi ofi thei CSP-SARi methodi isi thati thei selectioni ofi pharmacophorici 

featuresi ofi thei ligandsi isi useri dependent.i Thei selectioni ofi functionali groupsi isi ofteni 

facilitatedi byi previousi studiesi thoughi alli thei chemicali groupsi presenti oni thei ligandsi 

musti bei considered.i Thisi limitation mayi bei overcomei byi consideringi probabilityi 

distributionsi betweeni alli possiblei distances,i anglesi andi dihedrali anglesi involvingi alli 

chemicali groupsi thati mayi impacti oni biologicali activity.i Ai secondi limitationi isi thei 

computationali requirement.i Asi extensivei samplingi ofi conformationali spacei isi 

required,i extendedi MDi simulationsi musti bei performedi oni eachi ligand.i Whilei thisi 

stepi isi computationallyi demanding,i thei accessibilityi ofi commodityi computingi 

minimizesi thisi limitation.i Ini addition,i oncei thei conformationali samplingi of ai ligandi 

isi completedi andi thei generatedi conformationsi stored,i furtheri analysisi mayi bei 

performedi toi identifyi additionali structurali ori physio-chemicali propertiesi thati correlatei 

withi biologicali activityi withouti redoingi thei MDi simulationi ori otheri samplingi 

procedure. 

 

i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i 

i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i  

 

 

 



CONCLUSIONS 

Ligand-basedi drugi designi isi inherentlyi ai complicatedi problemi asi thisi approachi isi 

restrictedi toi consideringi onlyi onei sidei ofi thei actuali biochemicali process.i Iti hasi beeni 

showni ini manyi casesi thati receptori moleculesi and/ori ligandsi undergoi significanti 

conformationali changesi toi facilitatei theiri interactioni [95-96].i Whilei traditionali 

pharmacophorei approachesi ofteni didi noti takei intoi accounti ligandi conformationali 

flexibilityi byi onlyi usingi minimumi energy conformationsi ofi thei ligands,i morei recenti 

methodsi includei ai largei numberi ofi conformationsi duringi modeli development.i 

Thoughi suchi methodsi offeri significanti improvements,i they arei stilli limitedi byi 

includingi ai finitei rangei ofi conformationsi asi welli asi requiringi alignmenti ofi thei 

ligandsi underi study.i Thei CSPi methodi largelyi overcomesi thesei limitationsiincludingi 

alli accessiblei conformationsi ofi thei ligandsi andi usingi thei overlapi ofi probabilityi 

distributionsi ofi pharmacophorei featuresi duringi modeli development.i Ini addition,i thei 

CSP-SARi methodi mayi readilyi bei combined withi physicochemicali properties.i Thei 

utilityi ofi thisi approachi hasi beeni demonstratedi ini ai numberi ofi studiesi ini ouri 

laboratoriesi asi welli asi byi otheri workers.i Clearly,i ligand-basedi drugi designi isi ani 

effectivei methodi toi understandi thei featuresi ofi ligandsi importanti fori theiri biologicali 

activityi ini thei absencei ofi thei receptori structure. 

Investigationi ofi thei structurali andi physico-chemicali featuresi ofi thei ligandsi ofi ai drugi 

targeti cani indicatei thei naturei ofi interactionsi thati arei essentiali fori thei desiredi 

pharmacological response.i Thei methodi cani alsoi predicti noveli moleculari structuresi 

withi featuresi facilitatingi thei interactioni withi thei targeti molecule.i Asi statedi above,i 

therei arei severali different methodologiesi toi performi ligand-basedi modeling.i However,i 

properi understandingi ofi thei underlyingi principlei ofi thei choseni methodi isi highlyi 

recommendedi fori successfuli applicationi ofi thesei methodsi toi complexi biologicali 

systems. 
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