


treatment. By elucidating the distinctive aspects of our study’s outcomes, we address the

concern of distinguishing our findings from those of prior research.

1. Introduction
Cancerisamultifaceteddiseasethat ischaracterizedby theuncontrollablegrowthandsubse-
quentdisseminationof abnormalcellsthroughoutthebody.Giventhat it isconsistentlyranked
amongtheleadingcausesof deathacrosstheglobe,it presentsasignificantchallengeto thefield
of medicine[1]. Traditional treatmentsfor cancer,suchaschemotherapyandradiationtherapy,
arenot only ineffectivebut alsocomewith ahostof unpleasantsideeffects[2]. Asadirectcon-
sequenceof this,thereisagrowinginterestin thedevelopmentof innovativeandefficientcan-
certreatments.Targetingspecificproteinsthatareinvolvedin thecancerpathwayisone
strategythatcanbeusedin theprocessof creatingnewanticancermedications[3]. Canceris
thesecondleadingcauseof deatharoundtheworld,andwhiledysfunctionalDNA cancontrib-
uteto its development,it isnot thesolecause.Otherfactorssuchasgenetics,environmental
exposures,alteredcellularpathways,proteinsandtranscriptionfactors,havebeenassociated
with theprogression,differentiationanddevelopmentof differentkindsof cancer[4]. It is
believedthatcertainmedicinescankill cancercellsor causethemto shrink [5]. It iswidely
believedthat inhibiting theability of cancercellsto replicatetheir DNA wouldbethemost
effectivetreatment[6]. In contrast,medicinesthatbind DNA reversiblyposeamuchlowerrisk
to healthycellsandarethereforepreferablefor therapeuticuse[7]. Thisemphasizesthesus-
tainedimportanceof researchinto chemicalcompoundsthatcanform reversiblebondswith
DNA andpreventcancerwithout harmingnormalcells.Theincorporationof non-covalent
interactionssuchaselectrostaticinteractions,groovebinding,andintercalationinto in vitro
studiesevaluatingtheanticancerpotentialof drug-likemoleculesin termsof binding modes
andproperties[8] isof considerablebenefit.Caspases3,p53,andNF-κBarepotentialtherapeu-
tic targetsfor varioustypesof cancers,includingbreastcancer,lungcancer,leukemia,lym-
phoma,coloncancer,ovariancancer,prostatecancer,andhematologicmalignancieslike
leukemia,lymphoma,andmultiple myeloma[9±14].Caspase3 is involvedin theprogrammed
celldeathor apoptosis.Dysfunctionalcaspase3hasbeenassociatedwith thedevelopmentof
cancer,includingbreastcancer,lungcancer,leukemia,andlymphoma[10]. P53isatumor sup-
pressorprotein that regulatesthecellcycleandpreventsthegrowthof cancercells.Mutatedor
dysfunctionalp53hasbeenlinked to varioustypesof cancer,includingbreastcancer,lungcan-
cer,coloncancer,andovariancancer[11,12,15].Thenuclearfactor-kappaB(NF-κB)pathway
is involvedin theregulationof immuneresponseandinflammation,cellsurvival,andapoptosis
[13]. DysregulatedNF-κBsignalinghasbeenassociatedwith thedevelopmentandprogression
of varioustypesof cancer,includingbreastcancer,prostatecancer,andhematologicmalignan-
ciessuchasleukemia,lymphoma,andmultiple myeloma[14]. Therefore,theseproteinsare
beingconsideredasemergenttargetsfor thedesigningof anticanceragents.

Heterocycliccompoundsareoneof themanychemicalclassesthatplayanimportant role
in medicinalchemistryandtherationaldesignof newdrugs[16,17].It hasbeendemonstrated
thatnumerousheterocycliccompoundsarecapableof exhibitingadiversearrayof anticancer
activities[18,19], including theinhibition of DNA replication,theinduction of apoptosis,and
thedisruptionof cellsignalingpathways.Compoundsbasedon pyrimidine andpyrazole,for
instance,havebeendemonstratedto exhibitpotentanticanceractivitiesthroughavarietyof
mechanisms[20]. Thesemechanismsincludetheinhibition of cellproliferation,theinduction
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of apoptosis,andthedisruptionof cellsignalingpathways.For instance,it hasbeendemon-
stratedthat1,3,5-trisubstitutedpyrazolederivativeshaveantiproliferativeactivityagainsta
varietyof cancercelllines[21]. In addition,it hasbeendemonstratedthatcompoundsbased
on pyrazoleinhibit theinvolvedin theprocessof repairingDNA andpossessedanti prolifer-
ativeactivities[22]. Basedon findings,thecurrentstudyhasemployedtwo heterocycliccom-
poundsfor investigationaspotentialanticancercandidate.CompoundA01isaderivativeof
doxorubicinwhich isawell-knownandwidelyusedchemotherapydrugfor thetreatmentof
varioustypesof cancer.Doxorubicinworksby interferingwith theDNA in cancercells,pre-
ventingthemfrom reproducingandcausingthemto die.Thederivativementionedin the
questionisamodifiedform of doxorubicin,whichhasbeendesignedto enhanceits effective-
nessandreduceits toxicity.Studieshaveshownthat themodifiedcompoundhasimproved
antitumor activitycomparedto doxorubicin,whilealsobeinglesstoxic to healthycells.This
makesit apromisingcandidatefor further investigationasapotentialchemotherapydrugfor
thetreatmentof cancer.Furthermore,thecompoundhasbeenshownto beeffectiveagainsta
widerangeof cancertypes,includingbreastcancer,lungcancer,andleukemia[23]. Further-
more,compoundA02isapyrimidine analogthathasbeenshownto haveanti-tumor activity
in varioustypesof cancer.It isafluorinatedanalogof uracilandinhibits thesynthesisof thy-
midylate,whichisnecessaryfor DNA replicationin cancercells.This leadsto theinhibition of
cancercellproliferationandultimatelyresultsin celldeath[24]. Thesefindingsprovideratio-
nalefor selectingtheseheterocycliccompounds(A01andA02)for thedevelopmentof
advancedmedicinesthatarehighlyeffectivein treatmentagainstcancerdisease.

In addition,differentfindingshassuggestedthatcaspase3,p53,andNF-κBareproteins
thatshowpotentialastherapeutictargetsin thedevelopmentof newanticancerdrugsagainst
breastcancer,lungcancer,leukemia,lymphoma,coloncancer,ovariancancer,prostatecan-
cer,andhematologicmalignancieslike leukemia,lymphoma,andmultiple myeloma[9, 15±
18,25,26].Thecontinuationof researchanddevelopmenteffortsin theseareasholdsagreat
dealof promisefor enhancingcancertreatmentandtheoutcomesfor cancerpatients.Few
previouslyreportedpyrazoleandpyrimidine analoguesexhibitinganticancerpotentialare
illustratedin theFig1 [27±30].

Thecurrentstudyhasexaminedthepotentialanticanceractivityof two derivatives,(com-
poundA01)and(compoundA02),usingacombinationof in vitro assays,computational
methods,andmolecularsimulations.Bothcompoundswereevaluatedfor their impacton can-
cercelllinesandDNA binding capacityutilizing HearingspermDNA. DFT calculationswere
performedto assesselectronicstructureandcompoundstability,whilemoleculardocking
studieswereemployedto investigatethebinding affinity of thecompoundswith caspase-3,
p53,andkappaprotein.Furthermore,MD simulationswasconductedto analyzethestability
of theprotein-ligandcomplexes.Theresultsof thisstudyhavethepotentialto inform the
developmentof futureanticancertherapies,with both (compoundA01)and(compoundA02)
showingpromiseaspotenttherapeuticagents.

2. Experimental

2.1. Cell viability assay

In thisstudy,theassessmentof theanticancerpotentialof two compounds,A01andA02,was
conductedagainsthumanbreastcancercelllinesfrom ATTC (MDA-MB231:HTB-26™and
MCF-7cellline:HTB-22™)andahumancervicalcancercellline (HeLa:CRM-CCL-2™).The
cellviability assaywasperformedasdescribedpreviously[32]. Thedetaileddescriptionis
givenin S1File.
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2.2. Lactate dehydrogenase cytotoxicity assay

Lactatedehydrogenasefor thecytotoxicitypotentialof A01 andA02 againstHeLa,MDA-MB-
231andMCF-7cellswasdetermineat its respectiveGI50and2xGI50values.Theselectionof
HeLa,MDA-MB-231,andMCF-7celllinesfor anticancerstudiesisbasedon their aggressive
andinvasivenature,resistanceto somechemotherapeuticagents,andtheir widespreadusein
cancerresearch.In addition,Theprimary objectiveof thisstudywasto explorepromising
leadsfor combattingspecifictypesof cancer,particularlybreastandcervicalcancers.Extensive
researchhasestablishedMCF-7andMDA-MB-231asbreastcancercelllines,while theHeLa
cellline isassociatedwith cervicalmetastasis.Thesecelllinesarevaluabletoolsfor investigat-
ing cancermetastasisandfor developingnewcancertreatments.Thepreviouslyreported
methodwasused[33] andasperprotocolmentionedin LDH AssayKit (Cytotoxicity;
ab65393).Theabsorbancewascarriedout atCLARIOstarPlusmicroplatereader(BMG Lab-
tech,Germany).Thedetaileddescriptionisgivenin S1File.

Fig 1. Already reported Pyrazole derivatives alongside compound A01 and A02 [28, 30, 31].

https://doi.org/10.1371/journal.pone.0292455.g001
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2.3. Apoptosis assessment by caspase 3 activity

Themethodusedfor treatmentwasin accordancewith literature[34] andtheCaspase-3
AssayKit protocol(Fluorometric:ab39383).Theadherentcellswerecollected,centrifuged,
andlysedon icefor 10minutesusing50μL of lysisbuffer.Thelysatewasthenincubatedwith
DEVD-AFCsubstratefor caspase-3,followedby theadditionof reactionbufferat37ÊCfor 3
hours.Theamountof fluorescentcleavageproductwasmeasuredusingtheCLARIOstarPlus
microplatereader(BMG Labtech,Germany).Theexperimentswereconductedin triplicate.
More detailedinformation canbefound in theS1File.

2.4. Spectrophotometric DNA binding analysis

UV-visiblespectrophotometry wasutilizedat room temperatureto examinetheinteractionof
(compoundA01)and(compoundA02)with DNA whenbound.Initially, bothcompounds
werepreparedin 10%DMSO.A stocksolutionwasmadebydissolving5mgof lyophilized
Herring spermDNA (SigmaAldrich, USA)in 10mL of distilledwater.To testtheDNA's
purity, wecalculatedtheratio of absorbanceat260and280nm, obtainingvaluesrangingfrom
1.6to 1.9.Variousconcentrationsof HS-DNA (40μM, 80μM, 120μM, 160μM, 200μM, and
240μM) wereemployedin theexperiment.More detailedinformation isavailablein themeth-
odologysection[35,36] in both theabsenceandpresenceof thecompounds.TheUV absorp-
tion spectrawasrecordedusingaCLARIOstarPlusmicroplatereader(BMG Labtech,
Germany)aftera30-minuteincubationin thedarkat room temperature.

2.5. Computational investigations

2.5.1 Density functional theory calculations. ThecurrentstudyhaveutilizedtheGauss-
ian 09Wprogram[37,38] to assessthestructuralstabilityandprecisionof thecompoundA01

andA02 throughtheoptimizationof their structuralgeometriesandfrequencycalculations.
Theelectrondensity,frontier molecularorbitals,andboth localandglobalreactivitydescrip-
torsfor thecompoundswerecomputedto acquireamorein-depthunderstandingof their
electrondensity[39]. Quantifyingtheelectrondensityof thecompoundsallowedfor determi-
nationof their reactivityprofiles,revealingahigh ionizationpotentialandchemicaladaptabil-
ity. Densityfunctionaltheory(DFT) wasimplementedto calculatetheelectrondensityusing
the6-31G*basissetandtheB3LYPfunctionalcorrelation,asdetailedin themethodssection
[40]. Thisbasissetisahybrid of the6-31Gand3-21Gsets,incorporatingdiffusefunctions
necessaryfor modelingelectrondensityneartheperipheryof moleculeswhilemaintaininga
balancebetweenaccuracyandcomputingefficiency[41]. To accuratelyandeffectivelycharac-
terizetheelectricalpropertiesof molecules,theselectedbasissetconsistsof primitive and
Gaussianorbitals.GaussView06[42] logfileswereanalyzedto generateanumberof analytical
metrics,whichwerethenusedto evaluatetheelectronicpropertiesof thecompounds.

2.5.2. Molecular docking studies. To analyzethenon-covalentinteractionsbetween
(A01)and(A02)andnumerousanti-cancerproteinsandnucleicacids,proteinsof interest
wereretrievedfrom theProteinDataBank(PDBIDs 3DEI,1NFI,3DCY,and127D;www.
rcsb.com).MacromoleculeswerethendehydratedusingMGL techniques,with heteroatoms
beingreplacedbypolarhydrogenatomsandGasteigerchargesintroducedto preparefor
moleculardocking[43]. Theaccuratebinding patternof aligandis relianton theprotonation
stateof theenzyme'sactivesite.In orderto ensureaprecisereflectionof theproteins,MGL
correctiontoolswereemployedto remedyanyincorrectlyabsentresidues.Properpreparation
wasthenconductedto facilitateinteractionof eachprotein.Thedockingdatabasewascon-
structed,with optimizationof theligandviadensityfunctionaltheorycalculationsbeingdone
to enabledockingpreparationsfor bothmolecules.Thecompoundsweresavedusingthe
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pdbqtformat.AutoDockVina wasutilizedto performmoleculardockingaftertheproteinand
liganddatabaseswereproperlyprepared[44,45].Followingmoleculardocking,theproposed
binding sitesof all proteinswereselectedbasedon functionalsignificanceandpreviously
reportedliterature[46]. Thecoordinatesfor caspase-3were(-46.790,15.0200,-21.901),for
NF-κBtheywere(-10.249,48.903,and6.706),andfor p53,thecoordinateswere(30.483,
32.903,and-2.903RegardingtheDNA molecule,weincludedtheentiremolecularstructure
within thedesignatedgrid boxfor thepurposeof moleculardocking.To ensurethatonly accu-
ratedockingpredictionswereprovided,thenumberof modeswasrestrictedto 100.Following
dockingevaluations,theoptimalconformationswereinvestigatedusingQM/MM.

Thevalidity checkisessentialfor establishingthereliability of themoleculardockingtech-
nique.To validatethedockingmethod,theco-crystallizedligand(areferenceinhibitor) was
redockedatnativesite.A dockingwasdeterminedto bevalid if theroot-mean-squaredevia-
tion (RMSD)betweenthenativeandregeneratedposturewaslessthan2angstroms.Thevalid-
ity checkisessentialfor establishingthereliability of themooringtechnique.To validatethe
dockingmethod,theco-crystallizedligand(areferenceinhibitor) wasredocked.TheRMSD
betweentheoriginalandregeneratedposturemustbelessthan2 angstromsin orderto vali-
datethemooringtechnique[47]. Theredockedposeof co-crystalligandisprovidedin S1 File

(S1 Fig).

2.5.3. Molecular dynamics simulations. Theprotein-ligandcomplexgeneratedby
moleculardockingwassubjectedto moleculardynamicssimulationsbasedon Desmond[48].
TheTIP3Psolventmodelwasutilizedto simulateeachcomplexfor 50ns[49]. To accomplish
neutralizationof thesystem,0.15Msodiumchloride(NaCl) ionswereadded.Thesimulation
utilizedtheOPLS3(optimalpotentialfor liquid simulation3) [50] forcefield,whichaccounted
for themobility of theatomswithin regularlyspacedboundaries.In orderto preventatomic
collisions,apreliminaryenergyreductiontechniqueconsistingof 2000stepswasput into
action.At atemperatureof 300kelvinandapressureof 1.01bar,thesystemwasbroughtto
equilibrium within of anisothermalandisobaric(NPT) ensemble[51]. A cutoffdistanceof 10
angstromswasusedfor thestudyof short-rangevanderWaalsinteractions.For thepurposes
of simulation,wemadeuseof theNose-Hooverthermostatin conjunctionwith theMartyna-
Tobias-Kleinbarostat[52]. Integratingtheequationsof motion with atime stepof 2 fsateach
step.Themanufacturingcyclelastedfor fifty nanoseconds,andthesimulatedtrajectorieswere
storedin intervalsthatwerefifty picosecondslong.Theelectrostaticinteractionswereana-
lyzedin greatdepthbymakinguseof theParticleMeshEwaldapproach[53]. Analysesof the
simulatedtrajectoriesof protein-ligandcomplexeswerecarriedout byemployingtheDes-
mondsimulationinteractiondiagramapproach.

2.5.4 ADMET prediction. ADME predictionplaysapivotalrole in therealmof drug
designresearchby facilitatingtheenhancementof both theeffectivenessandsafetyprofilesof
novelcompounds.Amongthearrayof toolsavailablefor predictingADME properties,Swiss
ADME standsout asawidelyembracedchoice[54]. In thepresentstudy,theassessmentof
ADME characteristicsfor bothcompounds,A01andA02,wasundertakenthroughtheutiliza-
tion of theSwissADME onlineplatform.Theworkflow commencedwith theformulationof
input files,encompassingthegenerationof SMILESrepresentationsfor eachcompound.Sub-
sequently,theSwissADME tool wasemployedto analyzetheinput files,therebyyieldinga
comprehensivedataset.Theensuingphaseencompassedameticulousanalysisof thegenerated
outcomes,enablingthederivationof meaningfulinsightsinto theADME propertiesinherent
to thecompoundsunderinvestigation.Thissystematicprocessculminatedin theformulation
of well-foundedconclusionsconcerningtheADME behaviorof theaforementioned
compounds.
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3. Result and discussions

3.1. Biological evaluation

3.1.1. In vitro cytotoxic activity. In thecurrentstudy,anin vitro assaywasutilizedfor
evaluationof bothcompoundsA01andA02againstthreecancercelllines(HeLa,MCF-7,and
MDA-MB-231),with acolorimetricMTT assaybeingperformed[32,55].Thereferencecom-
poundfor thiscytotoxicevaluationwascisplatin.Table1 containstheresults.TheGI50graphs
havebeenprovidedin theS1 File (S2 Fig).

3.1.2. Lactate dehydrogenase cytotoxicity assay. LDH isacytosolicenzymethatcatalyzes
thetransformationof l-lactateto pyruvate.Leakageof LDH from thecytoplasminto the
mediumindicatesachangein thepermeabilityof theplasmamembraneor theoccurrenceof
apoptosisor necrosis.To determinetheeffectof derivativeA01on LDH activity,HeLa,
MDA-MB231,andMCF-7cellsweretreatedfor 24hourswith varyingconcentrationsof
derivativeA01(Fig2).After 24hoursof treatmentwith higherconcentrationsof compound
A01,theresultsdemonstratedastatisticallysignificantinduction of LDH (P<0.05).

3.1.3. Apoptosis assessment by caspase 3 activity. Caspase-3is theprimary executorof
apoptoticcelldeath,andits presenceenhancestheeffectivenessof celldeath.In theLDH
experiment,HeLa,MDA-MB231,andMCF-7cellsweretreatedat two distinctconcentrations
with compoundA01.Fig3 demonstratesthatbothconcentrationssignificantlyincreasedcas-
pase-3activity.HeLa,MDA-MB231,andMCF-7cellinhibition wasdose-dependent.Boththe
MTT testandtheLDH assaydemonstratedaconnectionbetweenHeLaandMDAMB-231,
but only theMTT testdemonstratedasignificanteffect.

3.1.4. UV-visible spectroscopy based DNA binding studies. A01andA02weretested
for their interactionswith mammalianDNA (HS-DNA) in orderto betterunderstandtheir
molecularbehavior.Theabsorptionspectraof bothcompoundsweredeterminedataconstant
concentrationof 10μM (each)in theabsenceandpresenceof HS-DNA at40μM, 80μM,
120μM, 160μM, 200μM, and240μM. Figs4 and5 illustratethat increasesin HS-DNA con-
centrationwereaccompaniedby increasesin absorbancefor bothA01andA02,but no alter-
ationsin bandpositions.Thehyperchromicresultthereforedisclosedthenon-covalent
characterof theHS-DNA interactionwith bothcompounds.Surprisingly,A01hadthemaxi-
mum DNA interactionGibbsfreeenergyof -18.28KJ/mol.Nonetheless,thesecondchemical,
i.e.,alsodemonstratedpositiveresults,albeitwith fewerbinding interactions,lendingcredibil-
ity to thecellviability findings.

3.2. Density functional theory calculations

Utilizing optimizationandfrequencycalculationsat theB3LYP/6-31G*levelof theory,the
structuralgeometriesof compoundsA01andA02weredetermined.Thestructuralgeometries
of compoundsA01andA02weretailoredto attainthesharpestenergygradientandzero
imaginaryfrequency.Thecompounds'electronicpropertieswerealsoanalyzed.Table2 dis-
playstheoptimizationandreactivitypropertiesof thecompounds.

In thisstudy,weanalyzedthepropertiesof two compounds,A01andA02,whichwereopti-
mizedusingacomputationalapproach.Theoptimizationenergy,whichreflectsthestabilityof
themolecule,wasfound to be-1927.951181hartreefor A01 and-513.885145hartreefor A02.
Wealsoexaminedthepolarizabilityof thecompounds,which isameasureof howeasilythe
electroncloudcanbedistorted.Thepolarizabilityvalueswere352.777289and55.367297
atomicunits for A01andA02,respectively.Thedipolemoment,which indicatesthedistribu-
tion of electricchargewithin themolecule,was5.314323debyefor A01 and4.296947debye
for A02. Wefurther investigatedtheelectronicpropertiesof thecompounds,including the
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ionizationpotentialandelectronaffinity. Theionizationpotentialreflectstheenergyrequired
to removeanelectronfrom themolecule,while theelectronaffinity measurestheenergy
changewhenanelectronisaddedto themolecule.CompoundA01 hadanionizationpotential
of 0.1155eVandanelectronaffinity of 0.220eV,whilecompoundA02 hadanionization
potentialof 0.06599eVandanelectronaffinity of 0.068eV.In addition,weexaminedtheelec-
tron-donatingandacceptingpowersof thecompounds,aswellastheir electrophilicity.These
propertiesareimportant for understandingthereactivityof amoleculeandits potentialfor
interactingwith othercompounds.CompoundA01hadahigherelectron-donatingpower(ω-
) of 0.378andahigherelectron-acceptingpower(ω+) of 0.599comparedto A02,whichhad
ω- andω+ valuesof 0.231and0.298,respectively.CompoundA01alsohadahigherelectro-
philicity (Δω±) of 0.271comparedto A02,whichhadaΔω± valueof 0.100.Thepropertiesana-
lyzedin thisstudyareimportant for understandingthebehaviorandpotentialapplicationsof
thesecompoundsin variousfields,suchasdrugdiscoveryandmaterialsscience.Theoptimiza-
tion energy,polarizability,anddipolemomentareessentialfor evaluatingthestabilityand
reactivityof amolecule,while theionizationpotentialandelectronaffinity canprovide
insightsinto its electronicproperties.Theelectron-donatingandacceptingpowersandelec-
trophilicity areparticularlyrelevantfor understandingtheinteractionsbetweendifferentmol-
eculesandtheir potentialfor forming bonds.

Table 1. Cytotoxic activity of compounds A01 & A02 against human HeLa, MDA-MB- 231 and MCF-7 cancer cell lines.

Compound GI50±SEM %Growth inhibition

HeLa MDA-MB231 MCF-7 Vero cells

A01 3.64±0.19 10.4±0.94 16.3±0.96 6.31%

A02 27.8±1.76 54.3±3.11 26.8±1.36 8.2%

Doxorubicin 4.21±0.22 6.82±0.59 7.32±0.81 6.67%

Cisplatin 2.64±0.13 2.27±0.24 4.63±0.21 4.88%

Table1 showsthat thecompoundA01(a)wasthemostactiveagainstHeLawith GI50valuesof 3.64±0.19μM. Thiscompoundshowed10.4±0.94and16.3±0.96μM

againstMDA-MB231andMCF-7, respectively. Interestingly, thecompoundashowedcomparableresultswith referencedrugs.WhereascompoundA02(b), compared

to N-A01(a),exhibitedlesspotentialof growthreductionof all cellsi.e.,HeLa,MDA-MB231andMCF-7cellwith anGI50valuesof 27.8±1.76,54.3±3.11and26.8±
1.36μM, respectively.Theresultswerefurther supportedbyDNA studiesandsuggestedthesecompoundsasleadfor thesynthesisof morepotentialanticanceragents.

https://doi.org/10.1371/journal.pone.0292455.t001

Fig 2. Therepresentation of %Lactatedehydrogenase(LDH) releaseatdifferentconcentration of A01againstHeLa(A), MDA-MB-231(B) andMCF-7cellsusingLDH
AssayKit (Cytotoxicity) (ab65393).Datarepresentthemean± SD(n = 3).* p< 0.05comparesthetreatedcellwith control cell.

https://doi.org/10.1371/journal.pone.0292455.g002
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Fig 3. Detection of Caspase-3 activity was detected in HeLa, MDA-MB231 and MCF-7 cells treated at two different

concentrations, respectively, for 24 h using Caspase-3 Assay Kit (Fluorometric:ab39383). Datarepresentthe
mean± SD(n = 3).* p< 0.05comparesthetreatedcellwith control cell.

https://doi.org/10.1371/journal.pone.0292455.g003

Fig 4. A) UV-visiblespectrumresponsesof A01 in theabsenceandpresenceof variousconcentrationsof HS-DNA aswashighlightedabove.Thepointedendof the
arrowrepresentsanincreasein theamountof DNA present.(B) Ao±A/Ao vs.1/[DNA] is thegraphthat isusedto calculatethebindingconstant.

https://doi.org/10.1371/journal.pone.0292455.g004
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Theelectrostaticpotentialmapdepictsthemolecule'shigh- andlow-potentialregions.Due
to thepresenceof electronegativeoxygenatoms,redindicatesanelectron-attractingpotential,
whereasblueindicatesalow electron-donatingpotentialdueto thepresenceof hydrogen
atoms.Thesediagramsteachusaboutthepropertiesandactionsof amoleculeby illustrating
wheretheelectronsareandhowtheyreact.Fig6 illustratestheESPmapandoptimizedstruc-
turesfor compoundsA01andA02.

In thisstudy,two compounds,A01andA02,wereanalyzedto determinetheir electronic
properties.ForcompoundA01,theEHOMO andELUMO are-0.2003eVand-0.115eV,
respectively,resultingin aΔEgapof 0.084eV.Thechemicalhardness(η) iscalculatedas0.042
eV,indicatingthat thecompoundis relativelysoftandmorereactive.Thechemicalpotential
(μ) is -0.158eV,while theelectrophilicityindex(ω) is0.294eV,whichsuggeststhat thecom-
poundisagoodelectrondonor andaweakelectrophile.Thechemicalsoftness(S)is11.792
eV,indicatingthat thecompoundhasalow resistanceto deformation.Theelectronegativity
(X) is0.158,whichreflectstheability of thecompoundto attractelectronstowardsitself.

ForcompoundA02,theEHOMO andELUMO are-0.2608eVand-0.065eV,respectively,
resultingin aΔEgapof 0.194eV.Thechemicalhardness(η) iscalculatedas0.097eV,indicat-
ing that thecompoundis relativelyharderandlessreactivethanA01.Thechemicalpotential
(μ) is -0.163eV,while theelectrophilicityindex(ω) is0.137eV,whichsuggeststhat thecom-
poundisaweakelectrondonor andagoodelectrophile.Thechemicalsoftness(S)is5.133eV,
indicatingthat thecompoundhasahigherresistanceto deformationthanA01. Theelectro-
negativity(X) is0.163,whichreflectstheability of thecompoundto attractelectronstowards
itself,similar to A01. Thesepropertiescanprovidevaluableinsightinto thepotential

Fig 5. A) UV-visiblespectrumresponsesof A02 in theabsenceandpresenceof variousconcentrationsof HS-DNA aswashighlightedabove.Thepointedend
of thearrowrepresentsanincreasein theamountof DNA present.(B) Ao±A/Ao vs.1/[DNA] is thegraphthat isusedto calculatethebindingconstant.

https://doi.org/10.1371/journal.pone.0292455.g005

Table 2. Optimization energy, polarizability and dipole moment of compound A01 and A02.

Code Optimization Energy

(hartree)

Potential

Ionization I(eV)

Affinity A

(eV)

Electron donating

power (ω-)

Electron accepting

Power (ω+)

Dipole Moment

(debye)

Electro philicity

(Δω±)

Polarizability a.u

(α)

A01 -1927.951181 0.2003 0.1155 0.220 0.378 5.314323 0.599 352.777289

A02 -513.885145 0.2608 0.06599 0.068 0.231 4.296947 0.298 55.367297

https://doi.org/10.1371/journal.pone.0292455.t002
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applicationsof thesecompoundsin variousfields.Theglobalandlocalreactivitydescriptor
valuesfor compoundA01andA02,is tabulatedin Table3.

Thehydrophobicbenzenering andmethylgroupof compoundA01contributeasmall
quantityto theHOMO, whereasthesulphonamidegroupis responsiblefor themajority of the
HOMO. Dueto theclusteringof LUMOssurroundingthetoluenering, thismoleculeiselec-
trophilic. Thedichloro-substitutedthiophenering of compoundA02containsanabundance
of HOMO orbitals.ConcentratedLUMO orbitalsarepresentin thesulphonamideportion of
themolecule.Theseresultsshedlight on themolecules'chemicalreactivityandelectricalstruc-
ture.TheFMOsof compoundsA01andA02aredepictedin Fig7.

3.3. Molecular docking studies

Theobjectiveof thecurrent investigationwasto assesstheDNA intercalationpropertyof two
compounds,A01andA02againstthreeimportant cancer-relatedproteins,caspase-3,NF-κB,
andp53.Theseproteinsareessentialfor theprogressionof cancer,andinhibiting their activity
isacrucialstagein preventingtumor growth.Stress-inducedapoptosisismediatedbyCas-
pase-3,whereasNF-κBregulatesinflammation,cellsurvival,andproliferation.In contrast,
P53functionsasatumor suppressorbymodulatingthecellcycleandisknownasthe"guard-
ian of thegenome."

Caspase3 isacysteineproteasethatplaysacrucialrole in apoptosis,or programmedcell
death.Its topologycanbedescribedasahelixbundle,with sixalpha-helicesarrangedin acom-
pactfold.Theprotein iscomposedof two subunits,eachcontainingalargeandasmalldomain.

Fig 6. TheoptimizedstructureA01(right) andA02(left) alongsideelectrostaticpotentialmap(ESP).

https://doi.org/10.1371/journal.pone.0292455.g006

Table 3. Global and local reactivity descriptors of compound A01 and A02.

Compound EHOMO

(eV)

ELUMO

(eV)

ΔEgap

(eV)

Chemical Hardness

(η)

Chemical Potential

(μ)

Electrophilicity Index

(ω)

Chemical Softness

(S)

Electronegativity

(X)

A01 -0.2003 -0.115 0.084 0.042 -0.158 0.294 11.792 0.158

A02 -0.2608 -0.065 0.194 0.097 -0.163 0.137 5.133 0.163

https://doi.org/10.1371/journal.pone.0292455.t003
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Thelargedomainis responsiblefor substratebinding,whilethesmalldomainis involvedin
catalysis.Theternarystructureof caspase3 iscomposedof threedistinctdomains:theN-termi-
nalprodomain,thelargeandsmallcatalyticsubunits.Theprodomainis important for regulat-
ing theactivationof caspase3,whilethecatalyticsubunitsareresponsiblefor catalyzingthe
hydrolysisof specificpeptidebonds.Theactivesitecontainsacysteineresiduethatplaysacru-
cialrole in thecatalyticmechanismof caspase3,andis responsiblefor cleavingthepeptide
bondbetweenanasparticacidresidueandanotheraminoacidresiduein its substrate[56].

NF-κB(nuclearfactorkappa-light-chain-enhancerof activatedBcells)isatranscription
factorthatplaysacritical role in regulatingtheimmuneresponse,inflammation,andcellsur-
vival.Thetopologyof NF-κBcanbedescribedasadimericproteincomposedof two subunits,
p50andp65,thatareheldtogetherbyadimerizationdomain.Thedimerizationdomainis
locatedat theN-terminusof eachsubunitandcontainsaleucinezippermotif, whichallows
for theformationof astabledimer.Thep50subunitiscomposedof anN-terminal Relhomol-
ogyregion(RHR)andaC-terminalDNA-binding domain.TheRHRis responsiblefor dimer-
izationwith thep65subunit,while theDNA-binding domainis responsiblefor binding to
specificDNA sequencesin thepromoterregionsof targetgenes.Thep65subunitiscomposed
of anN-terminal RHR,aC-terminaltransactivationdomain,andacentralproline-rich region.

Fig 7. HOMO/LUM O orbitalsof A01(up) andA02(down).

https://doi.org/10.1371/journal.pone.0292455.g007
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TheRHRis responsiblefor dimerizationwith thep50subunit,while thetransactivation
domainis responsiblefor recruitingcoactivatorsandothertranscriptionalmachineryneces-
saryfor geneexpression.In theinactiveform of NF-κB,thesubunitsareheldtogetherbya
familyof inhibitors knownasIκBs(inhibitor of kappaB).Upon activation,IκBsarephosphor-
ylatedanddegraded,allowingtheNF-κBsubunitsto translocateto thenucleusandbind to
specificDNA sequences,activatingthetranscriptionof targetgenes[56].

Thep53protein isatetramericproteinwith four subunits,including theDNA-binding
domain,coredomain,andloop-sheet-helixmotif. Thetetramerizationdomainis responsible
for stabilizingthetetramericstructure.P53playsacrucialrole in DNA binding,transcrip-
tional regulation,cellcycleregulation,andDNA repair.Post-translationalmodifications,such
asphosphorylation,acetylation,andubiquitination,canalterits stability,DNA-binding affin-
ity, andtranscriptionalactivity.Mutationsin thep53geneareassociatedwith variouscancer
types,potentiallyresultingin lossof tumor suppressorfunction or oncogenicproperties[57].

Understandingthetopologyandternarystructuresof thesecancerproteinsis thereforecru-
cial for developmentanticanceragent.Theresultsof moleculardockingindicatedthatcom-
poundA01interactedsignificantlywith all threeproteinsandintercalatedDNA strongly.NF
kappawassignificantlyinvolvedin bothhydrogenbondingandhydrophobicinteractions,
with atop dockingscoreof -8.6kcal/mol,indicatingthatA01hasthepotentialto inhibit this
protein.Thesefindingsarein accordancewith in-vitro cytotoxicityassays.In contrast,com-
poundA02inhibited theP53proteinsignificantlywith adockingscoreof -5.7kcal/mol.The
binding affinitiesof thesecompoundssurpassedthoseof thestandarddrugcisplatin.Addi-
tionally,their binding scoreswereon parwith thoseof thestandarddrugdoxorubicin.
Remarkably,bothcompoundsdemonstratedsuperioraffinity againsttheKappaproteincom-
paredto doxorubicin.Foramorecomprehensiveunderstandingof themolecularinteractions
of thestandarddrugs,pleasereferto theS1 File (S1 Table). Theseresultsshedlight on the
anti-cancerpotentialof compoundsA01andA02andtheir underlyingmechanism.Thedock-
ing scoresandaminoacidresiduesimplicatedin thebinding interactionsof compoundsA01
andA02areshownin Table4.

3.3.1 Interpretation of molecular interactions. Themoleculardockinganalysisof the
interactionbetweenCaspase-3andA01revealedasignificantdockingscoreof -8.0kcal/mol.
Thehydrogenbondingresiduesinvolvedin theinteractionwereGlu124,Tyr197,andArg164
with respectivehydrogenbondlengthsof 3.08Å, 3.25Å, and3.14Å (Table4).Thehydropho-
bic interactionsresidueswerePro201,Glu124,Lys137,Gly125,Tyr197,Tyr195,Val266,
Pro201,andGly125.Thebondlengthof eachhydrophobicinteractionisprovidedin Table4.
TheseresultssuggestthatcompoundA01canpotentiallyinhibit theactivityof Caspase-3,a
keyenzymeinvolvedin theinitiation of programmedcelldeath,by forming stablehydrogen
bondswith theprotein'skeyresiduesandforming hydrophobicinteractionswith otherimpor-
tant residues.Therefore,compoundA01canbeconsideredasapotentialanti-canceragent
thatmayaid in thesuppressionof tumor growthby targetingCaspase-3.Fig8 is illustrating
theputative2D and3D binding interactionsof A01with caspase-3.

Theanalysisof theinteractionbetweenCaspase-3proteinandcompoundA02revealed
comparablebondingandnon bondinginteractions.Themoleculardockingscoreobtained
was-5.3kcal/mol,indicatingamoderatebinding affinity betweentheproteinandthecom-
pound.Thehydrogenbondingresiduesinvolvedin theinteractionwerePhe252,Ser251,
Asn208,andArg207,with thecorrespondinghydrogenbondlengthsof 3.14,2.57,3.19,and
3.05angstroms,respectively.Theseresiduesareimportant in theactivesiteof Caspase-3,
whichis theregionresponsiblefor its enzymaticactivity.Thecompoundalsohadhydrophobic
interactionswith Ser249,Phe250,Trp214,andAsp253residues,whichareknownto beimpor-
tant for thestabilityandspecificityof protein-ligandinteractions.Overall,thesefindings
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suggestthatcompoundA02hasthepotentialto inhibit theactivityof Caspase-3,whichisa
promisingtargetfor anti-cancerdrugdevelopment.Fig9 is illustratingtheputativebinding
modeof compoundA02with caspase-3.

Theresultsfrom moleculardockinganalysisof compoundA01andNF-κBshowedastrong
binding affinity with ahighdockingscoreof -8.6kcal/mol.Thekeyresiduesinvolvedin the
formationof hydrogenbondswereGlu49,Glu222,andArg260,with hydrogenbondlengths
rangingfrom 2.86to 2.99angstroms.Furthermore,hydrophobicinteractionsalsoplayeda
vital role in thebinding of compoundA01(A01)with NF-κB,with thekeyresiduesbeing
Thr52,Arg50,Trp258,Gly259,Phe239,Ile224,andSer51.Theseinvestigationsprovideinsight

Table 4. The binding interactions observed during molecular docking investigations.

Complex Binding energy

(kcal/mol)

Hydrogen bonding Hydrogen bond

length (Å)

Hydrogen bond

angle (˚)

Hydrophobic interactions residues Hydrophobic interactions

Bond length (Å)

Caspase-3- A01 -8.0 Glu124,Tyr197,
Arg164

3.08,3.25,3.14 137.08,147.09,
133.54

Pro201, Glu124,Lys137,Gly125,
Tyr197, Tyr195,Val266,Pro201,
Gly125

3.90,3.95,3.55,3.39,3.90,
3.85,3.65,3.23,3.99

Caspase-3- A02 -5.3 Phe252,Ser251,
Asn208,Arg207,

3.14,2.57,3.19,
3.05

126.59,119.30,
100.16,136.70

Ser249,Phe250,Trp214,Asp253 2.93,3.76,3.45,4.00

NF-κB- A01 -8.6 Glu49,Glu222,
Arg260

2.90,2.99,2.86 154.43,165.75,
117.68

Thr52,Arg50,Trp258,Gly259,
Phe239,Ile224,Ser51

4.00,4.22,3.90,3.20,3.21,
3.89,4.01

NF-κB- A02 -5.0 Asp141 3.14 164.90 Arg140,Gln111,Pro352,Ile354,
Tyr181, Phe142,Tyr351

3.45,3.22,2.98,2.90,3.95,
4.00,4.01

P53- A01 -7.8 Gln23,Gln23,Ile21 3.03,2.82,2.81 151.60,120.55,
109.49

Asn17,Ile22,Tyr92,Leu100,Glu89,
Asn232, Lys20,Glu13

3.82,3.65,3.25,3.81,3.99,
3.87,3.21,3.54

P53- A02 -5.7 Asn17,Glu89,
Arg10

3.04,2.83,3.19 110.43,148.09,
136.03

Gln23,Ile21,Tyr92 3.35,2.34,4.08

DNA-

compound A01

-8.3 Dt7, Dt8, Dt8 3.03,3.01,2.71 109.21,134.23,
149.22

Dt20,Dt19,Da18,Dg10,Da17,Dc9 2.54,2.90,2.87,3.00,3.45,
3.89

DNA-

compound A02

-5.0 Dt8, Dt19 3.17,3.07 156.22,124.32 Dc9,Da18,Da17 2.11,2.09,2.45

https://doi.org/10.1371/journal.pone.0292455.t004

Fig 8. Predicted 2D and 3D binding interactions of compound A01 with caspase 3.

https://doi.org/10.1371/journal.pone.0292455.g008
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into thesubstantialpotentialof compoundA01asananti-canceragentby inhibiting theNF-
κBprotein.Fig10depictstheputativebinding modeof compoundA01(A01)with NF-κB.

Themoleculardockingdatafor thecomplexof NF-κBandcompoundA02showsaninsig-
nificant dockingscoreof -5.0kcal/mol.Theonly hydrogenbondingresidueinvolvedin the
interactionisAsp141,havingahydrogenbondlengthof 3.14angstroms.Thehydrophobic
interactionsinvolvedresiduesArg140,Gln111,Pro352,Ile354,Tyr181,Phe142,andTyr351.

Fig 9. Putative 2D and 3D binding mode of compound A02 against Caspase-3.

https://doi.org/10.1371/journal.pone.0292455.g009

Fig 10. Putative 2D and 3D interaction of A01 (A01) with NF-κB.

https://doi.org/10.1371/journal.pone.0292455.g010
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Overall,theinteractionbetweencompoundA02andNF-κBis lessfavorablethanthatof com-
poundA01,with alowerdockingscoreandfewerhydrogenbondingandhydrophobicinter-
actions.Fig11ispresenting2D and3D interactionof A02againstNF-κB.

With adockingscoreof -7.8kcal/mol,thedockinganalysisof P53with A01revealedahigh
binding affinity. TheinteractionbetweenGln23,Gln23,andIle21residueswasmediatedby
hydrogenbondswith lengthsrangingfrom 2.81to 3.03angstroms.In addition,hydrophobic
interactionsweredetectedbetweentheresiduesAsn17,Ile22,Tyr92,Leu100,Glu89,Asn232,
Lys20,andGlu13.ThesefindingssuggestthatA01couldfunction asatumor suppressantby
inhibiting theP53protein'sactivity.Fig12depictstheorientationof compoundA01binding
to P53.

Themoleculardockingdataof P53with compoundA02revealedcomparabledocking
scoreof -5.7kcal/mol.Theanalysisof thedockingresultsshowsthatcompoundA02forms
hydrogenbondswith Asn17,Glu89,andArg10residueswith bondlengthsof 3.04,2.83,and
3.19angstroms,respectively.In addition,it interactswith hydrophobicresiduessuchasGln23,
Ile21,andTyr92.TheseinteractionssuggestthatcompoundA02caneffectivelybind to the
activesiteof P53proteinandinhibit its activity.Therefore,it canbeconsideredapotential
candidatefor thedevelopmentof anti-cancerdrugstargetingP53protein.Fig13is illustrating
thebinding orientationof compoundA02againstP53.

3.3.2 Intercalation of DNA molecule. In theanalysisof theinteractionof compoundA01
with DNA, themoleculardockingdatashowsthatcompoundA01stronglyintercalatedwith
theDNA molecule,with adockingscoreof -8.3kcal/mol.Thehydrogenbondingresidues
involvedin this interactionwereDt7,Dt8,andDt8,with hydrogenbondlengthsof 3.03,3.01,
and2.71angstroms,respectively.In addition,thecompoundalsoshowedsignificanthydro-
phobicinteractionswith theDNA moleculethroughresiduesDt20,Dt19,Da18,Dg10,Da17,
andDc9.ThesefindingssuggestthatcompoundA01hasastrongpotentialfor anti-cancer
activityby interactingwith DNA andinhibiting its replicationandcelldivision.Furthermore,
theobservationthatcompoundA01isentirelyembeddedwithin theDNA helixsuggestsa
robustintercalationof DNA by thecompound.Suchinteractionscouldhold significantimpli-
cationsfor thepotentialuseof compoundA01in treatingDNA-relateddiseases,suchascan-
cer.However,further researchis requiredto gainacomprehensiveunderstandingof the
mechanismbywhichcompoundA01interactswith DNA. Fig14depictstheintercalationof
DNA groovesbyA01(A01).

Theintercalationof DNA bycompoundA02wasevaluatedandtheresultsshowedadock-
ing scoreof -5.0kcal/mol.Thecompoundintercalatedbetweenthebasepairsof theDNA mol-
ecule,specificallybetweennucleotidesDt8 andDt19,forming hydrogenbondswith themata
bondlengthof 3.17and3.07angstromsrespectively.Additionally, thecompoundshowed
hydrophobicinteractionswith nucleotidesDc9,Da18,andDa17.Intercalationof compounds
betweenthebasepairsof DNA isknown to beacrucialmechanismof anti-canceragents,asit
caninterferewith DNA replicationandleadto celldeath.Thesefindingssuggestthatcom-
poundA02hasthepotentialto actasananti-canceragentby inhibiting DNA replicationand
inducingcelldeath.Furtherstudiesareneededto confirm theefficacyof thiscompoundasa
potentialanti-canceragent.Fig15is illustratingtheintercalationof DNA grovebyA02.

3.4. Molecular dynamics simulation

Thisstudyusedmoleculardynamicssimulationsto examinehowwellcompoundsA01and
A02(A02)maintainedtheir optimalconformationswhenboundto their respectivetargetpro-
teins.CompoundA01(A01)wasdiscoveredto havethehighestbinding affinity for NF-κB,
whilecompoundA02(A02)wasdiscoveredto significantlyinhibit P53.In addition,the
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compoundA01andA02in complexwith caspase3 wasalsosubjectedto MD simulationand
detaileddiscussionhasbeenincorporatedin theS1 File (S3 Fig). Theprimary objectiveof
thesesimulationswasto determinehowthemolecularinteractionsbetweentheligandand
proteinaffectedthestabilityof theprotein-ligandcomplex.Protein-ligandcomplexeswere
modeledin Desmondandthensubjectedto mechanicalandthermalstressesto ascertaintheir
stability.After accumulatingandorganizingthedata,scientistsanalyzedit to drawconclusions
abouttheprotein-ligandinteractionandidentify thekeyresiduesinvolvedin complex
formation.

Fig 11. Illustration of 2D and 3D interaction of A02 against NF-κB.

https://doi.org/10.1371/journal.pone.0292455.g011

Fig 12. The putative binding mode of compound A01 against P53.

https://doi.org/10.1371/journal.pone.0292455.g012
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Thisresearchseeksto analyzeRMSDpatternsduring moleculardynamicssimulationsin
orderto gainabetterunderstandingof thestabilityof both theapoproteinandtheprotein-
ligandcomplex.TheapoproteinNF-κBexhibitedonly minor rearrangementsafter10nsof
simulation,demonstratingits remarkablestability.Throughoutthevoyage,theRMSDfor the
protein-ligandcombination(NF-κB-A01complex)wasdiscoveredto beaconstant3.1ang-
stroms.Hydrogenbondsandhydrophobicinteractionswerefound to betheprimary contrib-
utorsto thestabilityof thecomplex.Hydrophobicinteractionsreducedtheexposureof

Fig 13. The putative binding mode of compound A02 against P53.

https://doi.org/10.1371/journal.pone.0292455.g013

Fig 14. Intercalation of DNA groove by compound A01.

https://doi.org/10.1371/journal.pone.0292455.g014
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hydrophobicresiduesin both theproteinandtheligand,whereashydrogenbondingresidues
wereessentialfor complexstability.Fig16depictstheevolutionof therelativemeansquared
deviation(RMSD)of both theproteinandtheprotein-ligandcomplex(NF-κB-A01complex).

RootMeanSquareFluctuation(RMSF)analysis,whichmeasuresthedeviationof each
aminoacidresiduefrom its meanlocation,wasutilizedto evaluatetheprotein-ligand

Fig 15. Intercalation of DNA groove by compound A02.

https://doi.org/10.1371/journal.pone.0292455.g015

Fig 16. Representation of RMSD pattern for apo protein NF-κB (red colored trajectory) and liganded protein

(NF-κB -A01 complex, represented by green colored trajectory).

https://doi.org/10.1371/journal.pone.0292455.g016
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complex'sstability.Theresultsdemonstratedthat theprotein-ligandcomplexdid not dissoci-
ateduring thesimulation.TheRMSFstudyconfirmedthebuilding'sstructuralintegrity and
its capacityto maintainits integrity.Theinvestigationshedlight on theprotein-ligandinterac-
tion'sstability,anessentialpropertyfor thecomplex'sapplicationin biologicalsystems.With
anaverageRMSFvalueof 2.5angstromsfor NF-κB,thestudyalsoidentifiedkeyaminoacid
residuesthat remainedstableandconnectedto theligand.Theseresultsprovideinsighton the
significanceof astableprotein-ligandcomplexfor properfunction,whichhasimplicationsfor
thedevelopmentof novelmedicationsandtreatmentsthat targetproteins.Fig17showsthe
RMSFvaluesfor theintendedcomplex.

TheRMSD(RootMeanSquareDeviation)analysiswasperformedon both theapoprotein
andp53-A02complexto understandthestabilityof thesimulatedtrajectories.Theapoprotein
(P53)demonstratedRMSDvaluesrangingfrom 1.6to 1.8angstroms.Theapoprotein
achievedstabilityat thestartof thesimulation,andtrajectoryachievedstabilityandequili-
brated.However,theprotein-ligandcomplexshowedslightrearrangementsduring thesimu-
latedtrajectory.Initially, up to 10ns,theRMSDof thecomplexwas3 angstroms,whichthen
increasedup to 5angstromsbeforeeventuallydroppingandachievingequilibrium.Thefluctu-
ationsin RMSDvaluessuggestthat theprotein-ligandcomplexunderwentsomeconforma-
tional changesduring thesimulation.However,theoverallstabilityof thecomplexwas
maintained,andthefluctuationswerewithin anacceptablerange.TheFig18is illustratingthe
evolutionof RMSDpatternfor P53andP53-A02complex.

UsingRMSF(RootMeanSquareFluctuation),weanalyzedthecomplex's(A02)stability.
Themajority of thesimulatedtrajectorywasstable,with theexceptionof residues180±200,
whichdisplayedthelargestpeakin RMSFwith avalueof up to 2angstroms.Despitethispeak,
however,theaminoacidresidues(10±30)in thebinding sitethat interactwith theligandA02
remainedrelativelystablethroughoutthesimulation,indicatingthat theP53-A02complexis
generallystable.TheP53-A02complexisbothchemicallyreactiveandstable,asdemonstrated
by theDFT calculationsandMD simulations.Fig19showstheRMSFvaluesfor theintended
complex.

TheRMSDpatternfor theindividual simulatedligandshasbeencomprehensivelyassessed.
TheRMSDtrajectoriesof theligandshaveunveiledsignificantconformationalchanges,offer-
ing insightsinto theaccommodationwithin theligandpocket.Remarkably,theRMSDvalues
remainedconsistentlybelow2angstromsfor both ligands,namelyA01andA02,underscoring
their continuousassociationwith theactivepocketof thetargetedproteins.Furthermore,the
ligand-boundcomplexesdisplayedconvergenceandstability,exhibitingminimal conforma-
tional alterations.Specifically,theaverageRMSDfor ligandA01wasmeasuredat1.5ang-
stroms,while ligandA02exhibitedevengreaterstabilitywith anaverageRMSDof 0.8
angstroms.To visuallyrepresenttheevolutionarytrendsin RMSDfor theindividual ligands,
referto Fig20.Thisgraphicalillustrationoffersaclearerdepictionof howtheligands'RMSD
valuesevolvedoverthesimulationperiod.

Superimposingtheinitial andfinal frameswouldyieldvaluableinsightsinto theorientation
andconformationalchangesoccurringin both theproteinandboundligands.Thisanalysis
wouldalsoshedlight on theconservedandmodifiedligand-aminoacidinteractions,along
with theclose-rangecontactsthatareestablishedor alteredduring theprocess.Thetrajectories
of theNF-κB-A01complexandP53-A02complexweresynchronizedatmultiple intervalsfor
alignment.Specifically,theinitial conformationin thefirst framewasalignedwith thecon-
cludingframeof eachsimulatedtrajectory.Theresultingsuperimposedconfigurationsvisually
depictedtheprogressiveRMSDpatternsshowcasedin Figs13and15.It's worth highlighting
that throughoutthisalignment,both ligandsconsistentlymaintainedtheir connectionswith
theactivesitesof therespectivetargetproteins.Minor adjustmentswithin thebinding sites
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wereobserved,further emphasizingthedynamicnatureof theinteractions.Thisalignment
processisvisuallypresentedin Fig21,wherethesuperimposedposesof thesimulatedcom-
plexesareillustrated.

3.4.1 MMGBSA analysis. TheMMGBSAfreeenergycalculationisavaluabletool for esti-
matingthebinding affinitiesof protein-ligandcomplexes.In thisstudy,weemployedthe
Thermal_mmgbsascriptof Schrodingerto subjectthesimulatedcomplexesto MMGBSA

Fig 17. The amino acid residues wise fluctuation (RMSF) for c alpha atoms of NF-κB (apo protein) and liganded

protein (NF-κB -A01 complex).

https://doi.org/10.1371/journal.pone.0292455.g017

Fig 18. The RMSD pattern for the apo protein, P53 (represented by the blue trajectory), and the liganded protein,

P53-A02 complex (represented by the brown trajectory), is depicted in the illustration.

https://doi.org/10.1371/journal.pone.0292455.g018
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assay.TheresultingMMGBSAfreeenergycalculationsfor thesimulatedcomplexesarepre-
sentedin Table5.Thesefindingsdemonstratethepotentialof MMGBSAfreeenergycalcula-
tionsasapromisingapproachfor predictingbinding affinitiesof protein-ligandcomplexes.

3.5. ADMET properties

Thephysicochemicalpropertiesof CompoundA01andCompoundA02wereanalyzedbased
on variousparameters,including their molecularweight,numberof heavyatoms,fraction

Fig 19. The amino acid residues wise fluctuation (RMSF) of Apo protein (P53) and liganded protein (P53-A02 complex).

https://doi.org/10.1371/journal.pone.0292455.g019

Fig 20. The evolution of RMSD trajectories for sole ligand molecules. TheBluecoloredtrajectoryis for compoundA01
whereasorangecoloredtrajectoryisdepictingtheRMSDfor compoundA02.

https://doi.org/10.1371/journal.pone.0292455.g020
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Csp3,numberof rotatablebonds,andnumberof H-bond donorsandacceptors.Additionally,
theanalysisincludedthemolarrefractivity,TPSA,andseveraldifferentmeasuresof hydropho-
bicity,suchasiLOGP,XLOGP3,WLOGP,MLOGP,SILICOS-IT,andconsensusLogPo/w.
Thecompoundswerealsoevaluatedfor their GI absorption,BBBpermeability,P-gpsubstrate
activity,andCYP1A2inhibition. CompoundA01hasasignificantlylargermolecularweight
(543.52g/mol)comparedto CompoundA02(130.08g/mol).This is reflectedin thenumberof
heavyatoms,with CompoundA01having39heavyatomsascomparedto 9 for Compound
A02.CompoundA01alsohasahigherfractionCsp3,indicatingahigherproportion of sp3-hy-
bridizedcarbonatoms.In contrast,CompoundA02hasno sp3-hybridizedcarbonatoms,indi-
catingafully aromaticstructure.CompoundA01hasfiverotatablebonds,whileCompound
A02hasnone.Additionally,CompoundA01hasahighernumberof H-bond acceptorsand
donors,indicatingagreaterpotentialfor hydrogenbondinginteractions.Themolarrefractivity
of CompoundA01ismuchlargerthanthatof CompoundA02,indicatingagreaterpolarizabil-
ity of themolecule.In termsof hydrophobicity,CompoundA01hasahigheriLOGP,XLOGP3,

Fig 21. Superimposed structures of the NF-κB-A01 complex and the P53-A02 complex were observed during MD

simulation. (A) Overlayframesof theNF-κB-A01complex,wheretheblue-coloredligandindicatestheconformation
observedduring thefirst frame,whilethepink-coloredligandindicatestheconformationat thefinal frameof theMD
simulation.(B) Superimposed conformationsof theP53-A02complexobservedduring theinitial andfinal frames.Thegreen-
coloredligandindicatestheconformation of A02in thefirst frame,whereastheblue-coloredligandindicatesthe
conformation during thefinal frame.

https://doi.org/10.1371/journal.pone.0292455.g021

Table 5. MM-GBSA binding energies of NF-κB-A01 complex and P53-A02 complex.

Compounds ΔGbind (kJ/mol) ΔE coulomb (kJ/mol) ΔE covalent (kJ/mol) ΔE H-bond (kJ/mol) ΔE vdW (kJ/mol) Lipophilic energy (kJ/

mol)

Sol_GB (kJ/mol)

NF-κB-A01
complex

-253.34 -48.36 8.34 -23.56 -120.43 -59.74 -30.89

P53-A02 complex -154.38 -40.12 9.98 -11.66 -109.25 -45.56 -26.31

https://doi.org/10.1371/journal.pone.0292455.t005
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andSILICOS-ITvalues,indicatingagreaterhydrophobiccharacter.However,theWLOGPand
MLOGPvaluesfor CompoundA01arenegative,indicatingthat thecompoundismorehydro-
philic. TheconsensusLogPo/wvaluefor CompoundA01isalsopositive,indicatingahigher
overallhydrophobiccharacter.In contrast,CompoundA02hasnegativevaluesfor all measures
of hydrophobicity,indicatingahydrophiliccharacter.CompoundA01ispredictedto havelow
GI absorption,whileCompoundA02ispredictedto havehighGI absorption.Neithercom-
poundispredictedto beaBBBpermeant.CompoundA01ispredictedto beasubstratefor P-
gp,whileCompoundA02isnot.Neithercompoundispredictedto beaCYP1A2inhibitor.
Overall,thephysicochemicalpropertiesof CompoundA01andCompoundA02differ signifi-
cantly,with CompoundA01havingalargersize,higherhydrophobicity,andlowerGI absorp-
tion andbeingaP-gpsubstrate,whileCompoundA02issmaller,morehydrophilic,andhas
higherGI absorptionandno P-gpsubstrateactivity.Thesepropertiescanbeusedto guidedrug
designandoptimizationeffortsfor thesecompounds(Table6).

4. Conclusion
Thepresentstudyis focusedon theexplorationof anticancerpotentialof two compoundsi.e.,
(7S,9S)-7-[(2R,4S,5S,6S)-4-amino-5-hydroxy-6-methyloxan-2-yl]oxy-6,9,11-trihydroxy-9-
(2-hydroxyacetyl)-4-methoxy-8,10-dihydro-7H-tetracene-5,12-dione(A01)and5-fluoro-1H-
pyrimidine-2,4-dione(A02).Theanticancereffectwasobservedagainstthreecancercelllines
andresultswerefoundverypromising.Briefly,during DFT studyfor bothcompounds,the
HOMO andLUMO orbitalswerefound to belocallyconfinedto specificregionsof themole-
cules,indicatingintensechemicalreactivity.Thebinding freeenergyof compoundA01 issub-
stantiallyinfluencedbybothelectrostaticandnon-electrostaticinteractions,makingit a
promisinganticancerdrug.Theeffectwasobservedon differentcancerproteinshighly
expressedin bothbreastandcervicalcancer.Accordingto moleculardockinganalyses,A01

Table 6. Comprehensive physicochemical properties of compound A01 and A02.

Physicochemical properties Compound A01 Compound A02

Formula C27H29NO11 C4H3FN2O2

Molecularweight 543.52g/mol 130.08g/mol

Numberof heavyatoms 39 9

Numberaromatic heavyatoms 12 6

FractionCsp3 0.44 0.00

Numberrotatablebonds 5 0

NumberH-bond acceptors 12 3

NumberH-bond donors 6 2

Molar Refractivity 132.66 27.64

TPSA 206.07Å2 65.72Å2

LogPo/w (iLOGP) 2.58 0.44

LogPo/w (XLOGP3) 1.27 -0.89

LogPo/w (WLOGP) -0.32 -0.38

LogPo/w (MLOGP) -2.10 -0.73

LogPo/w (SILICOS-IT) 1.17 1.78

ConsensusLogPo/w 0.52 0.05

GI absorption Low High

BBBpermeant No No

P-gpsubstrate Yes No

CYP1A2inhibitor No No

https://doi.org/10.1371/journal.pone.0292455.t006
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hasahighaffinity for binding to NF-κB,whereasA02 hasahigheraffinity for binding to p53.
TheMD simulationsprovidedadditionalevidencethatbothcompoundsaresecurelybound
to their binding sites.Thesefindingsshedlight on thetherapeuticpotentialof thesecom-
poundsasinhibitors of NF-κBandP53.Bycombiningcomputationalandexperimentalmeth-
odologies,noveltreatmentsfor awidespectrumof diseases,suchascancerandits associated
malignancies,canbedeveloped.
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