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【Abstract】 Tripeptideisabasicbuildingblockofproteinsandhasimportantphysiologicalfunctions.Analyzingthe
structureisofhighsignificanceforthestudyoflargerpeptide/proteinsystems.Anabinitiomethodfortripeptide
structurepredictionbasedonthecombinationruleofdihedralanglescombinedwithbondrotationsisdeveloped.The
methodisusedtoconductthoroughsearchesonthepotentialenergysurfacesof8representativetripeptides.The
resultsarecomparedwithafewpreviousmethodsandthatdeducedfromtheProteinDataBank(PDB).The
comparisonshowsthatthenewmethodprovidesthemostcompleteconformationalensemblesofthetripeptides.It
isalsodemonstratedthattheresultsfromthePDBareunreliableandmissalargeportionofconformationsinthe
lowandmiddleenergyregions.ThenewlyobtainedtripeptideconformationsarefurtherusedinIRspectrastudy
andprovideamuchimprovedagreementwiththeexperimentaldata.
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【摘要】 三肽是蛋白质的基本组成模块,具有重要生理功能.解析其结构对于更大的肽及蛋白质研究具有重要意

义.基于二面角组合规则,结合键旋转手段,提出一种获取三肽构象系综的从头算量子化学方法.使用该方法对八

个目标三肽的势能面进行彻底搜索,将所得结果与以前的预测方法及蛋白质数据库(PDB)提取的结构进行比较.
结果表明,新方法搜索到了最完整的三肽构象系综.此外证明了PDB结构存在缺陷,遗漏了大部分中低能区的重

要构象.将新获取的三肽结构用于红外光谱研究,理论结果与实验数据符合得更精准.
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1 Introduction

Peptidesareimportantbiomoleculesinvolved
invariousfieldsofhumanhormones,nerves,cell
growthandreproduction.Itcantransmitinforma-
tionbetweenvarioussystemsandcells,participate
in the regulation of various physiological
functions,andassistinproteinlocalizationand
functionalcharacterization,suchassignalpep-
tide[1],vasoactiveintestinalpeptide[2],binding
peptide[3],calcitoninPeptide[4],andsoon.Asim-

portanthumanphysiologicalregulators,peptide
drugs such as antibacterial peptides[5] and
antibioticpeptides[6]withantiviralandanticancer
activitiesarewidelyusedinthefieldofdiseasedi-
agnosisandtreatment.Comparedwithsmallmol-
ecule drug candidates, peptides have the
advantagesoflowtoxicityandstrongbindingspe-
cificity[3],andareimportantsourcesofdrugs.

Theactivityandfunctionofpeptidearearede-
terminedbyitsthree-dimensionalstructure.Ana-
lyzingthepeptidestructureisthebasisforfurther
researchandapplicationofpeptides.Experimental
methodssuchasX-raydiffractionarenotsuitable
foroligopeptidesystems,notonlybecauseofthe
highcostbutalsoduetothedifficultyofsample

preparation.Ithasbecomeaninevitablechoiceto
resorttomoreconvenientandfastercomputational
methods for peptide structure determination.
However,thereis no theoretical method to

perfectlysolvetheproblem ofpeptidestructure
prediction.Forinstance,thesystematicsearch
method is reliable, but the amount of
computationsincreasesexponentiallywiththein-
creasedsizeofpeptide.Stochasticmethodssuchas
MonteCarlocanbeusedforlargesystems,butthe
qualityofthesearchresultsisquitelimited.Mo-
leculardynamicssimulationisquitedependenton
theselection and accuracy oftheforcefield
potentialfunction[7],andthesimulationtimewill
skyrocketwiththeincreaseofthesystem[8].Ma-
chinelearning(ML)methodssuchasAlphaFold2

arequitepowerful,butthepredictionisoften
basedontheco-evolutioninformationinstructural
databases such as the PDB[9]. When the
homologousstructuresinthedatabasearelacking,

theaccuracyoftheMLresultscannotbeguaran-
teed[10].Thatisthecaseformostofthehighly
recognizedandwidelyusedpeptidestructurere-
searchmethods[11-14].Moreover,therearedefects
inthestructuresofPDB[15],suchasthelossof
sidechaininformationandthedifferenceinresolu-
tion,which willlead tothe deterioration of
relevanttheoreticalmodelparameters[16].

Noticethatpeptidegenerallyappearsasa
multi-conformationensemble.Theconformational
ensemblehasdirectsignificanceinmoleculardoc-
kingandexperimentalprediction.Forexample,

theactivepeptideconformationisusuallynotthe
lowestenergyconformation.Aconformationalen-
sembleisrequiredinthesetdockingmethod[17]to
solvetheproblemofmoleculardockingflexibility.
Furthermore,theensemblecombinedwiththeBo-
ltzmanndistributioncanassistintheanalysisand
predictionofexperimentalresultssuchasNMR
spectra[18].

Ithasbeenshownthatusing3-9residuesas
smallfragmentsforassembly[19,20]hasthebest
structuralcorrelationwiththeproteinstructure.
Theactivesitesofinterestindiseasetreatmentare
usuallythreeorfourresidues[21],whichplayim-

portantfunctionsinphysiologicalactivitiessuchas
recognizing binding targets and activating
receptors.Itcanthenbeseenthat,asthebasic
fragmentforthetransitionfromaminoacidtopro-
tein,thetripeptideiscurrentlythemostdiverse
oligopeptide with important research and
application value. Consequently, this study
focusesonthestructuresoftripeptide.

Considering the importance of tripeptide
structures,anewmethodtothoroughlysearchthe
conformational ensemble of tripeptides is
developedhere.Thepotentialenergysurfacesof
the eighttripeptides were thoroughly searched
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throughhighprecisioncalculationandtheobtained
conformationswerecomparedwiththatofprevious
methods and PDB. The theoretical and
experimentalinfraredspectraoftheotherfive
tripeptideswerefurthercomparedtoverifythere-
liability of the new method. Moreover,the
HOMO-LUMOenergygapsforthetripeptidecon-
formations are calculated and added to the
molecularorbitaldatabasestofacilitatecatalyst
search,molecularassemblydocking,peptidedrug
designandrelatedmachinelearningtraining.

2 Method

2.1 Constructionofthetripeptideconformations
Theacquisitionofthetripeptidestructuresis

completedbysplicingaminoacidanddipeptidelow
energyconformations.Similarly,the dipeptide
structureensembleisobtainedbysplicingtwoami-
noacidstructureensembles[22].Thesplicingcuts
theincreaseofthecomputationalcostfromexpo-
nential to linear and greatly improves the
calculationefficiency[23].

Toobtainthehighprecisionconformational
ensembleofaminoacids,theinitialstructurewas
generatedbythelaw ofdihedralcombination.
Thenthesingle-pointenergywascalculatedatthe
B97-D3/6-31G*[24-27]levelafterDFTB[28,29]opti-
mization.Thestructureofthefirst10kcal/mol
wasextractedformainChaindihedralrotationand
finallyoptimizedatB97-D3/6-31G*level.Repeat
theaforementionedrotationandinterceptionopti-
mizationstepsonebyoneforthemainchaindihe-
dralanglestoobtainthefinalconformation.The
lawofdihedralcombination[30]isextractedand
summarizedthroughalargenumberofcalculations
andtestswhichcaneliminateunnecessarycombi-
nationsofdihedralanglesintheinitialstructure
andreducethesamplingPESspace.Therefore,

theentirePESspaceisdividedintosubspacesre-
flectingthebasiccharacteristicsoflow-energycon-
formationsandthesampling efficiency ofthe
systemisimproved.ForasinglePESsubspace,

bondrotationthoroughly searchesallpossible
combinationsofrotationaldegreesoffreedomto
ensurethe quality ofthe structure.Bonding
rotationisaneffectivemeanstosupplementimpor-
tant conformations[31,32]. The rotation of the
specificdihedralangleisaccordingtothesumma-
rizedrules,forφwith3degreesoffreedomandΨ
with4.Geometryoptimizationcanformnewinter-
actionsbetweenresidues,resultinginnewlow-en-
ergydistributions.

Thedipeptideconformationalensembleisob-
tainedbysplicingtheaminoacidensembleobtainedby
theaboveprocess.Thefirst14kcal/molconforma-
tionsofthetwoaminoacidsaredirectlyconnected
to obtain the first batch of tentative
conformations. The connection follows the

principleofdehydrationcondensation.Theamino
nitrogenatomattheC-terminalcoverstheposition
ofthehydroxyloxygenatomattheN-terminal.
The N—H ofthenewlyformedpeptidebond
bisectstheoriginalaminoH—N—Hangleatthe
C-terminus.Thenoptimizethetentativeconforma-
tions,calculate the single-point energy and
interceptthelow-energyconformationsforbond
rotation.Inadditiontothemainchain,itneedsto
rotatetheCα—CbondattheN-terminaljunction
todealwiththeisomersoftheC7eq/C7axstruc-
ture. In the second batch of tentative
conformationsobtainedbyrotation,thefirst12
kcal/molconformationswereselectedforoptimiza-
tion.Theadditionalimportantconformers were
generated which werecombined withthefirst
batchofoptimizationresultstoobtainthefinal
dipeptideensemble.Eachbondrotateswith3de-
greesoffreedomandtherotationofthesidechain
doesnotexceed4.Sincethelow-energyisomersof
aminoacidsareusedtogenerateinitialstructures,

therotationaldegreesofbondsarereducedandthe
searchspaceiscompressed.

Similarly,tripeptide can be obtained by
splicingdipeptideandsingleaminoacidwithbond
rotation.WecalculatedAlanine-Asparticacid-Ala-
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nine (Ala-Asp-Ala,or ADA), Asparticacid-
Alanine-Asparticacid (Asp-Ala-Asp,or DAD),

Serine-Valine-Serine (Ser-Val-Ser, or SVS),

Valine-Serine-Valine(Val-Ser-Val,orVSV),As-
paragine-Asparagine-Asparagine (Asn-Asn-Asn,

orNNN),Phenylalanine-Phenylalanine-Phenylala-
nine(Phe-Phe-Phe,FFF),Asparagine-Glutarnine-
Asparagine(Asn-Gln-Asn,orNQN),Glutarnine-
Asparagine-Glutarnine (Gln-Asn-Gln,orQNQ)

eighttripeptideconformations,andobtainedtheir-
conformational ensembles. Each tripeptide is
splicedintwo ways.Forexample,Ala-Asp-Ala
usingthedipeptideAla-AspandAlasplicing;Ala
andAsp-Alasplicing.SeeFigure1fordetails.

Theresultsshowthatthereisnoobviousad-
vantageordisadvantagebetweenthetwoways,

bothofwhichhavesearchedfornewimportant
low-energyconformations.Itisworthnotingthat
thestructureloss ratein thelow-to-medium
energyregionisrelativelyhighwithonlyonespli-
cing way. Therefore, to obtain more
comprehensiveandmultipleconformations,there-
sultsofthetwosplicingwaysshouldbecombined
asthefinalensemble ofthetripeptide.This
method for tripeptide structure prediction is
referredtobelowasthecomprehensivesegment
assembly(CSA).

Figure1 Thespecificsplicingprocessofthetripeptide.TakeAla-Asp-Alaasanexample.Thesplicingprocessof(a)Ala

andAsp-Alaand(b)forAla-AspandAla.Theconnectionpartismarkedwithablackdottedline.

2.2 Calculationofvibrationfrequency
UsingtheCSAmethodtogeneratetheconfor-

mationalensembleofTryptophan-Glycine-Glycine
(Trp-Gly-Gly,orWGG),Phenylalanine-Glycine-
Glycine(Phe-Gly-Gly,orFGG),Alanine-Alanine-
Phenylalanine(Ala-Ala-Phe,orAAF),Alanine-

Phenylalanine-Alanine (Ala-Phe-Ala,orAFA),

Phenylalanine-Alanine-Alanine (Phe-Ala-Ala,or
FAA),sortedaftercalculatingtheGibbsfreeen-
ergy.Theobtainedvibrationalspectrumwascom-
pared with the experiment and other
computations.Allvibrationanalyses wereper-
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formedusingORCAatatemperatureof298.15K
andstandardatmosphericpressure.Thecalculated
spectraarerepresentedbytheLorentzfunction,

andtheFWHMbroadeningistakenas8cm-1.
Duetotheexcessivenumberofconformers,a

hierarchicalenergycutoffwastaken.Firstlywe
selectedthefirst10 kcal/molconformersfor
DFTBoptimizationandthenchosethefirst8kcal/

moltooptimizeattheRI-B3LYP-D3/6-31+G*
level[33].Single-pointenergywascalculatedatthe
RI-B3LYP-D3/6-311+G * *[34]level,andthe
first4.5kcal/molconformationswereintercepted
for vibrationalanalysis at RI-B3LYP-D3/def2-
TZVPlevel[35].TheRIauxiliarybasisisdef2[36].
Accordingtodifferentfunctionalbasissets,differ-
entscalingfactorsareusedtoscaletheobtained
frequencies.Thescalefactorisobtainedfromthe
ratioofthetheoreticalandexperimentalpeaks[37],

suchastheterminalhydroxylgroupoftheneutral
systemFGGthatdoesnotparticipateinthebond.

Allconformationsinthisresearchweregener-
atedbyourinnerdevelopedprogramandcalculated
byGuassian09[38]andORCA4.0[39]softwarepack-
age.TheconformationsareputintothePPbank
database(https://ppbank.snquantum.com/#/in-
dex)whichweexploitforoligopeptide.

3 ResultsandDiscussion

TheselectedandcalculatedaminoacidsA,D,

S,V,N,F,Qbelongto20commonaminoacids,

coveringallbasictypesofaminoacids,toverify
whetherthe new methodis universal.Select
tripeptidesofdifferenttypesandcomplexities,

searchthepotentialenergysurfacesofthefour
groupsoftripeptidesADA,DAD,SVS,VSV,

NNN,FFF,NQN,QNQ,andcomparethecon-
formations withthe PDB database.Thenfive
tripeptideswerecalculatedandtheinfraredspectra
werecomparedwiththeexperimentandothercal-
culationresultstofurtherverifythequalityofthe
obtainedconformationalensemble.Toensurethe
objectiveandaccuratecomparisonofresults,the

calculation software, optimization method,

functionandbasissetusedarecompletelyconsist-
ent.
3.1 ComparisonwithPDB

To verify the quality of the obtained
ensemble,allthestructuralinformationincluding
theselectedtripeptidefragmentswereextracted
fromthecurrentlymostrecognizedPDBdatabase
(185,541structuresfor2021 year),andthe
resultswerecomparedafterunifiedoptimizationu-
singthesameprocess.Thespecificnumbersof
conformationareshowninFigure2.

Forthecharacteristicsoftheactiveconforma-
tion,weexpandedtheenergyrangeoftheensem-
ble.Affinityisanimportantindextomeasuremo-
lecularinteractions.Itcan beseenfrom the
formulaΔG=-1.42logKithatiftheenergydevia-
tionbetweenthecompoundconformerandthelow-
estenergyconformationreaches1.42kcal/mol,the
affinityofthecompoundwilldecreasebyanorder
ofmagnitude.Sothemolecularconformationwith
highaffinitytendstohavelowerenergy[40].Con-
sideringthattheactivepeptideconformationisu-
suallynotthelowestenergyconformation,further
expandingtheupperlimitoftheenergycutoffof
theconformationalensemble,from3to8kcal/

mol[15,41,42].Thepromotioncaninprincipleinclude
almostallactiveconformations.Combined with
theensembledockingmethod[17],itprovidesmore

possibilitiestosolvetheproblemofmoleculardoc-
kingflexibility.

Itcan beseenfrom Figure2 that PDB

performsbestforADAandDADgroupsandhasa
newconformerat2—3kcal/mol.Butitisstillin-
feriortoCSAinthelow-energyrangeandthedis-
advantagesinthemiddle-highenergyrangearein-
tensified. The number of low-energy
conformationsinthePDBoftheSVSandVSV

groupsissmall,andthenumberofnewconforma-
tionssearchedby CSAinthelow and middle
energyrangeismuchhigherthanthatofPDB.
FFFcarriesabenzenering.Itmaybeduetothe
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Figure2 ComparisonofthenumberofCSAandPDBconformers.ThefourgroupsoftripeptidescorrespondtoADA,

DAD,SVS,VSV,QNQ,NQN,NNNandFFFfromlefttoright.TheabscissaErepresentsenergy,inunitofkcal/mol;

theordinateNisthenumberofconformers.Theredcolumnrepresentsthenumberofconformationsnewlyfoundbythe

CSAmethodbutnotinthePDB;theyellowrepresentstheuniqueconformationnumberofthePDBandtheblueisthenum-

berofcommonlysearchedconformers.

lackofsubstituentsonthebenzeneringwhichis
inconvenienttoanalyzeanddetermine,andthe
mutualrepulsionstabilitybetweenthebenzene

ringsislow.Thereareonlyafewconformersof
FFFinPDBandthelowestenergyconformation
differsfromCSAby3kcal/mol.Soitisspeculated
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thatthereisstilllargeroomforincreasingthea-
mountofPDBdataforthearomatic.Forthethree
conformationsofSVS,VSV,NNN,FFF,NQN
andQNQintheintervalof0—3kcal/mol,CSA
notonlyaccuratelyfoundalltheconformersinthe
PDB,butalsofound manynewconformations.
ThenewmethodhasobviousadvantagesinFFF,

NQN,QNQ,SVS,VSVandthenumberoflow-
energyconformersdirectlyincreasesbyanorderof
magnitude.

Toexploretheimpactoftheexistingstructure
ofthedatabaseontherelevantresults,theper-
formanceofthedatainthePDBisdiscussedsepa-
rately.Comparingthequalityoftripeptidesinthe
PDB,itwasfoundthattheADAandDADper-
formedbest.ItisreasonabletospeculatefromTa-
ble1thatduetothelowcomplexityofthesetwo
fragments,thechargedpolarsidechaininaspartic
acid has multiple functions and is easy to
determine,anditcanformhydrogenbondswith
variousnitrogenandoxygenatomsandisrelatively
stable.Alargeamountofstructuraldatacovers
moreimportantcharacteristicconformations,and
theensembleisrelativelymorecomplete.There
arealsomanySVSandVSVconformations,but
duetotheexternalhydrophobicresiduesofVSV,

mostofthemareconcentratedinthehigherenergy
region,resulting in poor performance. The
number ofconformersin the remaining four
systemsislessandthecomparisonresultsare
worse.Somoreimportantconformersneedtobe
supplemented.Thecorrelationbetweenthepredic-
tionresultsofconformersandtheamountofdata
and the properties of specific fragments is
instructiveforthemethodusingthedatabaseinfor-
mation.
Insummary,fortheselectedfourgroupsof

tripeptides,whetherinthelowormiddleenergy
region, the number of newly searched
conformationsisfarbetterthanthatofPDB.The
advantageofthelowenergyintervalisparticularly
obvious,notonlycoveringalltheconformationsin

thePDBbutalsosupplementingalargenumberof
importantlow-energyconformationsthatmaybe
missed. For related methods that rely on
databases,aricherandmoreaccurateensembleof
conformerscanimprovethequalityofresultstoa
certainextent.Inthefieldsofenzymecatalysisre-
search,drug design combined with machine
learningandstructureprediction[43-45],theCSA
method,whichisnotlimitedbyexperiments,pro-
videsapowerfulhelpforvariousdatabase-based
methods.
Table1 NumberofspecifiedfragmentsinthePDBdatabase.

Seq PDBnum

ADA 54101

DAD 34580

SVS 42071

VSV 41915
NNN 11291

FFF 6466

NQN 8273

QNQ 7322

3.2 IRspectracomparison
3.2.1 WGG

Figure3showstheimportantconformersof
WGG.TheN—H…Ohydrogenbondformedbe-
tween the hydroxyl oxygen of the terminal
carboxylgroupandthenitrogen-containingringin
the tryptophan side chain greatly limits the
freedomofthemainchain.Thelow-energyconfor-
mationfollowstheclosestructureofend-to-end.
Thevibrationalcalculationsshowthatthetheoreti-
calspectraofwgg01andwgg10areingoodagree-
mentwiththeexperiments.Thespecificvibrations
canbeassignedtothecarboxylC=Ostretching
(COcarb),thepeptideC=Ostretching(COpep),

thepeptideN—Hin-planebending (NHipb)and
thecarboxylicO—Hin-planebending(OHipb)vi-
brations.Figure4givesmoredetails.

Compared withthecalculatedspectrum of
Cern􀆪[46],thenumberofimportantlow-energy
conformationsof WGG generated bythe new
methodismore.Itisremarkablethattheexperi-
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Figure3 Thestructureandhydrogenbondinformationoftheimportantlowfree-energyconformersofWGG.

ItisnumberedaccordingtoGibbsfreeenergy.Relativeelectronicenergyandfreeenergy(inkcal/mol)aregiven

inparenthesesrespectively.Thegreendottedlinerepresentsthehydrogenbond.Thebondlengthinformation

isattachedandtheunitisÅ.Theotherconformationaldiagramsbelowhavethesamemeaning.

mentalspectrum completelycorrespondstothe
conformationwiththelowestfreeenergyranking
andthepeakpositionismoreaccurate.SeeTable2
fordetails.FortheWGG,theobtainedensemble
ismorecompleteandaccurate,givingmoreimpor-
tantpotentialconformations.Furthermore,wgg02
correspondstothemoststableconformerin W.
Yu[23].Ournewlyobtainedwgg01hasonemore
hydrogenbond,atightercombinationandalower
energyof0.69kcal/mol.
3.2.2 FGG

ThecalculationstepsofFGGarethesameas
thoseofWGG.Sincephenylalaninecontainsaben-
zenering,thetemperaturehasagreatinfluenceon
energy.Thereforetheenergycut-offrangeisap-
propriatelyrelaxed,andthefirst5kcal/molcon-
formationsareinterceptedforvibrationanalysisaf-
tersingle-pointenergycalculation.Figure5shows
theimportantconformationandhydrogenbondin-
formationofFGG.Figure6showsthevibrational
spectrumcomparison.

The hydroxyl group in other conformers

Figure4 ComparisonofWGGinfraredspectrawith

experiments[47]andothertheoreticalcalculations.The

abscissaiswavenumber(cm-1).Theuppercurveisthe

experimentalspectrum.Theblacklinerepresentsour

calculationresults,andthereddottedlinerepresentsthe

previouscalculationresults[46].Subsequentfigureshave

thesamemeaning.Theconformerwgg01corresponds

tothefirstexperimentalspectralconformation and

wgg10correspondstothesecond.Scaleuniformlyusing
ascalefactorof0.979.
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formsastronghydrogenbondwiththesecondpep-
tidebondoxygen,whichisinconsistentwiththe
experimentallyobservedstructure.Fromthebond
length,itcanbeseenthattheN1—H…Nformed
bythepeptidebondNandtheNatomoftheamino
groupofthesidechainofphenylalanineisthemost
compact,andthe N—H … O formed bythe
carbonyloxygenoftheterminalcarboxylicacidand
theaminogroupisrelativelyloose.Thehydrogen
bondsoffgg06betweenthepeptidebondsareespe-
ciallystrong,soeventhoughthebenzeneringis
stretched,itsenergyisstilllow.Unexpectedly,

nointeractionwiththephenylringπwasobserved
significantlyinanyofthelow-energyimportant
conformations.Thefgg01wasalsonotobservedin
theexperiment.Thefoldingdegreeoftheconfor-
mationalmainchainmainlydependsonN—H…O
andtheN2-H…Oformedbetweenthepeptide
bondsinsidethemolecule,especiallytheN—H…

Oconnectingtheheadandtailcarboxylandamino
groups.Generally,thetighterthebenzenering
surroundsthemainchain,thelowertheconforma-
tionhasenergy.

Table2 SpectroscopicIRdataofthemainconformersofWGG.

Conformer OHipb NHipb NHipb COpep COpep COcarb RMSE

exp(a) 1421 1504 1551 - 1671 1771 -

wgg01 1416 1510 1559 1651 1669 1760 7.07

ref[46] 1420 1477 1510 1662 1709 1746 29.93

exp(b) 1106 - 1510 1681 1716 1782 -

wgg10 1110 1508 1521 1680 1719 1776 6.05

ref[46] 1110 1480 1498 1679 1715 1761 11.01

Figure5 Importantlow-energyconformationandhydrogenbondinformationofFGG.

Figure6showsthatthecalculatedspectrum of
FGGisconsistentwiththeexperiment.Thehy-
droxylgroupsofcarboxylicacidsdonotinteract

withothergroups,sothestretchingpeakp(OH)

islocatedaround3600 cm-1.Thevibrational
stretchingpeaksp(N1H)inN1—H…Nandp
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Figure6 ComparisonofFGGcalculatedIRspectrawith

experiment.From topto bottom arethe vibrational

spectraoffgg03,fgg06,fgg07andfgg02.Experimental

spectraandcalculatedresultswithdashedlinesarefrom

D.Řeha[48].

(N2H)inN2—H…Oweresuccessfullyobserved
in the four important basic conformation
calculationspectra,whicharelow-energyisomers
ofFGGimportantstructure.

Theconformerfgg03isconsistentwiththe
moststableconformationgivenbyW.Yu.Thevi-
brationalpeaksofFGGarebasicallyconsistent
withthecalculationresultsofthemethodspecially

developedbyD.Řeha(ref[48]).Usingtheim-

provedmethod,weobtainedmorelow-energycon-
formationsandtheenergyintervalsofthefourim-

portantconformationscorrespondingtotheexperi-
ment were smaller. Due to differences in
functionalbasissetsandexperimentallimitations,

sometheoreticalpeakswerenotobservedinexper-
iments.Inaddition,theyproposedthatDFTisnot
suitableforcomputing aromatic oligopeptides.
However,ourresultsofFGGshowedthatthe
DFT methodconsideringthedispersioncanalso

describethefinestructureinformationofoligopep-
tidescontainingbenzeneringsaccurately.Toacer-
tainextent,itillustratestheuniversalityofthe
CSAmethodoftripeptide.
3.2.3 ThecappingsystemofAAF,AFAandFAA

Thefollowingdiscussesthecappingsystemin
whichanacetylgroup(Ac)isaddedtotheheadof
thepeptidechainandanaminogroupisaddedto
theend.Forexample,thestructuralexpressionof
FAAis Ac-Phe-Ala-Ala-NH2.For AAF,AFA
andFAA,conformersweredifficulttoconverge
withprevioushighprecisionbasissetoptimization.
Sothefollowingstepswereusedinsteadforopti-
mization and vibration analysis. DFTB
optimizationwasfirstperformedtointerceptthe
conformationsofthefirst8kcal/mol,followedby
optimization and vibration analysisatthe RI-
B3LYP-D3/6-31+G* level.Thenselectedthe
first5kcal/molconformerstocalculatethezero-
pointenergyatRI-B3LYP-D3/6-311++G **
level,andsuperimposedtheenergyoptimizedin
theprevioussteptoobtainthefinalvibrationspec-
trum.

Figure7showstheimportantlow-energycon-
formationsofthethreetripeptides.SeeTable3for
specificspectralpeakinformation.Forthecapping
systems of the tripeptide, hydrogen bonds
determinethetypesofsecondarystructures,such
asγandβ-turns (C7),310-(C10)andα-helix
(C13).Toexpressthehydrogenbondstructure
information moreclearly,startingfromtheAc

group,theNatomsarenumberedN1—N4,and
thesequenceofpeptidebondsisalsointhisdirec-
tion,thesameasbelow.

Ourlowestenergyconformationaaf01fitsthe
experimentalspectrum[49].TheC7—C10structure
composedofthelowestfrequencylargeredshift
andhigh-frequencyβ-turnwasobservedinaaf01,

andthecalculatedspectrum wellconfirmedthis

pointinFigure8(AAF).Thereisnoobviousπ
bondformationobservedwiththebenzenering,

butbothhaveafoldingtendencytoensureconfor-
·2910·

Low.Temp.Phys.Lett.45,0183(2023)



mationalstability.ThereisaweakN3—H…πin
aaf01;N1—H …πinaaf02andaaf03.These
preventtheformationofasecondC10structure,

whichtogetherwithC7furtherenergeticallystabi-
lizes the conformation. According to the
comparisonwiththeexperimentalspectrum,the

symmetricals(NH2)andasymmetrica(NH2)

stretchingpeaksoftheterminalaminogroupcor-
respondprecisely.DuetothehydrogenbondinC7
andtheweakπbondformed withthebenzene
ring,thestretchingp(N2H)andp(N3H)peaks
havearedshift,ofabout12cm-1.

Figure7 ImportantconformersandhydrogenbondinformationofAAF,AFAandFAAcappingsystems.

Table3 PeaksandrelatedvibrationinformationofimportantconformersofAAF,AFAandFAA.

Conformer p(N2H) s(NH2) p(N3H) p(N1H) a(NH2) RMSE

exp 3303 3389 3440 - 3524 -

aaf01 3316 3390 3438 3460 3529 7.05

ref[50] 3314 3387 3437 3464 3522 5.87

exp 3429 3408 3374 - 3534 -
afa01 3434 3409 3379 3458 3537 3.87

ref[50] 3422 3412 3378 3461 3542 6.02

exp 3338 3363 3423 3447 3522 -

faa02 3334 3357 3422 3439 3520 4.92
ref[50] 3337 3360 3414 3447 3516 5.04
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  Thefirstlinerepresentsthevibrationmode
andspecificatomicinformation.The"exp"isthe
experimentalresultfromref[49].Thevalueisthe
wave number and the unit is cm-1.Other
theoreticalcalculationsarefrom Bouteillerand
scalingwasperformedusingtheRI-DFT-Dscale
factorfrom thisresearch[50].The a(NH2)is
0.9623;p(N1H)is0.9570;p(N3H)is0.9570;

s(NH2)is0.9623;p(N2H)is0.9570.

Figure8 Comparisonoftheoreticalandexperimentalin-

fraredspectroscopyofAAF,AFAandFAA.Inthefigure

arethecalculatedspectraofaaf01,afa01andfaa02.The

dottedlinecalculationpartcomesfromref[50].

Theimportantlow-energyconformation of
AFAistheC10-C10helicalstructure.Oneofthe
C10isN3—H…Oformedbytheoxygenatthec-
terminalofAcandN3,andtheotherisN4—H…

Oformedbytheoxygenofthesecondpeptidebond
andtheterminalaminogroup.Thereisstillnoob-
viousπbondobserved.Inaddition,averyweak
N2—H…πinteractioninafa01leadstoavery
smallredshiftofp(N3H)andp(N2H),asshown

inFigure8(AFA).However,wedidnotobserve
theresultinref[49]thattheblueshiftofthe
aminoanti-symmetric band duetothe helical
structure.Theterminalamino group ofafa01
formsahelicalfolded C10structure,butthe
highestfrequencya(NH2)peakshaveno blue
shift.Combiningthecomparisonwiththeexperi-
mentalandothertheoreticalcalculationresults,we
believethatthisconclusionabouttheblueshiftof
theantisymmetricbandiswrong.Inallimportant
lowenergyconformersofAFA,aliphatic-aromatic
interactionsbetweenadjacentAlaandPheresidues
inBelén[51]weresuccessfullyobserved.

Therearethreesecondarystructuresinthe
importantlow-energyconfigurationofFAA.The
firstandsecondpeptidebondsformC5structure
N1-H… O (existinginfaa01andfaa03);C7
structureN2-H…O (infaa02);thethirdpeptide
bondoxygenandtheterminalaminohydrogen
formtheC7structureN4-H…O.Accordingtothe
bondlengthandfrequency,thestrengthofC7is
higherthanC5.Alltheoreticalresultshavenot
observedtheinteraction withthebenzenering
effect.Figure8(FAA)isthecalculatedspectrum
offaa02.Comparedwiththeexperiment,itcanbe
seenthatduetotheformationofintramolecular
hydrogenbondsandtheaverageofthechemical
bondelectroncloud,thecorrespondingpeakshave
different degrees ofblue shift. From the
perspectiveofatomicdistance,forthelow-energy
FAAconformers,theinteractionbetweentheoxy-
genonthefourthpeptidebondattheendandthe
hydrogenonthebenzeneringismoreobviousthan
thepossibleN—H…πbondwiththebenzenering
(faa01is N3).Theconformersarealltightly
foldedendtoend(faa01-faa03),whichisnotob-
servedinpreviousstudies,possiblyduetothe
smallnumberofconformers.

Insummary,fortheAAFandAFAsystems,

the infrared spectra calculated by the
conformationalensemblegeneratedby CSA are
roughlythesameasthoseanalyzedinprevious
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studies,andmoreaccuratelyinterprettheexperi-
mentaldata.ThestructureoftheAFAsystemo-
verturnedtheconclusioninref[49]thattheC10
helicalstructurecausedtheblueshiftoftheanti-
symmetricband.Inaddition,thelocalscaling
factormethodinref[50]isrecommendedforvibra-
tional analysis of small peptides. Most
importantly,therehasbeenasubstantialincrease
inthenumberofconformations.Morecomprehen-
siveandmultipleconformationalensemblesdeepen
theunderstandingofexistingexperimentalresults.
EspeciallyfortheFAAsystem,theadditionalnew
conformationshaveobservednewstructuralrules
thatmayexistinthelow-energyconformation.
3.3 Relatedapplicationfieldsandsignificance

The proposed method provides a new
approachtoaddresstheissueofpeptideflexibility
duringdocking.Astheconformationalspaceofthe
ligandisexplored,theligandflexibilityisrepre-
sentedbydockingapre-generatedconformational
ensemble, thereby eliminating computational
costs.Notonlythat,theenergycorrespondingto
theensembleacceleratestheprocessofcalculating
high-precisionenergymethods.Unlikemoststruc-
turedatabasesbasedonexperimentalstructures,

our obtained database does not use any
experimentalresults.Thismakesupforthelimi-
tationsofexperimentsfromatheoreticalperspec-
tive.

Inaddition,wefurthercalculatedtheenergy
gapofthemolecule.CombinedwiththeHOMO-
LUMO gap,theconformers with energy can
quicklyassistinjudgingthereactionmechanismof
theenzyme-catalyzedprocess[52],provideamore
accuratetrainingsetformachinelearning[53],pro-
motetheprocessofdrugdesign[54],andassistin
template-freestructureprediction,providinglower
costandbroaderprospectsforrelatedapplication
fields.

4 Conclusions

Basedonpreviousstudies,wehavedeveloped
areliablecomputationalmethodfortheprediction
oftheconformationalensembleoftripeptides.The
comparisonwiththePDBshowedthatthenumber
ofnewlysearchedconformershassignificantlyin-
creased,especiallyinthelowandmiddleenergy
regionsofinterestformedicalapplications.Inad-
dition,itis also confirmed that thereis a
connectionbetweentheamountofdatainthePDB
databaseandthequalityofthededucedresults.
The comparison between the theory and
experimentofinfraredspectroscopyexplainedthe
experimentalresultsmoreaccuratelyandgavea
deeper understanding of the experimental
structure.Thereliabilityofthenew methodis
provedbothstatisticallyandexperimentally.
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