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Abstract

Twoessentialissuesofsemiempiricalquantumchemicalmethodsareaddressed
inthisdissertation:performanceandaccuracy.First,semiempiricalprogram
codewasdevelopedforheterogeneoushigh-performanceCPU-GPUcomputing
platforms.Insystematictestcalculationsonlargemolecules,theoverallperfor-
mancecouldbeimprovedbyoneorderofmagnitude,whichisunattainableon
CPU-onlyparallelcomputersduetointrinsicconstraintsofthehardwarearchitec-
ture.Second,bothlocalandglobaloptimizationalgorithmsfortheparameters
ofsemiempiricalmethodswereimplementedfromscratch. Theefficiencyof
parameterizationwasincreasedbytakingadvantageofcoarse-grainedparallelism
onsymmetricmultiprocessors,whichenablesmorecomprehensiveexplorations
ofparameterspace.ThiswasdemonstratedbyreparameterizationofOM2and
OM3usingdispersioncorrectionsandbyspecificparameterizationsforanenzy-
maticreaction,thehydridetransfercatalyzedbydihydrofolatereductase,and
forhydrogenbondingandprotontransferinwater.TheoptimizedCPU-GPU
codewasusedinasystematicbenchmarkwithfullgeometryoptimizationfora
setof28proteinsusing10differentsemiempiricalquantumchemicalmethods.
Theseextensivecomputationsunveiledsomelimitationsofthecurrentlyavailable
semiempiricalmethodsthatneedtobeaddressedinfuturework.
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Zusammenfassung

ZweiwesentlicheAspektesemiempirischerquantenchemischerMethodenwerden
indieserDissertationbehandelt: EffizienzundGenauigkeit. Erstenswurde
semiempirischerProgrammcodefürheterogeneCPU-GPU-Systeme mitho-
herRechenleistungentwickelt.BeisystematischenTestrechnungenangroßen
MolekülenkonntendadurchLeistungssteigerungenbiszueinerGrößenordnung
erzieltwerden,wasdurchParallelisierungdesseriellenCodesaufreinCPU-
basiertenSystemenproblem-undhardwarebedingtnichtmöglichist. Zwei-
tenswurdenAlgorithmenzurlokalenundglobalenOptimierungvonParam-
eternsemiempirischer MethodenvonGrundaufneuimplementiert. DieEf-
fizienzderParametrisierungkonntedurchNutzunggrobkörnigerParallelität
aufsymmetrischen Multiprozessorsystemengesteigertwerden,wodurcheine
weitergehendeErkundungderParameterflächeermöglichtwurde.Dieswurde
demonstriertdurchReparametrisierungvonOM2undOM3unterEinbeziehung
vonDispersionskorrekturenunddurchspezifischeParametrisierungenfüreine
enzymatischeReaktion,dendurchDihydrofolatreductasekatalysiertenHydrid-
transfer,undfür WasserstoffbrückenbindungenundProtonentransferin Wasser.
MitdemoptimiertenCPU-GPUCodekonnteeinsystematischesBenchmarking
mitvollständigerGeometrieoptimierungfüreinenSatzvon28Proteinenmit
zehnverschiedenensemiempirischenquantenchemischenMethodendurchgeführt
werden. DieseausgedehntenRechnungendeckteneinigeSchwächenaktueller
semiempirischerMethodenauf,dieinzukünftigenArbeitenbehobenwerden
sollen.
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Recentworkhasbroughtchemistrycloser
toitsultimateroleasabranchofapplied
mathematics.
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Chapter1

Introduction

Semiempiricalquantumchemicalmethodsarefastelectronicstructureapproaches
forstudyingmoleculargeometry,stability,spectroscopy,andchemicalreac-
tions[1].Thedevelopmentofsemiempiricalmethodshasalonghistory.Soon
aftertheadventofquantummechanics[2],Diracremarkedthefollowinginhis
paper[3]:

Theunderlyingphysicallawsnecessaryforthemathematicaltheoryof
alargepartofphysicsandthewholeofchemistryarethuscompletely
known,andthedifficultyisonlythattheexactapplicationofthese
lawsleadstoequationsmuchtoocomplicatedtobesoluble.

Arecommendationhowtoapproachthesedifficultieswasgivenimmediately
afterthisstatement:

Itthereforebecomesdesirablethatapproximatepracticalmethodsof
applyingquantummechanicsshouldbedeveloped,whichcanlead
toanexplanationofthemainfeaturesofcomplexatomicsystems
withouttoomuchcomputation.

Henceitwasanticipatedalreadyatthattimethatmethods,whichentailsuitable
approximationsinthecomplicatedmathematicalformalism,wouldbeableto
providefeasiblesolutionstoproblemsinchemistry.
OneoftheearliestsemiempiricalmethodswasacontributionofErichHückel.

In1931,heproposedamolecularorbital(MO)methodfortheenergiesofthe
π-electronsinplanarconjugatedhydrocarbonsusinglinearcombinationsof
atomicorbitals(LCAO)[4].Inspiteofitssimplicity,theHückelmethodwas
abletorationalizeandpredictthepropertiesandreactivitiesofconjugated
compoundsonaqualitativelevel,anditwaswidelyusedasaguide.However,
therearetwomajorlimitationsoftheHückelmethod.First,electronrepulsion
isexplicitlyneglectedintheHamiltonian.Second,sinceitisbasedonthe
approximationoftheσ-πseparationofelectrons,onlytheπ-electronsofplanar
moleculescanbetreated.ThePariser-Parr-Pople(PPP)method[5,6]introduces
electronrepulsionintothesemiempiricalπ-electronicHamiltonianandsolves
thesecularequationsinaniterativemannerbutitisstillrestrictedtoplanar
systems. ExtensionsoftheHückelmethodconsideringallvalenceelectrons
weredevelopedlaterbyHoffmann[7,8]andothers[9]fornonplanarmolecules.
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2 CHAPTER1.INTRODUCTION

ThecorrespondingHamiltonians,however,aremadeupofone-electronterms
only,stillneglectingelectronrepulsion.Generalvalence-electronsemiempirical
quantumchemicalmethodsovercomingbothlimitationswereinitiallydeveloped
byPopleandcoworkerswiththreedifferentlevelsofapproximationforthetwo-
electronintegrals,namelyCNDO(completeneglectofdifferentialoverlap),INDO
(intermediateneglectofdifferentialoverlap)andNDDO(neglectofdiatomic
differentialoverlap)[10,11]. TheNDDOmodelfulfillstherequirementthat
theenergymustbeinvariantwithrespecttoarotationofthemoleculeinthe
coordinatesystemandforanorthogonaltransformationoftheoccupiedorbitals.
Themodelcanbeformallyjustified[12–16]intermsoforthogonalizedLöwdin
atomicorbitals[17].TheMNDO(modifiedneglectofdiatomicoverlap)methodis
thefirstsuccessfulNDDO-basedapproachforground-statemolecularproperties,
suchasheatsofformation,moleculargeometries,ionizationpotentials,and
dipolemoments[18–20]. Moreover,theMNDOmodelconstitutesthebasisfor
themostpopularsemiempiricalmethodstoday,inparticularAM1(AustinModel
1)withempiricalGaussianfunctionsforcore-coreinteractions[21]andPM3
(ParametricMethod3)withmorethoroughlyoptimizedparameters[22,23].
SomeunderlyingdeficienciesoftheNDDOmodelprohibitfurtherimprove-

mentoftheaccuracymerelythroughmorecomplicatedcorerepulsionfunctions
orrefinementoftheparameters[1,24–29].TheOMx(OrthogonalizationMethod
x,x=1,2,and3)methodsweredevelopedtogobeyondtheNDDOmodelby
meansofexplicitinclusionoforthogonalizationcorrectionsintheFockmatrix
toaccountforPauliexchangerepulsion[30–32].Persistentimprovementswere
obtainedoverMNDO-typemethodsforground-statemolecularproperties.Fur-
thermore,noteworthyenhancementsarealsoobservedinsomeparticularareas,
forexample,forverticalexcitationenergies,rotationalbarriers,relativeenergies
fordifferentconformers,andhydrogenbonding[33–35].
Thedevelopmentofquantumchemistryhasalwaysbeentightlycoupledwith

theavailablecomputingtechnologies.Infact,thedemandforasemiempirical
treatmentofmoleculeswasdictatedbythelimitedcomputationalcapabilities
intheearlydaysofquantumchemistry.Forexample,thefirstall-electronab
initiocalculationofN2wasdonein1955byScherrandtwoassistantswith
hand-operatedmechanicalcalculators,whichtooktwoyearstocomplete[36].
Aftertheintroductionofelectroniccomputersintoquantumchemistry,some
groupsstartedtodevelopcomputerprogramssothatapproximatesolutions
ofthenon-relativisticSchrödingerequationforamolecularsystemcouldbe
calculatedautomatically[37–41].Theseprogramswerewrittenforcompletely
sequentialexecutionononegeneral-purposecentralprocessingunit(CPU).Due
toincreasingclockspeedandarchitecturaladvances,theperformanceofa
single-coreCPUfollowedMoore’slaw[42]whichpredictsdoublingevery12–24
months.1Thusquantum-chemicalcalculationsbecamefasterandmorecomplex
algorithmscouldbeimplementedwitheverynewprocessorgeneration.Butas
somephysicallimitsassociatedwiththedesignofsiliconchipswereapproached
aboutadecadeago,itbecamemoreandmoredifficulttoincreasetheclock
frequencyofasingleprocessor. Thereforemanyeffortsweredevotedtothe
parallelismofmulti-processingunitsinordertokeeptheexponentialgrowth
ofthecomputingpower[43].Sincethe1990s,quantumchemistshavebeen

1Initsoriginalformulation, Moore’slawreferstothenumberoftransistorsonasilicon
chipdoublingevery12–24months,buttheexponentialgrowthseemstoapplyfortheresulting
performanceaswell.
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inspiredbythistendencytoparallelizetheirserialcodesonhigh-performance
computerswithmultipleCPUsforboostingperformance[44].Evenmorerecently,
high-performancecomputerswithheterogeneousarchitectureshavebecome
available,e.g.computingnodesconsistingofsymmetricallyparallelCPUsand
multiplegraphicsprocessingunits(GPUs)asacceleratorsforcompute-intensive
tasks,whichbenefitfromthesubstantialpeakarithmeticperformanceand
memorybandwidthprovidedbytheco-processors[45–47].Thishasmotivated
manytheoreticalgroups[48,49]todevelopdedicatedprogramsforsuchhigh-
performanceheterogeneouscomputersintheareasofquantum MonteCarlo
methods[50,51],two-electronintegralevaluation[52–57],densityfunctional
theory(DFT)[58–65],high-levelcorrelatedabinitiomethods[66–73],and
semiempiricalquantumchemistry[74,75].
Theaccuracyofasemiempiricalmethodisessentiallydeterminedbythe

theoreticalmodelandtheoptimizationoftheinvolvedparameters.Thisthesis
doesnotaddresstheimportantandchallengingtasktoadvancetheavailable
semiempiricalquantumchemicalmodels,butfocusesonthesecondandmore
technicalissueofparameterization. Therehavebeennumerousattemptsto
improveagivensemiempiricalmethodtosomeextent,andeventoapproachthe
limitofaccuracyinherenttotheunderlyingmodel,bycarefulparameterizations.
ExamplesareRM1[76],whichisareparameterizationofAM1[21],andtheseries
ofPMx(x=3,5,6,and7)methods[22,77–79].Duetoinsufficientcomputation
power,searchesforthebestparameterswereusuallyconfinedtothevicinityof
theinitialestimatesintheearlydaysofsemiempiricalquantumchemistry[19].
Globaloptimizationsoftheparametersinsidesomepredefinedintervalsbecame
feasiblelater[80–83]withprogressincomputerhardwareandsoftware.Sincean
enormousnumberoffunctionevaluationsisgenerallyrequiredbothinlocaland
globaloptimizationprocedures,itisvitaltotakeadvantageofparallelcomputing
technologiesandtodistributeindependentfunctionevaluationsamongmultiple
processorstospeeduptheparameterization.Nonetheless,experiencehasshown
thatitisnecessarytocarryoutcarefulchecksbyhumanbeingsduringthewhole
processtomakesurethattheobtainedparametersareconsistentwiththeir
physicalmeaning.
Thisdissertationisorganizedasfollows:Chapter2givesabriefoverview

overthetheoryofsemiempiricalquantumchemistry.Chapter3describesthe
developmentofmodulesfortheMNDO99program[84]thatenablesaccelerated
semiempiricalcalculationsonheterogeneousCPU-GPUcomputingplatforms.
Theresults,especiallythespeedupscomparedwithCPU-onlysystems,are
reportedinAppendicesAandB.Thedevelopmentandthetechnicaldetailsofthe
parallelparameterizationprogramonmultipleCPUsarepresentedinChapter4
togetherwithanillustrativeapplication,i.e.thereparameterizationoftheOM2
andOM3methodswithdispersioncorrections.Twospecificparameterizations
foranenzymaticreactionandforhydrogenbondingandprotontransferin
waterclustersaredescribedinAppendicesCandD,respectively.Chapter5
summarizessystematicgeometryoptimizationsfor28proteinsusing10different
semiempiricalmethodsasabenchmarkapplication.Finally,ashortconclusion
isofferedinChapter6.





Chapter2

TheoreticalBackground

Semiempiricalquantumchemistryhasalonghistorystartingfrom1931[4].
Thischapterdoesnotintendacompletesurveyofitsdevelopmentinthepast
decades.Insteaditwillpresentthemainconceptsandtheworkingformulasof
themethodscoveredinthethesis,forthesakeofcoherenceandforestablishing
notation.Theunderlyingtheoryofthesemiempiricalmethodsandthenumerous
applicationsaredescribedinseveralbooks[85–87]andreviews[1,24–29,88–91].

2.1 Nightmareofintegrals

Anon-relativistictime-independentquantummechanicaldescriptionofamolec-
ularsystemisprovidedbytheSchrödingerequation:

HΨ=EΨ (2.1)

whereH istheHamiltonianoperator,Eisthetotalenergyofaparticular
quantumstatedescribedbythewavefunctionΨ.TheexactsolutiontoEqua-
tion(2.1)islimitedtothesimplestsystemsconsistingofonenucleusanda
singleelectron,i.e.thehydrogenatomandhydrogen-likeions.Ifeachelectronis
assumedtomoveindependentlyinaneffectivefieldgeneratedbythefixednuclei
andtheotherelectrons,theHartree-Fock(HF)equationsforsingle-electron
wavefunctionsψicanbederivedas

Fiψi=εiψi. (2.2)

TheFockoperatorFirepresentstheaveragepotentialexperiencedbytheith
electron.{ψi}formsasetoforthonormalmolecularorbitals(MOs)andεiisthe
orbitalenergy.Itis,however,impossibletosolveEquation(2.2)analyticallyfor
amolecule.Astrategytoexpressψiasalinearcombinationofatomicorbitals
(LCAO),namely

ψi=
K

µ=1

Cµiφµ, (2.3)

iscommonlyadopted.φµarecalledbasisfunctionsthatarenormallycentered
atthenucleiofamolecule.ThecoefficientsCµicanbevariedsuchthatthe

5



6 CHAPTER2. THEORETICALBACKGROUND

totalenergyisminimized.SinceEquation(2.3)isafiniteexpansioninpractice,
theintegro-differentialHFequationscanberewrittenin matrixform(the
Roothaan-Hallequations):

FC=SCE (2.4)

whereFisthe matrixrepresentationoftheFockoperatorinthebasisof
{φµ:µ=1,2,...,K}andeachentryofSdescribestheoverlapbetweentwo
atomicorbitals(AOs),

Sµν= φµ(r1)φν(r1)dr1. (2.5)

Thevectorr1representsthespatialcoordinatesofanelectron.Thebasisset
maybecomposedofSlater-typeorGaussian-typefunctionsateachatom.The
basisfunctionsareorthogonalonlyinalocalenvironment,i.e.Sµν=0ifboth
φµandφνarecenteredonthesameatom,buttheoverlapofAOsbelongingto
differentatomsinamoleculemaynotvanish.Sisthusnotanidentitymatrix.
ThereforeEquation(2.4)isapseudo-eigenvalueproblemandtheeigenvalues
andeigenvectorsaretheMOenergiesandcoefficients.
TheFockmatrixelementsFµνforaclosed-shellmoleculeof2nelectronsare

listedbelowinatomicunits.

Fµν=H
core
µν +Gµν (2.6)

Hcoreµν = φµ(r1)[T(r1)+V(r1)]φν(r1)dr1 (2.7)

Gµν=
λ,σ

Pλσ[(µν|λσ)−
1

2
(µλ|νσ)] (2.8)

Pµν=2

n

i

CµiCνi (2.9)

(µν|λσ)= φµ(r1)φν(r1)
1

|r1−r2|
φλ(r2)φσ(r2)dr1dr2 (2.10)

FµνisthesumofH
core
µν andGµν.H

core
µν istheone-electroncore-Hamiltonian

elementthatincludesthekineticenergy(T)ofanelectronandtheattraction
(V)betweentheelectronandthenuclei.Onceabasisset{φµ}isspecified,the
core-Hamiltonianmatrixwillnotchangeinacalculation.
Gµνisthetwo-electronpartoftheFockmatrix.Itfeaturestwocharacteristics.

First,itisnotfixedinacalculation. TheconstructionofGµν dependson
thedensitymatrixP,whichitselfdependsonthedoublyoccupiedMOs(see
Equation(2.9)).BecausetheseorbitalsarethesolutiontoEquation(2.4),an
initialguessmustbeprovidedforthedensitymatrix.Thereby,theRoothaan-Hall
equationshavetobetackledbyaself-consistent-field(SCF)procedure,during
whichPisiterativelyrefineduntilcertainconvergencecriteriaaresatisfied.
Second,thecomputationofGµνrequirestheevaluationofahugenumberof
two-electronintegrals(seeEquation(2.10)).Sinceevery(µν|λσ)involvesfour
AOs,theirnumberscalesinproportiontothefourthpowerofthenumber
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ofbasisfunctions. Forexample,thenumberoftwo-electronintegralsfora
calculationwith1000basisfunctionsisonetrillion(1×1012)iforbitaland
integralsymmetryarecompletelydiscarded.Thecomputermemoryrequired
is8terabytes,i.e.8×1012bytes,fordoubleprecisionfloating-pointnumbers.
Eventoday(in2013)thiskindofcalculationisnotfeasibleonmostcurrent
computers.DirectSCFtechniques,inwhichthetwo-electronintegralsnecessary
fortheFockmatrixupdatearerecomputedontheflyineverySCFiteration,
wereinventedtosurmountthisdifficulty[92]. Whilethiscircumventsthestorage
problems,theintrinsicnumberoffloating-pointoperationsforintegralevaluation
isactuallyincreasedinaccuratedirectSCFcalculations,whichinessencetrades
floating-pointoperationsformemoryspace.Inpractice,thecomputational
costsarereducedbyapplyingscreeningtechniquesduringon-the-flyintegral
evaluationindirectSCFmethods,whichmakesitpossibletocomputemolecules
withuptoseveralhundredatomsbyusingabinitioHFmethodsordensity
functionaltheory(DFT).

2.2 Neglectofdifferentialoverlap

Toalleviatetheburdenoftwo-electronintegralevaluation,thezero-differential
overlap(ZDO)approximation,

ϕA(r1)ϕ
B(r1)dr1=0, (2.11)

wasintroducedintheearlydaysofquantumchemistry.Itwasfirstusedin
thePPP(Pariser-Parr-Pople)method[5,6,93]fortheπ-electronsofplanar
conjugatedorganicmolecules,whereϕAandϕBdenotethepπorbitalsonatoms
AandB,respectively.
Aneffectivevalence-shellHamiltonianforbothσ-andπ-electrons[94]is

employedinmostofthesemiempiricalmethodstoday.Themostsophisticated
neglectofdifferentialoverlap(NDO)approximationisassumedbytheNDDO
(NeglectofDiatomicDifferentialOverlap)model[10],

φAµ(r1)φ
B
ν(r1)dr1=δABφ

A
µ(r1)φ

B
ν(r1)dr1, (2.12)

whereδABistheKroneckerdelta,i.e.δAB=1ifAandBarethesameatom,
otherwiseδAB=0,andφ

A
µandφ

B
νarearbitraryAOs.

TherearetwoconsequencesoftheNDOapproximation.First,theoverlap
matrixSintheRoothaan-Hallequationsbecomesanidentitymatrix. The
pseudo-eigenvalueproblemofEquation(2.4)isthussimplifiedtoastandard
eigenvalueproblem

FC=CE. (2.13)

TheseNDDOsecularequationsareeasierandfastertosolvethanEquation(2.4)
fromacomputationalpointofview,sinceoneadditionaldiagonalizationof
Sandseveralextramatrixmultiplications,whicharenecessaryinthefull
Roothaan-Halltreatment,arebypassedinEquation(2.13).
Second,theNDDOmodeleliminatesasubstantialnumberoftwo-electron

integralsandtheonlyleftoversaretheone-andtwo-centerelectronrepulsion
integrals,
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(µAνB|λCσD)=δABδCD(µ
AνA|λCσC). (2.14)

Thusthenumberoftwo-electronintegralsinsemiempiricalquantumchemical
methodsformallyscalesasO(K2)insteadofO(K4)inabinitioHF(orDFT)
methods.Equation(2.14)isthemajorsourceforthereductioninfloating-point
arithmeticoperationsandmemoryusage.Hence,incontrasttolarge-scaleab
initioHFandDFTcalculationsthatmakeuseofthedirectSCFtechnique,itis
possibleinsemiempiricalmethodstocomputetherelevantintegralsonlyonce
andtostoretheminfastmemoryforthesubsequentFockmatrixformation.

TheNDDOintegralapproximation(inEquation(2.14))isseeminglyrather
drasticatfirstsight.Itcanberationalizedbyconsideringthetransformationof
thenon-orthogonalAOs{φµ}intothesymmetricallyorthogonalizedAOs(or
Löwdinorbitals){λφν}:

λφν=
K

µ=1

Tµνφµ (T=S−1/2) (2.15)

wherethetransformationmatrixTistheinversesquarerootoftheoverlap
matrixinthebasisof{φµ}.SincetheLöwdinorbitalsareorthonormal,itis
straightforwardtoconceiveSasanidentitymatrixandtoretrievetheNDDO
secularequations(2.13).Eventhoughtheorthogonalizedbasisset{λφν}consists
oflinearcombinationsoftheoriginalAOs,theLöwdinorbitalsaredeliberately
optimizedtominimizetheoveralldifferencesbetween{ψµ}and{

λψµ}sothat
everysymmetricallyorthogonalizedAOisdominatedbythecorresponding
localizedAO.TheNDDOmodelforthetwo-electronintegralevaluationcanbe
motivatedinthisway,andsupportedbynumericalcomputationsaswell[12–16,
95].Forexample,theneglectedmulti-centerandcertaintwo-centerintegrals
areverysmallinthebasisoftheLöwdinorbitals.Theremainingtwo-electron
repulsionintegralsdonotundergoseriousvariationsifthebasisfunctionsare
changedfrom{ψµ}to{

λψµ}.

Finally,itmustbestressedthattheone-electronpartoftheFockmatrix,
Hcoreµν inEquation(2.7),accountsfortheelectron-coreattractionandrepresents
themajorcauseofcovalentbonding.IfEquation(2.12)wereappliedtothe
integralsinHcoreµν ,thewholemoleculewouldbeunbound.ThereforeH

core
µν in

theNDDOmodelisnotsubjecttotheNDOapproximation.

2.3 MNDO method

TheMNDO(ModifiedNeglectofDiatomicOverlap)method[19]isbasedon
theNDDOmodel.TheFockmatrixelementsaredefinedas

Fµν=H
core
µν +

A

λ,σ

Pλσ(G
A
µν,λσ−

1

2
GAµλ,νσ)

+
B

λ,σ

PλσG
AB
µν,λσ (µ∈Aandν∈A) (2.16)
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Fµν=H
core
µν −

1

2

B

σ

A

λ

PλσG
AB
µλ,νσ (µ∈Aandν∈B), (2.17)

whereGAandGABaretheone-andtwo-centertwo-electronrepulsionintegrals,
respectively(seeEquation(2.18)).

GAµν,λσ=(µ
AνA|λAσA), (2.18a)

GABµν,λσ=(µ
AνA|λBσB). (2.18b)

ThevaluesofGAadoptedintheMNDOmethodarederivedfromexperi-
mentaldata.Inlatergeneral-purposeparameterizationsoftheMNDOmodel,
theyhavebeenfreelyoptimized,forexampleinPM3[22].Inthecurrentthesis,
thishasalsobeendoneinspecificparameterizationsforanenzyme-catalyzed
reactionandforhydrogenbondinginwater(seeAppendicesCandD).

Amorechallengingtaskistodeviseanappropriatetreatmentofthetwo-
centertwo-electronintegralsGABµν,λσ.Theseintegralswerecomputedanalytically
intermsofSlater-typeorbitalsinearlyattemptstoparameterizetheNDDO
model[96–98].Buttheresultswerenotsatisfactory. Oneofthedistinctions
between MNDOanditspredecessorsliesintheevaluationofthetwo-center
two-electronintegrals.IntheMNDOmethod,theyareexpandedasaseriesof
multipole-multipoleinteractions

GABµν,λσ=
l1 l2 m

[Ml1mA ,Ml2mB ], (2.19)

wherethesuperscriptslandmaretheorderandtheorientationofthemultipoles,
respectively.Themultipolesoftwointeractingchargedistributionsaremodeled
bysuitableconfigurationsofpointcharges. Theintegralsevaluatedinthis
mannerexhibitthecorrectasymptoticbehaviorforlargeinteratomicseparations,
i.e.theyconvergetotheclassicalpointchargeinteractions.IfatomsAandB
aresuperposed,theGABintegralsaredesignedtoreproducethenumericvalues
oftheone-centerintegrals.Forintermediatedistances,thesemiempiricalGAB

integralsaresomewhatsmallerthantheiranalyticabinitiocounterparts,which
isconsideredtoaccount(tosomeextent)fordynamicelectroncorrelationeffects
inanaveragemanner.

Thetotalenergyofamoleculeisthesumoftheelectronicenergyandthe
core-coreinteractions.Thelatterconsistofelectrostatictermsandadditional
core-repulsionfunctions(CRFs).IntheframeworkoftheMNDOmodel,there
havebeenanumberofdevelopmentsthatprimarilyfocusedonrefinementsof
theempiricalCRFs,withthehopethatsomelimitationsoftheoriginalMNDO
methodcouldbe(atleastpartially)remedied[21,22,99–104].AM1[21]and
PM3[22]arethemostpopularvariantsofthiskind.Theaccuracylimitsofthe
MNDOmodelwereexploredbyusingevermoresophisticatedCRFsinasequence
ofreparameterizationsinthePMx(x=3,5,6,and7)methods[22,77–79].The
resultsoftheseeffortsindicatethattheaccuracyoftheMNDO-typemethods
cannotbeimproveddramaticallywithoutadvancesintheunderlyingtheoretical
model. HenceitseemscrucialforfurtherprogresstogobeyondtheMNDO
model.
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2.4 OMxmethods

TheabinitioHFmethodmakesuseoflocalizednon-orthogonalbasisfunctions
{φµ}intheRoothaan-Hallequations(seeEquation(2.4)).Thetransformations
totheLöwdinorbitals{λφµ}andtotheorthogonalizedFockmatrix

λFare
performedexplicitlyby

λφ=S1/2φ (2.20)

λF=S−1/2FS−1/2. (2.21)

BecauseoftheaforementionedNDOapproximation(seeEquation(2.12)),the
basisfunctionsintheMNDOmethodarepresumedtobetheorthogonalizedAOs.
Therefore,thesemiempiricalNDDOFockmatrixNDDOFissupposedtomimic
thetransformedFockmatrixλFintheabinitioHFmethod.TheMNDO-type
methodstrytorecovertheeffectsofthesetransformationsindirectlythrough
flexibleCRFsandcontinualreparameterizations.TheOMx(Orthogonalization
Method, x=1,2,and3)methods,ontheotherhand,strivetoincorporate
theorthogonalizationeffectsintothesemiempiricalFockmatrixviaexplicit
correctionsguidedbytheabinitioformulasandnumericalresults[30–32].As
alreadydiscussed,thetwo-electronintegralapproximationsintheNDDOmodel
canbemotivatedintermsoftheLöwdinorbitals[12–16].Hence,thesemiempir-
icaltwo-electronintegralsimplicitlyincorporatetheorthogonalizationeffects
tosomedegree.Bycontrast,theone-electroncoreHamiltonianissignificantly
affectedbychangesofthebasisfrom{φ}to{λφ},i.e.HcoreandλHcorecanbe
quitedifferent.Thusitisimportanttocapturethiseffectforthesemiempirical
coreHamiltonianattheelectroniclevelbygoingbeyondtheclassic MNDO
method[19].
ThesemiempiricalorthogonalizationcorrectiontothecoreHamiltonian

matrixelementsintheOMxmethodsisgivenby

VORTµν =−
1

2
Aµν

C

λ

(Sµλβλν+βµλSλν)

+
1

8
Bµν

C

λ

SµλSλν(H
core
µµ +H

core
νν −2H

core
λλ ), (2.22)

whereβµλarethetwo-centerone-electronresonanceintegrals(φµandφλare
locatedondifferentatoms)andAµνandBµνareadjustableparameters.V

ORT
µν

inEquation(2.22)isagenericformula. ThefirstOMxmethod,OM1,only
containsthecorrectionsfortheone-centercoreHamiltonian,i.e.bothφµandφν
areonthesameatom[30].CorrectionstoallelementsofthecoreHamiltonian
areincludedintheOM2andOM3methods[31,32].Forcomputationalefficiency,
VORTµν inOM3istruncatedatthefirst-orderexpansionlevel,i.e.Bµνissetto
zero,whichcausesonlyaveryminorlossinaccuracy.
Benchmarkcalculations[33–35]havedemonstratedthattheOMxmethods

canslightlyimprovethecalculatedground-stateproperties,e.g.heatofforma-
tionsandmoleculargeometries,comparedwithMNDO-typemethods,whereas
moresignificantenhancementsareobservedinseveralotherareas,including
verticalexcitationenergies,rotationalbarriers,andhydrogenbonding.
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2.5 Dispersioncorrections

Noncovalentforces,suchashydrogenbondsanddispersioninteractionsthat
are muchweakerthanconventionalcovalentbonds,areveryimportantin
biomolecules[105]. Theyareessentialfordrivingthespontaneousfoldingof
proteinsandnucleicacids[106].TheMNDOmethod[19]tendstooverestimate
therepulsionbetweennon-bondedatomsandcanthusnotproperlypredictthe
energyandstructureofasystemwithdominantnoncovalentinteractions.A
commonlyadoptedremedyofthisproblemistouseempiricalCRFstoimprove
calculatedenergiesandoptimizedgeometries. AnumberofCRFshasbeen
proposedforvariousMNDO-typemethodsinthepast[21,22,99–104],particularly
inordertoimprovethedescriptionofhydrogenbonding.Dispersionisarather
weakattractiveinteractionthatactsbetweenanypairofatoms(mainlywithin
distancesaroundthesumoftheirvander Waalsradii)duetoinstantaneous
electronfluctuations[107–109]. Formally,thedispersioninteractionisnot
includedinanyofthecurrentstandardsemiempiricalmethods[1],andthe
long-rangedispersionattractionsarenottakenintoaccountattheHFandDFT
levelsoftheoryeither[110–114].Ontheotherhand,thiskindofinteractionis
oftenwellmodeledbymolecularmechanicsforcefields,e.g.AMBER[115]and
CHARMM[116],withanempiricalLennard-Jonespotential[117].Thus,one
canmodeldispersionbyanadditionalenergycorrectionterm

Edisp=−s6
B>A

fd
CAB
R6AB

, (2.23)

whichisproportionaltothesixthpoweroftheinversedistancebetweenatoms
AandB.Suchcorrectionshavebeenincorporatedintotheself-consistent-charge
density-functionaltight-binding(SCC-DFTB)method[118],theHF[119–121],
avarietyofDFT[122–127],andsomesemiempiricalmethods[128–133]tobetter
representthevanderWaalsinteractioninweaklyboundcomplexesofmolecules.





Chapter3

GPU-Accelerated
SemiempiricalQuantum
ChemicalCalculations

3.1 Introduction

Thegraphicsprocessingunit(GPU)hasevolvedintoamany-coreprocessorwith
massiveparallelismfortremendouslyintensivecomputationsoverthelastfew
years[46,47].Boththepeakarithmeticperformanceandmemorybandwidth
ofaGPUhavesignificantlyexceededthoseofamulti-corecentralprocessing
unit(CPU)asillustratedinFigure3.1.Thusitbecomesappealingtodevelop
programsincomputationalchemistrythatcanharnesstheGPUasapowerful
computingdevice[48,49,61].

ThereasonfortheadvancedperformanceofaGPUliesinitsdistinct
architecturaldesign.TheCPUandGPUdiesareschematicallyrepresentedin
Figure3.2.SinceaCPUisaprocessorforgeneral-purposecomputing,many
transistorsareneededascontrolunitsforsophisticatedworkflow.Incontrast,
aGPUcanberegardedasaspecificco-processor.Itdevotesmoretransistors
toarithmeticandlogicunitsforhighlyparallelfloating-pointcomputations.
Moreover,duetothevonNeumannbottleneck[134],moreareaonaCPUdieis
usedforcachestofacilitatedataaccesstomainmemory.Ontheotherhand,a
GPUisoptimizedfortheexecutionoftensofthousandsofparallelthreadsthat
canefficientlyhidememorylatency.Consequently,thearchitectureofaGPU
hasprogressedinaverydifferentdirectionthanthatforaCPU.

Eventhoughsemiempiricalquantumchemicalcalculationsareaboutthree
ordersofmagnitudefasterthanabinitioHartree-FockandDFTcalculations[26],
theycanberathertime-consumingwhenitcomestolarge-scaleapplications,e.g.
forproteinsandlong-timedynamicssimulations.Thereforethebeststrategyis
todeployaheterogeneousCPU-GPUcomputerandmovethemostdemanding
partsofsemiempiricalcalculationstotheGPUs.

OnemajorprojectinthedissertationwastoporttheMNDO99code[84]toa
hybridCPU-GPUplatformandtooptimizetheperformanceofGPU-accelerated
semiempiricalquantumchemicalcalculations.Thishasbeenaccomplishedboth
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ofdifferentIntelCPUsandNVIDIAGPUs.
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Figure3.2:SchematicdiagramsoftheCPUandGPUdies.Theprocessingcores
aredepictedbygraysquares.

forMNDO-typeandOMxmethods,withoverallspeedupsoftypicallyoneorder
ofmagnitudeforSCFcalculationsandgeometryoptimizationsoflargemolecular
systems. Thisworkhasbeenpublished[74],andcopiesofthesearticlesare
includedinAppendicesAandB.Ratherthansummarizingthesepublished
papers,theaimofthischapteristodocumentthetechnicalimplementationin
greaterdetailsothattheintricateGPUcodecanbemoreeasilyunderstood.In
thefollowing,wefirstdescribethehardwarespecificationsoftheheterogeneous
CPU-GPUcomputingnodeusedforthedevelopment.Thereafterwepresentthe
dedicatedoptimizationsonmultipleGPUsforthefastpseudodiagonalization
andtheorthogonalizationcorrections.

3.2 HeterogeneousCPU-GPUcomputer

ThedevelopmentwasconductedonaCVSversionoftheMNDO99package[84].
TheGPUaccelerationisexclusivelybasedontheCUDA(ComputeUnified
DeviceArchitecture)frameworkthatallowsdeveloperstoprogramtheNVIDIA
GPUasadiscretecomputationaldeviceintermsofaC-likelanguage[135].

Figure3.3presentsadiagramfortheheterogeneousCPU-GPUcomputer
usedinthedevelopment.Itconsistsoftwoparts,hostanddevice,whichare
connectedbya16-lanePCIE(PeripheralComponentInterconnectExpress)
interfacewithatheoreticalbandwidthof8.0GB/s. ThehosthastwoIntel
XeonX5690CPUswhicharelinkedviaQPI(IntelQuickPathInterconnect).To
eachCPUapartofthesystemmemoryisconnected.UsingtheQPIlinkthe
memoryissharedamongallCPUs.Becauseofthedistictionbetweenlocally
connectedandremotememorythisiscalledaNUMA(Non-UniformMemory
Access)architecture.ThedeviceiscomposedoftwoNVIDIATeslaM2090GPUs
withdisjointDRAM(DynamicRandom-AccessMemory).Themulti-GPUpart
mayalsoberegardedtohaveakindofNUMAarchitectureaseachGPUmay
accessthememoryconnectedtotheotherGPU(peer-to-peerdirectaccess).
DatatransferbetweenbothGPUs(andbetweenhostanddevice)takesplace
overthePCIElinks.PCIEbandwidthrepresentsasignificantconstraintforthe
transferrate.Thusitiscrucialtoavoidthepeer-to-peerdataaccessforthe
GPUsinthecodeoptimization.
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Figure3.3:AschematicrepresentationoftheheterogeneousCPU-GPUcom-
puter.

Table3.1:SomehardwarespecificationsoftheIntelXeonX5690CPUwiththe
TurboBoostTechnologyswitchedoffandtheNVIDIATeslaM2090GPUwith
ECC(error-correctingcode)memory.

CPU GPU

clockfrequency(GHz) 3.46 1.3
numberofcores 6 –

numberofCUDAcores – 512
doubleprecisionperformance(GFLOP/s) 83.0 665.6

thermaldesignpower(W) 130 250
performanceperwatt 0.6 2.7

maximummemorysize(GB) 288 5.25
memorybandwidth(GB/s) 32 155

cachesize(MB) 12 0.768

ThehardwarearchitecturesoftheIntelXeonX5690CPUandtheNVIDIA
TeslaM2090GPUarequitedifferent(seeTable3.1).EachCPUcoreismuch
morepowerfulthanaCUDAcoreoftheGPU.Theclockfrequencyaloneis
3.46GHzversus1.3GHz,andaCPUcoreisalotmorecomplex.TheGPU,
however,possessesmanymoreprocessingcoresthantheCPU,i.e.512versus
6. ThereforetheTesla M2090hasamuchhigherdouble-precisionfloating-
pointperformancethantheXeonX5690.TheenergyconsumedbytheGPUis
roughlytwiceashighasthatoftheCPU.However,TeslaM2090ismoreenergy
efficientthanXeonX5690becausetheformercandeliver8timesthearithmetic
performanceofthelatter.
TheGPUmemorysizeistheprimaryrestrictionforalarge-scalecalculation.

Ourcurrentworkaroundistomovetherequireddataarraysbackandforth
on-the-flyforthebottleneckcomputations.Thisapproachminimizestheusage
ofGPUmemory,whereasthehost-devicedatatransferrepresentsacompromise.
Typically,thereare30iterationstoachieveaself-consistentsolutiontothe
secularequationsinasemiempiricalHartree-Fockcalculation.Inaddition,only
afewdatatransfersmusttakeplaceforeachiteration.Thusitseemsreasonable
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tomakesuchatrade-offfortheGPUmemory.
EachGPUcannormallymaintainahigherspeedforaccessingthedatainits

ownDRAM.Moreover,theGPUisdesignedtoexecutecomputingthreadswith
massiveparallelizationtohidememorylatency.Henceacachewasnotpresent
inearliergenerationsoftheNVIDIAGPUuntiltherecentFermiarchitecture.
IncontrasttothecachesizeonaCPU,theGPUcacheisfairlysmall,e.g.12MB
versus768KB.Nonetheless,somealgorithmsthatcannotmakeuseoftheGPU
sharedmemorymaybenefitfromtheGPUcachetosomeextent.

3.3 Fastpseudodiagonalization

Thefastpseudodiagonalizationhasbeendescribedindetailintheoriginalpa-
per[136].BecausetheoptimizedGPUimplementationcanbequitecomplicated,
itsmathematicalformulasarebrieflyrepeatedhere.
Basicallythefastpseudodiagonalizationentailstwooperations.First,the

Fockmatrixinthebasisoftheatomicorbitals(AOs)istransformedtomolecular
orbitals(MOs)bymeansofatriplematrixmultiplication

F =CoFCv, (3.1)

whereCoandCvarethematricesoftheoccupiedandvirtualMOvectors.The
secondstepbeginswiththeevaluationoftherotationcoefficients,cands,

u=
Fia

a− i

2

(3.2)

c=1−
u

2
(3.3)

s=−sgn(Fia) u−
u2

4
, (3.4)

whereiandaaretheindicesfortheoccupiedandvirtualMOs,respectively.
NoniterativeJacobi-like2×2rotationsarethenappliedforappropriatepairsof
occupied(co)andvirtual(cv)vectors

co=cco−scv (3.5)

cv=sco+ccv. (3.6)

coandcvarethenewMOs.ThevaluesofFiaand a− iareusedtodetermine
whethertheassociatedrotationwillbedoneornot,sothatonlyasparsesetof
orbitalsisrotatedinpractice.
Inthefollowing,webeginwiththedescriptionforthemulti-GPUimplemen-

tationofthetriplematrixmultiplication(seeEquation(3.1)).Thenthememory
managementanddatastorageforthesubsequentJacobi-likerotationsonone
singleGPUdevicearedemonstratedusinganexampleof8basisfunctionsand
5doublyoccupiedMOs.AdescriptionofhowtoutilizemultipleGPUdevices
forperformingtherotationsisgivenattheendofthissection.
Letusconsiderasemiempiricalcalculationwithnbasisfunctions,with

thenumberofoccupiedandvirtualorbitalsbeingnoandnv,respectively.In
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(a)T=FC
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Figure3.4:SchematicillustrationsfortheimplementationofF =CoFCvon
twoGPUs(GPU0andGPU1).Thearraysthatresideexclusivelyinthememory
ofoneGPUaremarkedbyGPU0(orGPU1),whereasthearraysinthememory
ofbothGPUsarecoloredingray.Tisatemporarymatrix.

addition,weassumethatnoisgreaterthanorequaltonv,whichwilloftenbethe
caseinsemiempiricalcalculations.Thenitcanbereadilyprovedthatthenumber
offloating-pointoperationsforcomputingF isminimizediftheassociativity
ofCo(FCv)isexploitedinEquation(3.1). Therefore,theimplementation
performsthematrixmultiplicationsT=FCvandF =T Co,inthisorder
(seeFigure3.4),whereTisatemporaryarray.BecauseF issymmetricitdoes
notmatterthatthesetwomultiplicationsresultinthetransposedmatrix.
Thebasicprincipleofthemulti-GPUimplementationistopartitionthe

relevantmatricesintosmallertilesforeachGPU.Initially,bothFandCresidein
thehostmainmemory.Forthefirstmatrixmultiplication,Cvisevenlydivided
andtheresultingsmallerarraysaretransferredtothecorrespondingGPU
memory. MeanwhilethecompleteFockmatrix(thegraysquareinFigure3.4(a))
ismovedtobothGPUs.Thusthetwoindependentcomputationsmayrunon
twoGPUsatthesametime.Thesecondmatrixmultiplicationcanbeexecuted
inasimilarmanner,providedthematrixCoresidesinbothGPUmemories(see
Figure3.4(b)).Itshouldbenotedthatthetwomatrixmultiplicationscanrun
asynchronouslyonmulti-GPUdevices,i.e.thecalculationononeGPUdoes
notneedtowaitfortheothersforfinishingthemultiplicationsatanystage.It
isenoughtohaveafinalbarrierthattransferstherelatedtilesofF backto
themainmemoryonthehost.Ournumericaltestshaveshownthatthetriple
matrixmultiplicationsontwoTeslaM2090GPUsare∼1.6timesfasterthan
thoseononesingleGPU.
TheGPU-dedicatedalgorithmofthenoniterativeJacobi-likerotationshas

beendescribedinthepublishedpaper[74](seeAppendixA).Theinternal
memorymanagementisdocumentedherebyusinganexamplecalculationwith8
basisfunctions,inwhich5occupiedorbitalsand3virtualorbitalsarepresumed.
AlltheJacobi-likerotationsaredepictedinFigure3.5fortheexample
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Figure3.5:AllnoniterativeJacobi-like2×2rotationsforanexamplecalculation
with8basisfunctions. The5occupiedorbitalsand3virtualorbitalsare
representedbygrayandwhitesquares,respectively.Rotationsinasweepare
indicatedbydashedlines.Thethresholdsforskippingsmallrotationsarenot
considered.

calculation. Thereareatotalofnosweepsandnvrotationsforeachsweep
(ifallrotationsareperformeddisregardingthethresholdsforskippingsmall
rotations). Moreover,therotationsbelongingtothesamesweepcanbeexecuted
out-of-order,butthesweepsmustbeperformedinasequentialmanner.Thusa
localdatasynchronizationisimposedforeveryblockofGPUthreadspriorto
anexecutionofthenextsweep.

Allrotationsandtherelatedpairsofoccupiedandvirtualorbitalsare
summarizedinFigure3.6.Thereisaone-to-onemappingbetweentherotations
andthematrixentriesFia. BecausecertainthresholdsontheFockmatrix
elementsforskippingsmallrotationsarealwaysusedinacalculation,notall
pairsoforbitalsareactuallyrotated.Theratiobetweenrotatedandskipped
pairs,however,canvaryalotfromoneSCFcycletoanother,andtherebybe
unpredictable. Hencewemayassumethattwopairsoforbitals,4↔ 5and
1↔7,ofthe5thsweepintheexamplefulfillthethresholdsforrotation,whereas
the0↔6combinationwillnotberotated(seeFigure3.7).

Twosupplementaryintegerarrays,npairandimo,areemployedtostore
thecountersfortheJacobi-likerotations.npairisone-dimensional.Itslength
equalsthenumberofsweeps. Eachentryofnpaircontainsthenumberof
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Figure3.6: Mappingofthesweeps(givenbyordinalnumbersintheboxes)to
theorbitalpairsandcorrespondingelementsoftheFockmatrixF storedin
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Figure3.7:AlltheJacobi-likerotationsintheexamplecalculationof5occupied
and3virtualorbitals.The5thsweepofrotationsishighlightedbyboldsquares,
whereastheothersarerepresentedbydashedsquares.Therotationsofthe5th
sweep,whichcansatisfythethresholds,arefilledwithgray.



3.4. ORTHOGONALIZATIONCORRECTIONS 21

orbitalrotationstobeperformedinthecorrespondingsweep,e.g.2forthe
5thsweep.imoisannv×nomatrix.Itscolumnscorrespondtothesweeps.
Theoccupiedorbitalsoftherotationsforwhichthethresholdsarefulfilledare
recordedinthecolumnvectors,whoseactuallengths(withouttrailingunused
elements)aregivenbynpair.Thecorrespondingvirtualorbitalscanbeeasily
deducedfromtheoccupiedorbitalsusinganoffsetdeterminedbythesweep(see
Figure3.6).Theoccupiedorbitalsinthesweepvectorsarealwaysdefinite,but
theirsequentialorderinacolumniscompletelyunspecified.Forexample,orbital
1maybefollowedbyorbital4forthe5thsweep(seeFigure3.8).Butitdoes
makesensetohaveasequenceof1comingafter4forthesamesweepinanother
independentrunoftheprogram.Thereasonforthisuncertaintyisthatthe
GPUcomputingthreadsareexecutedcompletelyout-of-order.Thereforeatomic
operationsareappliedtofindthenextunusedelementofthecurrentcolumn
vectorinmatriximointowhichtheindexoftheoccupiedorbitalwillbestored.
Beforestoringanyindexintothecurrentcolumnofimo,thecorresponding
elementofnpairwillbeinitializedwith0indicatinganemptycolumnand
pointingtothefirstelementinthecolumn(0-basedindex).AGPUthreadthat
findsanon-negligiblerotationwilluseanatomicoperationtoincrementthis
pointer,i.e.readingtheoldvalue,adding1andstoringthenewvaluewillnotbe
interruptedbyanotherthread.Usingthepointerobtainedthiswaytheoccupied
orbitalindexcanbesafelystoredintothecolumnvector.Thecoefficientsof
theJacobi-likerotations(seeEquation(3.2))arestoredina(2nv)×nodouble
precisionmatrixa.Thereisadirectmappingbetweentheorbitalslistedinimo
andthecoefficientsgivenina,i.e.thearrangementoftheoccupiedorbitalsfor
the5thsweepinimoisconsistentwiththecoefficientssavedina(seeFigure3.8).

Themulti-GPUimplementationofthenoniterativeJacobi-likerotationsis
illustratedinFigure3.9ontwoGPUdevices. Thebasicprincipleisrather
simple:justpartitiontherelevantarraysoftheoccupiedandvirtualorbitalson
theGPUsasbalancedaspossible.Ourtestcalculationsdemonstratethatthe
multi-GPUimplementationfortherotationsisveryefficient,i.e.thespeedupis
1.9on2GPUs(seeAppendixB).Itshouldbestressedthattheactualdimension
oftheGPUthreadsinablock,themappingofthethreadstotherotations,and
thelocalsynchronizationwithinablockofthreadsarenotshowninFigure3.9
explicitly.Thesecomplicatedtechnicaldetailsarebeyondthescopeofthisthesis
andcanbecheckedinthecodeitself.

3.4 Orthogonalizationcorrections

Ourbenchmarkcalculationshaveshownthattheorthogonalizationcorrections
fortheOM2andOM3methodsmayconsumeaverysignificantshareofthetotal
computationtime,i.e.∼10%ofthewallclocktimeinasingle-coreCPU-only
calculationand∼30%foraGPU-acceleratedcalculation[74].Insteadofa
straightforwardportoftheoriginalCPUcodeontotheGPUdevices,wedevised
anewalgorithmfortheorthogonalizationcorrections,whichisentirelyequivalent
totheoldoneformally,butmuchmoreefficientfornumericalcomputationson
bothCPUandGPUarchitectures.Thenewalgorithmispresentedfirstinthis
section.ThereafteritistestedthroughOM3calculationsonasetofproteins,
showingthatspeedupsof∼400canbereadilyachievedbytheimplementation
ofthenewalgorithmon2GPUdevices(comparedwiththeoriginalserial
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Figure3.8:AdiagramoftheinternalmemorymanagementfortheGPUimple-
mentationofthenoniterativeJacobi-likerotations.Seethetextformoredetails
onthe5thsweep.npairandimoareintegerarrays,whereasaisanarrayof
double-precisionfloating-pointnumbers.
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Figure3.9: The multi-GPUimplementationofthenoniterativeJacobi-like
rotations.ThearraysoforbitalsaredividedbetweentwoGPUdevices(GPU0
andGPU1). AsingleGPUthread,whichcomputesoneallowedrotation,is
representedbyadashedarrow.ThegraysquaresdenoteblocksofGPUthreads.
ThegridsofthreadblocksareorganizedinshadowrectanglesontheGPUs.

CPU-onlyimplementation).
IntheOM2method,theorthogonalizationcorrectionsareintheirmost

generalform,andhencetheyareusedforderivingthenewalgorithm. The
generalformulafortheOM2correctionsis

VOM2µν =−
1

2
Aµν

C

λ

(Sµλβλν+βµλSλν)

+
1

8
Bµν

C

λ

SµλSλν(H
core
µµ +H

core
νν −2H

core
λλ ), (3.7)

whereµandνareatomicorbitalsonarbitraryatomsAandB,respectively.
ThesummationinEquation(3.7)rangesoveratomicorbitalsλatatomsCthat
differfromAandB. Wenowformallyextendthesesummationstocoverall
atomsincludingAandB:

VOM2µν =−
1

2
Aµν

k

(Sµkβkν+βµkSkν)

+
1

8
Bµν

k

SµkSkν(H
core
µµ +H

core
νν −2H

core
kk )

+
1

2
Aµν

A

ρ

(Sµρβρν+βµρSρν)
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−
1

8
Bµν

A

ρ

SµρSρν(H
core
µµ +H

core
νν −2H

core
ρρ )

+
1

2
Aµν

B

σ

(Sµσβσν+βµσSσν)

−
1

8
Bµν

B

σ

SµσSσν(H
core
µµ +H

core
νν −2H

core
σσ ), (3.8)

wherekrunsoverallatomicorbitals,andρandσsymbolizetheorbitalsonatoms
AandB,respectively.TheextratermsinthelastfourlinesofEquation(3.8)
exactlycanceltheextratermsinthefirsttwolinesthatarisefromextending
thesumsoverktoallorbitals.Theextratermsinthelastfourlinesareallzero,
becausethethebasisfunctionsonthesameatomareorthonormaltoeachother

Sµν=δµν, (3.9)

andtherelatedresonanceintegralsarealsozerobydefinition

βµν=0, (3.10)

Equation(3.8)canthusbesimplifiedas

VOM2µν =−
1

2
AµνXµν+

1

8
BµνYµν, (3.11)

whereXµνandYµνaregivenbelow.

Xµν=
k

Sµkβkν−βµν +
k

βµkSkν−βµν (3.12)

Yµν=(H
core
µµ +H

core
νν )

k

SµkSkν−2
k

SµkH
core
kk Skν (3.13)

Equation(3.12)canbewrittenas

X=(Sβ−β)+(βS−β) (3.14)

inmatrixform.IfwedefineQ=S−I,whereIisanidentitymatrix,then
Equation(3.14)becomesX=Qβ+βQ. BecauseQandβaresymmetric
matrices,wehave

X=(Qβ)+(Qβ). (3.15)

IfwefurtherdefineGµν=−
1
2Aµν,thefirsttermofEquation(3.7),whichisin

facttheorthogonalizationcorrectionintheOM3method,is

VOM3µν =GµνXµν. (3.16)

Equation(3.16)inmatrixformis

VOM3=G◦X, (3.17)

where◦denotestheelement-wiseproduct.
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Table3.2:Theproteinsusedfortestingtheorthogonalizationcorrectionsin
theOM3method.NaandNfarethenumbersofatomsandbasisfunctions,
respectively.

notation P020 P063 P086 P100 P125 P156 P166 P221

PDBID 1BTQ 1K50 2HXX 3K6F 1ACF 2A4V 4A02 3AQO
Na 307 1097 1495 1842 2004 2969 3415 3558
Nf 754 2699 3655 4446 4920 7157 8173 8727

Unfortunately,thereisnosimilarmatrixexpressionforEquation(3.13),since
itssecondterm,i.e. kSµkH

core
kk Skν,involvesthreematrixelements.Experi-

enceshowsthatthecontributionofEquation(3.13)totheorthogonalization
correctionsintheOM2methodisnormallyrathersmall,mainlybecausethe
firstandsecondsumsinEquation(3.13)areofoppositesignandmaythuspar-
tiallycompensateeachotherinnumericalcomputations.Theorthogonalization
correctionsinOM2andOM3arethusfairlysimilar,andbenchmarkcalculations
haveindeeddemonstratedthattheaccuracyofOM3iscloselycomparableto
thatoftheOM2method[31,32,34,35].
AnewalgorithmforcomputingtheorthogonalizationcorrectionsintheOM3

methodisoutlinedinAlgorithm3.1. Themaincomputationaleffortisthe
matrix-matrixmultiplicationinline6.Inaddition,asQ,β,G,X,andVOM3

aresymmetric,onlythelower(orupper)triangularentriesofthematricesare
consideredinpractice(seelines3,7,and8).

Algorithm3.1Amatrixmultiplicationalgorithmforcomputingtheorthogo-
nalizationcorrectionsintheOM3method.

1:fori=1toNfdo
2: forj=1toido
3: computeQj,i,βj,iandGj,i. Allinlineararrays.
4: endfor
5:endfor
6:T←Qβ Tisatemporaryworkspace.
7:X←T+T
8:VOM3←G◦X

ThisalgorithmhasbeenimplementedintheMNDO99package[84]forboth
multi-CPUandmulti-GPUarchitectures.Itsperformancewascomparedwith
thatoftheoriginalcodebyusingasetof8proteins[137–144].Table3.2lists
theseproteinsthatarelabeledasPx,wherexisthenumberofresidues.The
notationsforthecomputingconfigurationsandtheemployedalgorithmsare
collectedinTable3.3.Thecomputationtimesandspeedupsaresummarizedin
Tables3.4and3.5,respectively.
Thenewalgorithmofferssignificantadvantagesinbothcomputationalef-

ficiencyandnumericalaccuracy.Theoriginalcodewithoutanycutoffforthe
orthogonalizationcorrectionstomatrixelementsinvolvingdistantatomsiscom-
parativelyslowononesingleCPUcore(O1C).Bycontrast,thenewalgorithm
isabout10timesfasterwhenrunonthesamehardware(N1C).Furthermore,
theGPU-orientedimplementationcanamplifytheperformancegaintomore
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Table3.3: Descriptionofthenotationsforthedifferentalgorithmsforthe
orthogonalizationcorrectionsintheOM3methodonavarietyofcomputing
platforms.

notation description

O1C theoriginalalgorithmonasingleCPUcore
O6C theoriginalalgorithmonasingleCPUusingall6cores
O12C theoriginalalgorithmontwoCPUsusingall12cores

O1C
theoriginalalgorithmwiththedefaultcutoffsonasingleCPU
core

O6C
theoriginalalgorithmwiththedefaultcutoffsonasingleCPU
usingall6cores

O12C
theoriginalalgorithmwiththedefaultcutoffsontwoCPUsusing
all12cores

N1C thenewalgorithmonasingleCPUcore
N6C thenewalgorithmonasingleCPUusingall6cores
N12C thenewalgorithmontwoCPUsusingall12cores
N1G thenewalgorithmonasingleGPUdevice
N2G thenewalgorithmontwoGPUdevices

Table3.4:Computationtime(inseconds)forthesubroutinecalculatingthe
orthogonalizationcorrectionsintheOM3method.

P020 P063 P086 P100

O1C 0.560 39.470 84.384 153.225
O6C 0.100 5.969 15.711 28.686
O12C 0.054 3.710 10.045 19.076
O1C 0.071 2.331 5.629 10.471
O6C 0.014 0.396 0.952 1.779
O12C 0.008 0.201 0.479 0.900
N1C 0.075 3.583 8.147 14.170
N6C 0.023 1.219 1.563 2.774
N12C 0.020 1.113 1.766 1.701
N1G 0.007 0.143 0.310 0.530
N2G 0.008 0.119 0.247 0.396

P125 P156 P166 P221

O1C 243.246 639.672 968.720 1156.657
O6C 38.403 124.616 194.525 233.753
O12C 25.818 102.241 176.604 214.191
O1C 13.517 44.965 68.980 78.165
O6C 2.299 7.573 11.650 13.202
O12C 1.150 3.897 6.125 7.037
N1C 18.499 56.778 84.360 130.444
N6C 3.471 10.997 15.760 20.819
N12C 2.655 6.223 8.415 11.501
N1G 0.694 2.660 4.017 4.799
N2G 0.509 1.601 2.437 2.730
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Table3.5:Speedupsofthesubroutinecomputingtheorthogonalizationcorrec-
tionsintheOM3method.ThewallclocktimesofO1Careusedasreference.

P020 P063 P086 P100

O6C 5.6 6.6 5.4 5.3
O12C 10.4 10.6 8.4 8.0
O1C 7.9 16.9 15.0 14.6
O6C 40.0 99.7 88.6 86.1
O12C 70.0 196.4 176.2 170.2
N1C 7.5 11.0 10.4 10.8
N6C 24.3 32.4 54.0 55.2
N12C 28.0 35.5 47.8 90.1
N1G 80.0 276.0 272.2 289.1
N2G 70.0 331.7 341.6 386.9

P125 P156 P166 P221

O6C 6.3 5.1 5.0 4.9
O12C 9.4 6.3 5.5 5.4
O1C 18.0 14.2 14.0 14.8
O6C 105.8 84.5 83.2 87.6
O12C 211.5 164.1 158.2 164.4
N1C 13.1 11.3 11.5 8.9
N6C 70.1 58.2 61.5 55.6
N12C 91.6 102.8 115.1 100.6
N1G 350.5 240.5 241.2 241.0
N2G 477.9 399.5 397.5 423.7
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Table3.6:Themaximumnumericalerror(ineV)forthematrixelementsof
theorthogonalizationcorrectionsintheOM3method.Thereferencevaluesare
thosecomputedwiththeO1Csetup.

P020 P063 P086 P100

O6C 0.00 0.00 0.00 0.00
O12C 0.00 0.00 0.00 0.00
O1C 0.92×10−4 0.14×10−3 0.11×10−3 0.11×10−3

O6C 0.92×10−4 0.14×10−3 0.11×10−3 0.11×10−3

O12C 0.92×10−4 0.14×10−3 0.11×10−3 0.11×10−3

N1C 0.17×10−14 0.18×10−14 0.22×10−14 0.22×10−14

N6C 0.17×10−14 0.18×10−14 0.22×10−14 0.22×10−14

N12C 0.17×10−14 0.18×10−14 0.22×10−14 0.22×10−14

N1G 0.18×10−14 0.17×10−14 0.22×10−14 0.23×10−14

N2G 0.18×10−14 0.17×10−14 0.22×10−14 0.23×10−14

P125 P156 P166 P221

O6C 0.00 0.00 0.00 0.00
O12C 0.00 0.00 0.00 0.00
O1C 0.12×10−3 0.13×10−3 0.12×10−3 0.12×10−3

O6C 0.12×10−3 0.13×10−3 0.12×10−3 0.12×10−3

O12C 0.12×10−3 0.13×10−3 0.12×10−3 0.12×10−3

N1C 0.24×10−14 0.22×10−14 0.36×10−14 0.17×10−14

N6C 0.24×10−14 0.22×10−14 0.36×10−14 0.17×10−14

N12C 0.24×10−14 0.22×10−14 0.36×10−14 0.17×10−14

N1G 0.26×10−14 0.19×10−14 0.43×10−14 0.19×10−14

N2G 0.26×10−14 0.19×10−14 0.43×10−14 0.19×10−14

than400timeson2GPUdevices.

Theoriginalcodeprovidestheoptiontoskiptheevaluationoftheexponen-
tiallydecayingorthogonalizationcorrectionsifcertaindistance-basedand/or
overlap-basedcriteriaaresatisfied. Whenusingthedefaultcutoffsintheorig-
inalcode,thecomputationsaresignificantlyaccelerated.Foralargesystem,
thespeedupcanbeoneorderofmagnitudeononeCPUcoreandcanreach
200timeswithatotalof12CPUcores.However,thesedefaultcutoffscause
numericalerrorsofaround0.1×10−3eVinthematrixelementsVOM3µν (see
Table3.6).Ontheotherhand,thenewalgorithmisabletoreproducereference
valuesofVOM3fromO1Ccalculationswithveryhighaccuracy,i.e.theerrors
arealwayslessthan0.5×10−14eV(i.e.oftheorderofthefiniteprecisionof
thefloating-pointnumbersasrepresentedinthecomputer).Thereforethenew
algorithmiserror-freeinprinciple.

Nomatterwhatalgorithmisemployedinthecomputation,theparallelization
ontheCPU-onlyplatformsscaleswellwithrespecttothenumberofprocessing
coresinthetest.Asuperlinearscalingmayhappenoccasionally,e.g.aspeedup
of6.6timesforP063isobservedwiththeO6Ccomputingsetup.Thiscanbe
attributedtothepresenceoftheCPUcache.Datathatdoesnotfitintothe
cacheofasingleCPUcoremayfitifdistributedamongmultiplecorescausing
agreaterspeedup.TheGPU-dedicatedimplementationofthenewalgorithm
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affordsthebestperformance.IfmultipleGPUdevicesareutilized,someextra
accelerationthatisproportionaltothenumberofGPUsshouldbepossible,
providedtheinvestigatedsystemislargeenough.Forexample,thecomputation
ofP221ontwoGPUstakes2.7sec,whichis1.8timesfasterthanthat(4.8sec)
onasingleGPU.





Chapter4

ParallelParameterization
Program

4.1 Introduction

Semiempiricalquantumchemicalmethodsarequiteuniquevarietiesofelectronic
structuretheoryinthattheparameterizationwithregardtoexperimentalor
high-leveltheoreticalreferencedataplaysamuchmoreimportantrolethan
forabinitioanddensityfunctionalmethodsduringmethoddevelopment[26].
Theaccuracyofasemiempiricalmethodismostlygovernedbytheunderlying
modelandthequalityoftheoptimizedparameters.Althoughithasbeenwidely
recognizedthattheformerdeterminestheintrinsicaccuracyofasemiempirical
method,thelatterisofgreatpracticalimportance.Extendedparameterization
canimprovetheoverallqualityofanestablishedsemiempiricalmodeltoapproach
theinherentlimitofaccuracyforgeneralapplications.Forexample,thecontin-
uousparameterizationendeavorsforMNDO-typesemiempiricalmethods[18,19]
gaverisetoAM1[21],RM1[76]andPMx(x=3,5,6,and7)[22,77–79]with
progressivelyenhancedaccuracyandcapabilities. Moreover,aspecificreparam-
eterizationofasemiempiricalmethodmaybeusefulforatargetedsystemof
interest[80–83,145,146].Itmustbestressed,however,thatparameterization
shouldnotbeoverused,becausebreakthroughsinthedevelopmentofsemiempiri-
calquantumchemicalmethodswillmainlycomefromadvancesintheunderlying
theoreticalmodel,ratherthanthemerereoptimizationoftheparameters.It
shouldalsobenotedthatthenumericalvaluesofcertainparametersneedtobe
confinedtoacertainrangetoretaintheirphysicalsignificance[26].

Theparameterizationofasemiempiricalmethodaimsatfindingtheoptimum
valuesforasetofparametersbyfittingcalculatedmolecularpropertiesxcalcto
referencedataxrefsothattheerrorfunctionisminimized.Becauseadefinite
rangeofallowedvaluesisusuallyimposedoneachparameter,thisprocedure
canbeviewedasaconstrainedoptimizationmathematically.Asingleevaluation
oftheerrorfunctionmayinvolvesemiempiricalcalculationsonhundredsof
molecules. Furthermore,theoptimizationoftheparameterswillnormally
requiremanyiterativecycles,andhenceahugenumberofevaluationsofthe
errorfunction,toensureacomprehensiveexplorationofparameterspace.Thus
theparameterizationofasemiempiricalmethodcanbeanexceedinglytime-

31
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consumingtask.
Onemajorprojectinthisthesiswasthedevelopmentofaparallelparameteri-

zationprogram(PPP)thatisabletotakeadvantageofsymmetricmultiprocessing
(SMP)computersandparalleloptimizationalgorithms,inordertosolvethe
constrainedoptimizationprobleminamoreefficientway.1Inthefollowing,we
firstdescribethemathematicalfoundationsoftheparameterizationproblem
andthebasicprinciplesemployedinPPP. Wethenoutlinethealgorithmsfor
localandglobaloptimizationsthathavebeenimplementedinPPP.Finally,an
applicationispresented,namelytheoptimizationofparametersinempirical
dispersioncorrectionsfortheOM2andOM3methods.
Duringthethesis,specificsemiempiricalparameterizationswereperformed

intwocases,inordertoobtainanoptimumsemiempiricaldescriptionofthe
enzymaticreactioncatalyzedbydihydrofolatereductase[145]andofhydrogen
bondingandprotontransferinwater[146].Thesestudieswillnotbesummarized
here,sincetheyhavebeenpublished. Thecorrespondingpublicationsare
attachedinAppendicesCandD.

4.2 Theory

Considerasemiempiricalmethodthatdependsonnparameters

p=








p1
p2
...
pn







, ∀pi∈R (4.1)

thatareoptimizedbycalibratingagainstasetofm(m≥n)referenceproperties

xref=








xref1
xref2
...
xrefm








(4.2)

obtainedfromeitherexperimentorhigh-leveltheoreticalcalculations. The
residualsfiaredefinedastheweighteddifferencesbetweenthecalculatedand
referencevaluesofthemolecularproperties,
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ref
m







, (4.3)

wherewiistheithweightingfactorwhoseunitistheinverseofthedimension
ofthereferencepropertysothatfiisdimensionless.Equation(4.3)isavector
functionofp,i.e.f:Rn→ Rm. Theobjectiveoftheparameterizationofa
semiempiricalmethodistofindtheminimizer

p∗=argmin
p

s(p), (4.4)

1Inthischapter,PPPdoesnotrefertothePariser-Parr-Poplemethod.[5,6]
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wheres(p)isthesumofsquaredresiduals,

s(p)=
m

i=1

f2i. (4.5)

Theresidualfunction(seeEquation(4.3))canbeapproximatedbyafirst-
orderTaylorseriesexpansioninthevicinityofaninitialsetofparameters
p0

f(p0+h)≈f(p0)+J(p0)h, (4.6)

wherehrepresentsaninfinitesimalshiftandJistheJacobianatthepoint
p0. TheJacobiancontainsthefirst-orderpartialderivativesoftheresidual
componentswithrespecttotheparametersorganizedinanm×nmatrix

J=







∂f1
∂p1

··· ∂f1
∂pn

...
...

...
∂fm
∂p1

··· ∂fm
∂pn





. (4.7)

AfterapplyingthelinearapproximationinEquation(4.6)tothesumofsquares
givenbyEquation(4.5),wehave

s(p)≈(f0+J0h)(f0+J0h), (4.8)

wheref0andJ0areshorthandnotationsforf(p0)andJ(p0),respectively.The
approximategradientofs(p)canalsobederivedfromEquation(4.8)

g(p)≈2J0f0+2J0J0h. (4.9)

ItissettozerowhenEquation(4.5)isminimized. Uponrearrangementthe
normalequationswritteninmatrixformbecome

J0J0h=−J0f0. (4.10)

Equation(4.10)constitutesthetheoreticalbasisforthegradient-basedalgo-
rithms.
Sincetheanalyticalexpressionsforthecomponentsoftheresidualfunction

arenormallynotavailable,theJacobianhastobeconstructedbymeansof
numericaldifferentiation,

Jij=
fi(p0+ejδ)−fi(p0−ejδ)

2δ
, (4.11)

whichcanbeaverydemandingcomputationaltask.InEquation(4.11),ejis
thejthcolumnofanidentitymatrixandδdenotesthesmallvariationofthe
jthparameter.
Theparameterizationofasemiempiricalmethodisatypicalnon-linearleast

squaresproblemthatcanbesolvedbyvariousgeneraloptimizationmethods.
Derivative-freeoptimizationtechniqueswouldseemtobeparticularlyattractive,
becausetheimpreciseandtime-consuminggradientevaluationcanbeomitted
completely.Toprepareforthedescriptionofthederivative-freealgorithmsinthe
nextsection,wewillfirstintroducetheconceptofasimplexandtheelementary
operationsassociatedwithit[147].
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(a)3-simplex

(b)reflectionandexpansion

(c)contraction (d)reduction

Figure4.1:A3-simplexandtherelevantoperationsforderivative-freeoptimiza-
tion.Theverticesofthehighestandlowestvaluesaredesignatedbyblackand
whitecircles,respectively.Thegraytrianglesrepresentthereflectionplaneand
thecentroidsaredenotedbysmallercircles.Thepointsofreflection,contraction,
andreductionaremarkedbyblackcrosses,respectively,whereasthewhitecross
indicatestheexpansionpoint.

Asetofparameters,i.e.pinEquation(4.1),canbeconsideredasapoint
inann-dimensionalspace. Asimplexofparametersisaspecialpolytopeof
(n+1)verticesinndimensions.Eachvertexisdefinedbyaparametersetpi
anditsvalueisgivenbythesumofsquaredresiduals(seeEquation(4.5)).For
example,a3-simplexinFigure4.1(a)isatetrahedron.Itcanrepresentasetof
3parametersthatneedtobeoptimized.
Therearefourbasicoperationsonasimplexinnumericaloptimization,

namelyreflection,expansion,contraction,andreduction.Afterinitialevaluation
ofallverticesofasimplex,theverticesofthehighestandlowestvaluesare
sortedandlabeledasphandpl,respectively.Theverticesexceptphthenform
anabstractplane,wherep̄denotesitscentroid

p̄=
1

n+1

n+1

i=1

pi (i=h). (4.12)

Thereflectionoperationistoreflectthevertexphthroughtheoppositesideof
theplaneandobtainanewpointpr

pr=(1+α)̄p−αph, (4.13)

whereαisapositiveconstantnamedthereflectioncoefficient.Thispointcan
befurtherexpandedalongthelinejoiningphandp̄inthesamedirectiongiving
peinthesecondoperation

pe=γpr+(1−γ)̄p, (4.14)
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whereγisgreaterthanoneandcalledtheexpansioncoefficient.Thecontraction
operationistomovethehighestvertextowardsthecentroidoftheplanewhich
resultsin

pc=βph+(1−β)̄p, (4.15)

wherethecoefficientβliesbetween0and1.Thelastoperationdisplacesall
verticestothelowestpl

pi=pl+δ(pi−pl) (i=l), (4.16)

sothatthesizeofthesimplexisshrunk.Theallowedintervalofδisbetween0
and1.Allfouroperationsaredemonstratedfortheexampleofa3-simplexin
Figure4.1.

4.3 Technicaldetails

Intheparameterizationofasemiempiricalmethod,theaimistofindanoptimal
setofparametersthatminimizetheobjectivefunction(seeEquation(4.5)).In
numericalanalysis,therearealargenumberofalgorithmsavailableforsuch
minimizationproblems.Thesealgorithmscanbeclassifiedintotwotypes,local
optimizationandglobaloptimization.Localoptimizationfindstheminimizer
thatgivesthelowestvalueofafunctionintheneighborhoodofthestarting
point.Forexample,p1maybereachedfromp0byalocaloptimization(see
Figure4.2).Ontheotherhand,theoveralllowestfunctionvalueinthesearch
domainistargetedinglobaloptimization,e.g.thepointpginFigure4.2.Both
localandglobalapproachescanbeutilizedforparameterization.Inbothcases,
thecomprehensiveexplorationofparameterspacewillgenerallyrequirean
excessivenumberoffunctionevaluations,anditshouldthusbepreferableto
takeadvantageofalgorithmsdevisedforparallelcomputers.Somerepresentative
algorithmsforbothlocalandglobaloptimizationsimplementedinPPPare
describedinthenextsubsections.

4.3.1 Localoptimization

Algorithmsforlocaloptimizationusuallyleadtoaminimuminthevicinityofthe
initialpoint.Ifafunctionisdifferentiableanditsderivativescanbeanalytically
computedoraccuratelyestimatedbynumericalmeans,thenawidevarietyof
gradient-basedmethodsisavailableforsearchingthebestparameters.Otherwise,
adirectderivative-freemethodmaybeuseful,especiallyifitisinconvenientor
toodemandingtoevaluatethefunctionderivatives.

4.3.1.1 Gradient-basedalgorithms

Twoofthemostwidelyusedgradient-basedalgorithmsaretheGauss-Newton
method[147,148]andtheLevenberg-Marquardtmethod[149,150].Thebasic
theoryhasbeenbrieflyreviewedintheprevioussection,Algorithms4.1and4.2
presentthepseudocodeforbothmethods.
p0givesaninitialguessfortheparametersandcheck_convverifieswhether

thestoppingcriteriaaresatisfiedintheend.Thevector-valuedresidualfunction
(Equation(4.3))andtheJacobian(Equation(4.7))needtobeevaluatedin
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Figure4.2:Theminimaofafunctioninaninterval.Thestartingpointp0for
optimizationisindicatedbyawhitecircle.Allminimaarerepresentedbyblack
circles.p1andp2arelocalminima,whereaspgdenotestheglobalminimum
withinthesearchdomain.

Algorithm4.1TheGauss-Newtonmethod.

1:p←p0
2:repeat
3: f←f(p)
4: J←J(p)
5: solveJJh=−Jf
6: searchα∗←argmins(p+αh)
7: {p,s}←{p+α∗h,s(p)}
8: conv←check_conv()
9:untilconv

Algorithm4.2TheLevenberg-Marquardtmethod.

1:p←p0
2:repeat
3: f←f(p)
4: J←J(p)
5: λ←update()
6: solve(JJh+λM)=−Jf
7: p←p+h
8: conv←check_conv()
9:untilconv
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bothmethodsatthebeginningoftheloops.IntheGauss-Newtonmethod,the
normalequationsaresolvedimmediatelyforthedirectionofsteepestdescent.
Thisisfollowedbyalinesearchforanoptimalstepsizeα∗inthisdirection.
Thenanewsetofparametersisgeneratedtotestofconvergence. Onthe
otherhand,theLevenberg-Marquardtmethodintroducesadampingfactorλ
intothenormalequationswhichneedstobeupdatedineachiteration(see
lines5and6inAlgorithm4.2).ForsmallvaluesofλtheLevenberg-Marquardt
methodapproachestheGauss-Newtonmethod.ThematrixM inthemodified
normalequationsisapositivediagonalmatrix.Itcanbeeitheranidentity
matrixIordiag(JJ),whichmightbehelpfultoconvergetheprocedurein
somecircumstances.
Theremaybetensofparametersinasemiempiricalmethodandthousandsof

referencepropertiesforaparameterization.Inaddition,theanalyticalderivatives
withrespecttotheparametersareunknowninmostcases.Hencethenumerical
evaluationoftheJacobianbyusingafinitedifferencemethodcanbecomethe
computationalbottleneck(seeline4inAlgorithms4.1and4.2).Itcanthus
bebeneficialtomakeuseofmultipleprocessors,e.g.allCPUcores,forthis
task.TheparallelpseudocodeforthecomputationoftheJacobianisgivenin
Algorithm4.3.

Algorithm4.3ThecomputationoftheJacobianbyafinitedifferencemethod
onmultipleprocessors.

1:forip←1tonpdo
2: {is,ie}←{set_start(ip,np,n),set_end(ip,np,n)}
3: fori←istoiedo
4: f+←f(p0+eiδ)
5: f−←f(p0−eiδ)
6: Ji←(f+−f−)/2δ
7: endfor
8:endfor

TheparallelisminAlgorithm4.3isachievedbyabalanceddistributionof
thecomputationoftheJacobianmatrixfornparametersonnpprocessors.The
columnrangesoftheJacobian,i.e.fromistoie,assignedtoeachprocessorare
determinedbythefunctionsset_startandset_end.Thespeedupwilltrivially
scaleproportionaltothenumberofprocessorsingeneral.

4.3.1.2 Derivative-freealgorithms

Thereareatleasttworeasonsforemployingaderivative-freeoptimization
algorithmfortheparameterization. First,thenumericalevaluationofthe
Jacobiancanbeveryexpensive.Second,theresidualfunctionsmaybesomewhat
noisywithrespecttovariationsoftheparametersinsomecalculationssothat
onemaynotalwaysbeabletotrustthederivativesapproximatedbyfinite
differences.
TheNelder-Meadmethod[151]isawell-establishednumericaltechnique

thatrequiresnoknowledgeofderivativesforageneralnonlinearoptimization
probleminamultidimensionalspace.Thismethod,however,usuallydemands
averylargenumberoffunctionevaluationstoconvergeaminimization,and
thereforeageneralizationoftheNelder-Meadmethodforparallelprocessorswas
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developed[152].ThepseudocodefortheparallelNelder-Meadmethodisgiven
inAlgorithm4.4,where1-basedindexingisusedthroughout.

Itshouldnotbedifficulttoparallelizetheconstructionofaninitialsimplexon
npprocessors(lines1to3).Unliketheprimitivealgorithmthattriestoreplace
thehighestvertexofthesimplexwithabetterpoint,theparallelapproach
attemptstosimultaneouslyimprovenpverticesofthehighestvalues. The
computationcorrespondingtoonevertexisassignedtoasingleprocessorso
thatacoarse-grainedparallelizationoftheNelder-Meadmethodcanberealized
forparameterization. AscanbeseeninAlgorithm4.4,thefourelementary
operationsonasimplex,i.e.reflection,expansion,contraction,andreduction,
areallencompassedintheparallelprocedure. Moreover,ifthereisonlyone
processorinuse,i.e.np← 1,theparallelNelder-Meadalgorithmcollapsesto
theoriginalversion.Finally,itiscrucialtonoticethatthestarredvariables,i.e.
p∗iands

∗
i,mustbeindependentoneachprocessortoavoiddataraceconditions.

4.3.2 Globaloptimization

Globaloptimizationappearstobeattractivesinceitpromisestolocatethebest
pointinthevariablespace.However,itisnotreallythatappealingasfarasthe
parameterizationofasemiempiricalmethodisconcerned.First,theessential
physicalmeaningofsomeparametersmustbepreserved,whichimpliesacertain
localityonthesearchdomain.Second,anoveruseoftheglobaloptimization
techniqueshouldbeavoidedasthereferencedataisusuallylimitedtoasetof
representativemolecules.

Globaloptimizationisverydifficultingeneral,becausetheobjectivefunction
mayhavemanylocalminima,andcriteriaarenormallylackingtodetermine
whetheralocalminimumistrulyglobal.Thereisalargenumberofmonographs
onglobaloptimization. Forthepurposeofparameterizingasemiempirical
quantumchemicalmethod,aparallelcontrolledrandomsearch(CRS)was
implementedinthePPPprogram.

TheCRSalgorithmbelongstothestochasticdirectsearchmethodsofglobal
optimization.Itisrobustforoptimizingafunctionwithnoise.2Theoriginal
versionwasproposedbyPriceinthe1970s[153–156].Itseffectivenesswas
improvedbymanyotherslateron[157–159]. Nevertheless,itiscriticalto
parallelizethealgorithmformoreefficiency,becauseitrequiresfarmorefunction
evaluationstoadequatelysamplethepointsinthesearchdomain[160].The
parallelpseudocodeisgiveninAlgorithm4.5.

First,aconfigurationofNtrialpoints(N n)isgeneratedatrandomover
thesearchdomainV,whichcanbeeasilyparallelizedonmultipleprocessors.
Theneachworkingprocessorrandomlysamples(n+1)outofNpointsinthe
configurationandproducesanupdatedpointaccordingtosomecombination
rules.Thereisnoneedtosynchronizethecomputationsontheprocessorsat
theendoftheloop(line12).Onceaprocessorfinishesthecomputationfora
newpoint,themaximumoftheNpointsisfoundandcomparedwiththenew
point.Ifthenewpointhasasmallervalue,thenthemaximumwillbereplaced.
Itshouldbeemphasizedthatthemodificationofthemaximumisenclosedina
criticalregion(lines13to18),whichpermitsexecutionbyonlyoneprocessorat

2Thereisnoguaranteeforthesmoothnessoftheresidualfunctionswithrespecttothe
parametersofasemiempiricalmethod.
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Algorithm4.4TheparallelNelder-Meadmethod.

1:fori←1to(n+1)do createaninitialsimplex
2: si←s(pi)
3:endfor
4:repeat
5: sort(si,pi) s1(p1)<s2(p2)<···<sn+1(pn+1)

6: p̄← 1
n+1−np

n+1−np
i=1 pi

7: shrink←true
8: fori←(n+2−np)to(n+1)do loopthroughthenpworstpoints
9: {pri,s

r
i}←{reflect(pi),s(p

r
i)} reflection

10: ifsri<s1then
11: {pei,s

e
i}←{expand(p

r
i),s(p

e
i)} expansion

12: ifsei<s1then
13: {p∗i,s

∗
i}←{p

e
i,s
e
i}

14: else
15: {p∗i,s

∗
i}←{p

r
i,s
r
i}

16: endif
17: strink←false
18: elseifs1≤s

r
iands

r
i<si−1then

19: {p∗i,s
∗
i}←{p

r
i,s
r
i}

20: strink←false
21: elseifsi−1≤s

r
ithen

22: {pci,s
c
i}←{contract(pi),s(p

c
i)} contraction

23: {̃pi,̃si}←min({pi,si},{p
r
i,s
r
i})

24: ifsci<s̃ithen
25: {p∗i,s

∗
i}←{p

c
i,s
c
i}

26: strink←false
27: else
28: {p∗i,s

∗
i}←{̃pi,̃si}

29: endif
30: endif
31: endfor
32: ifshrinkthen reduction
33: fori=2to(n+1−np)do
34: {pi,si}←{reduce(pi),s(pi)}
35: endfor
36: fori=(n+2−np)to(n+1)do
37: {pi,si}←{reduce(p

∗
i),s(pi)}

38: endfor
39: else
40: fori=(n+2−np)to(n+1)do
41: {pi,si}←{p

∗
i,s
∗
i}

42: endfor
43: endif
44: conv←check_conv()
45:untilconv
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atime,sothatacorrespondingdataraceconditioncanbecompletelyavoided.
Thefinalstepistocheckforconvergence.Theoutermostloopisterminatedif
somesuitableconvergencecriterionissatisfied.

Algorithm4.5Theparallelcontrolledrandomsearchmethod.

1:fori=1toNdo Ntrialpoints
2: pi←random(V)
3: si←s(pi)
4:endfor
5:repeat
6: forallprocessorsdo
7: r←sample(N,n+1)
8: fori=1to(n+1)do
9: p∗i←pri
10: endfor
11: {pu,su}←{update(p∗),s(pu)} anewpoint
12: endfor
13: BeginCritical
14: {pm,sm}←max({pi,si},N)
15: ifsu<sm then
16: {pm,sm}←{p

u,su}
17: endif
18: EndCritical
19: conv←check_conv()
20:untilconv

4.3.3 Implementation

Nomatterwhethergradientinformationisusedornotintheaforementioned
optimizationalgorithms,theprimarycomputationaltaskforparameterizinga
semiempiricalmethodistheevaluationofthesumofsquaredresidualfunctions
(seeEquation(4.5)).Sincethefunctionevaluationsaremostlyindependentof
eachother,theycanbeassignedtotheprocessorsofasymmetricmultipro-
cessingcomputerandexecutedinparallel(seeFigure4.3).Thecoarse-grained
parallelizationisorganizedinamaster-workerpattern.PPP,asamasterpro-
gram,isresponsibleforgeneratingnewtrialsofparameters,distributingthe
computationsandaccumulatingthefinalsum-of-squares,whereasthefunction
evaluationsareinvokedviasystemcallstotheMNDO99programasworkerson
parallelprocessors.PleasenotethattheMNDO99programshouldbeexecuted
inasequentialmodeforthisparticularsituationtomaximizetheparallelismof
thefunctionevaluationsonmultipleprocessors.

4.4 Demonstrations

Threestudiesontheparameterizationofsemiempiricalmethodswerecarriedout
asdemonstrations.Thefirstoneisaspecificparameterizationforanenzyme-
catalyzedhydridetransferbasedontheAM1Hamiltonian[145].Thesecondone
isanextensiveparameterizationofMNDO-type(MNDO,AM1,andPM3)and
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Figure4.3:Adiagramforthecoarse-grainedparallelizationemployedinthe
PPPprogram.Themulti-coreCPUsarerepresentedbyboldsquaresandthe
smallersquaresindicatetheprocessingcores.

OMx(x=1,2,and3)methodsforhydrogenbondingandprotontransferin
waterclusters[146].Bothstudieshavebeenpublished,thepapersareattached
inAppendicesCandD.Thethirdinvestigationconcernstheparameterization
ofdispersioncorrectionsintheOM2andOM3frameworkforweaklybound
complexes.Thecorrespondingresultsarepresentedinthissection.

Noncovalentintermolecularinteractionsareweakbynature,buttheyare
ubiquitousinbiologicalsystemsandofparticularprominenceforproteinfolding
andnucleobasestackinginDNA(deoxyribonucleicacid)andRNA(ribonu-
cleicacid)[106]. Oneofthenoncovalentinteractionsisdispersionwhichis
attractiveforanypairofatomsduetoinstantaneousfluctuationsoftheelec-
trons[108,109].Apropertheoreticaldescriptionofdispersionisdifficult[105,161].
Somecommonlyusedquantumchemicalmethods,e.g.abinitioMOtheoryand
DFTwithstandardfunctionals,donotaccountfordispersioneffectsprop-
erly[113,114].High-levelcorrelatedabinitiomethods,e.g.MP2orCCSD(T),
withlargebasissetsarerequiredforanaccuratetreatmentofdispersionin-
teractionsaccurately[110–112].Suchcalculationsarepracticalonlyforrather
smallmolecules. However,unlikeothereffectsinelectronicstructuretheory,
dispersioninteractionscanbereasonablymodeledbymolecularmechanicsforce
fieldsintermsofempiricalformulaswithsuitableparameters[115,116].Inorder
toretrievethedispersionenergyformethodsbasedonquantummechanicswith
anaffordablecomputationaleffort,dispersiontermsfromempiricalLennard-
Jonespotentials[117]havebeenaddedtotheenergiesfromtheHartree-Fock
method[119–121,162],someDFTmethods[122–127],theself-consistent-charge
density-functionaltight-binding(SCC-DFTB)method[118],andseveralsemiem-
piricalmethods,e.g.AM1,PM3,andPM6[128,130–133,163]. Dispersion
correctedOMxmethodshavebeenexploredinourgroup[129].Thecurrent
studyaimsattestingalternativedispersionformulas,searchingtheparameter
spacemorethoroughly,andreachingthebestaccuracy.

TheempiricaldispersionenergyfortheOM2andOM3methodsisgivenby
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Ed=−s6
B>A

fd
CAB
R6AB

, (4.17)

wheres6isaglobalscalingfactor,RABisthedistancebetweenatomsAandB,
andCAB/R

6
ABisananalogueofthesecondtermfortheLennard-Jonespotential.

TheCABcoefficientiscomputedasthegeometricmeanoftheC6parameters
forapairofatoms

CAB= CA6C
B
6. (4.18)

Adampingfunctionfdmustbeusedforeveryterminthesumtoprevent
thedispersionenergyfromassumingunphysicallylargenegativevalueswhentwo
atoms,AandB,arecomingveryclosetoeachother.Severalfunctionalforms
havebeenproposedforfdintheliterature.Twodifferentdampingfunctions,
denotedasfD1andfD2,arestudiedinthiswork,namely

fD1= 1−exp −cd
R7AB
R7v

4

(4.19)

and

fD2=
1

1+exp[−cd(RAB/Rv−1)]
. (4.20)

cdarethedampingcoefficientsandRvisthesumofthevander Waalsradii

Rv=R
A
0+R

B
0. (4.21)

Thenumericalvaluesofcdcanbequitedifferentforthetwofunctions,e.g.3.0in
Equation(4.19)and20.0inEquation(4.20)wereusedinpreviousstudies[118,
122,123]. WhenRABbecomesinfinite,bothsigmoidfunctionsapproachunity,
andhencethecorrectR−6AB asymptoticbehaviorofthedispersioninteraction
willbefulfilled.However,thereisafundamentaldifferencebetweenthesetwo
functionsatshortdistances.IfRABiszero,Equation(4.19)iszeroprecisely,
whereasEquation(4.20)isnotzero(albeitverytiny).Inthelattercase,
−CAB/R

6
AB willdivergewhenthetwoatomsareveryclose;however,this

happensatunrealisticallyshortdistancesthataregenerallynotencounteredin
molecularsystems.
TheS22setofnoncovalentcomplexes[164]wasemployedfortheparam-

eterizationofthedispersion-correctedOM2andOM3methods(denotedas
OM2-DandOM3-D,respectively).Thistrainingsetincludes7hydrogenbonded
complexes,8dispersionforcedominatedcomplexes,and7complexesofmixed
interactions(seeFigure4.4).Thereferencepropertiesfortheparameterization,
i.e.bindingenergies,hydrogenbondlengthsandangles,andsomerelevantatomic
distancesmainlygovernedbydispersionforces,arelistedinTable4.1together
withtheassociatedweightingfactors. Thereare141referencedataintotal.
Sincethepotentialenergysurfaceforaweaklyboundsystemmayberather
flat,stringentconvergencecriteriawereemployedforboththeSCFcalculations,
inwhichthevariationoftheelectronicenergyforsuccessiveiterationsmust
belessthan1.0×10−9eVandthemaximumchangeofthedensitymatrix
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Table4.1:Thenumber(No.)ofreferencedataandtheassociatedweighting
factors(w)usedintheparameterizationoftheOM2-DandOM3-Dmethods.The
molecularpropertiesincludebindingenergy(∆E),hydrogenbondlength(rH)
andangle(aH),importantatomicdistancesdominatedbydispersioninteractions
involvingonehydrogenatom(rHD)andheavyatomsonly(rD).

∆E rH aH rHD rD

No. 22 14 14 32 59
w 10.0mol/kcal 100.0Å−1 1.0degree−1 100.0Å−1 100.0Å−1

elementsmustbelessthan1.0×10−9,andforthegeometryoptimizationsof
singlefragmentsandwholecomplexes,inwhichthegradientnormmustbeless
than0.01kcal/(mol·Å).

Theparameterstobeoptimizedares6,cd,C6,andR0.Thefirsttwoare
generalparametersnotassociatedwithanyatoms,whereastheotherspossess
distinctvaluesfordifferentatoms.Twodampingfunctions,fD1andfD2(see
Equations(4.19)and(4.20)),wereinvestigatedandcomparedinthisworkand
therelevantmethodsaredenotedbysuffixes“-D1”and“-D2”,respectively.

Becausetherearetwotypesofparameters,theparameterizationswerecarried
outintwosteps.First,theoptimalvaluesfors6andcdwerefoundbyagrid
search,inwhichs6wasvariedfrom0.4to1.0andcdwasvariedintheinterval
of0.5to4.0forfD1and12.0to24.0forfD2,respectively.Thegranularityofthe
gridwas0.1.Thetop5combinationsofs6andcdsortedbytheroot-mean-square
deviation(RMSD)ofthebindingenergyaregiveninTable4.2forthedispersion-
correctedOM2andOM3methods.Itcanbeseenthatallreferenceproperties
arefairlyinsensitivetosmallvariationsofs6andcdintheregionsthatexhibit
thesmallestdeviationsofthebindingenergy. Wehaveadoptedthecombinations
ofs6andcdlistedinthefirstrowofeachmethodinTable4.2assuitable
parametersfortheempiricaldispersioncorrections. Keepingthoses6andcd
fixedforeachmethod,theatomicparameters,C6andR0,forhydrogen,carbon,
nitrogen,andoxygenwereoptimizedinthesecondstep.Thereisaconnection
betweentheC6coefficientsandtheatomicpolarizabilities[107,165].Inaddition,
theR0parametersarethevander Waalsradiioftheatoms[166].Hencethe
underlyingphysicalsignificanceofbothparametersmustbepreservedduring
parameterization.ThereforetheinitialvaluesforC6andR0weredrawnfrom
reference[123]andfurtheroptimizationswereconfinedbyallowingvariationsof
atmost±10%fromtheoriginalvalues.TheinitialandfinalvaluesofC6and
R0aregiveninTable4.3fortheOM2-DandOM3-Dmethods.Evidently,the
secondparameterizationstep(seeTable4.4)achievesonlyminorimprovements
ofthereferencepropertiescomparedwiththefirststep(Table4.2). Overall,
therearesubstantialenhancementsrelativetotheresultsfromtheoriginalOM2
andOM3methods,especiallyinthecaseofOM3(seeTable4.4).

AcomparisonofthemolecularpropertiesfortheS22setcalculatedbyusing
thestandardOM2andOM3methodsandthedispersion-correctedOM2-Dand
OM3-DmethodsisgiveninTable4.4. TheOM2-basedmethods,i.e.OM2,
OM2-D1,andOM2-D2,alwaysproducesmallererrorsforrH thantheOM3
counterparts,buttheRMSDsforrHarealmostunchangedforagivenmethod
withorwithoutdispersioncorrections.aHandrHDareveryslightlyimprovedby
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hydrogenbondedcomplexes

(NH3)2 (H2O)2 formicaciddimer formamidedimer

uracildimer 2-pyridoxine–2-aminopyridine adenine–thymine WC

dispersionforcedominatedcomplexes

(CH4)2 (C2H4)2 benzene–CH4 benzenedimer

pyrazinedimer uracildimer indole–benzene adeninethymine

mixedcomplexes

ethene–ethyne benzene–H2O benzene–NH3 benzene–HCN

benzenedimer
T-shape

indole–benzene
T-shape

phenoldimer
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Figure4.4:TheS22trainingset.Thecarbon,nitrogen,andoxygenatomsare
representedbygray,blue,andredballs,respectively.Thehydrogenatomsare
shownassmallerwhiteballs.Thenoncovalentinteractionsinvolvinghydrogen
atomsareindicatedbydashedlines.
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Table4.2: Root-mean-squaredeviationsoftheOM2-DandOM3-Dbinding
energies(∆E,inkcal/mol),hydrogenbondlengths(rH,inÅ)andangles(aH,in
degree),andsomeimportantatomicdistancesinvolvingdispersioninteractions
(rHDandrD,bothinÅ)fortheS22setinthegridsearchfors6andcd.

(a)OM2-D1

s6 cd ∆E rH aH rHD rD

0.8 0.6 1.26 0.18 3.65 0.34 0.37
0.7 0.8 1.27 0.18 3.24 0.31 0.34
0.9 0.5 1.27 0.17 3.79 0.40 0.37
0.7 0.7 1.27 0.18 3.42 0.32 0.36
0.6 1.0 1.27 0.18 2.90 0.29 0.37

(b)OM2-D2

s6 cd ∆E rH aH rHD rD

0.5 12.0 1.24 0.18 3.01 0.30 0.39
0.5 12.1 1.24 0.18 3.01 0.30 0.39
0.5 12.2 1.24 0.18 3.02 0.30 0.39
0.5 12.3 1.24 0.18 3.01 0.30 0.39
0.5 12.4 1.24 0.18 3.02 0.30 0.39

(c)OM3-D1

s6 cd ∆E rH aH rHD rD

0.6 1.4 0.80 0.35 1.51 0.42 0.30
0.6 1.5 0.80 0.35 1.57 0.42 0.30
0.6 1.6 0.80 0.35 1.64 0.45 0.30
0.6 1.3 0.81 0.35 1.44 0.42 0.30
0.7 1.0 0.81 0.35 1.23 0.46 0.29

(d)OM3-D2

s6 cd ∆E rH aH rHD rD

0.6 18.6 0.83 0.35 1.72 0.44 0.32
0.6 18.5 0.83 0.35 1.72 0.44 0.33
0.6 18.7 0.83 0.35 1.72 0.44 0.33
0.6 18.8 0.83 0.35 1.73 0.44 0.33
0.6 18.4 0.83 0.35 1.72 0.44 0.33
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Table4.3: TheinitialvaluesoftheC6(inJ·nm
6·mol−1)andR0(innm)

parametersforhydrogen,carbon,nitrogen,andoxygenandtheoptimized
parametersfortheOM2-DandOM3-Dmethods.

(a)initialvalues

hydrogen carbon nitrogen oxygen

C6 0.14000000 1.75000000 1.23000000 0.70000000
R0 0.10010000 0.14520000 0.13970000 0.13420000

(b)OM2-D1

hydrogen carbon nitrogen oxygen

C6 0.13836140 1.74837313 1.22660965 0.70235574
R0 0.09195488 0.14057505 0.13120977 0.13943710

(c)OM2-D2

hydrogen carbon nitrogen oxygen

C6 0.13349720 1.74649564 1.22649173 0.68974720
R0 0.10685589 0.14169369 0.14069819 0.13069564

(d)OM3-D1

hydrogen carbon nitrogen oxygen

C6 0.13699517 1.76051239 1.23050050 0.70000000
R0 0.09359344 0.14369850 0.13970000 0.13420000

(e)OM3-D2

hydrogen carbon nitrogen oxygen

C6 0.14146973 1.75148586 1.23148586 0.70136073
R0 0.10158635 0.15275442 0.14115458 0.13573278

Table4.4:Root-mean-squaredeviationsofthebindingenergy(∆E,inkcal/mol),
hydrogenbondlength(rH,inÅ)andangle(aH,indegree),andsomeimportant
atomicdistancesinvolvingdispersioninteractions(rHDandrD,bothinÅ)for
theS22setcalculatedbyusingthestandardandthedispersion-correctedOM2
andOM3methods.

∆E rH aH rHD rD

OM2 2.69 0.17 3.24 0.42 1.54
OM2-D1 1.36 0.18 2.73 0.27 0.35
OM2-D2 1.26 0.18 3.24 0.30 0.38

OM3 2.59 0.34 3.08 0.44 6.82
OM3-D1 0.81 0.35 1.97 0.41 0.27
OM3-D2 0.81 0.35 1.64 0.41 0.31
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Figure4.5:Theempiricaldispersioninteractionenergiesbetweenhydrogenand
nitrogenatomsintheOM2-D1,OM2-D2,OM3-D1,andOM3-D2
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Figure4.6:Theempiricaldispersioninteractionenergiesbetweenhydrogenand
oxygenatomsintheOM2-D1,OM2-D2,OM3-D1,andOM3-D2methods.
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Figure4.7:Theempiricaldispersioninteractionenergiesbetweentwocarbon
atomsintheOM2-D1,OM2-D2,OM3-D1,andOM3-D2methods.

addingtheempiricaldispersioncorrections.Overall,however,theimpactofthe
dispersioncorrectionsonthegeometriesofhydrogenbondsisverysmall.This
canbeeasilyunderstood.Foronething,hydrogenbondsaretreatedreasonably
wellalreadybythestandardOM2andOM3methods.Thestrengthofcommon
hydrogenbondsisatleast∼2kcal/mol[167],whiletheinteractionenergy
contributedbythedispersioncorrectionsisrathersmall,e.g.≤0.15kcal/mol
betweenhydrogenandanelectronegativeatom(seeFigures4.5and4.6for
thepotentialcurvesofH···NandH···O). Hence,thehydrogenbonding
interactionsareprimarilyelectrostaticattractions. Ontheotherhand,the
dispersioncorrectionssignificantlyimprovetheinteratomicdistancesdominated
bydispersionforces.Sincedispersioneffectsareformallymissinginthestandard
OM2andOM3methods,theerrorsofrDareunacceptablylarge,e.g.1.54Åfor
OM2and6.82ÅforOM3.TheoriginalOM2andOM3methodsthusdonot
producerealisticstructuresforcomplexesdominatedbydispersioninteractions,
andthecorrespondingbindingenergiesaremeaningless.Itisobviousthatthe
predictedrD valuesaregreatlyimprovedifthemethodsareaugmentedwith
dispersioncorrections(seeTable4.4). Moreover,itseemsthattheresultsarenot
muchaffectedbythechoiceofthedampingfunction.TheaccuracyofOM2-D1
andOM2-D2(alsoofOM3-D1andOM3-D2)withrespecttorDisquitesimilar.
TheOM3-DmethodshavesmallererrorsthanOM2-Dwithregardtothebinding
energy,e.g.0.8kcal/molfortheformerversus∼1.3kcal/molforthelatter,but
bothperformbetterthanthestandardOM2andOM3methods.Tosummarize,
theempiricaldispersioncorrectionsenhancethedescriptionofthevander Waals
complexes,andthequalityofthefourmethods,i.e.OM2-D1,OM2-D2,OM3-D1,
andOM3-D2,fornoncovalentsystemsiscomparableingeneral.

PlotsoftheOM2-DandOM3-Ddispersionenergiesfortwocarbonatoms
areillustratedinFigure4.7. Obviouswellsarefoundatdistancesof3.0Å
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to3.5Å,whichroughlycorrespondtothesumofthevander Waalsradiiof
twocarbonatoms.3Inallfoursemiempiricalmethods,thewelldepthsdueto
dispersionbetweenapairofcarbonatomsvaryfrom−0.15to−0.20kcal/mol.
Thesevaluesarereasonableandingoodagreementwiththedispersionenergies
forvariousDFT-Dmethods[124,125].BecausethedampingfunctionfD2 of
Equation(4.20)doesnotgotozerowhentwoatomsapproacheachotherclosely,
unphysicalattractionsarewitnessedwhenthedistancebetweentwocarbon
atomsdropsbelow1.0Å(seethegreenandmagentacurvesinFigure4.7).
Thesteepnessoftheattractivecurveinthecovalentregionisgovernedbythe
dampingcoefficientcd.TheoptimizedcdvalueforOM2-D2islessthanthatfor
theOM3-D2method,i.e.12.0versus18.6.Consequently,thecurveforOM2-D2
hasabroaderwellthatextendsto∼1.5Åandthendropsoffagainforapair
ofcarbonatoms.Bycontrast,thedampingfunctionfromEquation(4.19)is
almostexactlyzeroforshortdistances,e.g.forRC···C≤2.0Å,andtheempirical
dispersioncorrectionsaffectessentiallyonlythevander Waalsregion,iffD1is
employedasthedampingfunction.Forlargeseparations,allempiricaldispersion
correctionsfalloffaccordingtotheasymptoticR−6ABlaw,byconstruction.In
conclusion,eventhoughthefourdispersioncorrectedmethodsareofsimilar
accuracyfornoncovalentcomplexes,theOM2-D1andOM3-D1methodsare
recommendedbecausethedampingfunctionfD1behavesmoreproperlythan
fD2overthefullrangeofinteratomicdistances.

3Thevander Waalsradiusofacarbonatomis1.70Å[166].Notethatthisvalueissubject
todebate[168].





Chapter5

Benchmarkof
Semiempirical Methodson
ProteinStructures

BecauseoftheimprovedperformanceoftheMNDO99program[84]onhybrid
CPU-GPUcomputingarchitectures[74,169],fullgeometryoptimizationswere
carriedoutforasetof28proteinscharacterizedbydifferentsecondarystruc-
turesusing10semiempiricalquantumchemicalmethods,namelyMNDO[19],
AM1[21],PM3[22],OM1[30],OM2[31],OM2-D1,OM2-D2,OM3[32],OM3-
D1,andOM3-D2.The28proteinswereselectedfromabenchmarksetused
inpreviouswork[170]byeliminatingthosecontainingsulfur,sinceparameters
forthiselementarenotavailablefortheOMx-typemethodsatpresent.The
28proteinscanbeclassifiedaccordingtotheirdominantsecondarystructural
element,namelyα-helix,β-strand,orrandomcoil(seeFigure5.1).However,
thereareonlytwoproteinsofβ-strandtype.Inordertohavesufficientsam-
plesforthestatisticsofthebenchmarkcalculations,theα-helixandβ-strand
proteinsaretreatedasasinglegroupinthefollowingdiscussion.Theprimary
noncovalentinteractionamongtheresiduesinthisfirstgroupwithdominant
α-helixorβ-strandstructuresishydrogenbonding,whereasitisdispersionin
thesecondgroupwithsomewhatunfoldedmainchains.
Thequalityoftheproteinstructurespredictedbythesemiempiricalcal-

culationswasevaluatedintermsofthestructuralcriteriaforthebackbone
andthesidechainsbyusingthePROCHECKprogram[171].Asdepictedin
Figure5.2,thecriteriacoverallcovalentbondlengthsandbondanglesforthe
residuesalongthemainchains[172]. Moreover,allthedihedralangles(φfor
Ci-1−Ni−C

α
i−Ci,ψforNi−C

α
i−Ci−Ni+1,andωforC

α
i−Ci−Ni+1−C

α
i+1)ofthe

backboneandthefirstsidechaindihedralangle(χ1forNi−C
α
i−C

β
i−C

γ
i)were

alsoincluded[173,174].Itmustbeemphasizedthatthedefaultgeometricdata
employedinPROCHECK,insteadoftheexperimentalstructures,wereusedas
referencestoevaluatethequalityanderrorsoftheproteinstructuresoptimized
bythesemiempiricalcalculations.Itshouldbenotedinthiscontextthatthe
structuresofthe28proteinsinthissetweredeterminedbyseveraldifferent
experimentaltechniques,e.g.X-raydiffraction,solutionNMR(nuclearmagnetic
resonance)andsolidstateNMR,andhencethequalityoftheexperimentalstruc-
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Figure5.1:Thebenchmarksetofproteins.
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Figure5.2: Thestructuralcriteriaforassessingthequalityoftheprotein
structures.Thecovalentbondsarecoloredinred.Thebondanglesaredenoted
bybluearcarrows.Thebackbonedihedralanglesareindicatedbyφ,ψ,andω.
χ1isthefirstdihedralangleofthesidechain.

turesisnotguaranteedtobethesameforallproteins,e.g.thestructureresolved
byoneexperimentmightbemoreaccuratethanothers[106].Bycontrast,the
stereochemicalparameters,i.e.bondlengths,bondangles,anddihedralangles,
usedinthePROCHECKprogramarederivedfromstatisticsonproteincoordi-
natesobtainedfromhigh-resolutionX-raycrystallography[172,174].Therefore
itseemsbettertousethereferencevaluesfromPROCHECKasthe“standards”.
Theexperimentalstructuresofourproteinsetwerealsocomparedwiththe

PROCHECKreferencevaluessothattheirqualitycanbeassessedwithrespectto
otherproteinstructuressolvedbymorereliableexperiments.Lastbutnotleast,
wealsoconsideredtheproteinstructuresoptimizedbyothertheoreticalmethods,
i.e.theAMBERff03forcefield(AMBER)[115],therestrictedHartree-Fock(HF)
method,andtheωPBEhdensityfunctionaltheory[175],usingthe6-31Gbasis
setinthelattertwocases.Theoptmizedstructureswereextractedfromthe
originalpaper[170]andtherelevantstereochemicalquantitiesweredetermined
usingthePROCHECKprogramtoallowforacomprehensivecomparisonofthe
proteinstructuresobtainedfromthesemiempiricalquantumchemicalmethods
andtheothertheoreticalapproaches.
Usually,thereare5relevantcovalentbondsand7relevantbondanglesper

residueinaprotein(seeFigure5.2).Thebondlengthsandbondanglesare
classifiedinPROCHECKaccordingtothetypeofaminoacids.Thereference
dataandtheirstandarddeviationsaregiveninTables5.1and5.2.Themean
absoluteerrors(MAEs)forthebondlengthsandthebondanglesinthebackbone
determinedbyexperimentsanddifferenttheoreticalcalculationsaveragedover
eachgroupoftheproteintestsetarelistedinTable5.3.Ingeneral,the
experimentalvaluesshowthebestagreementwiththePROCHECKreference
datainbothproteingroups.TheyarefollowedbytheAMBER,HF,andDFT
calculations,forwhichthedeviationsareroughlysimilar,i.e.0.01Åforthe
bondlengthsand∼2degreeforthebondangles.Thebondanglespredictedby
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Table5.1:Theclassificationofthemain-chaincovalentbondsinaprotein,the
referencevalues(x0,inÅ),andthestandarddeviations(σ,inÅ)employedin
thePROCHECKprogram.

notation bond description x0 σ

b1 C–N C-NH1 (exceptPro) 1.33 0.01
b2 C-N (Pro) 1.34 0.02
b3 C–O C-O 1.23 0.02
b4 CA–C CH1E-C (exceptGly) 1.52 0.02
b5 CH2G*-C (Gly) 1.52 0.02
b6 CA–CB CH1E-CH3E (Ala) 1.52 0.03
b7 CH1E-CH1E (Ile,Thr,Val) 1.54 0.03
b8 CH1E-CH2E (therest) 1.53 0.02
b9 N–CA NH1-CH1E (exceptGly,Pro) 1.46 0.02
b10 NH1-CH2G* (Gly) 1.45 0.02
b11 N-CH1E (Pro) 1.47 0.01

allsemiempiricalmethodsareofaboutthesamequalityastheothertheoretical
methods,butthedeviationsforthebondlengthsaresomewhatlarger. On
average,thedeviationsfortheOMx-basedmethodsareslightlysmaller,by
∼0.01Å,thanthoseobtainedwiththeMNDO-typemethods.TheMAEsof
alltypesofcovalentbondsfortheexperimentalandtheoreticalmethodsare
summarizedinTables5.4and5.5.Theworsterrorsforallsemiempiricalmethods
areduetotheelongated(byabout0.05to0.08Å)amideC−Nbonds.This
bondseemsquitesensitivetotheenvironmentofthemolecule.Forexample,the
experimentalpeptidebondlengthofN-methylacetamideis1.386Åinthegas
phase[176],butisdecreasedto1.33Åinthecrystallinestate[177].Thedefault
valuesinPROCHECKaretakenfromtheX-raycrystalstructuresofproteins.
Bycontrast,semiempiricalmethodsaremostlyparameterizedwithrespectto
experimentalgas-phasedata,andthegeometryoptimizationswerecarriedout
fortheisolatedproteins.Thiscomplicatestheassessmentofthequalityofthe
theoreticalpredictionsfortheamidebondlength.

TheRamachandranmapof[φ,ψ]combinationsinproteins[178]isdivided
intofourregionsbythePROCHECKprogram:mostfavored(P1φ,ψ),additionally

allowed(P2φ,ψ),generouslyallowed(P
3
φ,ψ),anddisallowed(P

4
φ,ψ).Theaverage

distributionsoftheregionsforthebenchmarkproteinsaregiveninTable5.6.
Ingeneral,muchhigherP1φ,ψvaluesareobservedforthefirstgroupofproteins
withmoreregularsecondarystructuresthanforthesecondgroupofdisordered
polypeptidechains.AsrequiredbythePROCHECKprogram,thevalueofP1φ,ψ
isexpectedtobehigherthan90%forawell-resolvedproteinstructure.This
isaverystrictrequirement,whichisnotsatisfiedonaveragebytheprotein
structuresdeterminedeitherfromexperimentorfromtheoreticalcalculations
(seeTable5.6). TheexperimentalstructuresshowthebestP1φ,ψvalues,i.e.
81%and68%forthefirstandsecondgroup,respectively.Inmostcases,the
AMBER,HF,andDFTcalculationsretainhigherP1φ,ψandlowerP

4
φ,ψvalues

thanthesemiempiricalmethods,whichtendtopredicthigherdistributionsin
theadditionallyallowedregion.OverallMNDOandOM1seemtobethebest
amongthesemiempiricalmethodsforthe[φ,ψ]-distribution.
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Table5.2:Theclassificationofthemain-chainbondanglesinaprotein,the
referencevalues(x0,indegree),andthestandarddeviations(σ,indegree)
employedinthePROCHECKprogram.

notation angle description x0 σ

a1 CA–C–N CH1E-C-NH1 (exceptGly,Pro) 116.2 2.0
a2 CH2G*-C-NH1 (Gly) 116.4 2.1
a3 CH1E-C-N (Pro) 116.9 1.5
a4 O–C–N O-C-NH1 (exceptPro) 123.0 1.6
a5 O-C-N (Pro) 122.0 1.4
a6 C–N–CA C-NH1-CH1E (exceptGly,Pro) 121.7 1.8
a7 C-NH1-CH2G* (Gly) 120.6 1.7
a8 C-N-CH1E (Pro) 122.6 5.0
a9 CA–C–O CH1E-C-O (exceptGly) 120.8 1.7
a10 CH2G*-C-O (Gly) 120.8 2.1
a11 CB–CA–C CH3E-CH1E-C (Ala) 110.5 1.5
a12 CH1E-CH1E-C (Ile,Thr,Val) 109.1 2.2
a13 CH2E-CH1E-C (therest) 110.1 1.9
a14 N–CA–C NH1-CH1E-C (exceptGly,Pro) 111.2 2.8
a15 NH1-CH2G*-C (Gly) 112.5 2.9
a16 N-CH1E-C (Pro) 111.8 2.5
a17 N–CA–CB NH1-CH1E-CH3E (Ala) 110.4 1.5
a18 NH1-CH1E-CH1E (Ile,Thr,Val) 111.5 1.7
a19 N-CH1E-CH2E (Pro) 103.0 1.1
a20 NH1-CH1E-CH2E (therest) 110.5 1.7

Table5.3: Meanabsoluteerrorsaveragedoverallbondlengths(MAEb,inÅ)
andbondangles(MAEa,indegree),respectively,intheproteinmainchains
determinedbyexperiments(Expt.)andvarioustheoreticalmethods.

method
α-helixandβ-strand randomcoil

MAEb MAEa MAEb MAEa

Expt. 0.008 1.03 0.013 1.26
AMBER 0.011 1.84 0.011 1.92
HF 0.008 1.63 0.010 2.09
DFT 0.010 1.58 0.013 2.24
MNDO 0.033 2.44 0.036 2.59
AM1 0.020 1.98 0.020 2.01
PM3 0.030 2.05 0.032 1.98
OM1 0.022 2.01 0.027 2.23
OM2 0.020 2.18 0.020 2.28
OM2-D1 0.019 2.25 0.021 2.63
OM2-D2 0.020 2.23 0.020 2.50
OM3 0.026 1.92 0.028 2.11
OM3-D1 0.025 1.91 0.028 2.25
OM3-D2 0.025 1.86 0.029 2.23
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Table5.6:Statistics(in%)ofthe[φ,ψ]-distributioninthemostfavored(P1φ,ψ),

additionallyallowed(P2φ,ψ),generouslyallowed(P
3
φ,ψ),anddisallowed(P

4
φ,ψ)

regionsoftheRamachandranmapsfortheproteinstructuresdeterminedby
experiments(Expt.)andtheoreticalcalculationsatdifferentlevels.

(a)proteinsdominatedbyα-helixorβ-strand

method P1φ,ψ P2φ,ψ P3φ,ψ P4φ,ψ

Expt. 80.7 16.8 1.7 0.8
AMBER 77.9 17.6 2.8 1.7
HF 81.5 15.6 2.3 0.7
DFT 78.2 19.1 2.7 0.0
MNDO 69.5 28.2 0.8 1.5
AM1 60.2 35.7 3.1 1.0
PM3 59.9 36.5 2.6 1.0
OM1 72.7 19.7 4.8 2.8
OM2 63.5 29.3 4.5 2.8
OM2-D1 66.4 25.5 5.8 2.2
OM2-D2 65.2 29.0 3.6 2.2
OM3 65.1 29.3 3.3 2.3
OM3-D1 69.6 22.5 3.9 4.0
OM3-D2 67.8 25.1 3.7 3.5

(b)proteinsdominatedbyrandomcoil

method P1φ,ψ P2φ,ψ P3φ,ψ P4φ,ψ

Expt. 67.5 25.8 4.7 2.1
AMBER 57.5 32.4 7.5 2.5
HF 67.4 23.4 6.4 2.7
DFT 61.8 26.7 10.0 1.5
MNDO 60.7 34.7 2.5 2.1
AM1 44.3 42.8 9.4 3.5
PM3 48.1 41.9 8.1 1.9
OM1 52.5 39.5 3.7 4.2
OM2 42.0 46.1 6.4 5.5
OM2-D1 42.4 46.1 5.4 6.1
OM2-D2 31.2 49.8 13.4 5.5
OM3 46.2 43.4 4.9 5.5
OM3-D1 42.1 41.2 11.5 5.2
OM3-D2 36.7 50.2 9.4 3.6

Table5.7:Thedefaultvalues(̄x,indegree)ofthedihedralanglesinproteinsand
theirstandarddeviations(σx,indegree)definedinthePROCHECKprogram.

ω χ1(g
−) χ1(trans) χ1(g

+)

x̄ 180.0 64.1 183.6 −66.7
σx 5.8 15.7 16.8 15.0
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Table5.8:Averagevalue(̄ω,indegree),meanabsoluteerror(MAE,indegree),
androot-mean-squaredeviation(RMSD,indegree)forthepeptidebonddihedral
angleoftheproteinstructuresdeterminedbyexperiments(Expt.)anddifferent
theoreticalcalculations.

method
α-helixandβ-strand randomcoil

ω̄ MAE RMSD ω̄ MAE RMSD

Expt. 179.5 1.6 3.3 179.0 6.4 12.7
AMBER 175.4 7.6 10.5 179.4 11.8 15.7
HF 179.3 6.1 8.4 180.6 9.1 12.4
DFT 178.7 6.1 8.7 179.8 10.5 13.6
MNDO 183.0 12.6 19.7 177.5 15.0 18.0
AM1 176.4 9.8 16.3 175.0 14.8 26.5
PM3 177.0 16.0 21.7 177.5 22.7 34.4
OM1 180.8 8.2 11.8 179.9 12.8 16.2
OM2 179.0 8.8 12.0 177.1 13.7 18.5
OM2-D1 177.1 11.0 14.8 176.9 15.8 20.5
OM2-D2 177.6 10.6 14.0 177.6 14.4 18.9
OM3 178.4 7.7 11.0 177.1 11.8 16.8
OM3-D1 178.8 9.1 12.5 178.3 12.5 17.5
OM3-D2 177.1 9.4 12.6 177.1 12.5 16.5

Thepeptidebondsareexpectedtobeplanarowingtothepartialdouble
bondcharacterarisingfromtwodominantresonancestructures[179]. Moreover,
thetransconfigurationisoverwhelminglypreferredduetothemuchsmaller
sterichindrancebetweenthegroupsattachedtotheCα atoms. Hencethe
dihedralangleofthepeptidebond(ω)inproteinsismostly180◦,butsmall
deviationsmayoccasionallybeencounteredaccordingtothestatistics[174].
Theaveragevaluesofωandtheerrorsfortheexperimentalstructuresand
thetheoreticallyoptimizedstructuresaregiveninTable5.8. Evidently,the
resultsfromexperimentsaregenerallyclosesttothepredefinedPROCHECK
referencevalues.ThedihedralanglespredictedbytheAMBER,HF,andDFT
calculationsarelessaccurate,andtheRMSDsexceedthestandarddeviations
giveninPROCHECK(seeTable5.7).Allsemiempiricalmethodsproducestill
largerdeviationsfromplanarity. Thisproblemhasalreadybeenreportedin
earlierstudies[180,181].Nevertheless,slightimprovementscanbefoundforthe
OMxmethodsoverMNDO,AM1,andPM3.Sincethemolecularmechanics
correctionsforthepeptidebondintheMNDO-typemethodsweredeliberately
switchedoff,PM3givestheworstdeviations[22,23]. Finallywenotethat
thedispersioncorrectionsincludedintheOM2-DandOM3-Dmethods(see
Section4.4)maydeterioratethecalculatedωvaluesbecauseoftheaddedsmall
dispersiveattractionsbetweenthetwonearestCαatomssurroundingthepeptide
bond.

Figure5.3depictsthethreerotationalconformers,twogaucherotamers(g−

andg+)andonetransisomer,fortheCα−Cβbondinproteins.Thedifferent

conformationsaredistinguishedbythedihedralangleχ1ofNi−C
α
i−C

β
i−C

γ
i

(seeFigure5.2).Theexpectedvaluesofχ1forthethreeconfigurationsandtheir
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Figure5.3:TheNewmanprojectionforthethreeconformationsoftheCα−Cβ

bondinprotein. ThefrontCβ−CγbondandthebackCα−Nbondofthe
dihedralangleχ1arecoloredinred.

standarddeviationsobtainedfromstatisticsoftheX-rayproteinstructuresare
giveninTable5.7.Incontrasttoω,largedeviations,e.g.15◦to17◦,areoften
foundforχ1intheexperimentalstructuresduetothediversityofthevicinal
groupsandthesmallrotationialbarrier,whichimpliesrathershallowpotential
energysurfaces[173].Theaverageχ1andthecorrespondingerrorsforthethree
conformationsintheproteinsetaresummarizedforallmethodsinTables5.9
to5.11.Inmostcases,theχ1valuesforthefirstgroupofproteinsaremore
clusteredaroundthepredefinedvaluesthanthesecondgroup. TheRMSDs
ofχ1forallthemethodsaremoreorlessinthesamerangeasthestandard
deviationsspecifiedinthePROCHECKprogram(seeTable5.7).Inthisregard
thesemiempiricalmethodsareofsimilarqualityastheothertheoreticalmodels.
Insummary,geometryoptimizationswereperformedfor28proteinschar-

acterizedbyα-helix,β-sheet,andrandomcoilsecondarystructuresusing10
semiempiricalmethods. Thequalityofthepredictedproteinstructureswas
assessedintermsofthegeometriccriteriadefinedinthePROCHECKprogram.
Furthermore,thesemiempiricalresultswerealsocomparedwiththeprotein
structuresdeterminedbyexperimentsandothertheoreticalmethods,i.e.molec-
ularmechanicsforcefield,Hartree-Fock,andDFTcalculations. Overallthe
semiempiricalmethodsproducequalitativelyreasonablegeometries,especially
fortheproteinswithmoreregularsecondarystructureslikeα-helixandβ-strand.
Thereare,however,someshortcomingsoftheproteinstructuresobtainedfrom
thesemiempiricalmethods.Forexample,the[φ,ψ]-distributionsarelessaptto
themostfavoredregionoftheRamachandranplotandthepeptidebondstend
tobeslightlynonplanar. Weareconfidentthatthesequantitativedeficiencies
canbealleviatedinthefuturedevelopmentofimprovedsemiempiricalquantum
chemicalmethods.
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Table5.9:Averagevalue(̄χ1,indegree),meanabsoluteerror(MAE,indegree),
androot-mean-squaredeviation(RMSD,indegree)fortheside-chaindihedral
angleoftheg−conformationintheproteinstructuresdeterminedbyexperiments
(Expt.)anddifferenttheoreticalcalculations.

method
α-helixandβ-strand randomcoil

χ̄1 MAE RMSD χ̄1 MAE RMSD

Expt. 64.2 12.9 18.5 60.7 16.7 22.9
AMBER 67.1 10.3 13.3 56.1 10.9 12.8
HF 65.9 10.3 14.7 54.9 13.5 17.7
DFT 62.4 10.4 12.7 54.3 15.4 18.4
MNDO 61.7 9.0 11.4 54.2 15.0 17.5
AM1 57.2 15.5 19.8 48.3 17.3 21.8
PM3 61.0 14.2 18.1 53.4 11.5 15.6
OM1 61.1 11.6 17.5 58.2 19.1 22.6
OM2 64.6 11.5 15.6 51.6 15.7 18.7
OM2-D1 62.7 10.1 12.2 47.8 22.7 25.7
OM2-D2 59.7 11.9 16.7 50.5 18.8 23.9
OM3 59.2 12.1 16.4 57.2 12.2 14.1
OM3-D1 64.2 13.9 19.2 54.8 18.0 20.8
OM3-D2 65.4 12.4 17.1 56.3 15.7 17.5

Table5.10:Averagevalue(̄χ1,indegree),meanabsoluteerror(MAE,inde-
gree),androot-mean-squaredeviation(RMSD,indegree)fortheside-chain
dihedralangleofthetransconformationintheproteinstructuresdeterminedby
experiments(Expt.)anddifferenttheoreticalcalculations.

method
α-helixandβ-strand randomcoil

χ̄1 MAE RMSD χ̄1 MAE RMSD

Expt. 192.7 15.6 21.8 190.9 12.7 17.3
AMBER 188.6 8.8 13.3 185.6 9.8 14.0
HF 189.4 11.5 16.0 189.3 11.0 13.3
DFT 189.0 14.0 19.2 189.1 12.0 14.4
MNDO 189.9 10.1 13.7 191.0 12.4 15.6
AM1 194.6 15.0 19.6 196.3 13.5 18.2
PM3 194.0 13.9 17.3 200.7 20.2 24.2
OM1 187.6 11.4 15.5 187.2 16.1 21.0
OM2 187.3 11.8 15.4 187.7 13.1 16.4
OM2-D1 181.1 12.5 16.8 181.8 13.4 18.4
OM2-D2 181.0 13.0 16.9 182.5 14.9 20.0
OM3 190.7 12.9 16.8 191.6 14.6 19.3
OM3-D1 187.7 13.4 17.4 187.2 11.8 15.7
OM3-D2 184.4 13.0 17.3 185.1 14.9 18.8
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Table5.11:Averagevalue(̄χ1,indegree),meanabsoluteerror(MAE,indegree),
androot-mean-squaredeviation(RMSD,indegree)forthe-sidechaindihedral
angleoftheg+conformationintheproteinstructuresdeterminedbyexperiments
(Expt.)anddifferenttheoreticalcalculations.

method
α-helixandβ-strand randomcoil

χ̄1 MAE RMSD χ̄1 MAE RMSD

Expt. −72.2 17.1 21.4 −64.2 15.4 21.9
AMBER −66.8 13.1 17.6 −57.9 11.6 16.1
HF −69.7 10.0 15.3 −59.1 10.6 12.7
DFT −68.3 10.2 14.7 −58.8 12.5 15.3
MNDO −70.7 8.1 11.6 −65.7 10.9 13.4
AM1 −67.4 9.3 13.2 −65.1 15.3 20.4
PM3 −72.2 12.0 15.7 −69.2 14.3 18.9
OM1 −64.6 7.3 10.5 −61.8 10.8 13.5
OM2 −71.0 9.9 14.0 −66.2 14.4 18.2
OM2-D1 −64.1 13.0 16.9 −63.8 16.5 19.6
OM2-D2 −69.0 12.3 17.1 −61.4 16.2 19.6
OM3 −72.6 10.2 14.4 −62.1 13.2 17.3
OM3-D1 −67.6 9.2 12.5 −60.5 15.9 19.7
OM3-D2 −68.0 9.7 12.8 −61.6 15.2 19.1



Chapter6

ConcludingRemarks

Thecentralgoaloftheinvestigationsconductedinthisdissertationisrather
simple:tomakesemiempiricalquantumchemistryfasterandmoreaccurate(at
leastforsomespecificapplications)bytakingadvantageofhigh-performance
computers.
First,aprofile-guidedoptimizationoftheMNDO99programwascarriedout

onheterogeneousCPU-GPUcomputingplatforms(seeChapter3andAppen-
dicesAandB).Systematictestsonfullerenes,waterballs,andproteinsshowed
thatsemiempiricalMNDO,AM1,PM3,andOMx(x=1,2,and3)calculations
onmultipleCPU-GPUplatformscanbeacceleratedbyoneorderofmagnitude
overtheserialexecutionsonasingleCPUcoreforlargesystems,e.g.aprotein
with100residues,1842atoms,and4446basisfunctions. Bycontrast,the
speedupswerealwayslessthanfourfoldintheCPU-onlycalculations,nomatter
howmanyparallelprocessorsweredeployed.Adetailedanalysisindicatedthat
thislimitedgaininperformancecanbeattributedtotheinadequatememory
bandwidthoftheCPU-onlyarchitecture.Inotherwords,theparallelCPUshave
towaitforthedataduetothe“trafficjam”frommemorytoprocessors.Hence
thearithmeticpoweroftheCPUsishighlyunderutilizedintheCPU-onlycases.
Second,aparallelparameterizationprogram(PPP)wasdevelopedforsym-

metricmultiprocessorcomputers(seeChapter4).Becausealargenumberof
functionevaluationsisusuallyinvolvedintheparameterizationofasemiempiri-
calmethod,theparallelimplementationonmultipleCPUspermitsmoreefficient
andmorethoroughoptimizationoftheparameterswithingivenboundaries,
e.g.±10%oftheinitialvalues. TheuseofPPPwasdemonstratedbythree
studies:thespecificparameterizationoftheAM1Hamiltonianforthereactant,
transitionstate,andproductofanenzyme-catalyzedhydridetransferreaction
(seeAppendixC);thereparameterizationof MNDO,AM1,PM3,andOMx
(x=1,2,and3)forhydrogenbondingandprotontransferinwaterclusters
(seeAppendixD);andtheoptimizationoftheparametersofthedispersion
correctionsintheOM2-DandOM3-Dmethodsfornoncovalentcomplexes(see
Section4.4).
Finally,benchmarkcalculationswithgeometryoptimizationsforasetof28

proteinswereperformedbyusing10semiempiricalmethods,i.e.MNDO,AM1,
PM3,OMx(x=1,2,and3),andOM2-DandOM3-Dwithtwotypesofdamping
functions(seeChapter5). Theoptimizedproteinstructureswerecompared
withthosedeterminedbyexperimentsandbyothertheoreticalapproaches,
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withregardtothegeometriesandstereochemicalpropertiesofthebackbone
andsidechains.Ingeneral,thesemiempiricalmethodswerefoundtoproduce
qualitativelyreasonablegeometries,especiallyforproteinswithdominantα-helix
andβ-strandsecondarystructures.However,theproteinstructuresobtained
atthesemiempiricallevelarenotasgoodasthoseobtainedfromexperiments,
fromstate-of-the-artmolecularmechanicsforcefields,orfromfirst-principles
Hartree-FockandDFTcalculationsusingthe6-31Gbasisset.Forinstance,
thesemiempiricalproteinstructuresarelessprominentlyclusteredinthemost
favored[ψ,φ]-regionoftheRamachandrandiagram,andthereissomeslight
pyramidalizationatthenitrogenatomofthepeptidebond. Webelievethat
thesequantitativedeficienciescanbealleviatedinfuturedevelopmentsandthat
semiempiricalquantumchemicalmethodswillthenbecomeevenmorevaluable
toolsforstudyingcomplicatedbiochemicalmoleculesandtheirreactions.
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ABSTRACT:In this work, we demonstrate that semiempirical quantum chemical calculations can be accelerated significantly by
leveraging the graphics processing unit (GPU) as a coprocessor on a hybrid multicore CPU−GPU computing platform.
Semiempirical calculations using the MNDO, AM1, PM3, OM1, OM2, and OM3 model Hamiltonians were systematically
profiled for three types of test systems (fullerenes, water clusters, and solvated crambin) to identify the most time-consuming
sections of the code. The corresponding routines were ported to the GPU and optimized employing both existing library
functions and a GPU kernel that carries out a sequence of noniterative Jacobi transformations during pseudodiagonalization. The
overall computation times for single-point energy calculations and geometry optimizations of large molecules were reduced by
one order of magnitude for all methods, as compared to runs on a single CPU core.

1. INTRODUCTION

Semiempirical molecular orbital (MO) methods are widely
used in quantum chemical studies of large molecules.1−8They
provide qualitative insights into chemical problems at low cost,
because they are much faster than the more accurate ab initio
and density functional methods, typically by at least 3 orders of
magnitude. This efficiency makes them especially useful for
initial explorations before employing more expensive calcu-
lations, for correlating large sets of experimental and theoretical
data to establish trends, and for studying the properties and
dynamical behavior of complex systems.1,2

Semiempirical and ab initio MO approaches share the same
conceptual framework, but a number of drastic approximations
are introduced at the semiempirical level to speed up the
calculations. The most important approximation is that many of
the smaller one- and two-electron integrals are neglected, and
the remaining ones are either determined directly from
experiment or calculated from suitable parametric functions.4,9

As a consequence, integral evaluation in semiempirical
calculations formally scales asO(N2) forNbasis functions, in
contrast toO(N4) in generic ab initio MO calculations. The
dominant computational effort is therefore shifted from integral
evaluation to linear algebra operations, for example, matrix
multiplication and matrix diagonalization, which formally scale
asO(N3).
To further extend the scope of the current quantum chemical
work, it is essential to take advantage of new powerful
computer architectures. The traditional hardware is based on
the general-purpose central processing unit (CPU), which is
capable of executing multiple threads simultaneously due to
various multicore designs. On the other hand, the graphics
processing unit (GPU) is a many-core architecture originally
designed for the rapid processing of images. To the present day,
GPUs have evolved to being able to perform on the order of
1012floating-point operations per second (FLOP/s) using
thousands of threads and high memory bandwidth.10These
advances have made the GPU become particularly suitable for

highly parallel arithmetic-intensive computations, in particular
also in thefield of molecular modeling (for reviews, see refs
11−13). Recently, many authors have implemented GPU-
oriented algorithms in their quantum chemistry codes and
reported considerable speedups, up to about 100 times as
compared to CPU-only implementations.14−20At the semi-
empirical level, we are only aware of some unpublished work in
this area.21

In this article, we describe a comprehensive optimization of
the self-consistent-field (SCF) code in our semiempirical
quantum chemistry program MNDO22on a hybrid multicore
CPU−GPU computing platform. Six semiempirical methods,
MNDO (Modified Neglect of Differential Overlap),23AM1
(Austin Model 1),24PM3 (Parameterized Model 3),25and
OMx(Orthogonalization-corrected Modelx,x= 1, 2, and 3),26

are considered. Wefirst report profiles of our original code on a
single CPU core using three representative types of test
systems, fullerenes,27,28water clusters,29and crambin15solvated
in water spheres of increasing size. The most time-consuming
routines identified in this manner are ported to the GPU by
utilizing both vendor-optimized linear algebra library func-
tions30,31as well as a manually tuned GPU kernel. Finally, the
performance of the resulting code is checked through single-
point energy evaluations and geometry optimizations for all test
cases to establish the speedups that can be achieved for
semiempirical calculations on a hybrid multicore CPU−GPU
platform.

2. COMPUTATIONAL DETAILS

This work covers the semiempirical MNDO,23AM1,24PM3,25

and OMx(x= 1, 2, and 3)26methods, which are all based on
the NDDO (Neglect of Diatomic Differential Overlap) integral
approximation.32 The standard MNDO-type methods
(MNDO, AM1, and PM3) have served for decades as widely
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used computational tools. The more recently developed OMx
methods26add orthogonalization corrections to the MNDO
model and offer significant improvements in systematic
benchmarks for ground-state molecules33,34and especially for
excited-state properties.35The major computational burdens
during SCF calculations are expected to be similar for all of
these methods. We employ three sets of test molecules,
fullerenes (Ci), water clusters (Wj), and the protein crambin
solvated in water balls (Pk).36These systems represent typical
application areas of semiempirical methods, ranging from
regularly shaped highly symmetric molecules to molecular
assemblies with many degrees of freedom and complex
biochemical systems.
All present calculations have been carried out on a
workstation featuring one Intel Xeon X5670 processor (6
cores @ 2.93 GHz),3712 GB of main memory, and one NVidia
Tesla C2070 GPU (448 cores @ 1.15 GHz) with 6 GB of
global memory. Figure 1 shows the largest test systems in each
set: C960, 1800·H2O, and crambin·900H2O. The latter two are
close to the size that can be handled in the current setup with
the memory available in the workstation.38Allfloating point
arithmetic operations were performed in double precision to
avoid numerical inaccuracies in the computation of the large
molecules considered (>1000 heavy atoms). The SCF
convergence criteria were 1.0×10−6eV for the electronic
energy and 1.0×10−6for the maximum change in the density
matrix. When using the DIIS (direct inversion of iterative
subspace)39procedure in the SCF iterations, the maximum
error matrix element was required to be less than 1.0×10−6

eV. The norm of the gradient vector (∥g∥< 1.0 kcal/(mol·Å))
served as the convergence criterion in geometry optimizations.
The FORTRAN compiler from the development suite“Intel
Composer XE 12.0”and the NVidia CUDA (Compute Unified
Device Architecture) Toolkit 3.2 were used during the
development of the CPU and GPU code in a CVS version of
MNDO99.22In the CPU-only implementation, the Intel Math
Kernel Library (MKL) was dynamically linked to provide the
required BLAS (Basic Linear Algebra Subprograms) and
LAPACK (Linear Algebra Package) functions. Alternatively,
on the hybrid multicore CPU−GPU platform, the correspond-
ing GPU-accelerated routines were taken from the libraries
CUBLAS30and MAGMA.31On our workstation, the CPU−
GPU communication is limited by a 16-lane PCIe (Peripheral
Component Interconnect Express) connection with a theoreti-
cal bandwidth of 8.0 GB/s. The actually available bandwidth
was observed to be greater than 4.0 GB/s in our tests. Having
sufficient bandwidth is essential because all data to be processed
by the GPU and the results obtained must be transferred over
this connection. In our implementation, the communication

overhead was carefully minimized such that the data transfer
only needs a very small portion of the total computation time,
for example,∼0.5% for the MNDO calculation of 1800·H2Oon
the hybrid CPU−GPU platform.

3. SEMIEMPIRICAL CALCULATIONS ON THE
CPU-ONLY PLATFORM

A simplified workflow of a semiempirical single-point SCF
calculation is sketched in Chart 1. The tasks in this workflow

are generic and will appear in virtually any semiempirical SCF
program. The profiling results reported below for these tasks
are thus of general relevance for semiempirical code develop-
ment.
Because of the NDDO approximation, the evaluation of the
two-electron integrals formally requires onlyO(N2) operations.
Therefore, the diagonalization of the Fock matrix (FDIAG) and
the computation of the density matrix (BORDER) are the
O(N3) steps that dominate the calculations in practice.40Two
additional optional procedures, DIIS39and the pseudodiagon-
alization (PDIAG),41may also consume a significant part of the
computation time and hence deserve special attention. The
DIIS scheme makes use of the results from previous SCF
iterations to construct a new Fock matrix such that SCF
convergence is accelerated; this requires the computation of an
error matrix that scales asO(N3). The full diagonalization
(FDIAG) can often be replaced by a less expensive

Figure 1.The largest system in each test set.

Chart 1. Workflow of a Single-Point Semiempirical SCF
Calculation
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pseudodiagonalization (PDIAG), which involves a triple matrix
product (MMM) and noniterative Jacobi transformations
(JACOBI); normally, PDIAG can be applied throughout the
SCF process except for thefirst and the last cycles.
We have used the existing and already sufficiently optimized
CPU code to profile the semiempirical calculations for all test
molecules on a single CPU. Two typical computational
protocols were chosen: (A) pseudodiagonalization without
DIIS, and (B) full diagonalization with DIIS. In the case of the
MNDO-type methods, the fullerenes and the water clusters
were run using (A), and the crambin set was computed using
(B). All MNDO-type methods behave similarly in this analysis,
so we show only the profiles for AM1 in Figure 2a. For the

OMxmethods, we only examined the fullerenes (B) and the
water clusters W1000 and W1200 (A); crambin could not be
handled because of the missing sulfur parameters, while for the
larger water clusters the memory capacity was not sufficient to
process the orthogonalization corrections with the existing
setup. We present only the OM2 profiles in Figure 2b because
all three OMxmethods show similar behavior (except for the
integral routines because there are no orthogonalization
corrections to the two-center terms in OM1). The profiling

results for the other methods (MNDO, PM3, OM1, and OM3)
are documented in the Supporting Information.
Table 1 reports the computation times as well as the number
of SCF iterations and full diagonalizations during the SCF
procedure for all six semiempirical methods, taking the water
cluster W1000 (1000·H2O) as a typical example.

42It is obvious
that the number of SCF iterations (∼20) and the computation
times per SCF cycle are roughly in the same range for all
methods; none of them is much more expensive or much
cheaper than the others. AM1 and PM3 are slightly more costly
than the original MNDO method, presumably at least partly
due to the more complex core-repulsion function.24,25Despite
the orthogonalization corrections to the one-center terms,
OM1 turns out to be the fastest of all six methods. OM2 and
OM3 are somewhat slower than OM1 because of the additional
three-center terms arising from the orthogonalization correc-
tions to the two-center resonance integrals.26

The MNDO-type calculations (Figure 2a) are completely
dominated by the four routines FDIAG, PDIAG, BORDER,
and DIIS (see above). The percentage of the CPU time
consumed by other tasks (i.e., mainly integral evaluation and
Fock matrix construction) decreases dramatically with increas-
ing system size, for example, from 12.1% to 1.6% in the MNDO
calculations on C60and C960, respectively. In small molecules,
the other tasks may require∼10% of the time, but the total
computation time is negligible in these cases; for example, the
MNDO calculations on C60and C120just take 0.1 and 1.0 s,
respectively. In larger molecules with several hundred atoms,
the four dominant routines together usually account for >98%
of the total time of an MNDO-type calculation. The situation is
slightly different for the OMxmethods because of the
additional orthogonalization corrections to the one-electron
core Hamiltonian (HCORE). The share of HCORE becomes
more pronounced especially in OM2 and OM3 due to the
inclusion of three-center terms in the orthogonalization
corrections. For the water cluster W1000, for instance, the
fraction of the computer time for HCORE amounts to 6.5% in
OM2 and 6.2% in OM3. Nevertheless, FDIAG, PDIAG,
BORDER, and DIIS remain the four most CPU-intensive
routines also in these cases and together consume more than
90% of the total computation time.
By default, PDIAG rather than FDIAG is commonly applied
whenever possible. According to the profiling, PDIAG will then
normally contribute more than one-third to the total CPU time,
which calls for a more detailed analysis of this routine. The
breakdown of the computational effort in PDIAG is shown in
Figure 3 for MNDO calculations on fullerenes and water
clusters that use the default threshold for deciding whether the
Jacobi transformation is done for a given pair of eigenvectors.41

The triple matrix product MMM takes 50−60% of the CPU
time within PDIAG in the case of the water clusters, and

Figure 2.Profiles of the AM1 and OM2 calculations of the test
molecules on a single CPU core.

Table 1. Computation Times (in seconds) of MNDO, AM1, PM3, OM1, OM2, and OM3 Single-Point Energy Calculations of
1000·H2O on a Single CPU Core

a

MNDO-based methods OMxmethods

MNDO AM1 PM3 OM1 OM2 OM3

NSCF 18 19 23 18 20 22

Ndiag 4 4 4 4 4 4

time 1433.17 1595.66 2045.83 1316.51 1740.69 1818.91

time/NSCF 79.62 83.98 88.95 73.14 87.03 82.68
aThe number of SCF iterations and full diagonalizations is denoted byNSCFandNdiag, respectively.
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typically more than 80% in the case of the fullerenes, while
most of the rest is consumed by the noniterative Jacobi
transformations. The difference between the fullerenes and the
water clusters arises from the thresholding: in the latter case,
more Jacobi rotations are found to be needed, which leads to a
significant increase in the computational effort (see Figure 3).
To summarize, the profiling has identified four bottlenecks
that together consume more than 90% of the CPU time in
semiempirical calculations on large molecules. The GPU
adaptation of the code will focus exclusively on the
corresponding four routines FDIAG, PDIAG, BORDER, and
DIIS.

4. PROFILE-GUIDED OPTIMIZATION ON THE HYBRID
PLATFORM

4.1. Survey of Computational Tasks.To establish
notation, we briefly summarize the main computational tasks.
FDIAG solves the eigenvalue equation:

=FC CE (1)

whereFdenotes the Fock matrix,Cis the matrix of MO
coefficients, andEis a diagonal matrix containing the MO
energies. The triple matrix multiplication in PDIAG is

=F CFCMO o
T

v (2)

whereFMOis the occupied-virtual block of the Fock matrix.Co
andCvare the occupied and virtual vectors, respectively.
BORDER performs one dominant matrix multiplication (>99%
CPU time, eq 3) to determine the density matrixP.

=P CC2o o
T

(3)

DIIS evaluates the error matrix, which requires matrix
multiplications (eq 4) that are computationally much more
demanding (∼98% CPU time) than the subsequent matrix−
vector multiplications (eqs 5 and 6).

= −e FP PFk (4)

= ̃b Eek k
T

(5)

′=̃F Fx (6)

ekis the error matrix of thekth DIIS step, which is stored in
linearly packed form as thekth column of the composite matrix
Ẽ.bkcollects the scalar products of error matrices evaluated in
thekth DIIS step. The new Fock matrixF′is obtained as a
linear combination of previous Fock matrices stored in
composite form (F̃), using the coefficient vectorxdetermined
in the DIIS procedure.39

4.2. GPU-Accelerated Library Functions.As docu-
mented above, matrix diagonalization, matrix−matrix multi-
plication, and matrix−vector multiplication are the most
important linear algebra operations in semiempirical SCF
calculations. To identify the routines in the MKL, CUBLAS,
and MAGMA libraries best suited for our purposes, we have
performed test calculations. In the following, we briefly
summarize the results of these tests (for detailed data, see the
Supporting Information).
Matrix Diagonalization. We have applied four different

LAPACK routines (SYEV, SYEVX, SYEVD, and SYEVR)43for
Fock matrix diagonalization (eq 1). The MKL library contains
an implementation of all four routines, and multithreaded
versions are available for use with symmetric multiprocessing
systems. MAGMA offers SYEVD only, taking advantage of the
hybrid CPU−GPU architecture: one of the steps in the
algorithm is executed on the CPU and the other two on the
GPU.44

The tests on one single CPU core indicate that SYEV is
always slowest while SYEVR is a little faster than SYEVD. All
CPU-only calculations are accelerated when run in parallel on 6
CPU cores, but the speedups are moderate (at most by a factor
of 3 for large matrices) because these routines are bandwidth-
bound; that is, the performance of the algorithm is limited by
the memory bandwidth the hardware can provide. On the
hybrid CPU−GPU platform, there are larger gains in
performance when all six CPU cores are used in combination
with the GPU: the hybrid SYEVD (H6CG) routine is always
the fastest one for any matrix size, with a speedup over SYEVD
(1C) of about 5-fold. Because SYEVR is not available in
MAGMA, SYEVD was used for Fock matrix diagonalization in
the following semiempirical calculations to allow for a fair
comparison between CPU-only and hybrid CPU−GPU
computing platforms.
Matrix−Matrix Multiplication.Depending on the type of

the matrices involved, multiplications can be carried out with
the BLAS routines GEMM, SYMM, or SYRK. GEMM
performs the generic matrix−matrix multiplication, whereas
SYMM is more specific because at least one of the matrices is
required to be symmetric. SYRK can be applied if the product
matrix is known to be symmetric so that only the upper or
lower triangular entries need to be computed, which can lead to
a speedup of almost 2 by skipping almost one-half of the
floating-point operations as compared to the general case.
SYRK will thus be an attractive choice for computing the
density matrix, which is symmetric by definition (eq 3).
To assess the performance of GEMM, SYMM, and SYRK for
our purposes, we evaluated the productP=AAT, whereAis a
random real symmetric matrix. On the CPU-only platform, the
parallel runs with 6 cores show a speedup of almost 6 over
those on one core (6C vs 1C). On the hybrid CPU−GPU
platform, GEMM and SYRK are much faster still, with a peak
performance close to 300 GFLOP/s. Hence, the SYRK routine
was selected for computing the density matrix in BORDER (eq
3), while GEMM was chosen for carrying out the other matrix−
matrix multiplications in PDIAG (eq 2) and in DIIS (eq 4).
The use of these GPU-accelerated routines on the hybrid
platform offers a∼25×boost in performance as compared to a
single CPU core.
Matrix−Vector Multiplication.Matrix−vector multiplica-

tions are required in DIIS to computebk(eq 5, operationp=
MTv) andF′(eq 6, operationp=Mv). These are rather special
cases because the matrices in these products have a very large

Figure 3.Profiles of PDIAG in MNDO calculations of fullerenes and
water clusters on a single CPU core.
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number of rows (of the order of 107for the biggest molecules
in this work) and only a very small number of columns (of the
order of 10). Three different library routines are available:
GEMV is the generic routine for matrix−vector multiplications
and can be applied in both situations; DOTL and AXPYL are
alternatives. DOTL loops over the dot product (DOT) of each
row inM andvto producep=MTv, whereas AXPYL
sequentially sweeps each column inMwithvand assembles the
results forMvinp. In DIIS, the use of DOTL and AXPYL
ensures coalesced memory access in the computation ofbkand
F′, respectively, because the two-dimensional arraysẼandF̃are
stored in column major order. The row dimension of these
arrays is given by the number of iterations in the DIIS
procedure and will thus be much smaller than their column
dimension that is equal to the number of elements in the
linearly packed Fock matrix.
Because of the inherently low ratio of compute-to-memory
accesses, the routines GEMV, DOTL, and AXPYL are all
bandwidth-bound, and using more CPU cores thus hardly helps
to increase the speed. The DOTL function from the GPU-
based CUBLAS library is best suited forp=MTv, being up to
about 5 times faster than the CPU-based counterpart. GEMV is
always superior to AXPYL forp=Mvon the same platform: in
this case, the GPU-based GEMV routine can be roughly 10
times faster than the CPU-based version. In view of these
comparisons, DOTL and GEMV were chosen for the
computation ofbkandF′on the hybrid computing platform,
respectively.
4.3. Jacobi Transformation on GPU.There is no ready-
to-use library function available for the noniterative Jacobi
transformation in PDIAG. The underlying algorithm41involves
several approximations, including the neglect of changes in the
matrix elements of the secular determinant upon rotation. This
substantially simplifies parallelization of the algorithm. For
further background information, the interested reader is
referred to other recent work related to implementing Jacobi
rotations on GPUs45and to earlier work concerning parallel
Jacobi rotations on CPUs.46−48In this section, wefirst describe
the basic algorithms considered in our implementation and
then discuss the results.
The original CPU algorithm41in PDIAG performs sweeps of
independent 2×2 rotations of one occupied and one virtual
molecular orbital trial vector from the last SCF iteration,Ciand
Ca:

′= − ′= +C cC sC C sC cC;i i a a i a (7)

wherecandsdenote the rotation coefficients, and the new MO
vectors are indicated by primes. The rotation coefficients are
calculated from the approximate MO energiesεiandεaof the
previous SCF iteration and from the matrix element iaof the
Fock matrix in the MO basis connecting both orbitals.

ε ε
= − =± − =
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;
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(8)

The sign ofsis opposite of that of the Fock matrix element.
During one sweep, all rotations on a set of independent
occupied-virtual orbital pairs are performed that satisfy a
predefined threshold criterion.41If, respectively,noandnvare
the number of occupied and virtual molecular orbitals, andnsmall
andnlargeare the smaller and the larger number ofnoandnv,
there arenlargesweeps andnsmallorbital pairs examined per
sweep.

The rotation of one pair of vectors in eq 7 can be carried out
by the BLAS level 1 routine ROT. In semiempirical
calculations, the number of basis functionsNis usually less
than 104. In this range, the ROT (G) routine from the GPU-
based CUBLAS library is not yet efficient, due to the low ratio
(<3) of compute-to-memory accesses, and is outperformed by
the single-core CPU variant ROT (1C); this situation is
reversed only for huge values ofN(>106) that are not reached
in practice. Semiempirical calculations will thus not benefit
from the naive use of ROT (G) for the Jacobi transformation in
PDIAG. This calls for the development of a dedicated version
of PDIAG that exploits the potential of the GPU for speeding
up this transformation, which may represent a significant part of
the overall computational effort (see above).
Four algorithms were devised for the Jacobi transformation
on the GPU whose architecture is designed for executing large
numbers of parallel threads. The algorithms differ in the way
how the work is distributed among the threads, how these are
organized in blocks, how the threads are synchronized, and,
most importantly, where the decision is made as to which
orbital pairs to rotate. A detailed description of all algorithms is
given in the Supporting Information.
Algorithms I−III have in common that the decision whether
to rotate an orbital pair is made in the threads just before the
rotation would be performed. These algorithms come in three
variants depending on the treatment of the rotation coefficients
in eq 7 that may be recomputed as needed (first variant) or
precomputed by a separate routine and stored in global
memory. For efficient access to these quantities in global
memory, the kernels may rely on the caching mechanisms of
the GPU (second variant) or may explicitly buffer them using
shared memory, which is much faster than global memory
(third variant). These combinations give rise to nine GPU
kernels altogether.
For these algorithms, there is the possibility that the threads
that skip a rotation just remain idle waiting for other threads to
complete a rotation. This will reduce the workload on the GPU,
which will ultimately lead to lower performance. Therefore,
another algorithm IV was designed in which the decision on
which orbital pairs to rotate is made in a separate initial step:
the rotation coefficients are precomputed, and only those are
stored that correspond to rotations actually to be performed
later. This complicates the logistics of precomputing the
rotation coefficients in the parallel environment of the GPU.
The implementation of the actual rotations in algorithm IV was
based on our experience gained with the other algorithms.
For all algorithms and their variants, we tested a large
number of different execution configurations, that is, the
dimensions of the thread blocks, a parameter specific to GPU
programming. The detailed results for the fastest algorithm
(algorithm IV) are documented in the Supporting Information.
In the following, we only summarize the essentialfindings.
We find in our extensive search that algorithm III with
cached coefficients is the fastest among thefirst three
algorithms. For C960, it is about twice as fast as the second-
ranked one (algorithm I with shared memory). Therefore, the
rotations needed in algorithm IV were carried out in analogy to
algorithm III. Systematic tests show that the time for
precomputing and storing the rotation coefficients in algorithm
IV is negligible and that statistically the configuration 64×16
performs best on average (see the Supporting Information). We
have therefore adopted this configuration as our default choice.
With this setup, algorithm IV consistently outperforms the
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other three algorithms by a large margin. For example, in the
case of C960, where the benefits from skipping rotations are
largest, algorithm IV is more than 5 times faster than any of the
three competitors.
Table 2 shows the execution times and speedups of the
Jacobi transformation for selected test molecules, on a single

CPU (1C) and on the GPU (algorithm IV). The acceleration
of the Jacobi transformation on the GPU is expected to be
influenced by the size and symmetry of the molecule. Because
the architecture of the GPU is designed for massively parallel
computations, the benefits for larger molecules should be
higher. This is borne out by the data for 1000·H2O and
crambin: in these two unsymmetrical molecules, the percentage
(Rrot) of required Jacobi rotations is similar (13% vs 11%), and
hence the speedup is higher in the case of the larger system (6.6
vs 4.6). In the case of a highly symmetric molecule, many Fock
matrix elements between occupied and virtual MOs will be zero
by symmetry, which will lowerRrot, for example, to 2% in the
icosahedral C960molecule; algorithm IV is designed to exploit

this reduced workload and thus leads to a maximum speedup of
7.1 relative to the time on a single CPU.

5. SEMIEMPIRICAL CALCULATIONS ON THE
CPU−GPU PLATFORM

5.1. Performance.The workstation used in this study
provides several kinds of computing environments: one single
CPU core (1C), multiple CPU cores (2C, 6C), one single CPU
core with one GPU (H1CG), and all CPU cores plus one GPU
(H6CG). Our code also allows for OpenMP parallel execution
of the most demanding tasks not yet ported to the GPU, in
particular, integral evaluation and Fock matrix formation. To
reach the best-effort performance on the currently used hybrid
CPU−GPU platform, OpenMP parallelization was turned on
using all 6 CPU cores in the calculations denoted by H6CG*.
In this section, we report computation times and speedups
obtained in semiempirical calculations on the test molecules in
all of these environments, both for MNDO-type and for OMx
methods.
The full list of performance data is given in the Supporting
Information. As a representative example, the results for
1000·H2O are summarized in Table 3. For a given environ-
ment, the computation times are quite similar for the six
semiempirical methods considered presently, especially when
taking the slight differences in the number of SCF iterations
into account. For instance, the computation times per SCF
cycle range between 73.14 and 88.95 s in the slowest
environment (1C) and between 7.43 and 9.97 s in the fastest
one (H6CG*). The minimum and maximum times for the full
SCF calculation differ at most by factors of 1.55 (1C) and 1.72

Table 2. Computation Times (in seconds) for the Jacobi
Transformation in MNDO Calculations on a Single CPU
(1C) and on the GPUa

C960(N= 3840)
1000·H2O
(N= 6000) crambin (N= 1623)

time speedup time speedup time speedup

1C 26.96 241.34 12.39

GPU 3.82 7.1 36.52 6.6 2.71 4.6
aNdenotes the number of basis functions.

Table 3. Computation Times (in seconds) of the MNDO, AM1, PM3, OM1, OM2, and OM3 Single-Point Energy Evaluations
for 1000·H2O on CPU-Only (nC) and Hybrid CPU−GPU Platforms (HnCG)

a

1C 2C 6C H1CG H6CG H6CG*

MNDO:NSCF= 18,Ndiag=4

time 1433.17 858.18 491.57 217.84 160.60 154.59

time/NSCF 79.62 47.68 27.31 12.10 8.92 8.59

speedup 1.7 2.9 6.6 8.9 9.3

AM1:NSCF= 19,Ndiag=4

time 1595.66 993.67 612.29 241.02 182.97 176.74

time/NSCF 83.98 52.30 32.23 12.69 9.63 9.30

speedup 1.6 2.6 6.6 8.7 9.0

PM3:NSCF= 23,Ndiag=4

time 2045.83 1345.98 902.66 291.88 236.51 229.36

time/NSCF 88.95 58.52 39.25 12.69 10.28 9.97

speedup 1.5 2.3 7.0 8.6 8.9

OM1:NSCF= 18,Ndiag=4

time 1316.51 745.44 379.78 208.55 151.75 133.68

time/NSCF 73.14 41.41 21.10 11.59 8.43 7.43

speedup 1.8 3.5 6.3 8.7 9.8

OM2:NSCF= 20,Ndiag=4

time 1740.69 1115.49 720.15 341.31 284.65 190.67

time/NSCF 87.03 55.77 36.01 17.07 14.23 9.53

speedup 1.6 2.4 5.1 6.1 9.1

OM3:NSCF= 22,Ndiag=4

time 1818.91 1148.49 720.07 342.92 287.18 190.59

time/NSCF 82.68 52.20 32.73 15.59 13.05 8.66

speedup 1.6 2.5 5.3 6.3 9.5
anis the number of CPU cores in use. The number of SCF iterations and full diagonalizations is denoted byNSCFandNdiag, respectively. OpenMP
parallelization was turned on using 6 CPU cores in H6CG*(our best effort).
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(H6CG*), indicating again a similar computational burden for
the different semiempirical methods in these environments.
In the CPU-only case, the speedups of the multicore
calculations do not increase in proportion to the number of
cores, reaching factors of about 1.5 on two cores (2C) and only
around 3 on six cores (6C) regardless of the type of test
molecule (see Table 3 and the Supporting Information). This is
because the computation is bandwidth-bound on the present
hardware for two of the major bottlenecks, FDIAG and the
JACOBI part of PDIAG; adding more processing units hardly
helps under these circumstances. It should be noted in this
context that this limitation arises from the chosen hardware and
not from the software: early tests of the MNDO program on a
Cray Y-MP8 computer with eight CPU cores and compara-
tively fast shared memory gave speedups up to 7.7 in the
MNDO geometry optimization of the fullerene C540.

27

Repeating this calculation with identical input options on the
current hardware (and with OpenMP parallelization being
turned on) yields a smaller speedup of 4.0 on six CPU cores,
because the higher clock frequency of the current processor (3
GHz vs 80 MHz on the Cray Y-MP) is not matched by a
corresponding increase in memory bandwidth. The MNDO
code will thus offer higher speedups in multicore CPU-only
calculations on large molecules when the hardware perform-
ance is compute-bound (and not bandwidth-bound as in the
present case).
For the chosen representative example of 1000·H2O, the
hybrid CPU−GPU platform with only one CPU core (H1CG)
offers speedups of 5.1−7.0 relative to the CPU-only case (1C)
due to the higher FLOP rate and bandwidth of the GPU (Table
3). H1CG outperforms the best CPU-only platform (6C) by a
wide margin (speedup factors of 2.3−3.5). Adding more CPU
cores to H1CG further accelerates the SYEVD routine (see
Figure 3 in the Supporting Information) and leads to speedups
of 6.1−8.9 for H6CG relative to 1C. Turning on OpenMP
parallelization (H6CG*) for the other parts of the code leads to
further (rather small) gains in the case of the MNDO-type
calculations where integral evaluation is fast anyway, but to
substantial accelerations especially for OM2 and OM3 where
the computation of the three-center orthogonalization
corrections strongly benefits from this kind of parallelization.
As a consequence, HC6G*provides an excellent overall
performance for all semiempirical methods considered
presently, with speedup factors for 1000·H2O of 8.9−9.8
(Table 3).
Average speedups (H6CG and H6CG*vs 1C) for large
molecules (N> 1000) are summarized in Table 4. Those for
the MNDO-type methods are quite uniform because of the
similar underlying theoretical framework, both for H6CG (8.1−

8.3) and for H6CG*(8.4−8.7). In the case of the OMx
methods, the average speedups for OM2 and OM3 are again
relatively low (5.6−5.7) because the orthogonalization
corrections are computed using single-threaded CPU code,
which can consume up to 7% of the computation time in the
CPU-only case (Figure 2). After turning on OpenMP
parallelization (H6CG*), the average speedups for the OMx
methods increase to a rather uniform level (7.3−7.7) but
remain slightly below those for the MNDO-type methods.
Figures 4−6 show the speedups obtained in the MNDO,
AM1, PM3, and OMxcalculations for all test molecules on the

H6CG and H6CG*platforms as compared to the single CPU
case (1C); the corresponding numerical results are available in
the Supporting Information.

Table 4. Average Speedups of Semiempirical Single-Point
Energy Evaluations on the Hybrid Multicore CPU−GPU
Platform (H6CG and H6CG*) Relative to the Single-CPU
Case (1C), for Large Molecules with More than 1000 Basis
Functionsa

MNDO-type methods OMxmethods

MNDO AM1 PM3 OM1 OM2 OM3

H6CG 8.3 8.2 8.1 7.1 5.6 5.7

H6CG* 8.7 8.6 8.4 7.7 7.3 7.5
aOpenMP parallelization was turned on using 6 CPU cores in H6CG*
(our best effort).

Figure 4.Speedup of the semiempirical single-point energy
calculations of fullerenes on the hybrid multicore CPU−GPU platform
(H6CG, dashed lines with squares; and H6CG*, solid lines with
circles) with respect to one single CPU core (1C). The MNDO-type
and OMxcalculations employ pseudodiagonalization (without DIIS)
and full diagonalization (with DIIS), respectively.

Figure 5.Speedup of the semiempirical single-point energy
calculations of water clusters on the hybrid multicore CPU−GPU
platform (H6CG, dashed lines with squares; and H6CG*, solid lines
with circles) with respect to one single CPU core (1C). The
calculations make use of pseudodiagonalization (without DIIS).

Figure 6.Speedup of the semiempirical single-point energy
calculations of solvated crambin systems on the hybrid multicore
CPU−GPU platform (H6CG, dashed lines with squares; and H6CG*,
solid lines with circles) with respect to one single CPU core (1C). The
calculations employ full diagonalization and DIIS extrapolation (no
use of pseudodiagonalization).
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The overall speedups generally increase with the size of the
test molecules and the number of basis functions (N) ranging
from 240 to 10 800. Small molecules like C60benefit only little
from the GPU. For example, relative to 1C, MNDO-type and
OMxcalculations on C60are merely∼1.5 times faster on
H6CG and H6CG*. Several factors restrict the performance for
smaller molecules. First, routines other than those ported to the
GPU take a higher percentage of the computation time, for
example, 12.1% for C60versus 1.6% for C960(see Figure 2a).
Second, the CPU-only computations for small molecules are
really fast, for example, 0.1 s for C60, so that the overhead for
CPU−GPU communication on the hybrid platform is no
longer negligible. Hence, there is not much advantage of using
the GPU for semiempirical calculations on small molecules
(say, less than 100 atoms).
In the fullerene and water cluster series, the MNDO-type
calculations for the largest systems reach maximum speedups
on the hybrid multicore CPU−GPU platform of around 13
(C960) and 10 (1800·H2O). Because of the memory limitations
on our workstation, OMxcalculations are possible for systems
up to the size of 1200·H2O, for which speedups of 9−10 can be
achieved (Figure 5).
In the MNDO-type calculations on the solvated crambin
series, the observed speedups are generally somewhat lower
(around 7, see Figure 6). This is mostly due to the deliberate
decision to turn offpseudodiagonalizations (PDIAG) and use
only full diagonalizations (FDIAG) in these calculations.
FDIAG, which dominates the computation time in this case
(>60%, see Figure 2), is accelerated typically only 5-fold on the
GPU (see Figure 3 in the Supporting Information), much less
so than PDIAG.
Finally, it should be pointed out that the number of required
SCF iterations may occasionally differ on different platforms,
despite using double-precisionfloating point arithmetic
throughout (see the Supporting Information). These differ-
ences arise from roundofferrors and are unavoidable. In such
cases, the calculated properties of the molecules, for example,
heats of formation, ionization energies, etc., are the same on the
different platforms (within the limits imposed by the SCF
convergence criteria).
5.2. Profiles on the Hybrid Multicore CPU−GPU
Platform.In this section, we examine the hotspots in
semiempirical calculations on the hybrid CPU−GPU platform
(H6CG). For the reasons outlined in section 3, we only show
the H6CG profiles of the AM1 and OM2 calculations for all
test systems in Figure 7. The data for the other methods are
documented in the Supporting Information.
It is obvious that Fock matrix diagonalization (FDIAG, in
red) and pseudodiagonalization (PDIAG, in green) demand a
larger share of the computation time than on the CPU-only
platform (Figure 2). For example, the percentage of time
consumed by FDIAG grows from 64% to 82% in the MNDO
calculation of unsolvated crambin. The reason for this larger
share is that both SYEVD in FDIAG and the Jacobi
transformation in PDIAG are bandwidth-bound and are thus
not accelerated too much on the GPU, that is, typically by a
factor of∼5; see Figure 3 in the Supporting Information. By
contrast, the major computations in BORDER and DIIS, that
is, the matrix multiplications in SYRK and GEMM, are
dramatically accelerated on the GPU (by a factor of about
25, see Figure 4 in the Supporting Information), and they are
thus no longer bottlenecks in semiempirical calculations on
H6CG. The other routines, for example, integral evaluation and

construction of the Fock matrix, have not yet been ported to
the GPU in our present work. Their share of the computation
time starts to rise on H6CG especially for small molecules, but
remains rather low for large molecules in MNDO-type
calculations.
Figure 8 presents the profiles of PDIAG in the MNDO
calculations on H6CG. Unlike the situation on a single CPU

core (Figure 3) where the triple matrix product (MMM)
consumes more time than the Jacobi transformation (JACOBI),
the latter takes most of the computation time on the GPU
(∼80%). This is because the matrix−matrix multiplication is far
more accelerated on the GPU than the Jacobi transformation,
with speedups of about 25 (see Figure 4 in the Supporting
Information) versus 4−7 (Table 2).
The H6CG profiles of the OMxcalculations on water
clusters look quite different from the other profiles, particularly
in the case of OM2 and OM3; see Figure 7b. The computations
in HCORE become quite demanding, taking about 32% and

Figure 7.Profiles of the semiempirical AM1 and OM2 calculations of
the test molecules on the hybrid multicore CPU−GPU computing
platform.

Figure 8.The profiles of PDIAG in the MNDO calculations of
fullerenes and water clusters on the hybrid CPU−GPU platform.
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33% of the time for OM2 and OM3, respectively. This latter
increase is caused by the three-center orthogonalization
corrections to the resonance integrals,26which are presently
still computed in HCORE by a single-threaded CPU code.
These corrections are crucial for the quality of the OMx
results.33−35One way to accelerate their computation is to turn
on OpenMP parallelization (H6CG*, see above), but it would
also seem worthwhile to develop a dedicated GPU kernel and
find out whether this offers an even more efficient solution on
hybrid CPU−GPU platforms.
5.3. Geometry Optimizations.As a further test, geometry
optimizations of the fullerenes were carried out at the MNDO
level using the 1C, H6CG, and H6CG*platforms. In the
MNDO program, the required gradients are computed by
default using a simplefinite-difference procedure with
recalculated integrals and a constant density matrix. This
procedure scales asO(N2) and thus does not constitute a
bottleneck in the present approach, but will benefit from the
existing OpenMP parallelization (in full analogy to integral
evaluation). Therefore, the geometry optimizations were
performed without any additional GPU-oriented modification
of the code using both H6CG and H6CG*. They were done in
internal coordinates to exploit the symmetry of the fullerenes.
The performance data are shown in Table 5. The speedups

increase with the size of the fullerene being optimized, as
expected, and they are generally somewhat higher than those
obtained in the single-point calculations (see the Supporting
Information). The improved performance arises from the fact
that the relatively slow full diagonalizations (FDIAG) at the
beginning of an SCF calculation can normally be avoided in the
course of a geometry optimization because the density matrix
from the preceding point usually provides a sufficiently good
starting guess for the SCF procedure of the next point. For the
largest fullerene considered (C960), the MNDO geometry
optimizations on the hybrid multicore CPU−GPU platform
thus achieve record speedups of 15.5 (H6CG) and 19.2
(H6CG*).

6. CONCLUSIONS

In this work, GPU-accelerated routines for semiempirical
quantum chemical calculations were implemented on a hybrid

multicore CPU−GPU platform to enable more efficient
computations with MNDO-type methods (for MNDO, AM1,
PM3) and with orthogonalization-corrected methods (OM1,
OM2, OM3). Systematic calculations on fullerenes, water
clusters, and solvated crambin systems were performed with all
of these methods on a variety of computing environments
encompassing one single CPU core, multiple CPU cores, a
single CPU core with GPU, and a multicore CPU with GPU.
For all methods considered, the computational bottlenecks
on one single CPU core were identified to be full
diagonalization (FDIAG), pseudodiagonalization (PDIAG),
and matrix multiplications during density matrix formation
(BORDER) and SCF convergence acceleration (DIIS). The
computational effort in other routines, for example, integral
evaluation and Fock matrix construction, turned out to be small
for large molecules. Vendor-optimized library functions and a
manually tuned GPU kernel for Jacobi transformations
(PDIAG) were employed in the profile-guided code
optimization on the hybrid multicore CPU−GPU platform.
The least accelerated routines on the GPU were found to be
FDIAG and PDIAG, which both contain parts that are
memory-bandwidth bound. Therefore, FDIAG and PDIAG
govern the overall speedup that can be achieved in semi-
empirical calculations on the hybrid CPU−GPU platform.
The performance gains in the semiempirical calculations
increase with the size of the molecule. On average, speedups
close to 10 are achieved in MNDO-type and OMxsingle-point
calculations for large molecules, on the multicore CPU−GPU
platform relative to one single CPU core, with a maximum of
12.9 for the AM1 energy evaluation of the largest fullerene
(C960, 3840 basis functions). MNDO geometry optimizations
for the largest fullerenes on the hybrid multicore CPU−GPU
platform reach an even higher performance (with speedups up
to 19.2). The OMxcalculations are slightly less accelerated
than the MNDO-type calculations because of the orthogonal-
ization corrections to the core Hamiltonian. Their computation
requires a significant share of the overall time on the hybrid
platform (especially for the three-center terms in OM2 and
OM3). While their evaluation benefits from the available
OpenMP parallelization, it would still seem desirable to develop
a carefully optimized GPU kernel for this task in future work.
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Table 5. Computation Times (in seconds) for MNDO
Geometry Optimization of Fullerenes on a Single CPU Core
(1C) and on the Hybrid Multicore CPU−GPU Platform
(H6CG and H6CG*)a

C60 C120 C180 C240 C540 C960

Nopt 4 49b 14 28 34 40c

symmetry Ih Td Ih Ih Ih Ih
Nvar 2 17 6  7  15  26

1C 0.46 59.41 42.68 274.49 4927.51 57 651.94

H6CG 0.29 14.76 8.27 39.88 398.28 3731.21

speedup 1.5 4.0 5.2 6.9 12.4 15.5

H6CG* 0.24 10.37 5.82 28.54 309.63 3007.62

speedup* 1.9 5.7 7.3 9.6 15.9 19.2
aNoptandNvardenote the number of the optimization cycles and
geometric variables, respectively. OpenMP parallelization was turned
on using 6 CPU cores in H6CG*(our best effort).bThe geometry
optimization of C120finishes (∥g∥= 0.05 kcal/(mol·Å)) in 44 cycles
on H6CG.cAn incomplete optimization for benchmark purposes with
40 cycles.
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1 ProfilesofSemiempiricalSCFCalculations

Figure1showstheprofilesofsingle-pointSCFcalculationsforthemethodsMNDO,PM3,OM1,

andOM3obtainedwiththeMNDOprogramrunningononeCPUcore(1C).Figure2showsthe

correspondingprofilesobtainedonthehybridCPU-GPUplatformusingallsixCPUcoresandthe

GPU(H6CG).

2 PerformanceTestsofStandardLibraryRoutines

Figure3comparestheperformanceofmatrixdiagonalizationroutinesfromtheMKLandMAGMA

libraries.Figures4and5showanalogouscomparisonsofroutinesformatrix-matrixandmatrix-

vectormultiplicationfromtheMKLandCUBLASlibraries,respectively.
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Figure3:Computationtimes(inseconds)forthediagonalizationofarandomrealsymmetric
matrixusingSYEV,SYEVX,SYEVDandSYEVRfromIntelMKLonCPU-onlyplatforms(nC)
andSYEVDfromMAGMAonhybridCPU-GPUplatforms(HnCG).ndenotesthenumberof
CPUcores.Anenlargedplotforsmallermatrices(dimension<3000)isalsoshown.Thefloating-
pointarithmeticwasperformedindoubleprecision.

S5



Figure4:Performanceofmatrix-matrixmultiplication(P=AAT)usingGEMM,SYMM,and
SYRKfromIntelMKLonCPU-onlyplatforms(nC)andthecorrespondingroutinesfromNVidia
CUBLASonthehybridCPU-GPUplatforms(G).ndenotesthenumberofCPUcores.Aisa
randomrealsymmetricmatrix.Thefloating-pointarithmeticwasperformedindoubleprecision.

S6



(a
)
p
=
M
T
v

(
b)
p
=
M
v

Fi
gu
re
5:
Pe
rf
or
ma
nc
e
of
ma
tr
i
x-
ve
ct
or
mu
lt
ip
li
ca
ti
o
ns
us
in
g
G
E
M
V,
D
O
T,
an
d
A
X
P
Y
fr
o
m
In
te
l
M
K
L
o
n
C
P
U-
on
ly
pl
at
fo
r
ms
(n
C)

a
nd
t
he
co
rr
es
po
nd
i
ng
r
ou
ti
ne
s
fr
o
m
N
Vi
di
a
C
U
B
L
A
S
on
t
he
hy
br
id
C
P
U-
G
P
U
pl
at
fo
r
ms
(
G)
.
n
de
no
te
s
th
e
nu
m
be
r
of
C
P
U
c
or
es
.

D
O
T
L
an
d
A
X
P
Y
L
ar
e
us
ed
to
c
o
mp
ut
e
p
=
M
T
v
an
d
p
=
Mv
,
re
sp
ec
ti
ve
l
y.
M
a
nd
v
ar
e
ra
n
do
m
re
al
ma
tr
ix
an
d
ve
ct
or
,
re
sp
ec
ti
ve
l
y.

T
he
r
o
w
di
me
ns
i
on
of
th
e
ma
tr
ix
is
1 2
N
(N
+
1)
fo
r
N
ba
si
s
fu
nc
ti
o
ns
,
th
e
co
lu
mn
di
me
ns
io
n
is
eq
ua
l
t
o
1
0.
T
he
flo
at
in
g-
po
in
t
ar
it
h
me
ti
c

wa
s
pe
rf
or
me
d
in
do
ub
le
pr
ec
is
i
on
.

S7



3 JacobiTransformationontheGPU

Asstatedinthemanuscript,theoriginalCPUalgorithminPDIAGperformssweepsofindependent

2×2rotationsofoneoccupiedandonevirtualmolecularorbital(MO)trialvectorfromthelast

SCFiteration,CiandCa,

C′i=cCi−sCa C′a=sCi+cCa (1)

wherecandsdenotetherotationcoefficientsandthenewMOvectorsareindicatedbyprimes.

TherotationcoefficientsarecalculatedfromtheapproximateMOenergiesεiandεaoftheprevious

SCFiterationandfromthematrixelementFiaoftheFockmatrixintheMObasisconnectingboth

orbitals.

c=1−
u

2
s=± u−

u2

4
u=

Fia
εa−εi

2

(2)

ThesignofsisoppositetothatoftheFockmatrixelement.

Duringonesweepallrotationsonasetofindependentoccupied-virtualorbitalpairsareper-

formedthatsatisfyapredefinedthresholdcriterion(seeRef.(41)inthemanuscript).If,respec-

tively,noandnvarethenumberofoccupiedandvirtualmolecularorbitals,andnsmallandnlarge

arethesmallerandthelargernumberofnoandnv,therearenlargesweepsandnsmallorbitalpairs

examinedpersweep.Inthefirstsweep,thefirstpairisformedbythelowestoccupiedandthe

lowestvirtualorbital,thesecondpairbythesecond-lowestoccupiedandthesecond-lowestvirtual

orbital,andsoon.Inthesecondsweep,thefirstpairisformedbythesecond-lowestoccupied

andthelowestvirtualorbital,thesecondpairbythethird-lowestoccupiedandthesecond-lowest

virtualorbitalandsoon,providedthatthenumberofvirtualorbitalsislessthanthenumberofoc-

cupiedorbitals,whichisusuallythecasefororganicmolecules.Otherwise,thefirstpairisformed

bythelowestoccupiedandthesecond-lowestvirtualorbital,andsoon.Usingthisalgorithmevery

occupied-virtualorbitalpairisexaminedexactlyonceandrotatedwhereappropriate.

ThisalgorithmistobeportedtotheGPU,takingintoaccountthatthearchitectureofaGPUis

verydifferentfromatraditionalCPU.Onefundamentaldifferenceconcernsthecostofcreating,

deleting,andswitchingbetweenthreads. WhileonaCPUtheseactionsarerelativelyexpensive,
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sothataprogrammerisadvisedtoreuseaoncecreatedthreadasoftenaspossible,andelaborate

algorithmshavebeendevelopedtoefficientlyscheduledifferentprocessesandthreadsbytheop-

eratingsystemkernel,allinformationaboutthethreadsonaGPUarestoredinhardwareregisters

sothatcreating,deleting,andswitchingbetweenthreadsisverycheaporinvolvesnocostatall.

ThisallowsGPUthreadstobeextremelynumerousandshort,likemillionsofthreadscontaining

asinglearithmeticoperationonly.

OnaGPU,threadsaregroupedinblocksandblocksaregroupedinagrid,conceptstotally

absentonatraditionalCPU.Eachblockandeachthreadhaveuptothreeindicesuniquelyidenti-

fyingathreadinablockandablockinthegrid.Thedimensionsofallindices(allblocksbeing

equivalent)arecalledtheexecutionconfiguration.1Thedimensionsandindicescanbeusedtode-

cidewhichthreadoperatesonwhichmatrixelement,forinstance.Thesequantitiesalsodetermine

inwhichorderthreadsarecreatedandexecuted.

Itis,however,impossiblefortheprogrammertoknowinadvancewhichthreadswillrun

concurrentlyunlessspecificmeasuresaretakentosynchronizethethreads.Thethreadsofone

block(whichallexecuteononecoreofonemultiprocessoroftheGPU)canbeeasilysynchronized

byasimple(andcheap)functioncallimplementingaso-calledbarrierwhichmakesthethreads

waituntilallthreadshavereachedthispoint.Thenthefunctionreturnsandallthreads(atleast

potentially)continuesimultaneously.Thisbehaviouriscalledlocalsynchronization.Threadsin

differentblockscanpresentlyonlybesynchronizedbyrelaunchingthekernelafterithascompleted

acertainsubtaskandstopped(globalsynchronization).

Wehavedesignedthreealgorithmsdifferinginthewayhowtheworkisdistributedamongthe

threads,howtheseareorganizedinblocksandhowthethreadsaresynchronized.

AlgorithmIusesatwo-dimensionalgridofone-dimensionalblocks. Everythreadchecks

thethresholdcriterionandperformstherotationoftwoMOcoefficientswhereappropriate.The

firstindexofablockinthegridandtheindexofathreadintheblockdeterminetherowin

1Thenumberofbytesofdynamicallyallocatedsharedmemoryperblockisalsosubsumedundertheexecution
configuration,aswellasanassociatedstream.
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theMOcoefficientmatrix,andthesecondblockindexidentifiesthevirtualorbital.2Execution

configurationswith32,64,128,256,512,768,and1024threadsperblockhavebeentested.(1024

threadsperblockisthehardwarelimitofourGPU.)Thekernelusesglobalsynchronizationofthe

threadsbyperformingonesweepperlaunch.

AlgorithmIIcompletelyavoidsthesynchronizationproblemusingexactlyonethreadperrow

ofthetrialvectors,soeachthreaddoesalltheworkforthisrowverymuchliketheoriginal

CPUalgorithm(exceptthattheoriginalalgorithmrotatesentirevectorsinsteadoftwoelements).

ExecutionconfigurationswiththesamenumberofthreadsperblockasinalgorithmIhavebeen

tested.

AlgorithmIIIusesaone-dimensionalgridoftwo-dimensionalblocks.Therowindexofthe

MOcoefficientmatrixisdeterminedbytheindexoftheblockinthegridandthefirstthreadindex.

EachthreadperformsallsweepsforeveryDy-thvirtualorbitaloftwosubsequentrows,Dybeing

thesecondblockdimension,startingwiththesecondthreadindexineachblock.Thethreadsuse

localsynchronizationtomakesurethatonesweepontworowshasfinishedbeforethenextsweep

ontheserowsisstarted.

Thereareactuallythreedistinctkernelsforeachoftheabovealgorithmswhichdifferinthe

treatmentoftherotationcoefficients.Oneoptionistorecomputetherotationcoefficientsinev-

erythreadasneeded.Alternatively,therotationcoeffientsareprecomputedandstoredinglobal

memorybeforethefirstsweep,andforefficientaccessthekerneleitherreliesoncachingofthese

values(secondoption)orexplicitlycopiesthemtosharedmemory(thirdoption).

ForeveryoftheabovealgorithmsthereisthepossibilitythattheGPUwillnotrunatfulleffi-

ciencyfortheorbitalpairsnotrotatedduetothethresholdcriterion.Thisisinpartbecausesome

oftheabovekernelsaredesignedsuchthatthethreadsnotperformingarotationwillwaitforother

threadstohavefinishedarotation.Anotherreasonisthatthethreadsdonotruncompletelyinde-

pendentfromeachother,butareexecutedinso-calledwarps,i.e.batchesof32threadsexecuted

simultaneouslybyoneGPUcore.Thecorealwaysexecutesthesameinstructionofthekernel

2Theoccupiedorbitalisselectedusinganoffsettothevirtualorbitalwhichisincrementedateverysweep.
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forallthreadsinthewarp.Therefore,whilesomerotationsareperformed,otherthreadsmayidle

automatically.

AlgorithmIVwasdesignedwiththegoaltogainefficiencybyavoidingtohavethreadswaiting

forotherstofinishrotations.Inthisalgorithmtherotationcoefficientsareprecomputedbya

separatekernel,withonlythosebeingstored(togetherwiththecorrespondingorbitalindices)that

satisfythethresholdcriterion.Thissteprequiresastrictlinearization,i.e.therotationcoefficients

mustbestoredoneaftertheother.Thisisachievedbyanatomicincrementofthearrayindex

pointingtothelocationwheretostorethenextpairofrotationcoefficientsandorbitalindices.The

atomicincrementconsistsofreading,modifyingandwritingthearrayindexwithoutinterference

ofotherthreads.

Thedimensionsoftheblocksandthegridandthesynchronizationmethod(localsynchroniza-

tion)ofalgorithmIVcorrespondtoalgorithmIII,exceptthatinalgorithmIVeachthreadworks

ononerowoftheMOcoefficientmatrixonly.Thisalgorithmwillrelyonthecachingmechanisms

oftheGPUexclusively,therearenoothervariants.

Withthissetup,algorithmIVconsistentlyoutperformstheotherthreealgorithmsbyalarge

margininsystematictestcalculations.Forexample,inthecaseofC960,wherethebenefitsfrom

skippingrotationsarelargest,algorithmIVismorethanfivetimesfasterthananyofthethree

competitors.Therefore,wepresentrepresentativetimingsonlyforalgorithmIV.Tables1and2

containthetimingsofthetwostepsofalgorithmIVfordifferentexecutionconfigurations.
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Table1:Computationtimes(inseconds,sortedinascendingorder)forgeneratingtherotation
coefficientsfortheJacobitransformationinMNDOcalculationsofC960,1000·H2O,andsolvated
crambinusingGPUalgorithmIV.blockDimdenotesthedimensionofthethreadblocks.

C960 1000·H2O crambin

blockDim time blockDim time blockDim time

16×8 0.03 16×8 0.06 16×8 0.01
8×16 0.03 8×16 0.06 8×16 0.01
8×32 0.03 32×8 0.06 32×8 0.02
32×8 0.03 128×7 0.07 8×8 0.02
16×16 0.03 8×8 0.07 128×7 0.02
8×8 0.04 16×16 0.07 16×16 0.02
256×3 0.04 256×3 0.07 256×3 0.02
128×7 0.04 8×112 0.07 8×32 0.02
64×14 0.04 8×32 0.07 64×14 0.02
16×56 0.05 64×14 0.08 32×28 0.02
32×28 0.05 16×56 0.08 8×112 0.02
8×112 0.05 32×28 0.08 16×56 0.02
8×64 0.06 64×8 0.09 64×8 0.02
16×32 0.06 32×16 0.10 32×16 0.02
64×8 0.06 8×64 0.10 16×32 0.03
32×16 0.06 16×32 0.11 8×64 0.03
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Table2:Computationtimes(inseconds,sortedinascendingorder)fortheJacobitransformation
stepinMNDOcalculationsofC960,1000·H2O,andsolvatedcrambinusingGPUalgorithmIV.
blockDimdenotesthedimensionofthethreadblocks.

C960 1000·H2O crambin

blockDim time blockDim time blockDim time

32×32 3.74 128×8 36.13 256×4 2.61
64×16 3.79 64×16 36.48 128×8 2.67
16×32 3.88 64×8 36.48 64×16 2.68
32×8 3.93 256×4 36.65 64×8 2.80
16×64 4.15 32×32 36.94 32×32 2.87
32×16 4.18 32×16 36.95 32×16 3.10
256×4 4.34 32×8 37.10 16×64 3.13
64×8 4.36 16×64 38.38 32×8 3.18
128×8 4.37 16×32 38.55 8×128 3.51
16×16 4.37 16×16 38.56 16×32 3.91
16×8 4.54 16×8 38.80 16×16 4.07
8×8 4.66 8×8 49.28 16×8 4.27
8×64 5.07 8×128 57.27 8×64 5.26
8×32 5.22 8×64 62.20 8×8 5.36
8×16 6.89 8×32 67.82 8×32 5.91
8×128 7.10 8×16 69.53 8×16 6.31
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4 MNDOCalculations

Fullerenes

Table3:Computationtimes(inseconds)forMNDOsingle-pointenergycalculationsinCPU-only
(nC)andhybridCPU-GPU(HnCGandHnCG*)environments(nisthenumberoftheCPUcores).
NSCFdenotesthenumberofSCFiterations.AnasteriskindicatesOpenMPparallelizationusing6
CPUcores(ourbesteffort).Thereare3fulldiagonalizationsineachcalculation.

1C 2C 6C H1CG H6CG H6CG*

C60:Nf=240
NSCF 18 16 18 16 16 18
time 0.12 0.07 0.06 0.08 0.07 0.08
speedup — 1.6 2.0 1.4 1.6 1.4

C120:Nf=480
NSCF 24 24 24 24 24 24
time 1.02 0.64 0.41 0.36 0.28 0.23
speedup — 1.6 2.5 2.8 3.6 4.4

C180:Nf=720
NSCF 20 20 20 20 20 20
time 2.59 1.51 0.85 0.81 0.56 0.46
speedup — 1.7 3.0 3.2 4.6 5.6

C240:Nf=960
NSCF 20 20 20 20 20 20
time 5.89 3.35 1.80 1.62 1.03 0.86
speedup — 1.8 3.3 3.6 5.7 6.8

C540:Nf=2160
NSCF 30 30 30 30 30 30
time 86.58 47.39 22.21 12.11 9.94 8.74
speedup — 1.8 3.9 7.2 8.7 9.9

C960:Nf=3840
NSCF 34 34 34 36 36 34
time 534.21 292.19 136.10 59.15 47.59 41.84
speedup — 1.8 3.9 9.0 11.2 12.8
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WaterClusters

Table4:Computationtimes(inseconds)forMNDOsingle-pointenergycalculationsinCPU-only
(nC)andhybridCPU-GPU(HnCGandHnCG*)environments(nisthenumberoftheCPUcores).
NSCFdenotesthenumberofSCFiterations.AnasteriskindicatesOpenMPparallelizationusing6
CPUcores(ourbesteffort).Thereare4fulldiagonalizationsineachcalculation.

1C 2C 6C H1CG H6CG H6CG*

1000·H2O:Nf=6000
NSCF 18 18 18 18 18 18
time 1433.17 858.18 491.57 217.84 160.60 154.59
speedup — 1.7 2.9 6.6 8.9 9.3

1200·H2O:Nf=7200
NSCF 18 18 18 18 18 18
time 2476.15 1478.91 845.54 365.84 270.84 262.51
speedup — 1.7 2.9 6.8 9.1 9.4

1400·H2O:Nf=8400
NSCF 18 18 18 18 18 18
time 3859.75 2302.46 1295.02 550.02 402.20 390.56
speedup — 1.7 3.0 7.0 9.6 9.9

1600·H2O:Nf=9600
NSCF 18 18 18 18 18 18
time 5782.25 3462.94 1956.33 832.70 613.97 597.08
speedup — 1.7 3.0 6.9 9.4 9.7

1800·H2O:Nf=10800
NSCF 18 18 18 18 18 18
time 8123.96 4815.66 2658.12 1116.80 797.56 777.87
speedup — 1.7 3.1 7.3 10.2 10.4
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SolvatedCrambin

Table5:Computationtimes(inseconds)forMNDOsingle-pointenergycalculationsinCPU-
only(nC)andhybridCPU-GPU(HnCGandHnCG*)environments(nisthenumberoftheCPU
cores).NSCFdenotesthenumberofSCFiterations.AnasteriskindicatesOpenMPparallelization
using6CPUcores(ourbesteffort).ThenumberofthefulldiagonalizationsequalsNSCFineach
calculation.

1C 2C 6C H1CG H6CG H6CG*

crambin:Nf=1623
NSCF 24 24 24 24 24 24
time 87.56 47.92 23.66 38.82 15.62 14.96
speedup — 1.8 3.7 2.3 5.6 5.9

crambinin500·H2O:Nf=4623
NSCF 30 29 30 30 29 30
time 2441.81 1274.88 629.00 553.62 356.59 350.81
speedup — 1.9 3.9 4.4 6.8 7.0

crambinin600·H2O:Nf=5223
NSCF 30 30 30 30 30 30
time 3426.76 1870.37 900.35 769.59 502.23 495.30
speedup — 1.8 3.8 4.5 6.8 6.9

crambinin700·H2O:Nf=5823
NSCF 29 29 29 29 29 29
time 4565.55 2506.35 1202.36 1012.93 665.17 657.62
speedup — 1.8 3.8 4.5 6.9 6.9

crambinin800·H2O:Nf=6423
NSCF 36 36 36 36 36 36
time 7673.80 4189.18 2004.12 1639.71 1069.81 1056.54
speedup — 1.8 3.8 4.7 7.2 7.3

crambinin900·H2O:Nf=7023
NSCF 36 36 36 36 36 36
time 9983.93 5490.60 2632.89 2135.51 1379.79 1367.24
speedup — 1.8 3.8 4.7 7.2 7.3
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5 AM1Calculations

Fullerenes

Table6:Computationtimes(inseconds)forAM1single-pointenergycalculationsinCPU-only
(nC)andhybridCPU-GPU(HnCGandHnCG*)environments(nisthenumberoftheCPUcores).
NSCFdenotesthenumberofSCFiterations.AnasteriskindicatesOpenMPparallelizationusing6
CPUcores(ourbesteffort).Thereare3fulldiagonalizationsineachcalculation.

1C 2C 6C H1CG H6CG H6CG*

C60:Nf=240
NSCF 14 14 15 14 14 14
time 0.10 0.07 0.05 0.08 0.07 0.07
speedup — 1.5 1.9 1.3 1.5 1.4

C120:Nf=480
NSCF 26 26 26 24 26 24
time 1.08 0.68 0.44 0.36 0.29 0.24
speedup — 1.6 2.5 3.0 3.7 4.6

C180:Nf=720
NSCF 22 22 22 18 18 20
time 2.79 1.63 0.91 0.79 0.52 0.46
speedup — 1.7 3.1 3.5 5.3 6.0

C240:Nf=960
NSCF 22 22 22 22 22 22
time 6.34 3.61 1.93 1.67 1.08 0.90
speedup — 1.8 3.3 3.8 5.9 7.1

C540:Nf=2160
NSCF 31 31 31 31 31 31
time 89.17 48.93 23.07 12.35 10.20 8.94
speedup — 1.8 3.9 7.2 8.7 10.0

C960:Nf=3840
NSCF 36 36 36 36 36 36
time 563.63 308.60 141.59 59.58 47.98 43.66
speedup — 1.8 4.0 9.5 11.7 12.9
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WaterClusters

Table7:Computationtimes(inseconds)forAM1single-pointenergycalculationsinCPU-only
(nC)andhybridCPU-GPU(HnCGandHnCG*)environments(nisthenumberoftheCPUcores).
NSCFdenotesthenumberofSCFiterations.AnasteriskindicatesOpenMPparallelizationusing6
CPUcores(ourbesteffort).Thereare4fulldiagonalizationsineachcalculation.

1C 2C 6C H1CG H6CG H6CG*

1000·H2O:Nf=6000
NSCF 19 19 19 19 19 19
time 1595.66 993.67 612.29 241.02 182.97 176.74
speedup — 1.6 2.6 6.6 8.7 9.0

1200·H2O:Nf=7200
NSCF 19 19 19 19 19 19
time 2774.96 1730.01 1067.60 408.75 312.25 303.43
speedup — 1.6 2.6 6.8 8.9 9.1

1400·H2O:Nf=8400
NSCF 20 20 20 20 20 20
time 4531.02 2841.73 1743.17 634.53 486.23 472.98
speedup — 1.6 2.6 7.1 9.3 9.6

1600·H2O:Nf=9600
NSCF 20 20 20 20 20 20
time 6706.42 4188.18 2545.57 944.75 724.53 705.41
speedup — 1.6 2.6 7.1 9.3 9.5

1800·H2O:Nf=10800
NSCF 20 20 20 20 20 20
time 9510.36 5901.32 3552.85 1292.06 965.67 943.63
speedup — 1.6 2.7 7.4 9.8 10.1
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SolvatedCrambin

Table8:Computationtimes(inseconds)forAM1single-pointenergycalculationsinCPU-only
(nC)andhybridCPU-GPU(HnCGandHnCG*)environments(nisthenumberoftheCPUcores).
NSCFdenotesthenumberofSCFiterations.AnasteriskindicatesOpenMPparallelizationusing6
CPUcores(ourbesteffort).ThenumberofthefulldiagonalizationsequalsNSCFineachcalcula-
tion.

1C 2C 6C H1CG H6CG H6CG*

crambin:Nf=1623
NSCF 33 33 33 33 33 33
time 120.83 66.78 33.22 53.60 21.47 20.52
speedup — 1.8 3.6 2.3 5.6 5.9

crambinin500·H2O:Nf=4623
NSCF 31 31 31 31 31 31
time 2527.47 1363.24 651.13 576.57 377.10 371.21
speedup — 1.9 3.9 4.4 6.7 6.8

crambinin600·H2O:Nf=5223
NSCF 41 41 41 41 41 41
time 4710.21 2564.69 1236.09 1061.84 690.92 680.98
speedup — 1.8 3.8 4.4 6.8 6.9

crambinin700·H2O:Nf=5823
NSCF 54 54 54 54 54 54
time 8557.76 4689.35 2251.66 1915.85 1245.62 1231.29
speedup — 1.8 3.8 4.5 6.9 7.0

crambinin800·H2O:Nf=6423
NSCF 40 40 40 40 40 40
time 8555.17 4661.00 2241.68 1845.91 1196.62 1183.40
speedup — 1.8 3.8 4.6 7.1 7.2

crambinin900·H2O:Nf=7023
NSCF 32 32 32 32 32 32
time 8905.18 4896.37 2347.41 1926.49 1236.16 1221.88
speedup — 1.8 3.8 4.6 7.2 7.3
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6 PM3Calculations

Fullerenes

Table9:Computationtimes(inseconds)forPM3single-pointenergycalculationsinCPU-only
(nC)andhybridCPU-GPU(HnCGandHnCG*)environments(nisthenumberoftheCPUcores).
NSCFdenotesthenumberofSCFiterations.AnasteriskindicatesOpenMPparallelizationusing6
CPUcores(ourbesteffort).Thereare3fulldiagonalizationsineachcalculation.

1C 2C 6C H1CG H6CG H6CG*

C60:Nf=240
NSCF 16 16 16 16 16 16
time 0.11 0.07 0.05 0.08 0.08 0.07
speedup — 1.5 2.1 1.3 1.4 1.5

C120:Nf=480
NSCF 22 23 23 22 23 22
time 0.96 0.63 0.41 0.35 0.28 0.22
speedup — 1.5 2.4 2.7 3.5 4.3

C180:Nf=720
NSCF 18 18 18 18 18 18
time 2.40 1.40 0.79 0.79 0.53 0.44
speedup — 1.7 3.0 3.0 4.5 5.5

C240:Nf=960
NSCF 18 18 18 18 18 18
time 5.43 3.10 1.66 1.59 0.98 0.82
speedup — 1.8 3.3 3.4 5.5 6.6

C540:Nf=2160
NSCF 27 27 27 27 27 27
time 79.21 43.53 20.63 11.76 9.49 8.36
speedup — 1.8 3.8 6.7 8.3 9.5

C960:Nf=3840
NSCF 32 32 32 32 32 32
time 509.75 279.42 129.62 57.29 45.24 41.36
speedup — 1.8 3.9 8.9 11.3 12.3
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WaterClusters

Table10:Computationtimes(inseconds)forPM3single-pointenergycalculationsinCPU-only
(nC)andhybridCPU-GPU(HnCGandHnCG*)environments(nisthenumberoftheCPUcores).
NSCFdenotesthenumberofSCFiterations.AnasteriskindicatesOpenMPparallelizationusing6
CPUcores(ourbesteffort).Thereare4fulldiagonalizationsineachcalculation.

1C 2C 6C H1CG H6CG H6CG*

1000·H2O:Nf=6000
NSCF 23 23 23 23 23 23
time 2045.83 1345.98 902.66 291.88 236.51 229.36
speedup — 1.5 2.3 7.0 8.6 8.9

1200·H2O:Nf=7200
NSCF 24 24 24 24 24 24
time 3701.09 2448.78 1656.62 510.69 418.72 407.61
speedup — 1.5 2.2 7.2 8.8 9.1

1400·H2O:Nf=8400
NSCF 22 22 22 22 22 22
time 5445.46 3613.87 2438.36 755.31 612.85 598.85
speedup — 1.5 2.2 7.2 8.9 9.1

1600·H2O:Nf=9600
NSCF 24 24 24 24 24 24
time 8531.11 5607.69 3721.23 1149.17 938.75 916.80
speedup — 1.5 2.3 7.4 9.1 9.3

1800·H2O:Nf=10800
NSCF 24 24 24 24 24 24
time 12169.84 8016.51 5300.55 1597.48 1285.98 1260.80
speedup — 1.5 2.3 7.6 9.5 9.7
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SolvatedCrambin

Table11:Computationtimes(inseconds)forPM3single-pointenergycalculationsinCPU-only
(nC)andhybridCPU-GPU(HnCGandHnCG*)environments(nisthenumberoftheCPUcores).
NSCFdenotesthenumberofSCFiterations.AnasteriskindicatesOpenMPparallelizationusing6
CPUcores(ourbesteffort).ThenumberofthefulldiagonalizationsequalsNSCFineachcalcula-
tion.

1C 2C 6C H1CG H6CG H6CG*

crambin:Nf=1623
NSCF 31 31 31 31 31 31
time 114.12 62.69 30.98 50.20 20.23 19.40
speedup — 1.8 3.7 2.3 5.6 5.9

crambinin500·H2O:Nf=4623
NSCF 35 35 35 35 35 35
time 2830.34 1526.66 734.56 640.36 424.15 418.38
speedup — 1.9 3.9 4.4 6.7 6.8

crambinin600·H2O:Nf=5223
NSCF 34 34 34 34 34 34
time 3874.09 2116.22 1020.04 867.27 571.87 563.24
speedup — 1.8 3.8 4.5 6.8 6.9

crambinin700·H2O:Nf=5823
NSCF 35 35 35 35 35 35
time 5507.13 3017.66 1453.20 1219.83 805.46 795.09
speedup — 1.8 3.8 4.5 6.8 6.9

crambinin800·H2O:Nf=6423
NSCF 32 32 32 32 32 32
time 6808.15 3712.72 1788.26 1459.84 959.15 947.13
speedup — 1.8 3.8 4.7 7.1 7.2

crambinin900·H2O:Nf=7023
NSCF 33 33 33 33 33 33
time 9127.94 5034.41 2397.42 1955.34 1273.37 1258.21
speedup — 1.8 3.8 4.7 7.2 7.3
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7 OM1Calculations

Table12:Computationtimes(inseconds)forOM1single-pointenergycalculationsinCPU-only
(nC)andhybridCPU-GPU(HnCGandHnCG*)environments(nisthenumberoftheCPUcores).
NSCFandNdiagdenotethenumbersofSCFiterationsandfulldiagonalizations.Anasteriskindi-
catesOpenMPparallelizationusing6CPUcores(ourbesteffort).

1C 2C 6C H1CG H6CG H6CG*

C60:Nf=240,NSCF=13,Ndiag=13
time 0.26 0.17 0.12 0.23 0.17 0.16
speedup — 1.5 2.1 1.1 1.5 1.6

C120:Nf=480,NSCF=18,Ndiag=18
time 2.31 1.43 0.89 1.63a 0.98a 0.92a

speedup — 1.6 2.6 1.4 2.4 2.5

C180:Nf=720,NSCF=13,Ndiag=13
time 4.76 2.77 1.58 2.50 1.35 1.23
speedup — 1.7 3.0 1.9 3.5 3.9

C240:Nf=960,NSCF=15,Ndiag=15
time 12.18 6.87 3.74 5.86 2.86 2.66
speedup — 1.8 3.3 2.1 4.3 4.6

C540:Nf=2160,NSCF=24,Ndiag=24
time 202.67 108.20 53.21 63.62 42.92 41.38
speedup — 1.9 3.8 3.2 4.7 4.9

C960:Nf=3840,NSCF=21,Ndiag=21
time 968.54 523.53 256.93 257.05 168.66 164.31
speedup — 1.9 3.8 3.8 5.7 5.9

1000·H2O:Nf=6000,NSCF=18,Ndiag=4
time 1316.51 745.44 379.78 208.55 151.75 133.68
speedup — 1.8 3.5 6.3 8.7 9.8

1200·H2O:Nf=7200,NSCF=19,Ndiag=4
time 2376.83 1345.03 684.17 353.66 258.91 232.30
speedup — 1.8 3.5 6.7 9.2 10.2

aNSCFandNdiagare20.
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8 OM2Calculations

Table13:Computationtimes(inseconds)forOM2single-pointenergycalculationsinCPU-only
(nC)andhybridCPU-GPU(HnCGandHnCG*)environments(nisthenumberoftheCPUcores).
NSCFandNdiagdenotethenumbersofSCFiterationsandfulldiagonalizations.Anasteriskindi-
catesOpenMPparallelizationusing6CPUcores(ourbesteffort).

1C 2C 6C H1CG H6CG H6CG*

C60:Nf=240,NSCF=14,Ndiag=14
time 0.28 0.19 0.14 0.25 0.19 0.19
speedup — 1.5 2.1 1.1 1.5 1.5

C120:Nf=480,NSCF=18,Ndiag=18
time 2.22 1.36 0.83 1.37 0.82 0.76
speedup — 1.6 2.7 1.6 2.7 2.9

C180:Nf=720,NSCF=15,Ndiag=15
time 5.54 3.25 1.86 2.95 1.57 1.45
speedup — 1.7 3.0 1.9 3.5 3.8

C240:Nf=960,NSCF=17,Ndiag=17
time 13.78 7.85 4.26 6.79 3.29 3.09
speedup — 1.8 3.2 2.0 4.2 4.5

C540:Nf=2160,NSCF=24,Ndiag=24
time 203.45 108.79 53.42 64.81 43.52 41.80
speedup — 1.9 3.8 3.1 4.7 4.9

C960:Nf=3840,NSCF=25,Ndiag=25
time 1156.48 624.59 308.59 308.19 201.99 195.95
speedup — 1.9 3.7 3.8 5.7 5.9

1000·H2O:Nf=6000,NSCF=20,Ndiag=4
time 1740.69 1115.49 720.15 341.31 284.65 190.67
speedup — 1.6 2.4 5.1 6.1 9.1

1200·H2O:Nf=7200,NSCF=20,Ndiag=4
time 3061.91 1977.35 1289.87 599.30 506.24 333.82
speedup — 1.5 2.4 5.1 6.0 9.2
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9 OM3Calculations

Table14:Computationtimes(inseconds)forOM3single-pointenergycalculationsinCPU-only
(nC)andhybridCPU-GPU(HnCGandHnCG*)environments(nisthenumberoftheCPUcores).
NSCFandNdiagdenotethenumbersofSCFiterationsandfulldiagonalizations.Anasteriskindi-
catesOpenMPparallelizationusing6CPUcores(ourbesteffort).

1C 2C 6C H1CG H6CG H6CG*

C60:Nf=240,NSCF=14,Ndiag=14
time 0.28 0.18 0.13 0.25 0.18 0.18
speedup — 1.5 2.1 1.1 1.5 1.6

C120:Nf=480,NSCF=18,Ndiag=18
time 2.18 1.34 0.81 1.34 0.80 0.75
speedup — 1.6 2.7 1.6 2.7 2.9

C180:Nf=720,NSCF=17,Ndiag=17
time 6.24 3.65 2.07 3.29 1.74 1.57
speedup — 1.7 3.0 1.9 3.6 4.0

C240:Nf=960,NSCF=15,Ndiag=15
time 12.23 6.94 3.80 6.04 3.01 3.16
speedup — 1.8 3.2 2.0 4.1 3.9

C540:Nf=2160,NSCF=26,Ndiag=26
time 220.40 119.01 58.44 70.26 47.51 45.65
speedup — 1.9 3.8 3.1 4.6 4.8

C960:Nf=3840,NSCF=21,Ndiag=21
time 973.13 527.42 259.81 261.92 171.36 165.75
speedup — 1.8 3.7 3.7 5.7 5.9

1000·H2O:Nf=6000,NSCF=22,Ndiag=4
time 1818.91 1148.49 720.07 342.92 287.18 190.59
speedup — 1.6 2.5 5.3 6.3 9.5

1200·H2O:Nf=7200,NSCF=22,Ndiag=4
time 3148.18 1982.86 1244.15 593.63 501.18 324.96
speedup — 1.6 2.5 5.3 6.3 9.7
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SemiempiricalQuantumChemistry

XinWu,AxelKoslowski,andWalterThiel

Max-Planck-InstitutfürKohlenforschung,M̈ulheimanderRuhr,Germany

1.1 Introduction

Semiempiricalquantum-chemicalmethodsarecost-effectivetoolsforchemiststostudy
thestructure,stability,andspectroscopyofmoleculesaswellaschemicalreactions[1].
TheyarebasedontheHartree-Fock methodcommonlyusedinabinitiomolecular
orbitaltheory[2].ThedifferentsemiempiricalmodelssimplifytheHartree-Fockprocedure
byintroducingdistinctapproximationstotheHamiltonian,neglecting manyintegrals
tospeedupcomputationsbyseveralordersofmagnitude[3].Theremainingintegrals
are modeledusingempiricalfunctionswithadjustableparametersthatarecalibrated
againstalargenumberofaccurateexperimentalorhigh-leveltheoreticalreferencedata
tomakesemiempiricalmethodsasreliableandgeneralaspossible.Thesefeaturesmake
semiempiricalmodelswell-suitedtomanyresearchareasinchemistryandenabledalarge
numberofsemiempiricalapplicationsalreadyinthe1970sand1980s.Sincethe1990s,
densityfunctionaltheory(DFT)hasbecomethemajorworkhorseincomputationalchemistry
[4].However,consideringthatsemiempiricalmethodsareapproximately1000timesfaster
thanstandardDFTapproaches[5],theyarestillvaluablecomputationaltoolsnowadays,e.g.,
forscreeninglargenumbersofdrugcandidates[6],forcalculationsonproteins[7],forlong-
timeground-statemoleculardynamicssimulations[8],andfornonadiabaticexcited-state
dynamicsoflargechromophores[9].
Thedevelopmentofcomputationalchemistryisintimatelytiedtotheevolutionof
computertechnology.Originally,computationalchemistryprogramshadbeenexclusively
writtenforsequentialexecutiononasinglecentralprocessingunit(CPU)sincethe1950s
[10]. Withthewidespreadadventofparallelcomputinginthe1990s,manyquantum-
chemicalcodeswereparallelizedtotakeadvantageofthenewarchitectures,including
semiempiricalprograms[11].Themostrecentwaveofhardware-drivencodedevelopment
wastriggeredbytheriseofgraphicsprocessingunits(GPUs).AGPUisaspeciallydesigned
integratedcircuitwithpowerful,butfixed-functionpipelinesforfasterimagerenderingand
videogames.Until2006,implementingalgorithmsforgeneralnumericcalculationsona
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2 SemiempiricalQuantumChemistry

GPUwastediouslydifficultbecausetheproblemhadtobecastintographicsoperationsby
resortingtoaspecific(graphics)API(ApplicationProgrammingInterface).Programming
purelycomputationaltasksonaGPUwasconsiderablysimplifiedbytheintroductionofthe
CUDA(ComputeUnifiedDeviceArchitecture)andOpenCL(OpenComputingLanguage)
frameworks.Inthischapter,wewillfocusexclusivelyontheCUDAframeworkthatallows
developerstoemploytheCprogramminglanguage,withCUDA-specificextensions,tousea
CUDA-capableGPUasco-processoroftheCPUforcomputations[12].Asof2012,theraw
hardwarepeakperformanceandmemorybandwidthofamany-coreGPUhadsignificantly
outpacedamulti-coreCPU.Forexample,themaximumfloating-pointperformanceand
theoreticalmemorybandwidthofanIntelXeonE5-4650CPU(eightcoreswithabase
clockof2.7GHzandamaximumboostclockof3.3GHzwiththeIntelTurboBoost
Technology,four-channelDDR-1600)are0.17–0.21TFlop/s(floating-pointoperationsper
second)and51.2GB/s,respectively.Bycontrast,theflagshipTeslaK20xbyNVIDIA
(2688CUDAcores@732MHz)hasapeakof1.31TFlop/sfordouble-precisionarithmetic
andamemorybandwidthof250GB/swithECC(error-correctingcode)off.Hencemany
groupsdecidedtodevelopGPU-acceleratedprograms[13,14]totakeadvantageofthis
promisingdeviceforquantumMonteCarlocomputations[15,16],theevaluationoftwo-
electronintegrals[17–22],DFTcalculations[23–30],high-levelcorrelatedabinitiomethods
[31–38],andsemiempiricalquantumchemistry[39,40].
Inthischapter,webeginwithabriefreviewofsemiempiricalquantumchemistry,referring
readersinterestedinthedetailedformalismandthenumericalresultstoavailablebooks
[41–43]andreviews[5,11,44–50]. Wethenexaminethecomputationalbottlenecksby
performingsystematiccalculationsonasetofeightproteinswithupto3558atomsand8727
basisfunctions.Thereafter,weoutlinehowthehotspotsidentifiedinthismannerareported
toaGPU(makinguseofmultipledeviceswherepossible),andhowtheremainingcode
isparallelizedCPU-onlyusingsymmetricmultiprocessing(SMP)capabilitiesviaOpenMP.
Next,weanalyzetheoverallperformanceofourcodeonthehybridCPU-GPUplatformand
compareitwiththeCPU-onlycase.Finally,asanillustrativeapplication,weuseourCPU-
GPUhybridprogramtooptimizethegeometriesofthreesmallproteins,eachconsisting
predominantlyofonetypeofsecondarystructure,namelyα-helix,β-strand,andrandom
coil,employingsixdifferentsemiempiricalmethods.

1.2 OverviewofSemiempiricalMethods

Nonrelativisticquantumchemistryaimsatfindingsufficientlyaccurateapproximate
solutionstotheSchr̈odingerequation.Intheearlydaysofquantumchemistry,the
zero-differential-overlap(ZDO)approximation[51,52]wasintroducedtodealwith“the
nightmareoftheintegrals”[10],i.e.thedifficultyofevaluatingthelargenumberofthree-
andfour-centerintegralsinabinitiomethods.Asaconsequence,theintegralproblemcould
betackledatdifferentlevelsofapproximation.Currently,themostaccuratesemiempirical
methodsarebasedontheNDDO(NeglectofDiatomicDifferentialOverlap)model[3],
whichretainsallone-andtwo-centertwo-electronrepulsionintegralsintheFockmatrix.
ThefirstsuccessfulandwidelyadoptedNDDO-basedparameterizationwasthe MNDO
(ModifiedNeglectofDiatomicOverlap)method[53–55].TheMNDOmodelalsoserves
asthebasisforlaterparametrizationsthathavebeenwidelyapplied,includingAM1
(Austin Model1)[56],PMx(Parametric Methods,x=3,5,6,and7)[57–60]aswell
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Table1.1 ProteinsinthetestsetfortheOM3calculations.NaandNfdenotethe
numberofatomsandbasisfunctions,respectively.

notation P020 P063 P086 P100 P125 P156 P166 P221

PDBID 1BTQ 1K50 2HXX 3K6F 1ACF 2A4V 4A02 3AQO
Na 307 1097 1495 1842 2004 2969 3415 3558
Nf 754 2699 3655 4446 4920 7157 8173 8727

asPDDG/MNDOandPDDG/PM3(MNDOandPM3augmentedwithPairwiseDistance
DirectedGaussianfunctions)[61].
Conceptualdeficienciesintheestablished MNDO-typemethodsincludethelacking
representationofPauliexchangerepulsionintheFockmatrix.Onepossibleremedyisto
introduceorthogonalizationcorrectionsintotheFockmatrixtoaccountforPauliexchange
repulsion.Thiscanbedonethroughtruncatedandparametrizedseriesexpansionsintermsof
overlap,whichprovidecorrectionstotheone-electroncoreHamiltonian.Thesecorrections
areappliedtotheone-centermatrixelementsinOM1(OrthogonalizationMethod1)[62]
andtoallone-andtwo-centermatrixelementsinOM2[63]andOM3[64].Benchmark
calculationsdemonstratethattheOMxmethods,especiallyOM2andOM3,aresuperiorto
AM1andPM3forbothground-stateandexcited-statemolecularproperties[65–67].The
costsofOMxcalculationareroughlythesameasthoseforMNDO-typecalculations[39],
especiallywhenusingsuitablecutoffstoneglecttheexponentiallydecreasingthree-center
orthogonalizationcorrectionstomatrixelementsinvolvingdistantatoms.

1.3 ComputationalBottlenecks

Inthepresentwork,theOM3methodistakenasanexampletoillustratethegeneralstrategy
ofoptimizingasemiempiricalquantum-chemicalprogramonahybridCPU-GPUplatform.
WehaveselectedasetofeightproteinsthataredenotedasPx(xbeingthenumberof
residues)andlistedinTable1.1,forthepurposeofprofilingOM3calculationsinasystematic
manner[68–75].TimingsfortheOMxmethodsarealsorepresentativefor MNDO-type
methods,becausethemosttime-consumingpartsofthecalculationsarethesameinboth
cases.Consequently,similarwallclocktimesareobtained:forexample,oneSCF(self-
consistent-field)iterationin MNDO,AM1,PM3,OM1,OM2,andOM3calculationsof
1000·H2Otakes80,84,89,73,87and83seconds,respectively,onasingleIntelXeon
X5670CPUcore[39].Hence,itissufficienttoconsideronlyOM3inthefollowing.
TheOM3calculationsonourtestproteinswereperformedonaserverwithtwoIntel
XeonX5690CPUs(6cores@3.46GHzperchip),48GiBhostmemory(24GiBoftriple-
channelDDR-1333perchip)withatotaltheoreticalbandwidth1of64GB/s,andtwo
NVIDIATeslaM2090GPUs(512CUDAcores@1.3GHzperdevice)with5.25GiBECC
memoryandabandwidthof155GB/sperdevice.IntelTurboBoostTechnology(which
mayautomaticallyincreasetheCPUfrequencyabovethebaseclockinaccordwiththe
workloadinordertoexhausttheallowedthermalenvelopeoftheCPU)wasintentionally
turnedofftoensureconsistenttimings.ThreecriteriawereadoptedforSCFconvergence
inoursingle-pointenergycalculations,namelyi)avariationoftheelectronicenergyin

1IfoneCPUneedstoaccessmemoryconnectedtotheotherCPU,thetheoreticalbandwidthislower.
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successiveSCFiterationsofatmost1.0×10−6eV,ii)amaximumchangeofthedensity
matrixelementsof1.0×10−6,andiii)amaximumentryintheerrormatrixof1.0×10−6

intheDIIS(DirectInversionofIterativeSubspace)extrapolation[76].Tospeedupthe
calculations,thefulldiagonalizationwasautomaticallyreplacedintheSCFprocedureby
fastpseudodiagonalization[77]wheneverpossible.
ThecodedevelopmentwasconductedonaCVSversionoftheMNDO99package[78].
IntelComposerXE13.1andNVIDIACUDAToolkit5.0wereusedforcompilingthe
FORTRANsubroutinesontheCPUandtheC-likefunctionsontheGPU,respectively.The
finalexecutablewasdynamicallylinkedagainstIntel MathKernelLibrary(MKL)11.0,
CUBLASfromtheNVIDIAToolkit,andMAGMAversion1.3.0[79].Thelatterincludes
asubsetofLAPACKroutinesportedtotheGPU;ithasbeenmodifiedlocallytoconformto
theILP64(64-bitintegers,longintegers,andpointers)datamodel,whichisneededtoaccess
arrayswith232ormoreelements.2Beforetheinclusionofdynamicmemoryallocationinthe
FORTRANstandard,theearlyversionsoftheMNDOprogramemulateddynamicmemory
bypassingsectionsofafixed-sizearrayintheunnamedCOMMONblockasargumentsto
subroutines.ThecurrentversionoftheMNDOcodeusesessentiallythesamemechanism,
butwithadynamicallyallocatedarrayinsteadofthefixed-sizearray.Forlargerproteins,the
indicesofthisarraymayexceedthe32-bitintegerrange–thisiswhy64-bitintegersare
needed.
ThecomputingsetupfortheOM3benchmarkcalculationsisdenotedasC[xC-yG],where

thesubscriptsxandyarethenumberofCPUcoresandGPUdevicesinuse,respectively.The
wallclocktimeofanOM3calculationonC[1C]isthereferenceforcalculationswiththeother
computeconfigurationsandthebasisforassessingthecorrespondingspeedups.Timingsfor
C[1G]andC[2G]refertosubroutinesexecutedexlusivelyon1GPUor2GPUs,respectively,
includingtheassociatedandgenerallynegligibleCPU-GPUcommunication.Allfloating-
pointoperationsweredoneindoubleprecision,bothontheCPUsandGPUs,andtherefore
thenumericalresultsproducedonallhardwaresetupsareessentiallythesame.Deviationsin
thecomputedheatofformation(totalenergy)wereoccasionallyencountered,butremained
below1.0×10−5kcal/mol.Suchtinydiscrepanciescanbeattributedtothedifferentorder,
inwhichthefloating-pointoperationsareperformedontheCPUandGPUarchitectures.
Sincemanyoperationsareperformedinparallel,theexecutionordermaynotevenbefixed,
i.e.theremightbesmalldeviationsbetweendifferentrunsofthesamecalculationonthe
samecomputingsetup.Theexecutionordermattersbecausefixed-precisionarithmeticsis
notassociative.
Thegeneralformofatwo-electronrepulsionintegral(ERI)inabinitioandDFTmethods
is

(µν|λσ) =
1 2

µ(1)ν(1)λ(2)σ(2)

r12
dV1dV2,

wheretheGreeklettersrepresentbasisfunctionsoratomicorbitals(AOs).Thecomplexity
ofthetwo-electronintegralevaluationformallyscalesasO(N4f)forNfbasisfunctions,but
theactualscalingmaybemorefavorableduetotheapplicationofscreeningtechniques[80].
ThecurrentlyappliedsemiempiricalmethodsmakeuseoftheNDDOapproximation[3]for
ERIevaluation:

(µAνB|λCσD) =δABδCD(µAνB|λCσD),

2Startingwithversion1.4,MAGMAsupportsboth32-bitand64-bitintegersoutofthebox.
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Figure1.1 ProfilesoftheOM3calculationsforthetestproteinsfortheC[1C]computingsetup.

whereatomiccentersaredenotedbycapitallettersandδAB(orδCD)willvanishunlessA
andB(orCandD)arethesameatom.Thisratherdrasticapproximationreducestheformal
scalingoftheERIcomputationinsemiempiricalmethodstoO(N2f)andmakesitpossibleto
simulatecomplexsystemswiththousandsofatoms.Thesolutionofthesecularequations

ν

(Fµν−δµνεi)Cνi=0 (1.1)

scalesasO(N3f)andthusbecomestheprimarycomputationaltaskinsemiempiricalmethods.
εiistheenergyoftheithmolecularorbital(MO).BecausetheFockmatrixelementsFµν
dependontheelementsCνioftheeigenvectors,Equation(1.1)hastobesolvedbyan
iterativeSCFprocedurethatrequiresO(N3f)denselinearalgebraicoperations.
Figure1.1depictstheprofilesof OM3calculationsforthe C[1C] setup. The
pseudodiagonalizationprocedure(PDIAG)isroughlytwiceasfastasafulldiagonalization
(FDIAG),anditisthuspreferabletoreplaceFDIAGbyPDIAGasoftenaspossible.Applying
thedefaultcriteriaoftheMNDOcodeforthechoicebetweenFDIAGandPDIAG,itis
normallysufficienttocallFDIAGinfouroftheSCFiterations(i.e.thefirstthreeandthe
lastone)duringsingle-pointenergyevaluationandtocallPDIAGintheotherSCFiterations
(typically25).3HencemostOM3calculationsaredominatedbyPDIAGwith42.1%ofthe
wallclocktimeonaverage.FDIAGandPDIAGcomplementeachother,theycollectively
contribute∼55%ofthetotalCPUtimeandarethusthefirsttwobottlenecks.
DIISisthethirdhotspotthatconsumes∼30%ofthecomputationtime(seeFigure1.1).
AlthoughtheDIISextrapolationmaybeomittedforsmallsystems(withlessthan100atoms),
itisinourexperienceimperativetoapplyDIIStoreliablyconvergetheSCFprocedurefor
largermoleculessuchasproteins. Wewillthusalsoinvestigatetheoptionofleveraging
multipleGPUsfortheDIIStreatment(seenextsection).
Thelasttwobottlenecksarethecalculationofthedensitymatrix(alsocalledbondorder
matrix,subroutineBORDER)andtheorthogonalizationcorrections(subroutineORTCOR

3AnexceptionisP086with11callstoFDIAG.
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inthecaseofOM3). Wespentconsiderableeffortonbothroutinestoachieveoptimum
performancewiththeMNDO99program[78],especiallyforORTCOR,whereweobtained
ahugespeedupbyformulatingalloperationsasstandardmatrix-matrixmultiplications.After
codeoptimization,BORDERandORTCORtake9.4%and1.1%ofthewallclocktimeon
average,respectively,ontheC[1C]setup.
OthercomputationaltasksinanOM3calculationincludeintegralevaluation,formation
oftheFockmatrix,andinitialdensitymatrixgeneration,whichallscaleasO(N2f).
Cumulatively,theyrequire7%oftheCPUtimeinaserialcalculationforasmallproteinsuch
asP020with307atomsand754orbitals,butthisportionquicklydiminisheswithincreasing
systemsize,to∼0.5%forthelargestproteinsinourtestset,whicharethemaintargetsof
ourcodedevelopment.Therefore,theseothertasksarenotconsideredtoberealbottlenecks,
andthecorrespondingsubroutinesarethusonlysubjectedtoanOpenMPparallelizationto
takeadvantageofmultipleCPUs.
Insummary,wehaveidentifiedfivesubroutines(FDIAG,PDIAG,DIIS,BORDERand
ORTCOR)ascomputationalbottlenecksbysystematicanalysisofOM3calculationsonaset
ofproteins.WedescribetheoptimizationofthesehotspotsonahybridCPU-GPUplatform
inthefollowing.

1.4 Profile-GuidedOptimizationfortheHybridPlatform

1.4.1 FullDiagonalization,DensityMatrix,andDIIS

The GPU-acceleratedfull diagonalization, density matrixconstruction,and DIIS
extrapolationarejointlydescribedherebecausetheyheavilyrelyonthestandardroutines
intheBLAS(BasicLinearAlgebraSubprograms)andLAPACK(LinearAlgebraPackage)
libraries.
Equation(1.1)isaneigenvalueproblemthatcanbesolvedbydiagonalizingtheFock
matrixF,whichyieldstheithMOenergyεiandthecoefficientvectorci:

Fci= εici

ThistaskcanbecarriedoutbytheLAPACKfunctionDSYEVDthatcomputesall
eigenvaluesandeigenvectorsofarealsymmetricmatrixusingthedivide-and-conquer
algorithm.DSYEVDoftheIntelMKLlibrarymakesuseofallprocessorcoresonaCPU-
onlyplatform,whereastheDSYEVDimplementationinMAGMAisahybridthatutilizes
bothmulti-coreCPUsandGPU(s)4forthediagonalization[81].InFigure1.2thespeedups
ofFDIAGareplottedasobtainedintheOM3calculationsontheproteinsinourtestset.
ThescalabilityonCPU-onlysetupsisevidentlyratherpoor:forinstance,thebestspeedups
areobservedinthecalculationsonP063,whichare4.3onC[6C]and5.4onC[12C].Hence,
thesymmetricparallelprocessorsarehighlyunder-utilizedintheFDIAGsubroutine,and
theefficiency5ismerely0.72and0.45,respectively.Thisbecomesevenworseforlarger
systems:forexample,thespeedupofFDIAGforP221onC[6C]is3.3andbarelyincreasesto
3.8onC[12C],withcorrespondingefficienciesof0.55and0.32,respectively.Onthecontrary,
thespeedupofthehybridFDIAGisconstantlyrisinguntilP166(uptomorethan8000basis

4ThehybridDSYEVDfunctioninMAGMAversion1.3doesnotsupportmultipleGPUs.Thisfeatureisavailable
startingwithMAGMAversion1.4.
5Processorefficiencyisdefinedasthespeedupdevidedbythenumberofparallelprocessingunits.



SemiempiricalQuantumChemistry 7

 0

 2

 4

 6

 8

 10

P
020

P
063

P
086

P
100

P
125

P
156

P
166

P
221

 1000 2000 3000 4000 5000 6000 7000 8000 9000

sp
ee
du
p 
of
 
F
DI
A
G

proteins

number of basis functions

C[6C] C[12C] C[12C-1G]

Figure1.2 SpeedupsoftheFDIAGsubroutineintheOM3calculationsonthemulti-CPUC[6C],
C[12C],andhybridCPU-GPUC[12C-1G]computingsetupsovertheserialconfiguration.

functions).Moreover,itisalwayssuperiortoitsCPU-onlycounterpartwiththeexceptionof
P063ontheC[12C]setup.Forthelargercalculations,thehybridFDIAGsubroutinetendstobe
morethan7timesfasterthantheserialversionandatleasttwotimesfasterthantheparallel
CPU-onlyversion.
Theprimarycomputationaltask(>99%oftheCPUtime)inBORDERisamatrix-matrix
multiplication,P=2CoC

T
o,wherePisthedensitymatrixandCoisthecoefficientmatrixof

theoccupiedMOs.AgeneralDGEMMroutinecouldbeusedtoperformthistask.BecauseP
issymmetric,andonlythelowertriangleisstoredasalineararrayintheMNDO99package,
weemployamorespecificfunction,namelyDSYRK,whichonlycalculatesthelowerpart
ofasymmetricmatrixandthusavoidsunnecessaryfloating-pointoperations.TheCPU-only
DSYRKroutinehasnodifficultytofullyloadallprocessors,andtheperformancescales
almostideallywithrespecttothenumberofCPUcores(seeFigure1.3).Forexample,the
speedupsforP166are5.8onC[6C]and9.9onC[12C].Atpresent,nomulti-GPUenabled
versionofDSYRKisavailableineitherCUBLASorMAGMA.Ontheotherhand,DSYRK
onasingleGPUmaybemorethan20timesfasterthanasingle-threadedCPUroutine.Thus,
wewillsticktoDSYRKinourdevelopment,hopingthatmulti-GPUsupportwillbeadded
bythevendorsinthefuture.
TheDIISprocedureiscomposedofseveraldifferentkindsofalgebraicoperations,in
whichthecalculationoftheerrormatrix(∆=FP−PF)usuallyconsumesmorethan
98%oftheCPUtime[39].BecausetheproductofFandPisageneralmatrix,the
standardDGEMMfunctionischosenfortheDIISsubroutine.Thenumberoffloating-point
operationsandmemoryaccessesinDGEMMscaleasO(N3)andO(N2)(N beingthe
matrixdimension),respectively.Thisimpliesthatthenumberofcomputeoperationsper
memoryaccessisproportionaltoNinDGEMM.ThusDGEMMisacompute-boundroutine
thatshouldbewellsuitedtoparallelization.TheobservedspeedupsontheCPU-onlysetups
are∼5.5onC[6C]and∼10.0onC[12C].Moreover,acalltoDIISacceleratedbyasingleGPU
(C[1G])canbeupto20timesfasterthanforthebaselinesetupC[1C].However,thespeedup
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Figure1.3 SpeedupsoftheBORDERsubroutineintheOM3calculationsonthemulti-CPUC[6C],
C[12C],andGPU-onlyC[1G]computingsetupsovertheserialconfiguration.

forC[1G]turnsoutnottobemonotonouswithincreasingsystemsize:itishighestforP125
with∼20andthendropsagainforthenext-largerproteinP156to∼18.
Inordertomakethebestuseofourdual-GPUequippedhardware,wedesignedablock-
matrixschemeforthematrix-matrixmultiplicationaimedatmultipleGPUdevicesbased
onthestandardDGEMMroutine[82].Thereareofcoursemoresophisticatedmulti-GPU
DGEMMimplementationsreportedintheliterature[83,84],buttheperformanceofour
homemademulti-GPUDGEMMisvirtuallydoubledontwoGPUs(C[2G]comparedtoC[1G])
withapeakaround0.7TFlop/s.
TheoverallspeedupfortheDIISprocedurewiththemulti-GPUDGEMMroutineonthe
C[2G]setupisplottedinFigure1.4.Wefindamonotonousincreaseinperformanceuptoa
factorof30comparedwiththeC[1C]setup.TheuseoftwoGPUdevices(C[2G])resultsina
1.6-foldspeedupoverthesetupwithonesingleGPU(C[1G]).

1.4.2 Pseudodiagonalization

Asmentionedintheprevioussection,pseudodiagonalizationwillbeapproximatelytwotimes
fasterthantheconventionaldiagonalizationinagivenSCFiteration.ThusPDIAGisused
insteadofFDIAGwheneverpossible.However,anefficientimplementationofPDIAGon
multipleGPUscanbechallenging.Here,wefirstanalyzethecomputationsinvolvedin
pseudodiagonalization,andthenreporttheindividualandoverallspeedupsthathavebeen
achieved.
Thedetailsofpseudodiagonalizationhavebeendescribedintheoriginalpaper[77].From
acomputationalpointofview,itisbasicallycomprisedoftwotasks.First,theFockmatrix
istransformedfromtheAObasistotheMObasisbyatriplematrixmultiplication(FMO):

FMO = C
T
oFCv,
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Figure1.4 SpeedupsoftheDIISsubroutineintheOM3calculationsonthemulti-CPUC[6C],C[12C],
andGPU-onlyC[1G]andC[2G]computingsetupsovertheserialconfiguration.

Table1.2 Percentages(%)ofcomputationtimeinthePDIAG
subroutineconsumedbyFMO,JACOBI,andothertasksinOM3
calculationsonasingleCPUcore.

notation P020 P063 P086 P100 P125 P156 P166 P221

FMO 47.2 40.8 45.1 41.8 42.5 44.7 42.2 42.3
JACOBI 51.6 58.8 54.5 57.9 57.2 55.1 57.6 57.5
others 1.3 0.5 0.4 0.3 0.2 0.2 0.2 0.2

whereCoandCvdenotethematricesoftheoccupiedandvirtualMOvectors,respectively.
ThennoniterativeJacobi-like2×2rotations(JACOBI)betweenpairsofoccupied(co)and
virtual(cv)vectorsareexecuted:

co=aco−bcv and cv=bco+acv (1.2)

whereaandbaretheelementsoftherotationmatrix,andthenewMOvectors,coandcv,
aredenotedbyprimes.
TheprofilesoftheserialPDIAGversionfortheOM3calculationsontheproteinsinour
testsetaregiveninTable1.2.Onaverage,FMOandJACOBIconsume∼45%and∼55%
oftheCPUtime,respectively.Theotheroperationsarenegligible(<1%)andcanbesafely
excludedfromoptimization.
TheFMOsteponlycontainstheDGEMMcallsforthematrixmultiplications.The
relevantspeedupswithdifferentcomputingconfigurationsaresummarizedinTable1.3.
SinceDGEMMiscompute-bound,FMOscaleswellwithrespecttothenumberofparallel
processorsintheCPU-onlysetups.OnesingleGPU-acceleratedFMOstepcanbeasmuch
as20timesfasterthanononeCPUcore.ThesetupwithtwoGPUdevicesmayfurther
increasethespeeduptomorethan30-fold,beingabout1.6timesfasterthanonC[1G].The
bestperformanceforasmallproteinlikeP020isachievedwiththeCPU-onlysetupof12
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Table1.3 SpeedupsoftheFMOandJACOBIstepsinthePDIAG
subroutineonthemulti-CPUC[6C],C[12C],andGPU-onlyC[1G]andC[2G]
computingsetupsovertheserialsetup.

FMO JACOBI

C[6C] C[12C] C[1G] C[2G] C[6C] C[12C] C[1G] C[2G]

P020 5.2 7.8 5.9 5.2 3.4 5.1 2.6 3.6
P063 5.7 10.2 16.2 18.6 1.6 1.6 4.4 7.9
P086 5.8 10.6 19.6 22.4 1.4 1.4 4.6 8.6
P100 5.8 10.7 20.0 23.1 1.3 1.2 4.5 8.1
P125 5.8 10.8 20.3 25.4 1.2 1.2 5.0 9.4
P156 5.8 11.3 21.0 30.4 1.2 1.2 4.4 8.6
P166 5.8 11.3 20.6 31.9 1.2 1.2 4.4 8.6
P221 5.5 10.6 20.8 32.9 1.4 1.4 5.1 9.9

cores,however.ThisisbecauseaGPUisdesignedformassivelyparalleltasksthatasmall
systemwillnotfullyexploit,andsomeinevitableoverheadsuchasCPU-GPUdatatransfer
mayhurttheoverallperformanceofasmallercalculation.
TheGPU-orientedoptimizationoftheJACOBIstepisdemanding.Thetechnicaldetails
canbefoundinourpaper[39].TheresultingspeedupsareshowninTable1.3.Asone
2×2rotationgiveninEquations(1.2)involvessixmemoryaccesses(fourreadsandtwo
writes)andsixfloating-pointoperations,theperformanceofJACOBIisfullydetermined
bythememorybandwidth.InthecaseofP020,theMOcoefficientmatrixissmallenough
(4.3MiB)tocompletelyfitintotheCPUcache(12MiBperchip).Modestspeedupsof3.4
and5.1arethereforeachievedontheC[6C]andC[12C]setups,respectively.Ontheotherhand,
numerouscachemissescanoccurforlargerproteinsstartingfromP063.Theperformanceon
theCPU-onlyplatformwillthenbedeterminedentirelybytheavailablememorybandwidth.
Theobtainedspeeduprapidlyfallsdownto1.2,nomatterhowmanyCPUcoresareinuse
forparallelization.Onthecontrary,JACOBIonasingleGPUbenefitsfromtheenhanced
memorybandwidth(155GB/sversus64GB/sfortwoCPUs)andspeedupsofaround
4.5-foldareconsistentlyachievedinthebenchmarksexceptforthesmallestcase,P020.
AdditionofasecondGPUdoublesthetotalmemorybandwidth,andtheequaldistributionof
horizontalblocksofthecoefficientmatrixamongtheavailabledevicesenablestherotations
tobecarriedoutindependentlyoneachdevice[82].TheoverallspeedupontheC[2G]setup
forP221is10,whichis1.9timeshigherthanthatonasingleGPU(C[1G]).
SincetheJACOBIstepconsumesaslightlyhigherfractionoftheCPUtime(between
55and60%formostproteinsinourtestset)thanFMOinthePDIAGsubroutineforthe
serialconfiguration,andsinceJACOBIbenefitslessfromparallelizationthanPDIAGonall
computingsetups,theoverallspeedupsofPDIAGshowninFigure1.5resemblethoseof
JACOBI(seeTable1.3),butwithsomeadditionalperformancebenefitsfromtheFMOstep.
Thehighestspeedupis13.7forP221onC[2G],whichisagain1.9timeshigherthanthatona
singleGPU(C[1G]).
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Figure1.5 SpeedupsofthePDIAGsubroutineintheOM3calculationsonthemulti-CPUC[6C],
C[12C],andGPU-onlyC[1G]andC[2G]computingsetupsovertheserialconfiguration.

1.4.3 OrthogonalizationCorrectioninOM3

TheOM3method[64]accountsforPauliexchangerepulsionbyexplicitlyaddingthe
orthogonalizationcorrections(VORTµAνB)tothecoreHamiltonianoftheFockmatrix:

VORTµAνB=−
1

2
G
λC

(SµAλCβλCνB+βµAλCSλCνB) (C=AandC=B)

whereSandβdenoteelementsoftheoverlapandresonancematrices,respectively,andG
isdefinedintermsofafewparametersthatcanbeadjustedtofitreferencedata.µA,νB,
andλCareAOsatatomsA,B,andC,respectively.IfAandBarethesameatom,V

ORT
µAνBis

acorrectiontoaone-centerterm,otherwiseitreferstoatwo-centerelement.Inclusionof
thelatterthree-centercontributionsleadstoqualitativeimprovementsovertheMNDO-type
methodsforthecalculatedmolecularproperties,suchasrotationalbarriers,relativeenergies
ofisomers,hydrogenbonds,andverticalexcitationenergies[1,65–67].
EventhoughtheORTCORsubroutineconsumesonly∼1%ofthewallclocktimeforthe
C[1C]setup,weimplementedadedicatedalgorithmutilizingmultipleGPUsinanattempt
toharnessallavailablecomputingpower.TheORTCORperformanceforvarioussetupsis
depictedinFigure1.6.Thetechnicaldetailswillbepresentedelsewhere.
ThespeedupoftheORTCORsubroutinescalesreasonablywellonthesymmetricmulti-
CPUsetups.Forexample,5.5-and10.1-foldperformanceboostsarefeasibleontheC[6C]and
C[12C]setups,respectively.ORTCORisacceleratedupto28-foldformedium-sizedproteins
likeP063onasingleGPU(C[1G]setup),butthereafterthespeedupdecreasesagainwith
increasingsystemsizeto∼20forthelargestproteinsinourtestset.Thespeeduponthe
C[2G]setupcanreach35-foldforamoderatelysizedprotein,andthereisnoperformance
deteriorationforlargerproteins.Moreover,themulti-GPUORTCORscaleswellcompared
toasingleGPUdeviceforsufficientlylargeproteins.Forexample,ORTCORis1.7times
fasteronC[2G]thanonC[1G]forP221.
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Figure1.6 SpeedupsoftheORTCORsubroutineintheOM3calculationsonthemulti-CPUC[6C],
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Figure1.7 OverallspeedupsoftheOM3calculationsoftestproteinsonthemulti-CPUC[6C],C[12C],
andhybridCPU-GPUC[12C-1G]andC[12C-2G]computingsetupsovertheserialconfiguration.

1.5 Performance

Sinceauserwillofcourseneverrunanindividualsubroutinebyitself,theoverallspeedups
fortheOM3calculationsonproteinsaremorerelevantinpractice.Theyarepresentedin
Figure1.7.
TheperformanceoftheOM3calculationsontheCPU-onlyplatformcanhardlybe
improvedbyusingmoreprocessorcores.Thespeedupsquicklyreachasaturationpoint
andneverexceed4.Themeanvaluesaveragedovertheproteinsinthetestsetare2.9and
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3.4onC[6C]andC[12C],respectively.Moreover,theindividualspeedupsseemtobealmost
invariantwithrespecttothesizeoftheprotein.ThusneitherusingmoreCPUcoresnor
increasingthesystemsizeyieldshigherspeedupsontheCPU-onlysetup.Atfirstglance,this
conclusionseemstocontradictourpreviousresultthatthespeedupofanMNDOcalculation
onfullereneC540couldreach7.7onCrayY-MPwitheightvectorprocessors[85].This
apparentdiscrepancycanberesolvedbyconsideringtherelevantarithmeticoperationsand
thedifferencesinthecomputerarchitectures.Concerningthecomputationalbottlenecks
mentionedintheprecedingsection,onlythreesubroutines(BORDER,DIIS,andORTCOR)
ofthefivehotspotsintheOM3calculationscanbewellacceleratedoncurrenthardwareby
usingadditionalCPUcores(seeFigure1.3,1.4and1.6),whereasneitherFDIAGnorPDIAG,
whichconsume∼65%ofthewallclocktime,scalefavorablywiththenumberofcores(see
Figure1.2and1.5).Thisisbecausetheformerthreeareprimarilydominatedbycompute-
boundroutines,whichdemandmorearithmeticpowerthanmemorybandwidth.Ontheother
hand,bothdiagonalizationsubroutinesarecomposedofbandwidth-boundoperationsthat
wouldparallelizewellonmoreCPUcoresifandonlyifthedemandformemorybandwidth
couldbesatisfiedinthefirstplace.Thetheoreticalfloating-pointpeakperformanceofthetwo
XeonX5690CPUs(atotalof166GFlop/s)exceedsthatoftheCrayY-MP(2.6GFlop/s)by
afactorof64.ThetheoreticalmemorybandwidthofourcurrentXeonserver(64GB/s),
however,ismerelytwotimesgreaterthanthatofthe25-year-oldCrayY-MP(32GB/s).
Therefore,atremendouslyinadequatememorybandwidthpreventstheperformanceboost
onacomputersystemincludingonlyparallelsuperscalarCPUs.
BecauseoftheadvantagesofGPUswithregardtofloating-pointpeakperformance
andmemorybandwidth,thespeedupsachievedfortheOM3calculationsonGPUsare
monotonouslygrowingwiththesizeoftheproteinsandthenumberofGPUs(seeFigure1.7).
AlthoughthehybridCPU-GPUplatformprovideshigherspeedupsthantheCPU-only
platformformostbottlenecks,theremaybeexceptionsinthecaseofcalculationsonsmall
proteinslikeP020.ThismaybecausedbytheCPU-GPUcommunicationoverhead,bythe
unfavorablebehaviorofcertainsubroutinesforsmallsystemsonahybridplatformcompared
toaCPU-onlysetup(especiallyPDIAG,seeFigure1.5),orbylessoptimizednon-GPU
routinesbecomingmoredominant.Forexample,theCPU-onlycomputationonP020takes
only41%ofthewallclocktimefortheC[12C-2G]setup(seeFigure1.8).Thustheoverall
performanceoftheOM3calculationsforP020israthersimilaronallcomputingsetups.On
theotherhand,theaccelerationonthehybridCPU-GPUandCPU-onlyplatformsisquite
differentforlargecalculations.ThespeedupsoftheOM3calculationsforP221reach9.5and
14.6ontheC[12C-1G]andC[12C-2G]setups,respectively.TherelativespeedupofC[12C-2G]over
C[12C-1G]is∼1.5fortheOM3calculationsoflargeproteins.Furtherperformanceincreases
arethusverylikelywhenmoreGPUdevicesareemployedinevenlargersemiempirical
quantum-chemicalcalculations.
Finally,weinspecttheprofilesoftheOM3calculationsonthehybridC[12C-2G]setup(see
Figure1.8).DIIS,BORDER,andORTCORarethethreesubroutinesmostacceleratedon
theGPU,thustheircombinedshareofthewallclocktimeisjustabouthalfofthatonC[1C].
Onaverage,thesharesofDIIS,BORDER,andORTCORamountto31.4%,9.4%,1.1%and
14.0%,5.7%,0.4%ontheC[1C]andC[12C-2G]setups,respectively.ThespeedupsforFDIAG
andPDIAGarenotasgoodasthosefortheformerthreeroutines,andhencetheircombined
shareontheC[12C-2G]setupisincreasedto64.4%onaverage.Theremainingsubroutines
(e.g.,forintegralevaluationandFockmatrixformation)havenotyetbeenportedtoa
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Figure1.9 Experimentalstructuresof(a)PA(PDBID:2AP7,80%α-helix),(b)PB(PDBID:2EVQ,
50%β-strands)and(c)PC(PDBID:1LVR,100%randomcoil).Onlythebackboneatomsareshown,
withtheCαatomsrepresentedbyblackballs.Fourdihedralangles(φ,ψ,ω,andζ)inaresidueserve
asstereochemicalmetrics,seetheschematicsketchin(d).

GPU,butareexecutedinparallelusingmultipleCPUcores(viaOpenMP).Theybecome
thebottlenecksforsmallproteincalculationswithatimeshareof40.9%inP020,which
graduallydecreaseswithsystemsize,downto7.8%foralargeproteinlikeP221.Wemaythus
anticipatesomefurtherimprovementoftheoverallperformancewithdedicatedmulti-GPU
kernelsforthesemiempiricalintegralevaluationandFockmatrixconstruction.

1.6 Applications

Giventhecodedevelopmentsoutlinedabove,ithasnowbecomearoutinetasktocarryout
semiempiricalquantum-chemicalcalculationsforlargebiomolecules,suchasproteins,ona
hybridCPU-GPUcomputingplatform.Wehavecarriedoutfullgeometryoptimizationsof
threeproteinswithα-helix,β-sheet,andrandomcoilstructures(seeFigure1.9),whichwere
chosenfromacollectionofproteinsusedinpreviouswork[86].Sixdifferentsemiempirical
methodswereapplied,namely MNDO,AM1,PM3,andOMx(x=1,2,and3).The
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Table1.4 Statistics(%)for[φ,ψ]inthemostfavored(P0φ,ψ)andadditionallyallowed(P
1
φ,ψ)regions

oftheRamachandranplotandstandarddeviations(◦)ofωandζ.Resultsfortheexperimentalstructures
ofPA,PBandPCarecomparedwiththosecalculatedbysemiempiricalquantum-chemicalmethods.

PA PB PC

P0φ,ψ P1φ,ψ σω σζ P0φ,ψ P1φ,ψ σω σζ P0φ,ψ P1φ,ψ σω σζ

Expt. 100.0 0.0 0.8 0.6 87.5 12.5 2.6 0.7 42.9 42.9 2.3 1.8
MNDO 91.7 8.3 9.0 1.3 87.5 12.5 14.9 0.5 28.6 57.1 17.0 2.5
AM1 75.0 16.7 9.7 1.0 100.0 0.0 15.8 1.0 28.6 71.4 7.0 1.9
PM3 75.0 25.0 15.3 1.3 87.5 12.5 19.7 1.0 42.9 57.1 22.8 1.7
OM1 81.8 18.2 12.4 1.0 87.5 12.5 9.4 0.9 28.6 71.4 12.5 2.5
OM2 83.3 16.7 8.6 1.1 87.5 12.5 10.4 1.1 42.9 42.9 10.5 2.1
OM3 83.3 16.7 7.6 1.1 87.5 12.5 15.7 1.2 42.9 42.9 14.3 2.5

optimizationswereterminatedwhenthegradientvectornormdroppedbelowapreselected

thresholdvalue(|g|≤1.0kcal·mol−1·Å
−1
).Thequalityofthecomputedstructureswas

assessedintermsoftheconformationofthemainchainbyusingthePROCHECKpackage
[87],incomparisonwiththestructuresdeterminedinaqueoussolutionbynuclearmagnetic
resonance(NMR)experiments.Itshouldbestressedthattheresultsgivenherearejustfor
demonstration,sincemorerealisticsimulationswouldrequiremoreelaborateapproches(e.g.,
includingexplicitsolvent).
ThebackbonesoftheproteinsareshowninFigure1.9.Highlyregularlocalstructures
imposedbyhydrogenbondsarefoundinPAandPB,whereasPCpossessesanunfolded
polypeptidechain.Thebackboneconformationofaproteinisdeterminedbyapairofless
rigiddihedralangles[φ,ψ]attheCα-atom[88]andastifftorsionangleωofthepeptide
bond.ωisusuallyrestrictedtobearound180◦foranenergeticallymorefavorabletrans
conformerduetothepartialdoublebondcharacteroftheamidebondthatpreventsfacile
rotation.Inaddition,avirtualdihedralangleζisdefinedbetweenCαi–Nandnoncovalently

boundCi···C
β
iasameasureofchiralityatthecentralC

α
iatomoftheaminoacid[89].

PROCHECKdividesaRamachandranmapintofourregions:mostfavored,additionally
allowed,generouslyallowed,anddisallowed.Thesharesofthefirsttwodistributions,P0φ,ψ
andP1φ,ψ,forPA,PBandPCarelistedinTable1.4.Inmostcases,P

0
φ,ψandP

1
φ,ψaddupto

thetotalpopulation.Neitherexperimentalnortheoreticallyoptimizedproteinstructuresare
spoiledbydisallowed[φ,ψ]combinations.Sincemoreregularsecondarystructuresexistin
PAandPBthaninthedisorderedPC,significantlyhighervaluesforP

0
φ,ψareobtainedforthe

formertwoproteins.MNDO,AM1,PM3,andOM1predictahigher[φ,ψ]populationinthe
additionallyallowedregionforPC,whereasOM2,OM3,andtheNMRexperimentgiveequal
valuesforP0φ,ψandP

1
φ,ψ.AlthoughthedeficienciesoftheoriginalMNDOmethodforthe

descriptionofhydrogenbondsareknownfromearlystudies[90,91],itsactualperformance
fortheproteinsinthetestsetseemsrathersatisfactory.Boththeα-helix(inPA)andβ-strand
(inPB)structuresarefound,andreasonable[φ,ψ]distributionsareretainedintheoptimized
structures.
Allsemiempiricalmethodspredictgreaterdeviationsfromplanarityaroundthepeptide
bondthandeducedfromexperiment(seetheσωvalues).Suchdeviationsfromplanarityin
thepeptidegrouphavealreadybeenreportedinearliertheoreticalstudies[7,92,93]:the
sp2-hybridnitrogeninapeptidebondshouldbeplanar,butittendstobepyramidalizedin
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semiempiricalcalculations.TheaveragevalueofζforL-aminoacidsis33.81±4.17◦[89].
Theσζvaluesfromexperimentandfromsemiempiricalcalculationsarerathersmallandof
similarquality,indicatingagooddescriptionofthelocalenvironmentofthesp3-Cαiatoms
inthemainchains.

1.7 Conclusion

Inthischapter,wehavepresentedaprofile-guidedoptimizationofthesemiempirical
quantum-chemicalMNDOprogramonahybridCPU-GPUplatform.OM3calculationsona
setofeightproteinswereusedtoguidethecodedevelopmentandtoassesstheperformance.
ThecomputationalbottlenecksononesingleCPUcorewereidentifiedasthediagonalization
oftheFockmatrix(FDIAG),fastpseudodiagonalization(PDIAG),SCFacceleration(DIIS),
densitymatrixformation(BORDER),andcomputationoftheorthogonalizationcorrections
inOM3(ORTCOR),whichcoveraltogether∼99%ofthewallclocktimeinthetestruns.
StandardlibraryroutinesandspecialfinelytunedkernelstargetingmultipleGPUdevices
wereemployedtoacceleratethesetoutines,whereastherelevantremainingsubroutines
(∼1%ofthecomputationtime)wereruninparallelusingmultipleCPUcores(viaOpenMP)
toachieveoptimumperformanceonthehybridCPU-GPUplatform.
Wehaveidentifiedsevererestraintstoparallelizethesemiempiricalcalculationson
currentlyavailableCPU-onlycomputingarchitectures.Nomatterhowmanyprocessorcores
areutilizedinacalculation,aceilingoftheoverallaccelerationisreachedrapidlyduetothe
limitationsimposedbythehardwarememorybandwidth.Ontheotherhand,thespeedup
ofthecalculationsonthehybridCPU-GPUplatformrisescontinuouslywithincreasing
systemsizeandreachesoneorderofmagnitudeinlargeproteincalculations.Theoverall
performancecanbefurtherimprovedthroughtheuseofmultipleGPUs.
Asanillustrativeapplication,geometryoptimizationsofthreetypicalproteinswithα-
helix,β-sheet,andrandomcoilstructureswerecarriedoutbymeansoftheMNDO,AM1,
PM3,andOMx(x=1,2,and3)methods.Thesecalculationsproducedqualitatively
reasonableconformationsofthemainchains(withregardtotheusualmetricsforassessing
proteinbackbonestructures)butshowedsomedeviationfromexperimentbygivingslightly
nonplanarpeptidebonds. Weareconfidentthatsuchquantitativedeficienciescanbe
amelioratedinfuturesemiempiricalmethoddevelopment.Thiswillenhancetheimpact
ofthecurrentcodedevelopmentworkonhybridCPU-GPUplatforms,whichhasenabled
semiempiricalquantum-chemicalcalculationsonlargesystemslikeproteinswiththousands
ofatoms.
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ABSTRACT:Dihydrofolate reductase (DHFR) catalyzes the reduction of 7,8-dihydrofolate by nicotinamide adenine dinucleotide
phosphate hydride (NADPH) to form 5,6,7,8-tetrahydrofolate and oxidized nicotinamide. DHFR is a small,flexible, monomeric
protein with no metals or SS bonds and serves as one of the enzymes commonly used to examine basic aspects in enzymology. In the
current work, we present extensive benchmark calculations for several model reactions in the gas phase that are relevant to the
DHFR catalyzed hydride transfer. To this end, we employ G4MP2 and CBS-QB3 ab initio calculations as well as numerous density
functional theory methods. Using these results, we develop two specific reaction parameter (SRP) Hamiltonians based on the
semiempirical AM1 method. Thefirst generation SRP Hamiltonian does not account for dispersion, while the second generation
SRP accounts for dispersion implicitly via the AM1 core-repulsion functions. These SRP semiempirical Hamiltonians are
subsequently used in hybrid quantum mechanics/molecular mechanics simulations of the DHFR catalyzed reaction. Finally,
kinetic isotope effects are computed using a mass-perturbation-based path-integral approach.

’INTRODUCTION

Dihydrofolate reductase (DHFR; EC 1.5.1.3) catalyzes the
reduction of 7,8-dihydrofolate (H2folate) by nicotinamide ade-
nine dinucleotide phosphate hydride (NADPH) to formS-
5,6,7,8-tetrahydrofolate (H4folate) and NADP

+. Its principal
function is to maintain intracellular pools of H4folate, which in
turn serves as a cofactor in one-carbon metabolic processes and is
essential for the biosynthesis of purines, thymine nucleotides,
and several amino acids. DHFR has long been recognized as an
important target for various therapeutic purposes, in particular
the development of anticancer and antibacterial drugs, such
as methotrexate and trimethoprim, respectively.1,2The clinical
importance of DHFR, along with its relatively modest size (159
aa inE. coliDHFR), has led many researchers to study, both
experimentally and theoretically, the catalytic mechanism and
kinetics of the NADPH-dependent hydride transfer reaction.1

The key chemical step in the catalytic cycle of DHFR involves
a stereospecific transfer of thepro-Rhydrogen at the C4 position
of the nicotinamide ring in NADPH to thesi-face of the C6 atom
of the pterin ring in H2folate, with concomitant protonation at
the adjacent N5 position (Scheme 1).3,4

Early kinetic studies ofE. coliDHFR by Fierke et al. estab-
lished a catalytic pathway cycling betweenfive intermediates,
including the E3NADPH, the Michaelis complex E3NADPH3
H2folate, the ternary product complex E3NADP

+
3H4folate, the

binary product complex E3H4folate, and the product release
complex E3NADPH3H4folate.

5At neutral pH, the hydride-
transfer rate in the wild-type enzyme is 220 s1and the rate-
determining step is the release of the product H4folate (12 s

1),

whereas at high pH, the hydride transfer step becomes more rate
limiting, suggesting that the protonated substrate (henceforth
H3folate

+) is the reactive species for the hydride transfer
reaction.5Thus, the traditional view is that the protonation step
precedes hydride transfer, thereby generating a resonance-stabilized
iminium intermediate that serves as a more efficient acceptor
toward the negatively charged hydride ion.4,68Indeed, vibra-
tional spectroscopic studies by Callender et al. have demon-
strated that the N5 pKaof H2folate is raised from 2.6 in solution
to 6.5 in the ternary product complex withE. coliDHFR.912The
elevation of the N5 pKaby four units upon complex formation is
likely an enzymatic strategy for a substantial rate enhancement

Scheme 1. Hydride Transfer Reaction Catalyzed by DHFRa

aR: adenine dinucleotide 20-phosphate. R0:p-aminobenzoyl-glutamate.
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over the uncatalyzed reaction in solution. It is likely that the
hydrophobic nature of the active site pocket maintains a relatively
low permittivity, thereby lowering H3folate

+acidity. Nevertheless,
the protonation source is a rather controversial issue: originally, it
was believed to be Asp27, being the only ionizable residue within
the binding site ofE. coliDHFR.10,13,14However, the studies of
Callender and co-workers suggested that the N5 atom is respon-
sible for the pH dependency of the reaction and that the Asp27
residue exists in a deprotonated form at physiological pH and does
not donate a proton to the substrate during enzymatic catalysis. It
has been suggested instead that the negative charge of the
carboxylate of Asp27 could stabilize the protonated substrate even
though this group is on the other side of the bound substrate
relative to N5.10,11,15This notion was supported by computational
studies of Brooks and Rod, arguing that the protonation of the
substrate’s N5 position comes directly from the bulk solvent.16

From a structural point of view, DHFR is a small monomeric
protein (∼18 kD, 159 aa for theE. coliDHFR).1720The substrate
and coenzyme bind in a deep hydrophobic cleft at the juncture of
the adenosine binding subdomain and the major (“loop”)sub-
domain. In its“closed”conformation, the Met20 loop (residues
924) lies directly over the active site, shielding the reactants from
the solvent, and is primarily responsible for determining the active
site architecture. X-ray studies in numerous ligand-bound states
show that the Met20 loop assumes four characteristic conforma-
tions with respect to the active site.20In particular, the movement
of Met20 loop and the cycling of theβFβGandβG βHloops
between theclosedandoccludedconformations are coordinated
with the stages of the catalytic cycle.20

Early computational studies on the hydride transfer reaction
catalyzed by DHFR were typically performed for small model
systemsin vacuo.2124In these studies, the potential energy
surface (PES) was traditionally explored at the semiempirical or
ab initiolevels of theory. Subsequently, hybrid quantum-mechan-
ical/molecular-mechanical (QM/MM) studies of DHFR have
enabled the examination of environmental effects.4,2527Indeed,
Moliner and co-workers in their pioneering QM/MM study on
DHFR4illustrated the importance of incorporating the enzyme’s
degrees of freedom in the study of transition state structures,
compared to those calculated for the gas phase models.4How-
ever, the calculated free energies of reaction and activation
barriers by this approach were unrealistic compared to the
experimental data, overestimating the free energy barrier for
the enzymatic reaction, due to the inaccurate representation of
the atoms in the QM region by a semiempirical method.
Nevertheless, numerous research groups took advantage of the

computational efficiency of the hybrid semiempirical QM/MM
approach combined with molecular dynamics (MD) simulations,
to explore the hydride transfer reaction in DHFR7,2830and
other related dehydrogenases.3134Some of these works7,28,30

attempted to compensate for the inherent errors in the semi-
empirical models by introducing correction terms. In particular,
Gready and co-workers derived correction terms for selected
configurations estimated from analogue cluster calculations at
the DFT and post-HartreeFock theoretical levels, and these
were applied to the activation free energy.28However, the
authors did not manage to obtain quantitative agreement with
the experimentally observed free energy barrier. On the other
hand, Garcia-Viloca et al.,7and more recently Brooks and
Thorpe,30enhanced the semiempirical Hamiltonian with a simple
valence bond (SVB) correction term,35which was parametrized to
fit two quantities: the activation free energy of 13.4 kcal/mol,

which is predicted by transition-state theory expression taking
the experimental pH-independent hydride transfer rate constant
(950 s1at 25C)5into account, and the reaction free energy
of 4.4 kcal/mol, calculated from the reported equilibrium
constant (1700).5The disadvantage of such an approach is that
for systems where the original QM method performs poorly, the
SVB term is necessarily large. This may introduce artifacts into
the vibrational frequency related to the SVB (reaction) coordi-
nate, as well as an artificial increase in energy at the end points
of the reaction coordinate.7Such QM/MM potentials have
been employed in combination with ensemble averaged varia-
tional transition state theory with multidimensional tunneling
(EA-VTST/MT) calculations to obtain kinetic isotope effects.36

Adifferent QM/MM approach to studying hydride transfer
reactions is the empirical valence bond (EVB) potential for the
QM region, which was developed by Warshel and Weiss37,38and
parametrized for DHFR by Hammes-Schiffer et al.39,40and Warshel
and Liu.41In this method, the hydride transfer reaction is repre-
sented by means of two empirical valence bond states, namely,
reactants and products. The matrix elements between these diabatic
states are represented as MM terms which are parametrized to
reproduce experimental free energies of reaction and activation
(dictated by either the pH-independent39or -dependent40intrinsic
rate constants). An advantage of the EVB approach is that the
reaction coordinate can naturally be expressed in terms of a
collective entity (i.e., the energy gap between the reactant and
product diabatic states). Additionally, the EVB method is com-
putationally very efficient. On the other hand, due to its simplistic
form and depending on the parametrization strategy, thefine
details of the potential energy surface may not be described
correctly. Furthermore, the experimental assessment of intrinsic
rates in a complex kinetic cascade is limited, and the presumed
experimental rate constant is commonly a complex kinetic term
with many microscopic rate constants that cannot be distin-
guished experimentally. Therefore, using experimentally deter-
mined rate constants to parametrize the EVB terms might be
problematic. The EVB potential has been employed to incorpo-
rate nuclear quantum effects by representing the transferring
hydrogen nucleus as a 3-D vibrational wave function,39as well as
in Feynman path-integral (PI) simulations.42For a tabulated
summary of some prominent computational studies on the
DHFR hydride transfer reaction published in the past decade,
the reader is referred to the Supporting Information.
To the best of our knowledge, no simulation of DHFR has

gone beyond the EVB level or the semiempirical (AM1/PM3)
Hamiltonian levels, using the standard parameters. In this paper,
wefirst present gas-phase model calculations for the hydride
transfer reaction between H2folate and NADPH, using high-level
ab initioand density functional theory methods. Although these
models lack the contribution of the enzymatic environment, the
calculations shed light on some key thermodynamic aspects
related to the intrinsic thermochemistry of the reaction. Second,
we present an accurate potential energy surface for the hydride
transfer reaction in the enzymeE. coliDHFR, taking advantage of
the comprehensive gas phase calculations presented herein. This
potential energy surface is described by a hybrid quantum
mechanics/molecular mechanics (QM/MM) potential, where
the QM subsystem is treated by a semiempirical model that
has been specifically parametrized to reproduceab initioand
DFT data. Consequently, the quality of such a specific reaction
parameter (SRP) model4345is comparable with calculations at
theab initioand DFT levels, but at a considerably lower cost, hence
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allowing us to perform long MD simulations with the full solvated
enzyme. The calibration of the AM1 Hamiltonian was performed
only for the reaction in the gas phase (i.e., the intrinsic performance
of the QM model), while the interactions with the environment
are captured via the QM/MM interaction terms. Subsequently,
the performance of the QM/MM potential was validated for the
enzymatic reaction. This is in contrast to models employed in
earlier studies, which parametrize empirical QM models such as
EVB and SVB to the experimental free energies of reaction and
activation in solution or in the enzyme. Two principle SRP models
were explored, differing in the way they treat dispersion interactions.
Nuclear quantum effects (NQE) are described using a coupled
free-energy mass-perturbation and umbrella sampling simulation
technique employing Feynman centroid path integral calcula-
tions (PI-FEP/UM).46Thus, both the electronic structure of the
reacting system and the nuclear dynamics are treated quantum
mechanically. This method has been demonstrated in a series of
studies of chemical reactions in solution and in enzymes.4448

’METHODOLOGY

Gas Phase QM Calculations.Model Reactions.The mol-
ecules depicted in Chart 1 represent chemical analogues of the
reacting ligands and their corresponding products involved in the
DHFR enzymatic reaction. The geometries were fully optimized
in the gas phase using the Gaussian 09 program49and seven
different density functionals, including one generalized gradient
approximation (GGA) functional [PBEPBE (PBE)50], two hybrid
GGA functionals [PBE1PBE (PBE0)51and B3LYP5254], and
four hybrid meta-GGA functionals (B98,55BB1K,56MPWB1K,56

and M0657). For any functional, the 6-31+G(d,p) basis set was
found to give adequately converged geometries and reaction
energies (results are not shown for other basis sets). The same
geometries were recalculated with the semiempirical potential
Austin Model 1 (AM1),58using the standard parameter scheme
within Gaussian 09. We also carried out high-level calculations
with the complete basis set method CBS-QB3,59,60as well as the
Gaussian theory method G4MP2.61,62The latter method pro-
vided most of the target values for reparametrization of the
AM1 Hamiltonian (vide infra).
The H2folate substrate and its corresponding H4folate product
are represented by derivatives of 6-methyl-7,8-dihydropterin and

6-methyl-5,6,7,8-tetrahydropterin. These molecular models are the
substrate and product of the DHFR catalyzed reaction, and it is
assumed that the mechanism of reduction of the 7,8-dihydropterin
is similar to that of 7,8-dihydrofolate.63To investigate the effect
of protonation of the pyrazine’s N5 atom on thermodynamics,
two model reactions were inspected: the“protonated”model,
which involves the protonated form of the dihydropterin reactant
(6-Me-H3pterin

+), ending up in a neutral reduced tetrahydro-
pterin product (6-Me-H4pterin), and the“unprotonated”model,
in which the unprotonated dihydropterin (6-Me-H2pterin) is
reduced to a negatively charged species (6-Me-H3pterin).
Two conformers of the nicotinamide derivative representing
the NADP(H) cofactor were considered, distinguished by the
orientation of the carboxamide with respect to the (dihydro)-
pyridine ring: thecisoidconformer, in which the carbonyl and the
C2dC3 bond are quasi-synperiplanar, and thetransoidconformer,
where these two are quasi-antiperiplanar. As the two types of
conformers were taken into account for both the reduced and
oxidized nicotinamide species (Me-H2nic and Me-Hnic

+,re-
spectively), four thermodynamic pathways were computed for
each model reaction separately, as depicted in Scheme 2.
In both model reactions, the changes in electronic energy
(ΔEel), enthalpy (ΔH), and Gibbs free energy (ΔG) at 298 K
were computed for each pathway with the aforementioned
methods, according to the following general equations:

ΔXprotr ¼X½6-Me-H4pterinþX½cis=trans-Me-Hnic
þ

X½6-Me-H3pterin
þ X½cis=trans-Me-H2nic

ð1aÞ

ΔXunprotr ¼X½6-Me-H3pterin þX½cis=trans-Me-Hnicþ

X½6-Me-H2pterin X½cis=trans-Me-H2nic

ð1bÞ

whereXis a general notation forEel,H,orG, and the superscripts
XprotandXunprotrefer to the protonated and unprotonated model
reactions, respectively.
Modeling the Reactant, Transition, and Product State Com-
plexes.The optimized model structure for the transition state
complex was found using the synchronous transit-guided quasi-
Newton (STQN) method64implemented in the Gaussian 09
program,49with all seven density functionals and the standard
semiempirical AM1 potential (the G4MP2 method turned out to
be too costly for transition state optimization of the bimolecular
complex). In the case of the B3LYP functional, an empirical
Grimme-type dispersion correction was also added (denoted
B3LYP-D).65,66Thetransoidconformer of the Me-H2nic subunit
was chosen, because it was found to be the most prevalent con-
former identified in X-ray crystal structures of most enzyme
active sites,67,68in particularE. coliDHFR.20The saddle point
was identified by a single imaginary vibrational frequency corre-
sponding to the normal mode of transferring the hydride
between the donor (C4 in the nicotinamide subunit) and
acceptor (C6 in the pterin subunit) carbons.
The reactant and product complexes, [6-Me-H3pterin

+
3trans-

Me-H2nic] and [6-Me-H4folate3trans-Me-Hnic
+], respectively,

were obtained by intrinsic reaction coordinate (IRC) calcula-
tions in the direction of reactants and products. The steepest
descent path in mass-scaled coordinates was followed using
100 steps of 0.1 Bohr in each direction of the reaction path

Chart 1. Main Models Subjected to Gas-Phase Calculations
in This Study
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down to the reactant and product complex wells, where the root-
mean-square gradient norms at the end points were no higher
than 0.2 kcal3mol

1
3Å

1and 0.3 kcal3mol
1
3Å

1in the
forward and reverse directions, respectively. Wherever methods
accounting for dispersion (B3LYP-D and M06) were used, the
IRC calculations were performed further until the default con-
vergence criteria were reached in each IRC direction. The IRC
end points were further geometry optimized as was done for the
individual molecules.
Development of Semiempirical Specific Reaction Para-
meters.In the SRP approach,43the semiempirical parameters
are optimized for a given system, i.e., here to treat the hydride
transfer reaction in DHFR. More specifically, AM1-SRP para-
meters were developed to reproduce electronic and thermody-
namic properties obtained from high-level QM calculations on
representative molecular models in the gas phase (vide supra).
For the majority of the modeled species, the reference method
for the AM1 parametrization was the composite Gaussian
method G4MP2,61,62whereas target quantities associated with
models of the reactant, transition, and product state bimolecular
complexes were calculated using the B3LYP, B3LYP-D, and
M06 hybrid functionals5254with the 6-31+G(d,p) basis set. The
observables used as target values were enthalpies of formation,
reaction energies, geometries, dipole moments, Mulliken charges,
and vibrational frequencies.
Briefly, the current SRP strategy aims at two major goals: (1)
an electronic PES which is of high accuracy, comparable to a
high-levelab initioor DFT PES, and (2) absolute atomization
energies which give rise to accurate heats of formation. The former
goal allows the SRP model to be employed in MD simulations
where all classical thermal effects are included directly via the
propagation of Newton’s equations of motion, while all quantum
thermal effects are included via path-integral simulations or similar
methods. The latter objective serves to limit deviations from the
original AM1 parameter set (which has been optimized to
reproduce heats of formation) to a minimum, as many basic
molecular properties are treated well by AM1, although energy
values are often not sufficiently accurate for quantitative compar-
ison with experimental results. The SRP parameters are obtained
by a nonlinear optimization, starting with the original AM1
parameters as the initial input.69The following general sequential
optimization scheme is adopted: (1) First, optimize the one-center
energies (UssandUpp) and the resonance integrals (βsandβp),
followed by theαparameters in the core-repulsion function
(CRF). (2) Adjust the orbital exponents (ζsandζp) together
with the previously optimized parameters. (3) Adjust the one-
center two-electron repulsion integralsGss,Gsp,Gpp,Gp2(orGpp0),

and Hsptogether with the previously optimized parameters. (4)
Include the Gaussian CRF parameters L, M, and K together with
the previously optimized parameters.
The training set for the optimizations consisted of the 12
individual molecules in Chart 1, plus the neutral nicotinamides,
trans-nic andcis-nic. Additionally, the reactant, product, and
transition states and selected structures along the IRC reaction
paths were also included. All individual molecules were fully
geometry optimized during the SRP parametrization, while the
complexes were either partially or fully optimized. Single point
calculations were carried out for the structures along the IRC.
In order to assess the importance of dispersion interactions, we
attempted to implicitly include dispersion effects into the AM1-
SRP model via the AM1 CRFs. In this approach, an improved
SRP Hamiltonian was developed which implicitly accounts for
dispersion. The motivation for including dispersion was provided
by initial attempts to optimize the geometry of the reactant and
product complexes using standard AM1. This led to unrealistic
gas-phase structures, presumably due to the lack of dispersion
interactions in standard AM1; for example, the two fragments in
the product complex moved far apart (see Results and Discussion
section). In order to capture the dispersion interactions impli-
citly, an empirical Grimme-type dispersion correction was added
to the CRF in standard AM1, and thereafter all parameters in the
Gaussian AM1 terms were reoptimized to bestfit this dispersion-
corrected CRF by using a nonlinear least-squares procedure (see
Appendix A for technical details). The original CRF, the added
dispersion corrections, the sum of these two terms, and the best
fit Gaussian terms for the HH, C C, N N, and O O atom
pairs are plotted in Figure 1. The sum andfitted curves for the
first three pairs are visually almost indistinguishable, and there are
merely minor variations of the standard AM1 CRF parameters
(Figure 1). In the case of the OO pair, thefitted Gaussian terms
for oxygen, however, are not able to reproduce the attractive well
in the van der Waals region due to the presence of two positive
(repulsion) Gaussian functions (K> 0). Since oxygen is chemi-
cally less important for the DHFR reaction, the standard AM1
parameters for oxygen in the Gaussian terms were retained
except in the very last step (4) of the SRP parametrization.
The dispersion corrected CRF parameters for hydrogen, carbon,
and nitrogen were used in the subsequent optimization proce-
dure described above (fixed in steps 13, and adjusted in step 4).
Following the strategy outlined above, two SRP Hamiltonians
were developed and employed in the simulations on DHFR.
Specifically, an initial model termed AM1-SRP was designed,
where the target complex structures and properties employed
in the SRP development process were obtained from B3LYP.

Scheme 2. Possible Thermodynamic Pathways for the Protonated (Blue) and Unprotonated (Red) Model Reactions of the
Hydride Transfer in the Gas Phase
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In this AM1-SRP model, intermolecular dispersion effects are
not included during the parametrization process. Subsequently,
a SRP Hamiltonian which implicitly includes dispersion was
devised [termed AM1-SRP(D)]. Here, all complex structures
were obtained from B3LYP-D calculations. In both approaches,
the target data for the individual molecules were taken from
G4MP2 calculations (accounting for intramolecular dispersion)
at B3LYP optimized geometries.
Target values are presented in the Supporting Information,
along with a detailed explanation of their determination, validation
of the AM1-SRP performance, and a complete list of the modified
parameters. The AM1-SRP results presented in the Supporting
Information were obtained using the Gaussian 09 program.
Modeling QM/MM Interactions.To investigate the ability of
the developed AM1-SRP Hamiltonians to accurately model
QM/MM interactions, we computed the complexation energies
between selected QM molecules and a TIP3P water molecule.
The QM molecules are 6-Me-H3pterin

+,trans-Me-H2nic, 6-Me-
H4pterin, andtrans-Me-Hnic

+. For each of these QM moieties, a
single TIP3P water molecule was placed at different hydrogen
bonding positions around the molecule, for a total of up to four
complexes per QM molecule. The QM/MM complexation en-
ergies were compared to complexation energies computed using
various high-level methods.
QM/MM Simulations ofE. coliDHFR.Model of the Ternary
Complex of E. coli DHFR.The crystal structure ofE. coliDHFR
with folate and the oxidized cofactor NADP+(PDB ID code:
1rx2), originally reported by Sawaya and Kraut,20was used to
construct the initial configuration for the present study. This
structure corresponds to the Michaelis complex ofE. coliDHFR
with the Met20 loop in the closed conformation. The X-ray
crystal structure contains a total of 159 amino acid residues, 153
crystallographic waters, and the folate and NADP+ligands,20

which were replaced by H2folate and NADPH, respectively, for

the simulation. The N5 atom on the substrate’s pyrazine ring was
protonated, as this form is thought to be the active species for the
hydride transfer reaction.11,70

On the basis of the results of Callender and co-workers,10,11,15

Asp27 was assumed to be deprotonated at neutral pH, while the
protonation states for all other ionizable residues were set
corresponding to pH 7.5,71,72The hydrogen bonding patterns
of the ionizable residues with the surrounding environment were
visually inspected to verify that the protonation states are
reasonable. The coordinates of hydrogen atoms of the protein,
water, and coenzyme were determined using the HBUILD
facility in the program CHARMM.73,74The possible protonation
states of histidine residues (proton on Nε, proton on Nδ,or
doubly protonated form) were determined by examination of the
hydrogen bonding interactions. Peripheral/surface His residues
were generally assumed to be positively charged. In NADPH, the
20-phosphate moiety on the adenosine ribose was treated as a
dianion, based on a pKaof∼5.9 reported for NADP

+bound in
cytochrome P-450 oxidoreductase (P-450R).75The coordinates
of NE2 and OE1 atoms of the carboxamide moiety in the Gln102
residue were swapped, with respect to the original solved crystal
structure, in order to form plausible hydrogen bond interactions
with the adenine group of NADPH (a similar analysis was carried
out by Brooks et al.76). Residue 37 was built as Asp37 to be
consistent with the 1RX2 PDB entry and previous work on
DHFR, although sequencing data suggest that this residue might
be Asn37.77,78We note that the DHFR function is insensitive to
the nature of the amino acid at position 37.79The resulting
negatively charged enzyme (14) has dimensions of ca. 34 42
50 Å3. To this system, we added 14 sodium ions in random
positions outside the protein to obtain a net-neutral system, a
prerequisite for convergence of the Ewald summation method
(vide infra).80Subsequently, the protein, ligands, crystal waters,
and counterions were embedded in a water box as detailed below.

Figure 1.The nonlinear least-squares curvefittings for pairs of hydrogen, carbon, nitrogen, and oxygen atoms. CRF is the standard AM1 core repulsion
function. Disp is the dispersion energy correction calculated using Grimme’s formula. Sum is the total energy of CRF and Disp. Fit is the Gaussian term
fitted with respect to Sum. A magnified subplot of the van der Waals region is also shown for each atom pair.
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Hybrid QM(SRP)/MM Potential Energy Surface.The hydride
transfer reaction inE. coliDHFR was described using a hybrid
QM/MM potential energy surface.

Ĥ¼ĤQM þĤMM þĤQM=MM ð2Þ

The system was partitioned into a QM region consisting of 69
atoms and a MM region containing the rest of the system. The
QM subsystem includes 38 atoms from the H3folate

+substrate
(the pterin ring, theN-methylene-substitutedp-aminobenzoyl
(pABA) moiety, and the NH atoms of the glutamate moiety) and
29 atoms from the NADPH coenzyme (the dihydronicotinamide
and ribose rings). In addition, two hydrogen link atoms were
introduced along the covalent bonds crossing the boundary
between the QM and the MM regions, to satisfy the valence
requirements of the QM fragments. A schematic representation
is depicted in Figure 2, where the quantum link atoms are circled.
The QM region was treated by the AM1-SRP or the AM1-
SRP(D) Hamiltonians described above. The all-atom CHARMM22
forcefield81with grid-based energy correction maps (CMAP)82

for peptide dihedral angles was employed to treat the entire
protein, the substrate, and the ions, while the CHARMM27 force
field81was used for the coenzyme. The water molecules were
represented by the three-point charge TIP3P model.83Atom
types and parameters for the substrate were assigned by analogy
with existing functional groups, as reported by Garcia-Viloca
et al.7For structure minimization and initial equilibration at
the pure MM level, partial atomic charges for the substrate
were assigned using the CHARMm forcefield (Momany-Rone)
integrated in Discovery Studio 2.5 (Accelrys Software Inc., San-
Diego, CA).
QM/MM interactions were treated by electrostatic embed-
ding wherein the MM partial atomic charges are included in the
one-electron Hamiltonian. Tofine-tune the PES, QM/MM
interaction energies between the reacting fragments (QM) and
the protein (MM) were modified. The van der Waals (vdW)
parameters of the QM hydrogen atoms were changed to those
that reproduce the interaction energies for hydrogen bonded
complexes in the gas phase obtained fromab initiocalculations at
the MP2/6-31G(d,p) level.84

Free-Energy Simulations—General Approach.46We follow a
two-step procedure85in which we first carry out Newtonian MD
simulations to determine the classical mechanical potential of
mean force (PMF) along the reaction coordinate for the hydride
transfer reaction between H3folate

+and NADPH in the fully
solvated enzyme. Then, atoms that are directly involved in the
hydride transfer are quantized, and the configurations sampled in

MD simulations are used in path-integral simulations by con-
straining the centroid positions of the quantized particles to the
classical coordinates. This double (quantum and classical) aver-
aging scheme is formally rigorous46,8588and yields the QM-PMF
as a function of the centroid reaction path.89,90In PI-FEP/UM, the
ratio of the quantum partition functions for different isotopes,
which yields the kinetic isotope effects (KIEs), is obtained by free-
energy perturbation from a light isotope mass into a heavier one
within the same centroid path-integral simulation,46avoiding the
difference between two free-energy barriers with greater fluctua-
tions than the difference itself for the two isotopic reactions.
Consequently, the PI-FEP/UM method is unique in that it yields
accurate results for computed KIEs, including secondary KIEs.45,46

MD Simulations.MD simulations were conducted under
periodic boundary conditions (PBC), with Ewald summation
for electrostatic interactions.91The solute was soaked in a pre-
equilibrated 65 65 65 Å3cubic box of 9461 water molecules,
with its longest axis lying along the space diagonal of the box to
ensure that all protein atoms are at least 10 Å away from the edges
of the box. The final model contained 27 986 atoms. For van der
Waals and electrostatic interactions, a 13.0 Å group-based cutoff
was used. The Ewald method was employed for reciprocal space
summations between MM sites as well as for the QM/MM
interactions using a 64 64 64 FFT grid.91Thekvalue was set
to 0.340 Å1.
All water molecules were relaxed using the adopted-basis set
Newton Raphson (ABNR) minimization method (30 steps),
while the crystal water oxygens were harmonically restrained
to their original positions. This was followed by a 100 ps MD
equilibration of the water molecules, which were thereafter
minimized again (30 steps ABNR). Afterward, all atoms were
subjected to minimization in a stepwise fashion, to remove close
contacts in the initial proteinligandsolvent system: (a) The
substrate and coenzyme molecules werefirst minimized (30 step
ABNR) while placing harmonic restraints on heavy atoms and
keeping the rest of the systemfixed. The restraints were gradually
decreased to zero, while the ligands were further minimized (5 30
steps ABNR). (b) The water molecules and protein molecules
were minimized (this time the ligands were heldfixed) while the
harmonic restraints on their heavy atoms were gradually dimin-
ished (4 10 steps ABNR). (c) Eventually, the whole system
was minimized (30 steps ABNR) without any restraints.
The isothermal isobaric ensemble (NPT) was employed at
1 atm and 298 K using the extended system pressure/temperature
(CPT) algorithm of Andersen92with an effective mass of
500 amu and a Hoover thermostat93with an effective mass of
1000 kcal/mol3ps

2. The SHAKE algorithm94was applied to
constrain all MM bonds involving hydrogen atoms, allowing a
time-step of 1 fs. The system was gradually heated up from 48 to
298 K duringfive sessions of 5 ps for a total of 25 ps and
thereafter equilibrated at the target temperature (298 K) over the
course of 1 ns at the MM level of theory, with a further 200 ps of
equilibration using the QM(SRP)/MM potential.
In light of theflexibility of the protein and the structural
manipulation of the original ligands bound in the crystal struc-
ture, some issues emerged during the equilibration phase which
required intervention. This included transient introduction of
nuclear Overhauser effect (NOE) harmonic restraints on the
distance between hydride donor and acceptor carbons (C4N in
NADPH and C6 in H3folate

+, respectively), as well as on other
distances between donors and acceptors of selected hydrogen
bonds within the protein which are characteristic of the closed

Figure 2.QM/MM partitioning scheme. The dashed line divides the
QM and MM regions, and the quantum hydrogen link atoms are circled.
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conformation (for details, see the Supporting Information). All
restraints were removed 100 ps prior to commencing the
production phase.
Potential of Mean Force.The classical-mechanical potential of
mean force (CM-PMF)95was determined using the umbrella
sampling technique, in order to sample the high-energy regions of
the potential energy surface.96The reaction coordinate (ζ)was
defined geometrically as the difference between the lengths of the
breaking (C4NNADPH H4N) and forming (H4N C6H3folate+)
bonds. A total of 13 discrete regions along the reaction coordi-
nate (“windows”) were defined with a uniform spacing of 0.25 Å.
Each simulation was performed with the addition of a biasing
potential (roughly the negative of the computed PMF), and a
harmonic restraint centered at each window. The harmonic force
constants,k, ranged between 20.0 and 60.0 kcal3mol

1
3Å

2

[Eharm=k(ζ ζref)
2]. Each window was equilibrated for 2 ps,

followed by a 100 ps production simulation that collected the
probability densities of configurations (F) along the reaction
coordinate (ζ) and sorted them into bins of width 0.01 Å. The
coordinates were saved every 0.5 ps, and the velocities and
positions of the last configuration generated in each window
were used to initiate the next window. The PMF curve was
obtained using the weighted histogram analysis method
(WHAM).97To ensure convergence of the PMF, the simulations
were run until the difference between sequential PMF profiles
was less than(1 kcal/mol. The QM-PMF was obtained using a
double averaging procedure by centroid path-integral simula-
tions on configurations saved during the umbrella sampling.46,85,87

In essence, the centroid path-integral simulations yield the free
energy difference between the classical mechanical and the
quantum mechanical PMFs.46,85,87For each isotope, a quantized
correction curve was fit to the PI simulation data using an inverted
Eckart function. The curve fitting was done using the Leven-
bergMarquardt algorithm, and the inverted Eckart potential was
added to the CM-PMF to obtain the QM-PMF.
Kinetic Isotope Effects.For the primary KIE (kH

H/kD
H), the

pro-Rhydrogen (the donated hydride, H4N) is substituted with
deuterium, whereas the secondary KIE (kH

H/kH
D) involves the

geminalpro-Shydrogen (H42N). To evaluate the KIEs, the
centroid path-integral simulations were carried out for the light
isotopic reaction, and the ratio of the partition functions between
two isotopic reactions was determined by free-energy perturba-
tion theory from the light mass into a heavier one.46In the
present study, we quantized the donor (C4NNADPH) and acceptor
(C6H3folate+) carbons, in addition to thepro-R(H4N) andpro-S
(H42N) hydrogens connected to the donor carbon (in the
reactant state). Each quantized particle was represented by 32
beads. We used a bisection sampling technique88in all centroid
path-integral simulations, and 10 free-particle configurations
were sampled for each of 10 200 classical configurations, yielding
a total of 102 000 path-integral sampling steps.

’RESULTS AND DISCUSSION

Gas Phase QM Calculations.Optimized Geometries.Accord-
ing to the X-ray crystal structure of synthetically prepared
6-methyl-7,8-dihydropterin-monohydrochloride-monohydrate
(6-Me-H2pterin3HCl, which is essentially 6-Me-H3pterin

+), the
heterocyclic ring members form a perfectly planar structure.98

However, our gas phase DFT calculations, in particular at the
B3LYP/6-31G(2df,p) level, suggest that the framework of the
pyrazine ring in the dihydropterins is not completely planar, but

rather a pucker is observed as the C7 methylene carbon projects
above or below the plane formed by all other ring atoms
(Figure 3). The magnitude of deviation from the plane varies
with the selection of the method and basis set. MP2/6-311
+G(2d,p) optimization supports the nonplanar nature of 6-Me-
H3pterin

+predicted by DFT. The discrepancy between experi-
mental results and theory could be due to crystal forces in the
experimental structure. Conversely, the observed crystal struc-
ture could be the average of two structures puckered in opposite
directions. As for the reduced equilibrium structures (6-Me-
H4pterin and 6-Me-H3pterin), the pyrazine ring adopts a half-
chair conformation, where C6 and C7 lie below and above the
plane, respectively, in a staggered conformation with respect to
each other, and the methyl group attached to C6 takes a pseudo-
equatorial position. These findings are in good agreement with1H
NMR studies on tetrahydropterin derivatives (spin spin coupling
constants measurements).99102A comparison of the crystal struc-
ture of 6-Me-H3pterin

+and the computed geometry at the B3LYP/
6-31G(2df,p) level is available in the Supporting Information.
The degree of pyramidality of the C2-exocyclic amino group
can be defined by its torsion angles and tilting from the plane.
While in the 6-Me-H3pterin

+structure, this group is nearly
coplanar with the 4-oxopyrimidine ring, it exhibits a substantial
pyramidalization in the other pterin derivatives examined. As this
amino group can be seen as a fragment of a guanidine-like moiety,
it is relevant to mention that the solid-state structure of free base
guanidine, recently determined by X-ray diffraction,103indicates
a nonplanar geometry with pyramidal amino groups, in accor-
dance with earlierab initiocalculations.104A pyramidal geometry
is also exhibited at the N8 position in 6-Me-H3pterin (but not
in the oxidized form), as well as at the N5 site in 6-Me-H4pterin.
As for the nicotinamides, it is noteworthy that thecisoid
conformer was found to be slightly more stablein vacuo(with
the exception of the unsubstituted neutral molecules,cis/trans-nic),
while the conformer identified in X-ray crystal structures of many

Figure 3.(a) Optimized geometry of 6-Me-H3pterin
+calculated at the

B3LYP/6-31G(2df,p) level of theory. (b) Superimposition of the X-ray
crystal structure of 6-methyl-7,8-dihydropterin-monohydrochloride-
monohydrate (green) with the computed geometry of 6-Me-H3pterin

+

(purple). Isotropic and anisotropic temperature factors corresponding
to atoms in the crystal structure are represented by thermal ellipsoids.
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enzyme active sites is thetransoidform.20,67,68One may attribute
the preference of thetransoidspecies in the enzyme to specific
interactions with the environment (hydrophilic/hydrophobic,
polar/nonpolar), which may offset the relatively small energy
difference between the two conformers.105There are some
noticeable differences between the geometries of thecisoidand
thetransoidconformers. The degree of distortion of the carbox-
amide group with respect to the pyridine plane can be expressed
in terms of the dihedral angle C2C3 C7dO8 (Chart 1), as
the difference between a“perfect”antiperiplanar angle (180, for
thetransoidconformer) or synperiplanar angle (0, for thecisoid
conformer) and the actual dihedral. Calculations with B3LYP/
6-31G(2df,p) suggest that in thetransoidspecies, the carbox-
amide is rotated substantially out-of-plane, with distortions of
18.419.7and 27.528.4for the dihydronicotinamides and
their corresponding oxidized counterparts. However, the out-of-
plane rotations observed in thecisoidconformers are consider-
ably smaller, with values of ca. 2.1and 13.013.2for H2nic and
Hnic+derivatives, respectively. These observations are in agree-
ment with previous theoretical studies.105108In the X-ray crystal
structure of the ternary complexecDHFR:folate:NADP+(PDB
code: 1rx2) used in the QM/MM simulations in this study, the
nicotinamide subunit is found in itstransoidconformer, with out-
of-plane distortion of only 6(Figure 4). Moreover, in most of the
transoidconformers, there is a considerable pyramidalization of the
amide nitrogen. These two geometric features of the carboxamide
—the out-of-plane distortion and theN-pyramidalization—help
to relieve unfavorable steric interactions between the NH2group
and C2H bond in the pyridine ring.
The 1,4-dihydropyridine ring skeleton in both unsubstituted
andN-Me-substituted dihydronicotinamides is nearly planar,
and no apparent puckering into a boat conformation is observed.
Thisfinding is in accord with X-ray data for some synthetically
produced and isolatedN-substituted nicotinamides, which are
essentially planar in the dihydropyridine ring system.109,110

Model Reactions.In Table 1, the calculated energies, enthal-
pies, and free energies at room temperature are given for the
“protonated”(a) and“unprotonated”(b) model reactions invol-
vingN-methyl substituted nicotinamides. The results are reported
separately for each of the four thermodynamic pathways described
in the Methodology section (eqs 1a, 1b).
All methods except AM1 predict an exothermic (and exergonic)
reaction for the“protonated”model. The reaction energies can be
ordered in absolute magnitude as follows:cisoidftransoid<

cisoidfcisoid≈transoidftransoid<transoidfcisoid(this
trend is opposite for the“unprotonated”model). The variation
between these pathways stems from the slightly higher energy of
thetransoidconformer of the nicotinamide species relative to its
cisoidcounterpart, either in the reduced or oxidized form. For
the density functionals, the relative order ofΔEel(and generally
also ofΔHrandΔGr) in absolute values is PBEPBE < M06 <
PBE1PBE < BB1K≈MPWB1K < B3LYP≈B98. The results
obtained with CBS-QB3 and G4MP2 are almost identical yet
considerably more exothermic than those obtained from DFT
(ΔEelbeing∼3 kcal/mol more negative than in the case of
B3LYP, which is closest to theab initiotarget data).
On the other hand, the“unprotonated”model reaction was
found to be highly endothermic (and endergonic) with most of
the computedΔGrvalues ranging between 120 and 134 kcal/mol.
This emphasizes the crucial role of N5-protonation at the
pyrazine ring of pterin in facilitating a thermodynamically feasible
hydride transfer from dihydronicotinamide to dihydropterin in
the gas phase.
Reaction, Transition, and Product Complexes.The diagram
in Figure 5 compares the relative energies of the reactant,
transition, and product states (RS, TS, and PS), for the reaction
6-Me-H3pterin

++trans-Me-H2nicf6-Me-H4pterin +trans-Me-
Hnic+, using AM1 and various density functionals.
Focusing on the bimolecular complexes, we define the energy
barrier,ΔE‡, as the energy gap between the TS and RS complexes,
and the reaction energyΔEras the difference between the PS
and RS complexes. These quantities are poorly predicted by
the standard AM1 method, as demonstrated by a high barrier
(ΔE‡= 27.8 kcal/mol) and a slightly endothermic reaction
(ΔEr= 1.9 kcal/mol). The DFT methods suggest a much lower
barrier and an exothermic reaction. The gradient corrected
functional PBEPBE, which does not contain HartreeFock
exchange, yields the lowest barrier,ΔE‡= 3.5 kcal/mol. There
is good agreement between the functionals B3LYP, BB1K,
MPWB1K, and M06, while B3LYP-D gives a slightly lower
barrier. It is interesting to note that the computed gas-phase
barriers (e.g., using M06,ΔE‡= 12.2 kcal/mol) are quite similar
to the experimental free-energy barrier in the enzyme, 13.4 kcal/mol.5

The effect of dispersion is clearly seen by inspecting the
energies of the fully separated molecules relative to the RS/PS
complexes. Using the M06 and B3LYP-D functionals, which
both account for dispersion interactions, there is a considerable
additional stabilization of the complexes. At the B3LYP-D level,
this dispersion effect may be estimated directly by comparing
with B3LYP, yielding ca. 11 kcal/mol for the RS and PS. We note
that the PS complexes presented in Figure 5 correspond to a
nearly T-stacked conformation between the pterin and nicotina-
mide rings, similar to that found in DHFR. For methods that
include dispersion, an additional minimum configuration corre-
sponding to planar stacking between the rings is found. This
point is discussed further below.
Considering the close agreement between B3LYP and M06
for the current system, we employ B3LYP (and B3LYP-D) as
target data for the complexes in the SRP parametrization process.
This choice is consistent with the target data for the individual
molecules being taken from the G4MP2 approach, which
employs B3LYP geometries and thermodynamic data.
SRP Development.The AM1 parameters were reoptimized
against high-level QM results, obtained from G4MP2 calcula-
tions as well as B3LYP and B3LYP-D calculations with the
6-31+G(d,p) basis set. The properties used as target values

Figure 4.Superimposition of the oxidized nicotinamide portion in
three models: segment from the NADP+cofactor (green), coordinates
taken from the crystal structure ofE. coliDHFR ternary complex
(PDB ID: 1rx2),trans-Me-Hnic+(blue), andtrans-Hnic+(red) com-
puted with B3LYP/6-31G(2df,p). Note the differences in the orienta-
tion of the carboxamide relative to the pyridine ring.
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included heats of formation, dipole moments, Mulliken charges,
and vibrational frequencies of the individual species. Further-
more, the reaction energies for the model complexes also served
as reference data that contributed to the fitness function of the
SRP model (vide infra), in order to improve the accuracy of the
resulting PES.
Determination of the target heats of formation required some
caution, as we are interested in a purely electronic structure
description of the potential energy surface, while nuclear classical
and quantum effects are added only at a later stage during enzyme
simulations. Therefore, any thermal contribution should be
excluded. On the other hand, the AM1 energies are originally
interpreted in terms of heats of formations.58In the present
AM1-SRP reparametrization, we mainly use ab initio and DFT
energies as target data, and therefore the resulting AM1-SRP
energies will mimic electronic energies. This allows the AM1-SRP
models to be employed in molecular dynamics simulations where
all classical thermal effects are included directly via the propagation
of Newton’s equations of motion, while all quantum thermal
effects are included via path-integral simulations.
Table 2 compares the root-mean-square deviations (RMSD)
from the target data for various properties calculated at the

optimized geometries in three parametrization schemes: stan-
dard AM1, AM1-SRP, and AM1-SRP(D). The target data for the
14 molecules are the same for the three parametrization schemes.
The AM1-SRP parametrization did not involve the heats of
formation of the pterin molecules due to the large gap between
the corresponding target and AM1 values, an obstacle which was
circumvented by minimizing the errors associated with related
relative energies (see Table 3). Indeed, AM1-SRP produced the
smallest RMSD errors in relative energies among the parame-
trization schemes, and the quality of the individual heats of
formations was considerably improved by ca. 8 kcal/mol when
going from standard AM1 to AM1-SRP. There were significant
changes in the AM1-SRP(D) parameters compared with stan-
dard AM1, in particular in the Gaussian terms. This further
reduced the RMSD error in the heats of formation to ca. 1 kcal/mol,
including the pterin species (whose heats of formation were
incorporated in the training set of AM1-SRP(D)). At the same
time, the error in the relative energies was increased only slightly
relative to AM1-SRP, making its energetic accuracy comparable
to the latter. The RMSD error for the vibrational wavenumbers
was reduced by 29 cm1and 55 cm1in AM1-SRP and AM1-
SRP(D), respectively, relative to AM1. On the other hand, the

Table 1. Energetics Calculated for the“Protonated”(a) and“Unprotonated”(b) Model Reactions in the Gas Phasea

Part a

cisoidfcisoidb cisoidftransoidc transoidftransoidd transoidfcisoide

method ΔEel ΔHr ΔGr ΔEel ΔHr ΔGr ΔEel ΔHr ΔGr ΔEel ΔHr ΔGr

AM1 7.4 8.5 9.0 9.8 7.1 7.6 5.5 6.4

B3LYP/6-31+G(d,p) 7.5 6.9 6.6 5.6 5.0 4.6 7.7 7.0 7.0 9.6 9.0 9.0

PBE1PBE/6-31+G(d,p) 6.7 6.1 5.6 4.7 4.0 3.8 6.9 6.3 6.5 8.8 8.3 8.3

PBEPBE/6-31+G(d,p) 5.3 4.6 4.2 3.5 2.7 2.8 5.2 4.7 4.8 7.0 6.6 6.2

B98/6-31+G(d,p) 7.6 7.0 6.5 5.7 5.1 5.5 7.7 7.2 7.8 9.6 9.1 8.7

BB1K/6-31+G(d,p) 7.0 6.5 5.7 4.9 4.5 4.5 7.3 6.8 7.2 9.4 8.9 8.5

MPWB1K/6-31+G(d,p) 7.1 6.7 5.5 5.0 4.5 5.1 7.4 6.9 7.8 9.5 9.1 8.2

M06/6-31+G(d,p) 6.3 5.8 4.8 4.5 4.0 2.2 6.6 6.0 4.8 8.4 7.9 7.4

G4MP2 10.7 10.1 9.5 8.7 8.1 7.6 10.0 9.5 9.0 12.0 11.5 10.9

CBS-QB3 10.8 10.1 9.8 8.7 8.0 7.7 10.2 9.6 9.5 12.2 11.7 11.6

Part b

cisoidfcisoidf cisoidftransoidg transoidftransoidh transoidfcisoidi

method ΔEel ΔHr ΔGr ΔEel ΔHr ΔGr ΔEel ΔHr ΔGr ΔEel ΔHr ΔGr

AM1 129.6 130.7 131.1 132.0 129.2 129.8 127.7 128.6

B3LYP/6-31+G(d,p) 125.1 124.9 125.1 127.0 126.8 127.1 124.9 124.8 124.7 123.0 122.8 122.7

PBE1PBE/6-31+G(d,p) 127.2 126.8 127.2 129.2 128.8 129.0 127.0 126.5 126.3 125.1 124.5 124.5

PBEPBE/6-31+G(d,p) 121.7 121.1 121.2 123.5 122.9 122.6 121.8 120.9 120.5 120.0 119.1 119.1

B98/6-31+G(d,p) 125.5 124.9 125.4 127.4 126.9 126.3 125.4 124.8 124.0 123.6 122.9 123.1

BB1K/6-31+G(d,p) 131.4 131.0 131.8 133.6 133.0 133.0 131.2 130.7 130.3 129.1 128.6 129.1

MPWB1K/6-31+G(d,p) 131.7 131.2 132.5 133.9 133.3 132.9 131.5 131.0 130.2 129.3 128.8 129.8

M06/6-31+G(d,p) 129.0 128.2 129.0 130.8 130.1 131.6 128.7 128.0 129.0 126.9 126.2 126.4

G4MP2 124.9 124.3 124.7 126.9 126.3 126.5 125.6 125.0 125.1 123.6 123.0 123.2

CBS-QB3 125.2 124.6 124.7 127.2 126.7 126.8 125.8 125.1 125.0 123.7 123.0 122.9
aΔEelis the change in electronic energy;ΔHrandΔGrare the respective enthalpy and free energy changes at 298.15 K and 1 atm (including zero-point
contributions).b6-Me-H3pterin

++cis-Me-H2nich6-Me-H4pterin +cis-Me-Hnic
+.c6-Me-H3pterin

++cis-Me-H2nich6-Me-H4pterin +trans-
Me-Hnic+.d6-Me-H3pterin

++trans-Me-H2nich6-Me-H4pterin +trans-Me-Hnic
+.e6-Me-H3pterin

++trans-Me-H2nich6-Me-H4pterin +cis-
Me-Hnic+.f6-Me-H2pterin +cis-Me-H2nich6-Me-H3pterin+cis-Me-Hnic

+.g6-Me-H2pterin +cis-Me-H2nich6-Me-H3pterin+trans-Me-Hnic
+.

h6-Me-H2pterin +trans-Me-H2nich6-Me-H3pterin +trans-Me-Hnic
+.i6-Me-H2pterin +trans-Me-H2nich6-Me-H3pterin +cis-Me-Hnic

+.
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RMSD of the bond lengths, bond angles, and atomic charges
calculated with AM1-SRP were slightly increased relative to AM1
by 0.01 Å, 1.6, and 0.11e, whereas AM1-SRP(D) did somewhat
better with 0.02 Å, 0.1, and 0.04e, respectively. However, their
overall quality was considered to be acceptable in light of the

large improvements for the energies and vibrational frequencies.
The dipole moments calculated with all three schemes were of
similar quality.
Table 3 provides further insight into the quality of selected
relative energies obtained with each Hamiltonian. It lists the
deviations for various reactions involving four and two species
(classes I and II, respectively), with respect to the reference
entries. As demonstrated by the total RMSD error for each class,
AM1-SRP performs better for reactions of class I, while generally
AM1-SRP(D) treats class II transitions more accurately (though
to a less pronounced degree).
Having the tailored semiempirical Hamiltonians in hand, some
structural and thermodynamic features of the reactant, transition,
and product state complexes were analyzed and compared
against the target DFT methods (Table 4). The analysis includes
geometric relations between the hydride-donating and accepting
carbons (C40and C6, respectively) and the transferring hydride
itself, as well as the imaginary vibrational frequency and ener-
getic relations. The three complexes are depicted in Figure 6,
comparing geometries that were obtained using DFT and SRP
Hamiltonians.
Overall, there is good qualitative agreement between the
computed semiempirical structures of the reactant and transition
state complexes and the corresponding DFT reference struc-
tures, and the improvements of the SRP Hamiltonians over
standard AM1 are substantial. In particular, the AM1-SRP
Hamiltonian is able to reproduce the imaginary vibrational
frequency of the reactive normal mode in the transition state as

Figure 5.The relative energies (kcal/mol) of the reactant, transition, and product states associated with the reaction 6-Me-H3pterin
++trans-Me-H2nic

f6-Me-H4pterin +trans-Me-Hnic
+. The fully separated reactants and products are represented by RS (separated) and PS (separated), respectively,

where RS (complex) and PS (complex) refer to the corresponding bimolecular complexes.

Table 2. RMSD Errors for Properties Calculated at Opti-
mized Geometries Using AM1, AM1-SRP, and AM1-SRP(D),
with Respect to Target Values (G4MP2)

properties AM1 AM1-SRP AM1-SRP(D)

heats of formationa(kcal/mol) 12.1 3.8 1.3

relative energiesb(kcal/mol) 9.5 1.9 2.2

bond lengthsc(Å) 0.02 0.03 0.04

bond anglesc(deg) 1.8 3.4 1.9

vibrational wavenumbersd(cm1) 108 78 52

Mulliken atomic chargesc(e) 0.16 0.27 0.20

dipole momentse(D) 1.27 1.08 (1.47)
aThe statistics refer to nicotinamide derivatives only. The target heats of
formation for the pterin species were far offthe AM1 values and were
thus omitted from the calibration set for AM1-SRP [but included in the
AM1-SRP(D) parametrization].bThe statistics refer to the reactions
described in Table 3.cThe statistics refer to all 14 individual species.
dThe statistics refer to wavenumbers larger than 2500 cm1for all 14
individual species.eThe statistics refer to eight neutral species out of the
14 individual species. Dipole moments were not included as reference
data in the parametrization of AM1-SRP(D), hence the parentheses.
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predicted by B3LYP/6-31+G(d,p) calculations (i.e., 880 cm1vs
838 cm1). On the other hand, the calculated imaginary
frequency of the TS complex with AM1-SRP(D), 960 cm1,
resembles more that predicted by M06, 953 cm1, than the
corresponding B3LYP-D value, 716 cm1.
The energetic profiles obtained at different theoretical levels are
presented in Figure 7. As expected, the AM1-SRP complexation
energies are fairly close to those of B3LYP (9.3 and 10.7 kcal/mol
for RS,3.0 and 7.2 kcal/mol for PS, respectively), while the
AM1-SRP(D) results are similar to those of B3LYP-D ( 22.8
and 22.0 kcal/mol for RS, 25.2 and 27.0 kcal/mol for PS;
the counterpoise corrections for basis set superposition error
(BSSE) with B3LYP-D are 1.5 and 2.1 kcal/mol for RS and PS,
respectively). The barrier height obtained with AM1-SRP is
10.7 kcal/mol, comparable to 11.2 kcal/mol with B3LYP, while
that obtained with AM1-SRP(D) is 13.6 kcal/mol, which is
somewhat higher than the target value 9.2 kcal/mol obtained with
B3LYP-D. In comparison, the M06 barrier height is 12.2 kcal/mol.
An in-depth analysis of the RS and PS complexes will be
presented below.
A detailed inspection of the geometry optimizations of the RS
and PS complexes reveals that the PES in these regions is veryflat
with several plausible minima, particularly in the PS region. Using
B3LYP and the AM1-SRP Hamiltonian, we could attain reason-
able geometries of the RS and PS complexes via the IRC path
from the TS only down to a certain point away from the TS in
either direction (these structures are presented in Figure 6).

Full geometry optimization of the RS and PS complexes in the
gas phase yielded highly distorted minimum structures, with no
stacking, which do not resemble the configuration in the DHFR
active site. As the two molecular segments in these complexes are
weakly bound in the van der Waals region (>3.5 Å), it is necessary
to include dispersion interactions (which are missing in the AM1
formalism) to accurately reproduce these geometries. Further-
more, the target complexes for AM1-SRP were derived from
B3LYP calculations which do not include much dispersion.
Indeed, the introduction of dispersion by means of B3LYP-D
enabled us to obtain plausible minimum RS and PS geometries.
B3LYP-D and M06 optimizations of the PS both reveal two
possible minimum configurations, with regard to the orientation
of the nicotinamide ring toward the pterin fragment. (a) First is a
“T-stacked”configuration, where the nicotinamide ring lies in a
quasi-perpendicular plane with respect to the pterin ring. With
this orientation, the complexation energy obtained with B3LYP-
Dis 18.1 kcal/mol, while M06 affords a related minimum
geometry with a complexation energy of 17.6 kcal/mol. (b)
Next is a fully“stacked”configuration, in which the rings are
stacked one on top of the other, which corresponds to the global
minimum of the PES of the PS complex (Figures 6 and 7).
The B3LYP-D structure (complexation energy: 27.0 kcal/mol)
is almost identical to the fully stacked complex obtained with
M06 ( 23.3 kcal/mol) and resembles that obtained with AM1-
SRP(D) (25.2 kcal/mol). With AM1-SRP(D), we could not
find a partially T-stacked configuration, suggesting that this

Table 3. Signed Errors of Relative Energies (kcal/mol) Calculated with the AM1-SRP and AM1-SRP(D) Parameters, with Respect
to the Target Data (G4MP2)a

signed error (kcal/mol)

class reaction AM1 AM1-SRP AM1-SRP(D)

I 6-Me-H3pterin
þ þtrans-Me-H2nicf6-Me-H4pterinþtrans-Me-Hnic

þ 17.1 1.0 3.1

6-Me-H3pterin
þ þcis-Me-H2nicf6-Me-H4pterinþcis-Me-Hnic

þ 18.2 1.9 4.2

6-Me-H3pterin
þ þtrans-H2nicf6-Me-H4pterinþtrans-Hnic

þ 14.2 2.3 1.1

6-Me-H3pterin
þ þcis-H2nicf6-Me-H4pterinþcis-Hnic

þ 15.1 1.4 0.2

6-Me-H2pterinþtrans-Me-H2nicf6-Me-H3pterin þtrans-Me-Hnicþ 3.8 0.6 2.0

6-Me-H2pterinþcis-Me-H2nicf6-Me-H3pterin þcis-Me-Hnicþ 4.8 1.6 3.1

6-Me-H2pterinþtrans-H2nicf6-Me-H3pterin þtrans-Hnicþ 0.9 2.7 2.2

6-Me-H2pterinþcis-H2nicf6-Me-H3pterin þcis-Hnicþ 1.8 1.7 1.3

RMSD 11.7 1.8 2.5

II 6-Me-H3pterin
þ f
H
6-Me-H4pterin 15.7 1.6 1.3

6-Me-H2pterinf
H
6-Me-H3pterin 2.4 1.3 0.2

trans-Me-H2nicf
H
trans-Me-Hnicþ 1.4 0.6 1.8

cis-Me-H2nicf
H
cis-Me-Hnicþ 2.5 0.3 3.0

trans-H2nic f
H
trans-Hnicþ 1.5 3.9 2.4

cis-H2nic f
H
cis-Hnicþ 0.6 3.0 1.5

cis-nicftrans-nic 0.5 0.3 0.6

RMSD 6.1 2.1 1.8
aClasses I and II assemble relative energies involving four and two species, respectively.
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method might“over-stack”the PS complex. The greater stability
of the fully stacked complexes may be attributed to the presence
of dispersion interactions, hydrogen bonding interactions within
the bimolecular complex, and close contacts between theπ
systems in the nicotinamide and pterin rings.
The gradient norm of the product complex during AM1-
SRP(D) geometry optimization is plotted in Figure S1 (Sup-
porting Information). The gradient is greatly reduced in the
first steps. The PES then becomes quiteflat and shallow.
Thus, the structure of the product complex seems to be highly
flexible, and many arrangements of the two molecular segments
have relatively small gradients. The use of less stringent conver-
gence criteria in the AM1-SRP(D) geometry optimiza-
tion would have led to termination after about 100 cycles, at a
structure close to the T-stacked configuration obtained with
B3LYP-D (Figure S1).
QM/MM Interactions.To investigate the ability of the AM1-
SRP Hamiltonians to accurately model QM/MM interactions,
we computed the complexation energies between selected QM
moieties (6-Me-H3pterin

+,trans-Me-H2nic, 6-Me-H4pterin, and
trans-Me-Hnic+) and a TIP3P water molecule. For each of these
QM moieties, a single water molecule was placed at different
hydrogen bonding positions around the molecule, for a total of
14 QM/MM complexes (Table S8a, Supporting Information).
The QM/MM interaction energies were computed using
AM1, AM1-SRP, or AM1-SRP(D) and a TIP3P water molecule.
These interaction energies were compared with data from
M06, B3LYP-D, B3LYP, and HF, all in conjunction with the

Table 4. Geometric and Thermodynamic Properties of the Reactant, Transition and Product State Complexes in the Gas Phase,
Calculated with Different Hamiltoniansa

R(Å)

complex method C40 H C6 H C40 C6 —C40 H C6 (deg) IFreq (cm1) ΔE(kcal/mol)

reactant state AM1b 1.128 2.640 3.636 146.61 0.0

B3LYP/6-31+G(d,p)b 1.110 2.996 3.863 135.95 0.0

AM1-SRPb 1.110 2.551 3.593 155.91 0.0

B3LYP-D/6-31+G(d,p)c 1.103 2.751 3.500 124.85 0.0

AM1-SRP(D)c 1.087 2.283 3.170 137.49 0.0

M06c 1.104 3.301 3.944 118.15 0.0

transition state AM1 1.411 1.363 2.763 169.81 1385 27.8

B3LYP/6-31+G(d,p) 1.309 1.409 2.715 174.61 838 11.2

AM1-SRP 1.317 1.348 2.633 162.43 880 10.7

B3LYP-D/6-31+G(d,p) 1.280 1.396 2.664 169.09 716 9.2

AM1-SRP(D) 1.308 1.322 2.602 163.18 960 13.6

M06 1.313 1.362 2.667 171.01 953 12.2

product state AM1b 2.512 1.136 3.507 145.37 1.9

B3LYP/6-31+G(d,p)b 2.533 1.110 3.613 163.96 4.3

AM1-SRPb 2.514 1.116 3.503 147.07 2.8

B3LYP-D/6-31+G(d,p)c,d 2.679 1.110 3.632 143.52 4.6

(5.069) (1.100) (5.394) (101.32) (13.5)

AM1-SRP(D)c 4.248 1.092 4.748 110.82 9.3

M06c,d 2.499 1.107 3.443 142.35 4.2

(5.034) (1.107) (5.706) (107.44) (9.8)
aC40is the donor carbon in the nicotinamide subunit, C6 is the acceptor carbon in the pterin subunit, and H denotes the transferring hydride. IFreq
is the imaginary frequency, andΔEis the relative energy with respect to the reactant complex.bThefinal structure was obtained using IRC
calculations.cThefinal structure was obtained using geometry optimization.dValues without parentheses refer to the local minimum structure with a
“T-stacked”configuration. Values in parentheses refer to the fully stacked configuration, which corresponds to the global minimum on the potential
energy surface.

Figure 6.Structures of the reactant, transition, and product state
complexes in the gas phase. The superimposed geometries were
obtained by calculations at a DFT and a related semiempirical level.
Structures are shown for two pairs of methods: B3LYP/6-31+G(d,p)
and AM1-SRP and B3LYP-D/6-31+G(d,p) and AM1-SRP(D). The
product state complexes represent the T-stacked configuration for B3LYP
and AM1-SRP optimized structures and the fully stacked configuration
for the B3LYP-D and AM1-SRP(D) optimized structures.
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6-31+G(d,p) basis set. BSSE corrections were included for the
DFT methods but not for HF. The different semiempirical
QM/MM methods give similar interaction energies, indicating
that the SRP optimization process did not introduce artificial
polarization of the molecules (Table S8b and Figure S2, Supporting
Information). The QM/MM methods predict slightly weaker
complexes than M06 and B3LYP-D (RMSDs of 2.64.4 kcal/mol),

while they are in good agreement with B3LYP and HF (RMSDs
between 1.2 and 2.4 kcal/mol).
Enzyme Simulations.Classical Potential of Mean Force.
Figure 8 shows the classical mechanical PMF (CM-PMF) for
the hydride transfer reaction in DHFR obtained from free energy
MD simulations, using the AM1, AM1-SRP, and AM1-SRP(D)
QM/MM Hamiltonians. We note that these data are not directly
comparable to experimental results as NQEs are not yet included
at this stage. The AM1/MM Hamiltonian substantially over-
estimates the free energy barrier (ΔG‡= 36.3 kcal/mol) and
predicts an endothermic reaction (ΔGr= 6.3 kcal/mol). The
transition state (the free energy bottleneck of the PMF) for the
QM(AM1-SRP)/MM Hamiltonian is located atζ‡= 0.089 Å,
whereas that of the QM(AM1-SRP(D))/MM Hamiltonian is
placed atζ‡= 0.045 Å. Both are relatively late compared to
that reported by Gao and co-workers in recent QM/MM studies
(ζ‡= 0.145 Å) onecDHFR, which utilized the AM1 Hamiltonian
with SVB correction (vide supra).7,8We further note that the end
points of the AM1-SRP and AM1-SRP(D) QM/MM free energy
profiles are smooth and show no artificial free-energy increase.
The classical free energies of reaction and activation extracted
from the QM(AM1-SRP)/MM-based free energy profile are
6.4 and 15.9 kcal/mol. The CM-PMF obtained by the en-
hanced Hamiltonian, QM(AM1-SRP(D))/MM, predicts a clas-
sical mechanical free energy barrier which is narrower and slightly
lower (ΔG‡= 14.7 kcal/mol), and the reaction is more exergonic
(ΔGr= 9.3 kcal/mol) by 3 kcal/mol. The considerable
stabilization of the product state by ca. 5 kcal/mol compared
with the experimental data is possibly a manifestation of the“over-
stacking”phenomenon already encountered with the AM1-
SRP(D) in the gas phase (vide supra). Finally, the differences

Figure 7.The relative energies of the reactant, transition and product states associated with the reaction 6-Me-H3pterin
++trans-Me-H2nicf6-Me-

H4pterin +trans-Me-Hnic
+, for standard AM1, B3LYP/6-31+G**, B3LYP-D/6-31+G**, M06/6-31+G**, AM1-SRP, and AM1-SRP(D). The sums of

the energies of the individual subunits for the reactants and products are represented by RS (separated) and PS (separated), respectively, where RS
(complex) and PS (complex) refer to the corresponding bimolecular complexes.

Figure 8.Computed classical potentials of mean force for the hydride
transfer reaction catalyzed byE. coliDHFR at 298 K, obtained with three
different QM/MM schemes distinguished by the semiempirical treat-
ment of the QM region: AM1/MM (green), AM1-SRP/MM (blue), and
AM1-SRP(D)/MM (red). The reaction coordinate is defined as the
difference between the distances of the transferring hydride and the
donor and acceptor carbon atoms.
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in the free energy barrier width among the three QM/MM
Hamiltonians are consistent with the trends in the imaginary
vibrational frequency of the transition state in the gas phase
obtained from the corresponding semiempirical schemes. Accord-
ing to Table 4, the imaginary wavenumbers in absolute values are
ordered as follows: AM1 > AM1-SRP(D) > AM1-SRP. Indeed,
the QM(AM1)/MM free energy profile has the narrowest barrier,
that of QM(AM1-SRP(D))/MM is wider, and the QM(AM1-
SRP)/MM Hamiltonian yields a PMF with the widest barrier.
Quantum Potential of Mean Force.The QM-PMF is ob-
tained from Feynman path-integral calculations,46,86,88in which
the centroid positions of the discrete paths of quantized particles
are used to specify the reaction coordinate.46,89,90The“quan-
tum”free energy profiles displayed in Figure 9 describe the
hydride transfer reaction with the two SRP QM/MM Hamilto-
nians. Using QM(AM1-SRP)/MM, the inclusion of NQE in the
simulations46lowers the computed free energies of activation for
the hydride and deuteride transfer by 2.1 and 1.4 kcal/mol,
respectively, relative to the“classical”free energy barrier. The
resulting quantum free energies of reaction and activation for the
hydride transfer, 6.4 and 13.8 kcal/mol, are in good accord with
the corresponding experimental results (4.4 and 13.4 kcal/mol).5

The quantum corrections for the AM1-SRP(D)/MM CM-PMF
are very similar, 2.2 and 1.5 kcal/mol for hydride and deuteride,
so that the predicted free energy barrier (12.5 kcal/mol) is in
close agreement with experimental results. The free-energy
results demonstrate that the present QM/MM and path integral
methods can provide an adequate description of the hydride
transfer reaction in DHFR.
Kinetic Isotope Effects.The computed primary (kH

H/kD
H) and

secondary (kH
H/kH
D) KIEs for the hydride transfer reaction in

DHFR at 298 K are 3.51(0.14 and 1.18(0.06 with QM(AM1-
SRP)/MM and 3.49(0.16 and 1.11(0.04 with QM(AM1-
SRP(D))/MM, respectively. These values are in good agreement
with the experimental intrinsic KIEs measured by Kohen and co-
workers (kH

H/kD
H = 3.55(0.17;kH

H/kH
D = 1.13(0.01),72

providing additional evidence for the accuracy of our computa-
tional treatments. These KIEs are also in good agreement with
various QM/MM calculations (e.g., refs 7 (2KIEs = 1.13) and
39 (1KIEs = 3.4(0.6)), but here the same method is within
experimental error for both 1and 2KIEs.

’SUMMARY

In the current work, we presented extensive benchmark
calculations for several model reactions in the gas phase that
are relevant to the DHFR catalyzed hydride transfer. We
employed G4MP2 and CBS-QB3 ab initio calculations as well
as numerous density functional methods. Using these results as
target data, we developed two specific reaction parameter (SRP)
Hamiltonians by reparametrization of the semiempirical AM1
method. Thefirst generation SRP Hamiltonian does not account
for dispersion, while the second generation SRP includes disper-
sion implicitly via the AM1 core-repulsion functions. These SRP
semiempirical Hamiltonians were subsequently used in hybrid
quantum mechanics/molecular mechanics simulations of the
DHFR catalyzed reaction. The classical PMFs were computed
using the standard AM1 method as well as the AM1-SRP and
AM1-SRP(D) models. Nuclear quantum effects were included
using a Feynman path-integral method. Finally, kinetic isotope
effects were computed using a mass-perturbation-based path-
integral approach. The quantum PMFs predict free energy barriers
and reaction free energies in good agreement with available
experimental kinetic data.
We conclude that the resulting PESs yield accuracies compar-

able to those obtained at the G4MP2 and DFT levels, with a
computational cost that is several orders of magnitude less. This
will allow us to perform long MD simulations of the solvated
enzyme, while providing a realistic description of the kinetics and
thermodynamic properties in the DHFR catalyzed reaction.

’APPENDIX A

The dispersion energies were estimated using the formula
introduced by Grimme for density functional methods.

EdispðrijÞ¼ s6∑
N

i¼1
∑
N 1

j¼iþ1

C6,ij

r6ij
fdðrijÞ

fdðrijÞ¼
1

1þexpfd½ðrij=r0Þ 1g

whererijis the distance between atomsiandj.s6is a global scaling
factor for the dispersion energy, with numerical values ranging
from 0.75 to 1.2 for different density functionals. Herein, we
chose the value 1.0 for simplicity.dis a parameter for damping
functionfd. It was chosen to be 20.0 in line with the value used in
DFT-D2. The atomicC6coefficients and van der Waals radiir0
were taken directly from the original publication. Figure 10 plots
the calculated dispersion energy for two carbon atoms.

Figure 9.The quantum mechanical potentials of mean force for the
hydride transfer reaction inE. coliDHFR. The centroid coordinates are
used in path-integral simulations. Each quantized particle was repre-
sented by 32 beads. The experimental free energies of reaction and
activation are denoted near the dashed lines.

Figure 10.The dispersion energy between two carbon atoms calculated
using Grimme’s formula.
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The sum of the standard AM1 core repulsion function and the
dispersion energy correction was scanned for each atom pair. A
total of 396 points for the carbon, nitrogen, and oxygen pairs and
346 points for the hydrogen pair were collected from a distance
of 0.1 Å with a step size of 0.02 Å. Finally, the parameters in the
Gaussian terms werefitted to these data points using a nonlinear
least-squares procedure implemented in gnuplot with the stan-
dard AM1 parameters as an initial guess. The convergence
criterion was 1.0 106.
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Geometry Optimizations and Reaction Energetics in the Gas Phase. All structures (with the 

exception of the reactant, transition and product state complexes) were initially set up using the 

builder tool in the GaussView 4.1.2 program.9 These geometries were thereafter fully optimized by 

various methods using the Gaussian0310 and Gaussian0911 programs. The vibrational normal modes 

of the molecules at their stationary points on the potential energy surface (PES) were calculated 

using the same basis set employed in the optimization, to verify true local minima (i.e. all 

frequencies are real). The vibrational frequency scale factors are summarized in Table S2. 

Table S2. Frequency scaling factors for fundamental vibrations for the various levels of theory used in the calculation 

of the thermodynamic properties of the models. 

Method  Scaling factor 
AM1  0.953212 
B3LYP/6-31+G(d,p)  0.964813 
PBE1PBE/6-31+G(d,p)  0.954713 
PBEPBE/6-31+G(d,p)  0.990413 
B98/6-31+G(d,p)  0.963513 
BB1K/6-31+G(d,p)  0.935913 
MPWB1K/6-31+G(d,p)  0.933513 
M06/6-31+G(d,p)  0.95014 
G4MP2  0.985415 
CBS-QB3  0.990016 

 

Calibration of the AM1 Hamiltonian. The general approach for the re-parametrization of the AM1 

method17 has been outlined in the main paper (see the section on SRP Development). Here we 

provide further details. 

All target species were grouped into four categories: pterins (A, 4 molecules), N-methyl 

nicotinamides (B, 4 molecules), unsubstituted and neutral nicotinamides (C, 6 molecules) and the 

reactant, transition and product state complexes (D, 3 molecules). For each of the first three 

categories A-C, an internal reference molecule was determined (6-Me-H3pterin
+, cis-Me-H2nic and 

trans-nic, respectively) and its reference energy was chosen as its enthalpy of formation in the 

gaseous state at 298 K. The heats of formation for 6-Me-H3pterin
+ and cis-Me-H2nic were 

calculated at the G4MP2 level of theory, according to the procedure described by Ochterski;18 

whereas the entry for the transoid conformer of neutral nicotinamide (trans-nic) was set to the 

corresponding experimental enthalpy of formation, -6.9 kcal/mol.19 All other species in groups A-C 
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were energetically interrelated to the reference molecule in their group by addressing different types 

of thermodynamic relations: (a) conformational rearrangements (groups B and C); (b) proton 

affinities, i.e. protonated vs. unprotonated species (groups A and C); (c) hydride affinities (groups 

A,B,C). According to this scheme, the target values for the reference molecules are actual heats of 

formation. The target values for all other molecules represent the electronic energy difference 

relative to the reference molecule of their group. In this approach, we obtain an accurate electronic 

energy surface wherein the absolute energies of the reference molecules are their actual heats of 

formation (obtained from experiment or computation) whereas the absolute energies of the 

remaining molecules are similar to their heats of formation, but without thermal and zero-point 

energy effects.  

In reactions of type (a), the entries of the nicotinamides in question were simply determined 

by adding or subtracting the cisoid-transoid electronic energy difference relative to the reference 

molecule. In reactions of type (b), we considered the proton affinity (PA) of an unprotonated 

species R: 

)RH()H()R()R( SESESESE ++ ∆−∆+∆= fff HHHPA   (1a) 

)RH()H()R()R( AIAIAIAI ++ −+= HHHPA  (1b) 

where Eq. 1a represents PA in terms of heats of formation, which applies to data obtained from 

semiempirical (SE) calculations, while Eq. 2a expresses the PA in the sense of absolute total 

enthalpies, which is the kind of values resulting from ab-initio (AI) and DFT calculations. The goal 

of the SRP development of the SE method is to correctly reproduce the PA from AI calculations. 

Therefore Eq. 1a and 1b should be equal, that is 

)RH()H()R()RH()H()R( AIAIAISESESE ++++ −+=∆−∆+∆ HHHHHH fff    (2) 

A slight rearrangement of Eq. 2 yields the explicit expression for the difference between the heats 

of formation for the unprotonated and protonated species: 
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)H()RH()H()R()RH()R( SEAIAIAISESE ++++ ∆−−+=∆−∆ fff HHHHHH   (3) 

The semi-empirical energy is in essence described in terms of “heats of formation” computed by the 

semi-empirical code on the one hand, but the result is required to reproduce electronic energies on 

the other hand, excluding any thermal contribution. We shall therefore impose the following 

equality requirement: 

SE SE AI AI AI SE(R) (RH) (R) (H) (RH) (H)f f el el el fH H E E E H+ + + +∆ −∆ ↔ + − −∆   (4) 

where each AI
elE  term represents the electronic energy contribution to the corresponding total 

enthalpy term AIH . By definition, 0)H(AI =+
elE , and indicating the source of each term in the 

equation, we can rewrite Eq. 4 as 

SRP SRP G4MP2 G4MP2 exp(R) (RH) (R) (RH) (H)el el fE E E E H+ + +− = − −∆   (5) 

where SRPE  stands for the target semi-empirical energy (analogous to the “heat of formation”, 

SE
fH∆  in standard semi-empirical terms), G4MP2

elE  is the electronic energy calculated at the G4MP2 

level of theory, and  )H(exp +∆ fH  is the experimental heat of formation for the proton, 365.7 

kcal/mol.20 

In reactions of type (c), a development analogous to (b) was applied, starting from two possible 

definitions of the hydride affinity (HA) of species R, readily obtained from the enthalpies of 

formation or the absolute total enthalpies of RH– and R: 

)RH()H()R()R( SESESESE −− ∆−∆+∆= fff HHHHA  (6a) 

)RH()H()R()R( AIAIAIAI −− −+= HHHHA  (6b) 

Equating Eqs. 6a and 6b, followed by rearrangement gives 

)H()RH()H()R()RH()R( SEAIAIAISESE −−−− ∆−−+=∆−∆ fff HHHHHH   (7) 
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which can be converted into the corresponding “electronic energy formulation” as 

SE SE AI AI AI SE(R) (RH) (R) (H) (RH) (H)f f el el el fH H E E E H− − − −∆ −∆ ↔ + − −∆   (8) 

Or alternatively: 

SRP SRP G4MP2 G4MP2 G4MP2 exp(R) (RH) (R) (H) (RH) (H)el el el fE E E E E H− − − −− = + − −∆   (9) 

Here not only the electronic energies of the coupled species are calculated with G4MP2, but also 

the energy of a hydride ion )H(G4MP2 −
elE , while the experimental enthalpy of formation for hydride 

)H(exp −∆ fH  is 34.7 kcal/mol.21 

Table S3 lists the relative target energies, ESRP, and the associated molecular dipole moments for 

neutral species, µSRP (dipole moments for charged species were not considered as they are 

dependent upon the choice of the origin of the coordinate system) calculated with G4MP2. Other 

properties included in the optimization procedure were the geometries of the model structures, 

Mulliken charges, vibrational frequencies attributed to C-H stretches (at the G4MP2 level), and the 

transition state imaginary frequencies (at the B3LYP/6-31+G(d,p) or B3LYP-D/6-31+G(d,p) level). 
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Table S3. Target values for the semiempirical models. ESRP and µSRP are the target energy and dipole moment  

Group  Compound 
Label 

ESRP 
(kcal/mol) 

µSRP 
(D) 

6-Me-H3pterin
+
 136.4a  - 

6-Me-H2pterin 14.7  6.3508 

6-Me-H4pterin -33.4  4.2581 
A 

Pt
er
i
n
s 

6-Me-H3pterin
-
 -19.6  - 

cis-Me-H2nic -11.6 a  4.0039 

cis-Me-Hnic
+
 147.6  - 

trans-Me-H2nic -10.3  5.5978 
B 

M
et
h
yl
 

Ni
c
ot
i
n
a
mi
d
e
s 

trans-Me-Hnic
+
 149.5  - 

cis-H2nic -33.7  3.9881 

cis-Hnic
+
 131.8  - 

trans-H2nic -32.4  5.2943 
C 

U
n
s
u
b
st
it
ut
e
d 

Ni
c
ot
i
n
a
mi
d
e
s 

trans-Hnic
+
 133.4  - 

cis-nic -6.1  5.3038 

 

N
e
ut
r
al
 

Ni
c
ot
i
n
a
mi
d
e
s 

trans-nic -6.9b 2.0730 

 
a Internal reference, calculated as the enthalpy of formation in the gaseous state at 298 K at the G4MP2 level. 
b Internal reference, the experimental enthalpy of formation of nicotinamide in the gaseous state at 298 K.19 

 

The individual energies were used to construct a set of reaction energies as target values per se to be 

weighted in the fitness function, using the general formula 

∑∑ −=∆
reactants

SRP

products

SRPSRP EEEr . (10) 

Other entries included were the relative energies between the reactant, transition and product state 

complexes (group D) obtained by geometry optimization and IRC calculations (i.e. reaction energy 

and barrier), computed either at the B3LYP/6-31+G(d,p) or B3LYP-D/6-31+G(d,p) level of theory. 
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Figure S1. The gradient norm of the product complex during AM1-SRP(D) geometry optimization. Note the 

logarithmic scale for the gradient norm. 
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Table S4. Selected unscaled vibrational frequencies (as wavenumbers) calculated with different levels of theory: (i) 
G4MP2; (ii) AM1; (iii) AM1-SRP; (iv) AM1-SRP(D). The RMSD values with respect to G4MP2 are also given. 

 level ν~(cm-1) RMSD 

i  3738.35  3618.35  3611.51  3589.16  3457.38  3139.44  3085.58  3071.31  3030.89  2945.80   - 

ii  3484.82  3447.09  3419.35  3407.35  3280.76  3130.77 3039.88  3023.25  2997.18  2924.64   141.72 

iii  3552.90  3464.22  3460.46  3454.76  3370.56  3148.63  3094.10  3062.96  3053.80  3037.22   107.55 6-
M
e-

H
3
pt
er
i
n
+
 

iv  3635.34  3600.97  3590.29  3585.68  3483.51  3140.78 3093.48  3070.07  3049.19  3001.59   39.46 

i  3697.79  3630.28  3603.32  3584.14  3147.07  3055.03  3031.35  3009.93  2904.62     - 

ii  3493.03  3485.01  3462.41  3450.69  3148.65  3059.55 3050.76  3015.67  2941.31     106.71 

iii  3624.35  3574.87  3542.82  3537.91  3177.45  3117.92  3107.60  3092.42  3064.78     79.87 6-
M
e-

H
2
pt
er
i
n 

iv  3631.48  3628.42  3622.20  3603.19  315..67  3098.71 3074.24  3053.42  2992.00     45.26 

i  3667.09  3641.22  3608.17  3560.67  3547.89  3114.99  3104.93  3065.88  3036.36  2988.60  2934.60 - 

ii  3472.76  3458.10  3454.61  3438.33  3373.99  3158.93 3068.83  3065.03  3037.56  2987.50  2968.06 114.59 

iii  3629.84  3625.83  3587.57  3545.05  3543.20  3189.34  3121.53  3117.52  3108.70  3085.01  3028.13 55.65 6-
M
e-

H
4
pt
er
i
n 

iv  3632.34  3615.64  3612.14  3596.33  3531.79  3153.21 3095.08  3091.86  3069.26  3048.03  3018.83 39.72 

i  3604.17  3553.42  3483.45  3395.38  3092.39  3063.56  3019.30  2997.13  2981.09  2770.53   - 

ii  3497.95  3438.26  3386.31  3365.41  3157.37  3070.01 3062.85  3038.15  2963.56  2941.01   84.91 

iii  3703.90  3689.17  3631.90  3614.31  3186.05  3122.34  3094.23  3079.46  3038.85  3014.21   136.26 6-
M
e-

H
3
pt
er
i
n
-  

iv  3655.33  3584.29  3579.27  3576.75  3145.66  3089.93 3051.53  3036.53  2987.87  2968.23   95.34 

i  3720.42  3592.34  3208.56  3204.90  3183.35  3131.21  3075.29  3005.48  2951.84  2909.83   - 

ii  3559.99  3534.75  3201.47  3150.47  3109.47  3100.59 3054.45  3019.30  2996.92  2974.14   67.27 

iii  3690.03  3634.17  3215.31  3199.79  3175.77  3162.96  3125.97  3122.36  3092.05  3031.00   73.74 

ci
s
-
M
e-

H
2
ni
c 

iv  3692.53  3673.87  3236.45  3205.99  3177.19  3114.21 3073.26  3071.60  3040.03  3002.14   54.04 

i  3686.76  3570.08  3204.30  3189.38  3181.53  3119.96  3075.54  2999.19  2997.91  2982.81   - 

ii  3551.76  3523.47  3199.55  3150.23  3133.18  3102.79 3065.01  3021.67  2997.29  2983.48   50.20 

iii  3705.79  3631.69  3215.42  3199.10  3188.87  3162.78  3124.37  3121.98  3100.12  3039.44   61.14 

tr
a
n
s-
M
e-

H
2
ni
c 

iv  3690.55  3665.06  3235.44  3205.30  3184.94  3114.79 3087.02  3073.16  3038.97  3021.44   43.68 

i  3722.35  3592.17  3237.38  3234.06  3225.05  3205.64  3189.41  3162.55  3076.58      - 
ii  3539.74  3472.43  3155.16  3142.86  3095.56  3086.03 3042.87  3003.03  2997.13      127.83 
iii  3661.24  3533.91  3164.85  3155.88  3148.81  3143.10  3134.67  3129.59  3103.48      60.58 

ci
s
-
M
e-

H
ni
c
+
 

iv  3693.99  3628.22  3216.24  3201.18  3175.95  3126.42 3116.44  3085.99  3080.01     51.12 

i  3700.85  3576.86  3237.37  3227.18  3226.17  3216.16  3183.77  3164.90  3075.69     - 

ii  3535.48  3468.85  3150.56  3122.40  3093.56  3087.55 3086.49  3006.52  2994.20     121.49 

iii  3667.12  3535.77  3160.80  3156.86  3141.75  3136.61  3134.30  3130.22  3119.35     60.23 

tr
a
n
s-
M
e-

H
ni
c
+
 

iv  3680.23  3618.23  3214.32  3174.80  3170.38  3165.21 3116.87  3086.12  3078.76     49.23 

i  3723.42  3691.56  3594.47  3217.52  3213.20  3187.84  2954.39  2910.81        - 
ii  3559.45  3534.64  3511.48  3203.81  3153.78  3113.62 3053.95  2973.60        100.92 
iii  3689.62  3633.54  3622.40  3223.00  3204.45  3189.77  3091.61  3030.94        69.52 ci

s
-

H
2
ni
c 

iv  3691.73  3673.26  3640.98  3238.20  3209.68  3180.91 3071.53  3001.89        57.02 
i  3688.66  3668.38  3571.18  3211.81  3197.39  3185.66  3017.43  2969.46        - 
ii  3551.17  3522.83  3462.02  3201.28  3152.73  3136.65 3065.35  2984.04        85.89 
iii  3706.59  3631.62  3629.01  3223.67  3203.57  3205.15  3099.71  3039.33        46.31 tr

a
n
s-

H
2
ni
c 

iv  3689.77  3664.41  3623.03  3237.19  3209.15  3190.35 3087.03  3021.40        37.17 
i  3720.53  3590.34  3558.49  3244.02  3235.53  3229.91  3204.29          - 
ii  3538.43  3469.20  3329.46  3151.95  3138.68  3088.45 3037.61          153.97 
iii  3659.20  3529.70  3402.04  3161.56  3143.72  3141.91  3107.42          95.82 ci

s
-

H
ni
c
+
 

iv  3692.83  3625.15  3531.69  3213.52  3198.45  3173.26 3125.25          45.45 
i  3701.07  3577.01  3562.99  3241.41  3231.47  3229.56  3212.67          - 
ii  3534.69  3465.96  3335.79  3147.74  3115.77  3087.79 3082.39          146.81 
iii  3664.75  3530.87  3411.88  3157.96  3142.60  3139.63  3113.07          91.93 tr

a
n
s-

H
ni
c
+
 

iv  3679.28  3615.80  3537.88  3211.73  3171.53  3169.73 3166.04          42.83 
i  3714.06  3587.68  3201.55  3188.06  3178.32  3156.86           - 
ii  3554.96  3524.08  3206.45  3184.76  3145.52  3126.95           72.30 
iii  3696.50  3618.84  3220.60  3200.90  3188.93  3184.18            21.08 

ci
s
-
ni
c 

iv  3706.07  3673.44  3249.08  3219.23  3199.69  3180.35           44.08 

i  3723.14  3594.68  3213.24  3195.05  3158.12  3145.66          - 

ii  3553.03  3524.49  3204.83  3173.20  3146.25  3142.00          75.90 

iii  3691.34  3617.66  3218.92  3203.83  3199.61  3171.56           25.95 

tr
a
n
s-
ni
c 

iv  3704.18  3673.96  3249.02  3209.97  3199.04  3195.61           45.31 
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Table S5. Comparison of the semi-empirical parameters of the canonical AM1 Hamiltonian vs. the re-parametrized 

schemes AM1-SRP and AM1-SRP(D). 

 Hydrogen 

Parameter (units)  AM1  AM1-SRP ∆  AM1-SRP(D) ∆ 

Uss (eV)  -11.39642700  -10.68984024  -0.70658676  -11.43733166  0.04090466 

Gss (eV)  12.84800000  12.84709466  0.00090534  12.60364621  0.24435379 

α (Å-1) 2.88232400  2.98632722  -0.10400322  3.40130304  -0.51897904 

βs (eV) -6.17378700  -6.33105768  0.15727068  -5.64837035  -0.52541665 

ζs (a.u.) 1.18807800  1.24851395  -0.06043595  1.17345275  0.01462525 

K1 (eV)  0.12279600  0.10477938  0.01801662  0.13056000  -0.00776400 

L1 (1/Å
2)  5.00000000  5.11512463  -0.11512463  4.80257197  0.19742803 

M1 (Å) 1.20000000  1.15101043  0.04898957  1.21380391  -0.01380391 

K2 (eV)  0.00509000  -0.01289865  0.01798865  0.00888975 -0.00379975 

L2 (1/Å
2)  5.00000000  5.18465935  -0.18465935  14.28487074  -9.28487074 

M2 (Å) 1.80000000  1.75423483  0.04576517  1.75118838  0.04881162 

K3 (eV)  -0.01833600  -0.01178407  -0.00655193  -0.03032460  0.01198860 

L3 (1/Å
2)  2.00000000  1.98528456  0.01471544  1.60610364  0.39389636 

M3 (Å) 2.10000000  2.19234758  -0.09234758  2.01192128  0.08807872 

          

 Carbon 

Parameter (units) AM1  AM1-SRP ∆  AM1-SRP(D) ∆ 

Uss (eV)  -52.02865800  -52.24737422  0.21871622  -52.12801676  0.09935876 

Upp (eV)  -39.61423900  -38.46838755  -1.14585145  -38.86576821  -0.74847079 

Gss (eV)  12.23000000  12.17894654  0.05105346  12.05774032  0.17225968 

Gsp (eV)  11.47000000  11.42197994  0.04802006  11.71252941  -0.24252941 

Gpp (eV)  11.08000000  11.28414421  -0.20414421  11.13199843  -0.05199843 

Gpp’ (eV)  9.84000000  9.87970858  -0.03970858  9.86125443 -0.02125443 

Hsp (eV)  2.43000000  2.40762387  0.02237613  2.40118582  0.02881418 

α (Å-1) 2.64827400  2.64566311  0.00261089  2.70195063  -0.05367663 

βs (eV) -15.71578300  -15.72667726  0.01089426  -15.85249007  0.13670707 

βp (eV) -7.71928300  -7.80162672  0.08234372  -7.41730443  -0.30197857 

ζs (a.u.) 1.80866500  1.83025672  -0.02159172  2.02999558  -0.22133058 

ζp (a.u.) 1.68511600  1.69607884  -0.01096284  1.61950090  0.06561510 

K1 (eV)  0.01135500  0.00301604  0.00833896  0.03207184  -0.02071684 

L1 (1/Å
2)  5.00000000  4.94955509  0.05044491  4.61337571  0.38662429 

M1 (Å) 1.60000000  1.58636330  0.01363670  1.70743023  -0.10743023 

K2 (eV)  0.04592400  0.05629335  -0.01036935  0.02309988 0.02282412 

L2 (1/Å
2)  5.00000000  5.04827121  -0.04827121  5.87793752  -0.87793752 

M2 (Å) 1.85000000  1.87582178  -0.02582178  1.83819070  0.01180930 

K3 (eV)  -0.02006100  -0.02474245  0.00468145  -0.01421778  -0.00584322 

L3 (1/Å
2)  5.00000000  5.00959715  -0.00959715  3.84436254  1.15563746 

M3 (Å) 2.05000000  2.02202225  0.02797775  1.95422526  0.09577474 

K4 (eV)  -0.00126000  -0.00722588  0.00596588  -0.00219237  0.00093237 

L4 (1/Å
2)  5.00000000  5.13550628  -0.13550628  1.03264951  3.96735049 

M4 (Å)  2.65000000  2.68246146  -0.03246146  2.75960465  -0.10960465 

          

 Nitrogen 

Parameter (units) AM1  AM1-SRP ∆  AM1-SRP(D) ∆ 

Uss (eV)  -71.86000000  -72.82069585  0.96069585  -72.01619964  0.15619964 

Upp (eV)  -57.16758100  -59.49215630  2.32457530  -57.55693452  0.38935352 

Gss (eV)  13.59000000  13.65461868  -0.06461868  13.54840912  0.04159088 
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Gsp (eV)  12.66000000  12.79898733  -0.13898733  12.54471362  0.11528638 

Gpp (eV)  12.98000000  12.88438212  0.09561788  13.04037236  -0.06037236 

Gpp’ (eV)  11.59000000  11.47612859  0.11387141  11.66657487  -0.07657487 

Hsp (eV)  3.14000000  3.18707623  -0.04707623  3.15191830 -0.01191830 

α (Å-1) 2.94728600  3.11091376  -0.16362776  2.86730265  0.07998335 

βs (eV) -20.29911000  -19.14256652  -1.15654348  -20.15951726 -0.13959274 

βp (eV) -18.23866600  -19.28044417  1.04177817  -18.30236349  0.06369749 

ζs (a.u.) 2.31541000  2.45754818  -0.14213818  2.36751669  -0.05210669 

ζp (a.u.) 2.15794000  2.29720493  -0.13926493  2.14340234  0.01453766 

K1 (eV)  0.02525100  0.01584487  0.00940613  0.02577954  -0.00052854 

L1 (1/Å
2)  5.00000000  5.01639898  -0.01639898  4.93484582  0.06515418 

M1 (Å) 1.50000000  1.40990729  0.09009271  1.50396975  -0.00396975 

K2 (eV)  0.02895300  0.02413205  0.00482095  0.02888160  0.00007140 

L2 (1/Å
2)  5.00000000  4.95264284  0.04735716  5.03773737  -0.03773737 

M2 (Å) 2.10000000  2.08955372  0.01044628  2.10230179  -0.00230179 

K3 (eV)  -0.00580600  0.00231665  -0.00812265  -0.00608690  0.00028090 

L3 (1/Å
2)  2.00000000  2.02251051  -0.02251051  1.57427110  0.42572890 

M3 (Å) 2.40000000  2.53289116  -0.13289116  2.43317594  -0.03317594 

          

 Oxygen 

Parameter (units) AM1  AM1-SRP ∆  AM1-SRP(D) ∆ 

Uss (eV)  -97.83000000  -97.18740347  -0.64259653  -97.82978333  -0.00021667 

Upp (eV)  -78.26238000  -78.15419188  -0.10818812  -78.26194049  -0.00043951 

Gss (eV)  15.42000000  15.58420000  -0.16420000  15.41584115  0.00415885 

Gsp (eV)  14.48000000  14.53118414  -0.05118414  14.48088177  -0.00088177 

Gpp (eV)  14.52000000  14.52057396  -0.00057396  14.51015532  0.00984468 

Gpp’ (eV)  12.98000000  13.09474870  -0.11474870  12.98948394  -0.00948394 

Hsp (eV)  3.94000000  3.98430700  -0.04430700  3.80637580 0.13362420 

α (Å-1) 4.45537100  4.45864569  -0.00327469  4.51366550  -0.05829450 

βs (eV) -29.27277300  -29.03471808  -0.23805492  -29.27065291 -0.00212009 

βp (eV) -29.27277300  -28.97637174  -0.29640126  -29.28300296 0.01022996 

ζs (a.u.) 3.10803200  3.11536491  -0.00733291  3.01595571  0.09207629 

ζp (a.u.) 2.52403900  2.49978900  0.02425000  2.38139341  0.14264559 

K1 (eV)  0.28096200  0.28934086  -0.00837886  0.28091667 0.00004533 

L1 (1/Å
2)  5.00000000  4.98540050  0.01459950  5.00000144  -0.00000144 

M1 (Å) 0.84791800  0.83276255  0.01515545  0.84783749  0.00008051 

K2 (eV)  0.08143000  0.07785336  0.00357664  0.08133050  0.00009950 

L2 (1/Å
2)  7.00000000  7.01317050  -0.01317050  7.00009001  -0.00009001 

M2 (Å) 1.44507100  1.42486880  0.02020220  1.44514698  -0.00007598 
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Table S6. Cartesian coordinates of the molecular models optimized geometries at the target levels of theory, calculated 
with B3LYP/6-31G(2df, p) (individual molecules), B3LYP/6-31+G(d,p) or B3LYP-D/6-31+G(d,p)) (bimolecular 
complexes). 

Group A  
 6-Me-H3pterin

+
 6-Me-H2pterin 

 

  
Atom x  y  z  x y z 
N(1)  1.4545190  -1.3496800  -0.0485110  1.4002650  -1.3505480  -0.0689770 
C(2)  2.4102640  -0.4282010  -0.0219930  2.3675560  -0.4697350  -0.0209990 
N(3)  2.1631920  0.9130410  0.0364140  2.1524010  0.8639100  0.0485900 
C(4)  0.8613050  1.4653150  0.0500000  0.8563910  1.4851510  0.0452790 
C(4a)  -0.1351230  0.4457600  0.0629390  -0.1963050  0.5091620  0.0025960 
N(5)  -1.4682590  0.8251900  -0.0247830  -1.5218310  0.9332070  -0.1001300 
C(6)  -2.4792700  0.0133790  -0.0068400  -2.4645510  0.0759180  -0.0144710 
C(7)  -2.2009660  -1.4546960  0.2239790  -2.2270880  -1.4027840  0.2759900 
N(8)  -0.8198260  -1.8025960  -0.0913200  -0.8672580  -1.7578100  -0.0885430 
C(8a)  0.1908820  -0.9086240  -0.0087520  0.1359650  -0.8424620  -0.0302050 
N(9)  3.6830690  -0.8388020  -0.0528620  3.6661510  -0.9112140  0.0134860 
O(10)  0.6626200  2.6645450  0.0400310  0.8025980  2.6982270  0.0844360 
C(11)  -3.8766560  0.4954790  -0.1407190  -3.8955040  0.5053480  -0.1442440 
H(12)  4.4664000  -0.2089370  -0.0256300  4.3801140  -0.3070630  -0.3624610 
H(13)  3.8568270  -1.8300880  -0.0953350  3.7638260  -1.8845090  -0.2328930 
H(14)  2.9168120  1.5890150  0.0333980  2.9182400  1.5184480  0.1284070 
H(15)  -1.6011540  1.8349100  -0.1213150  -  -  - 
H(16)  -4.3327190  0.0827950  -1.0490970  -4.3780780  0.0219830  -1.0039490 
H(17)  -3.9336960  1.5850800  -0.1829390  -3.9479770  1.5877780  -0.2660450 
H(18)  -4.4808130  0.1408010  0.7032920  -4.4748680  0.2144020  0.7429590 
H(19)  -2.8795250  -2.0474660  -0.3982590  -2.9304960  -2.0194220  -0.2970710 
H(20)  -2.4594770  -1.6843970  1.2735620  -2.4396570  -1.6011960  1.3444230 
H(21)  -0.5650890  -2.7786200  -0.1421740  -0.5787820  -2.7226270  -0.0435150 
 6-Me-H4pterin 6-Me-H3pterin

-
 

 

  
Atom x  y  z  x y z 
N(1)  1.4741170  -1.3427950  0.0114120  -1.4438670  -1.3327070  -0.0256140 
C(2)  2.4261560  -0.4556780  0.0309780  -2.4005970  -0.4653360  -0.0459660 
N(3)  2.1913770  0.8834950  0.0093270  -2.1528820  0.8815590  0.0275320 
C(4)  0.8949430  1.4552300  -0.0431320  -0.8779760  1.4720960  0.0806010 
C(4a)  -0.1361920  0.4739610  -0.0940310  0.2295390  0.4997090  -0.0118200 
N(5)  -1.4767470  0.8926120  -0.2078450  1.4741400  0.9806910  -0.1028520 
C(6)  -2.4553200  -0.0236850  0.3655920  2.4583770  -0.0305610  -0.3749020 
C(7)  -2.1825280  -1.4219630  -0.2200570  2.1737840  -1.3423110  0.4030220 
N(8)  -0.8052640  -1.8044450  0.0351490  0.8437910  -1.8710740  0.1250050 
C(8a)  0.1913140  -0.8642720  -0.0210140  -0.1598020  -0.8611760  -0.0007530 
N(9)  3.7450550  -0.8614900  0.1375470  -3.7710350  -0.8421480  -0.1843530 
O(10)  0.7568680  2.6741030  -0.0314170  -0.8045150  2.6959290  0.1525070 
C(11)  -3.8687730  0.4512090  0.0426250  3.8566640  0.5145500  -0.0595220 
H(12)  4.4191380  -0.3156150  -0.3805010  -4.2899390  -0.6371310  0.6710530 
H(13)  3.8413900  -1.8542380  -0.0231650  -3.7700140  -1.8530010  -0.2838690 
H(14)  2.9448090  1.5493500  0.1078460  -2.9129030  1.5434390  -0.0335160 
H(15)  -1.5754320  1.8562170  0.0909510  -  -  - 
H(16)  -4.0148880  0.5182930  -1.0397790  3.9468060  0.7251060  1.0132990 
H(17)  -4.0481980  1.4436630  0.4687200  4.0100470  1.4596880  -0.5900250 
H(18)  -4.6161200  -0.2307710  0.4600760  4.6533640  -0.1867820  -0.3464220 
H(19)  -2.4157850  -1.4043520  -1.2954100  2.2495160  -1.1182950  1.4773840 
H(20)  -2.8457950  -2.1519070  0.2560580  2.9143980  -2.1240630  0.1833140 
H(21)  -0.5175720  -2.7570690  -0.1196860  0.8462170  -2.4865380  -0.6812920 
H(22)  -2.3438470  -0.1068360  1.4613340  2.4576650  -0.3259380  -1.4519620 
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Group B  

 cis-Me-H2nic trans-Me-H2nic 

 

 
 

Atom x  y  z  x y z 
N(1)  -1.7398450  -0.4389690  -0.0830370  -1.7102370  -0.5039830  -0.0732330 
C(2)  -0.4161810  -0.7863080  -0.0498650  -0.3666940  -0.7833600  -0.0073380 
C(3)  0.6023270  0.0989740  -0.0128850  0.6041480  0.1551000  -0.0303770 
C(4)  0.3531440  1.5970210  0.0128640  0.2778730  1.6373650  -0.0462430 
C(5)  -1.1304170  1.8794460  0.0360000  -1.2146570  1.8466010  -0.1080650 
C(6)  -2.0562400  0.9187300  -0.0092780  -2.0932840  0.8428590  -0.1110680 
C(7)  1.9652660  -0.4789460  0.0077280  2.0350980  -0.1957910  0.0440030 
O(8)  2.1950530  -1.6812160  0.0309210  2.8803480  0.6306850  0.3522220 
N(9)  2.9948300  0.4379160  0.0399050  2.3866010  -1.5180110  -0.2112580 
C(10)  -2.7864870  -1.4347250  0.0432320  -2.6984280  -1.5218850  0.2235780 
H(11)  -0.1883750  -1.8459600  -0.0591170  -0.1303610  -1.8380310  0.0821960 
H(12)  0.8438760  2.0625320  0.8838950  0.7152890  2.1278850  0.8352610 
H(13)  0.8102260  2.0927300  -0.8637230  0.7742730  2.1259530  -0.8983630 
H(14)  -1.4582610  2.9119940  0.0797940  -1.5923080  2.8619320  -0.1601900 
H(15)  -3.1181460  1.1358860  0.0024360  -3.1644650  1.0024030  -0.1563620 
H(16)  2.8472560  1.3889110  -0.2527310  3.3858690  -1.6483000  -0.2791350 
H(17)  3.9163320  0.0555480  -0.1024810  1.8557510  -2.0154340  -0.9089610 
H(18)  -3.6335230  -1.1754740  -0.5999260  -3.6057180  -1.3415450  -0.3610160 
H(19)  -3.1516360  -1.5290270  1.0752320  -2.9733810  -1.5483370  1.2877300 
H(20)  -2.4015400  -2.4051920  -0.2756050  -2.3066110  -2.5033840  -0.0544400 
 cis-Me-Hnic

+
 trans-Me-Hnic

+
 

 

 
 

Atom x  y  z  x y z 
N(1)  1.7032190  -0.3902260  0.0366930  1.7081140  -0.4248470  0.0258840 
C(2)  0.4126260  -0.7605940  0.0445880  0.4044690  -0.7876960  0.0367410 
C(3)  -0.6114670  0.1778720  0.0005850  -0.6007360  0.1580360  -0.0498910 
C(4)  -0.2676000  1.5250600  -0.0759200  -0.2406480  1.5071280  -0.1332130 
C(5)  1.0791990  1.8946510  -0.0903870  1.1024640  1.8625490  -0.1668060 
C(6)  2.0492600  0.9188420  -0.0282050  2.0639190  0.8730770  -0.0824920 
C(7)  -2.0101850  -0.4172330  -0.0196880  -2.0806780  -0.1696980  0.0484020 
O(8)  -2.1312140  -1.6057970  -0.2367940  -2.8315730  0.6775860  0.4768510 
N(9)  -3.0390850  0.4357660  0.1829240  -2.4491860  -1.4287190  -0.3092420 
C(10)  2.7748790  -1.4126400  0.0926840  2.7564610  -1.4588600  0.1910560 
H(11)  0.1780900  -1.8172000  0.0727600  0.2094950  -1.8463140  0.1501350 
H(12)  -1.0281180  2.2945940  -0.1466560  -1.0310850  2.2491550  -0.1588150 
H(13)  1.3777000  2.9334410  -0.1539000  1.4140410  2.8963150  -0.2480580 
H(14)  3.1098550  1.1352040  -0.0333300  3.1261390  1.0807590  -0.0893510 
H(15)  -2.9255400  1.3640120  0.5520340  -3.4407240  -1.6240710  -0.2879390 
H(16)  -3.9670180  0.0382630  0.2058930  -1.8997340  -1.9817980  -0.9466780 
H(17)  3.3807690  -1.2463590  0.9848920  3.6562070  -1.1410220  -0.3343010 
H(18)  3.3946060  -1.3297650  -0.8016300  2.4024010  -2.3976370  -0.2330210 
H(19)  2.3201500  -2.4003400  0.1350400  2.9718410  -1.5883320  1.2539450 
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Group C  
 cis-H2nic trans-H2nic 

 

  
Atom x  y  z  x y z 
N(1)  1.8162500  -1.1962800  0.0478900  1.7521170  -1.2644050  -0.0471120 
C(2)  0.4485600  -1.1675270  0.0300790  0.3821090  -1.1527720  -0.0907700 
C(3)  -0.2653470  -0.0235760  0.0128730  -0.2649590  0.0236710  0.0351490 
C(4)  0.4148460  1.3368510  0.0077500  0.4911520  1.3349550  0.1717760 
C(5)  1.9192110  1.1840410  -0.0413500  1.9810910  1.1113880  0.0678740 
C(6)  2.5301320  -0.0024680  -0.0188970  2.5287120  -0.1001260  -0.0333650 
C(7)  -1.7389970  -0.1727270  -0.0101080  -1.7369540  0.1214360  -0.0381250 
O(8)  -2.3119420  -1.2535290  -0.0508510  -2.2984240  1.1791020  -0.2775950 
N(9)  -2.4512880  1.0067130  -0.0198350  -2.4631170  -1.0512210  0.1382060 
H(10)  -0.0679770  -2.1197910  0.0295960  -0.1475400  -2.0846900  -0.2519940 
H(11)  0.0687470  1.9407910  -0.8473360  0.1394150  2.0402840  -0.5930110 
H(12)  0.1312170  1.9257940  0.8997090  0.2377800  1.8226820  1.1264420 
H(13)  2.5255070  2.0811870  -0.0919370  2.6338800  1.9770360  0.0833810 
H(14)  3.6075600  -0.1102160  -0.0490890  3.5973330  -0.2647280  -0.0996160 
H(15)  -2.0282050  1.8701720  0.2748110  -3.4569900  -0.8892150  0.2146930 
H(16)  -3.4455340  0.9141450  0.1152200  -2.1010060  -1.7343020  0.7848470 
H(17)  2.2990600  -2.0744390  -0.0026410  2.1746150  -2.1218250  -0.3568780 
 cis-Hnic+ trans-Hnic+ 

 

 
 

Atom x  y  z  x y z 
N(1)  1.8126600  -1.1034740  0.0969070  -1.8004140  -1.1450080  -0.1516010 
C(2)  0.4708470  -1.1333570  0.0957860  -0.4496170  -1.1634410  -0.1385350 
C(3)  -0.2495760  0.0503570  0.0125520  0.2484550  0.0173600  0.0315260 
C(4)  0.4634340  1.2457520  -0.0924960  -0.4827400  1.2052270  0.1673270 
C(5)  1.8612340  1.2399890  -0.0970730  -1.8746940  1.1858580  0.1707390 
C(6)  2.5297310  0.0389200  0.0048010  -2.5274080  -0.0206770  0.0035560 
C(7)  -1.7594170  -0.1290850  -0.0200270  1.7628690  0.1317630  -0.0299460 
O(8)  -2.2005320  -1.2424390  -0.2178860  2.2441610  1.1887190  -0.3709950 
N(9)  -2.5113750  0.9809490  0.1477000  2.4689740  -0.9924720  0.2564540 
C(10)  -0.0294820  -2.0925910  0.1473770  0.0168840  -2.1270170  -0.2979830 
H(11)  -0.0557670  2.1924660  -0.1941150  0.0724550  2.1333090  0.2545110 
H(12)  2.4267120  2.1590400  -0.1834400  -2.4528960  2.0936080  0.2878270 
H(13)  3.6073440  -0.0588430  0.0113810  -3.6039330  -0.1303240  -0.0212940 
H(14)  -2.1501670  1.8488270  0.5045670  3.4755680  -0.8993900  0.2552720 
H(15)  -3.5137560  0.8577470  0.1596260  2.0899040  -1.7329290  0.8240130 
H(16)  2.3128620  -1.9849220  0.1641830  -2.2923930  -2.0211880  -0.2963570 
 cis-nic trans-nic 

 

  
Atom x y z x y z 
N(1)  1.8777390  -1.2089270  0.1550700  -1.8250300  -1.2671730  -0.1191470 
C(2)  0.5458880  -1.1775860  0.1229320  -0.4941880  -1.1721920  -0.1314720 
C(3)  -0.2075620  -0.0061600  -0.0167010  0.2065730  0.0308900  -0.0102670 
C(4)  0.4850670  1.1976530  -0.1528570  -0.5389810  1.2060910  0.1031720 
C(5)  1.8743840  1.1802930  -0.1296810  -1.9231360  1.1250500  0.1203230 
C(6)  2.5197580  -0.0427870  0.0311320  -2.5161360  -0.1320520  0.0131960 
C(7)  -1.7022950  -0.1320300  -0.0361530  1.7034050  0.1449900  -0.0268480 
O(8)  -2.2560220  -1.1869470  -0.2823340  2.2595610  1.2086110  -0.2313390 
N(9)  -2.4052450  1.0220720  0.2122830  2.4016000  -1.0163440  0.1759500 
C(10)  0.0229980  -2.1248140  0.2121620  0.0377150  -2.1106810  -0.2732650 
H(11)  -0.0460560  2.1317080  -0.3054280  -0.0116710  2.1505350  0.1723620 
H(12)  2.4485050  2.0931560  -0.2412370  -2.5372170  2.0138020  0.2130800 
H(13)  3.6059980  -0.0901100  0.0553390  -3.5988700  -0.2320760  0.0287700 
H(14)  -1.9812240  1.7727700  0.7311640  3.3996690  -0.9163460  0.2764150 
H(15)  -3.4009330  0.9045590  0.3231570  1.9726850  -1.8061510  0.6271000 
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Group D: B3LYP/6-31+G(d,p) 

Reactant State complex  Transition State complex  Product State complex 

 

  
Atom x  y  z  x y z  x  y  z 
N(1)  3.3619270  0.8094190  -0.9939910  3.3565400  0.7471030  -1.0146290  3.3658390  0.8397480  -0.9397950 
C(2)  3.9423860  -0.3366890  -0.6604950  3.9954720  -0.3373850  -0.6155610  3.9168580  -0.3174820  -0.6564010 
N(3)  5.2337880  -0.2237440  -2.2148760  3.5814990  -1.0977650  0.4449140  3.4229750  -1.1469030  0.3119170 
C(4)  2.4671520  -0.7563650  1.2444400  2.4120350  -0.8225660  1.1842810  2.2747660  -0.8532310  1.0693440 
C(4a)  1.9109460  0.5156500  0.9105180  1.7752470  0.3837410  0.7759590  1.7358180  0.4387050  0.8168280 
N(5)  0.6895180  0.8615140  1.4804220  0.5772380  0.7521010  1.3891210  0.6573530  0.9091370  1.5699770 
C(6)  0.0285420  1.9501570  1.2154330  -0.2259790  1.7339600  0.8995540  -0.1485910  1.9889260  1.0410250 
C(7)  0.7287590  2.9724110  0.3475410  0.5317710  2.7893530  0.0896090  0.8001540  3.0463700  0.4428820 
N(8)  5.4568820  -1.6370450  -1.2298140  1.5237030  2.1614190  -0.7751940  1.7056800  2.4182070  -0.5146660 
C(8a)  2.3368490  1.2137040  -0.2250300  2.2445630  1.0910020  -0.3286590  2.2893030  1.2155260  -0.1993970 
N(9)  4.9687510  -0.7742840  -1.4112610  5.1300710  -0.7010690  -1.2558710  5.0582720  -0.7000500  -1.3027280 
O(10)  2.0729440  -1.5091070  2.1295040  2.0243800  -1.5812690  2.0777260  1.8207290  -1.6953660  1.8692860 
C(11)  -1.3216150  2.2133420  1.7775150  -1.3058420  2.2477240  1.8220040  -1.0398110  2.5798780  2.1322240 
H(12)  5.4568820  -1.6370450  -1.2298140  5.5800670  -1.5883830  -1.0960150  5.2976740  -1.6784950  -1.3684450 
H(13)  5.2337880  -0.2237440  -2.2148760  5.3791270  -0.1818460  -2.0847370  5.3149640  -0.1278020  -2.0947250 
H(14)  3.9941990  -1.9843290  0.6160360  4.0805670  -1.9348790  0.7238290  3.8672130  -2.0317520  0.5279050 
H(15)  0.2960400  0.1407070  2.0919990  0.2673670  0.1398400  2.1386660  0.2391140  0.2329590  2.1950010 
H(16)  -1.3592120  3.2118840  2.2288850  -0.8798640  2.9432150  2.5552430  -0.4356140  2.9909300  2.9467740 
H(17)  -1.6022550  1.4730890  2.5302890  -1.7826690  1.4275410  2.3670930  -1.6976080  1.8128480  2.5574950 
H(18)  -2.0703100  2.1900390  0.9731290  -2.0775260  2.7801920  1.2594160  -1.6718100  3.3779260  1.7291510 
H(19)  1.2590890  3.6817600  1.0099600  0.9931530  3.4963420  0.8010310  1.3481800  3.5348940  1.2611290 
H(20)  -0.0133990  3.5464700  -0.2125590  -0.1728660  3.3554720  -0.5257800  0.2152710  3.8092120  -0.0793660 
H(21)  1.9297640  2.8004470  -1.4261190  1.9577220  2.7161530  -1.5018040  2.2572890  3.0152720  -1.1174650 

N(1’)  -4.4230930  -0.5048470  -0.1651750  -4.2314360  -0.4552060  -0.1655920  -4.4038950  -0.5939110  -0.2756300 
C(2’)  -3.2844450  -1.2635990  -0.0803520  -3.1228050  -1.2480590  -0.0756430  -3.2826800  -1.3387180  -0.1000430 
C(3’)  -2.1144630  -0.9493110  -0.7016550  -1.8840180  -0.8443350  -0.5009470  -2.0763890  -0.9682900  -0.6735040 
C(4’)  -2.0020950  0.2685660  -1.6074840  -1.6987080  0.5158270  -1.0281390  -2.0360630  0.1956340  -1.4636590 
C(5’)  -3.2637810  1.0971870  -1.5380670  -2.9448310  1.2382620  -1.2649570  -3.1980820  0.9543410  -1.6271710 
C(6’)  -4.3678530  0.6930450  -0.8899460  -4.1314070  0.7684310  -0.8035050  -4.3715560  0.5456480  -1.0220780 
C(7’)  -0.8853340  -1.7407800  -0.5017710  -0.7059970  -1.7645810  -0.5329650  -0.7956610  -1.7660630  -0.5175260 
O(8’)  0.2267240  -1.2652330  -0.7821230  0.2571810  -1.5021490  -1.2524230  0.0680260  -1.6571880  -1.3769270 
N(9’)  -0.9831270  -2.9964280  0.0531260  -0.7584480  -2.9092560  0.2210460  -0.6969320  -2.5722640  0.5748560 
C(10’)  -5.6993340  -0.9762920  0.3640960  -5.5588770  -0.9643380  0.2092340  -5.6921250  -1.0251610  0.3153900 
H(11’)  -5.2817270  1.2768200  -0.8769870  -5.0662350  1.2974470  -0.9478280  -5.3060940  1.0858470  -1.1136560 
H(12’)  -3.2981670  2.0441160  -2.0683160  -2.9348780  2.1731530  -1.8147580  -3.2005060  1.8587540  -2.2248720 

H(13’)
†
 -1.1195740  0.8623130  -1.3291490  -1.0182970  1.1579300  -0.1125810  -0.7920700  1.6345400  0.2083690 

H(14’)  -1.7977860  -0.0413930  -2.6447080  -0.9244320 0.5982260  -1.7941650  -1.1042880  0.4579380  -1.9533040 
H(15’)  -3.3691840  -2.1267470  0.5720140  -3.3055890  -2.2509940  0.2930080  -3.4013730  -2.2430680  0.4844270 
H(16’)  -0.1164440  -3.5129970  0.1133950  0.1045980  -3.4365490  0.2556140  0.2528910  -2.8555800  0.8125670 
H(17’)  -1.8200270  -3.5480280  -0.0624740  -1.3148500 -2.9489160  1.0622520  -1.2571190  -2.3756350  1.3923830 
H(18’)  -6.3338470  -1.3949720  -0.4267300  -6.1282380 -1.2485410  -0.6812940  -6.3802040  -1.3123850  -0.4826320 
H(19’)  -6.2336820  -0.1517030  0.8446260  -6.1053890  -0.1953070  0.7593010  -6.1154310  -0.2030970  0.8950550 
H(20’)  -5.5192670  -1.7495620  1.1137900  -5.4421560  -1.8362750  0.8529060  -5.5184870  -1.8774930  0.9702910 
                   

† The transferring hydride            
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Group D: B3LYP-D/6-31+G(d,p) 

Reactant State complex  Transition State complex  Product State complex 

 

  
Atom x  y  z  x y z  x  y  z 
N(1)  3.3252290  1.1518350  -0.7667330  3.3062810  0.8847160  -0.8943060  2.4520150  -0.4326970  -1.6479740 
C(2)  4.0150990  0.0194930  -0.8007680  3.9219590  -0.2479930  -0.6096810  2.9958110  -1.4175790  -0.9679990 
N(3)  3.7105200  -1.0700950  -0.0305400  5.0599770  -0.5603340  -1.2675000  3.0189210  -1.4383260  0.3965160 
C(4)  2.5821870  -1.1307430  0.8149580  2.2927370  -0.9160310  1.0823550  2.3988680  -0.4632630  1.1897300 
C(4a)  1.8993470  0.1222860  0.8947110  1.6849470  0.3426370  0.8150730  1.8849480  0.6427960  0.4562360 
N(5)  0.6298440  0.1465360  1.4732980  0.4475410  0.6263320  1.3981900  1.3503740  1.7494850  1.1324840 
C(6)  -0.1339030  1.1973430  1.5209800  -0.3324750  1.6487060  0.9667220  0.3743200  2.5408130  0.4048530 
C(7)  0.4831850  2.5079490  1.0907150  0.4496880  2.8000080  0.3398590  0.9621630  2.8427380  -0.9853420 
N(8)  1.4576700  2.2753100  0.0295830  1.4752550  2.2742340  -0.5525420  1.2909530  1.5868600  -1.6666860 
C(8a)  2.2626690  1.1862780  0.0552190  2.1821860  1.1606560  -0.1990910  1.9168330  0.5914910  -0.9331610 
N(9)  5.0796780  -0.0617720  -1.6174100  5.0599770  -0.5603340  -1.2675000  3.6122620  -2.4399370  -1.6283730 
O(10)  2.2695490  -2.1738010  1.3829420  1.8637300  -1.7808920  1.8544540  2.3088330  -0.6221930  2.4241160 
C(11)  -0.1339030  1.1973430  1.5209800  -1.5274500  2.0044930  1.8088770  0.0629090  3.8265300  1.1631590 
H(12)  5.6367220  -0.8973260  -1.7067170  5.5050690  -1.4598920  -1.1758160  3.7258170  -3.3329430  -1.1716820 
H(13)  5.2924530  0.7346070  -2.2008580  5.3443240  0.0458210  -2.0230090  3.4667300  -2.4628280  -2.6277000 
H(14)  4.2233420  -1.9399330  -0.1249270  3.9509380  -1.9974090  0.5224690  3.3924480  -2.2325740  0.9029950 
H(15)  0.2583570  -0.7761650  1.7360620  0.0863830  -0.0790080  2.0330730  1.1745420  1.5816360  2.1158890 
H(16)  -1.6948420  1.8916700  2.7860530  -1.2306620  2.6589260  2.6380370  0.9723760  4.4262860  1.2738540 
H(17)  -1.7886650  0.1481760  2.3886860  -1.9892960  1.1016550  2.2226760  -0.3219730  3.6019860  2.1649050 
H(18)  -2.2122410  1.3753720  1.1696520  -2.2725100  2.5289240  1.2019740  -0.6912710  4.4162730  0.6306810 
H(19)  0.9438460  2.9833240  1.9764290  0.8785890  3.4073180  1.1560110  1.8465890  3.4815010  -0.8550210 
H(20)  -0.3008970  3.1742110  0.7226590  -0.2358770  3.4322640  -0.2312500  0.2248350  3.3836710  -1.5868110 
H(21)  1.7066520  3.0282760  -0.5983570  1.9255430  2.9024360  -1.2051390  1.6181550  1.6559320  -2.6231100 

N(1’)  -4.2654400  -0.2921300  -0.2534750  -4.1087640  -0.4932410  -0.2280910  -4.1870840  -0.5772570  -0.1450430 
C(2’)  -3.1362200  -1.0632790  -0.2160420  -2.9746330  -1.2476730  -0.1309260  -3.1202740  -1.0304010  0.5658820 
C(3’)  -1.9385480  -0.6791020  -0.7368600  -1.7514340  -0.8052370  -0.5591400  -1.8272550  -0.8151440  0.1204800 
C(4’)  -1.7920100  0.6256830  -1.5080930  -1.6154450  0.5577600  -1.0971190  -1.6230360  -0.1065760  -1.0753010 
C(5’)  -3.0618660  1.4406490  -1.4150050  -2.8842650  1.2428210  -1.3319120  -2.7339000  0.3705080  -1.7760050 
C(6’)  -4.1873370  0.9759450  -0.8504340  -4.0528460  0.7332740  -0.8662320  -4.0092110  0.1150200  -1.2969910 
C(7’)  -0.7059690  -1.4594350  -0.5801000  -0.5298800  -1.6606660  -0.5327440  -0.6406090  -1.4091380  0.8494870 
O(8’)  0.3180740  -1.1540120  -1.2026200  0.4464220  -1.3603940  -1.2208530  0.0901960  -2.1758350  0.2368500 
N(9’)  -0.6391130  -2.4354260  0.4098570  -0.5467650  -2.7806220  0.2576580  -0.5075540  -1.0560620  2.1499190 
C(10’)  -5.5748890  -0.8482480  0.0800900  -5.4196190  -1.0579510  0.1232470  -5.5565630  -0.9040650  0.3189350 
H(11’)  -5.1049690  1.5523120  -0.8113160  -5.0062930  1.2300770  -1.0033100  -4.9088220  0.4425230  -1.8041010 
H(12’)  -3.0782230  2.4356290  -1.8486170  -2.9029830  2.1813090  -1.8748750  -2.6187050  0.9318710  -2.6962240 

H(13’)
†
 -0.9316550  1.1902250  -1.1119220  -0.9932400  1.1891610  -0.1734780  -0.5645200  1.9714880  0.2426200 

H(14’)  -1.5208200  0.4283380  -2.5558020  -0.8344370  0.6715250  -1.8528290  -0.6156120  0.0701080  -1.4424100 
H(15’)  -3.2730270  -2.0178480  0.2832260  -3.1216810  -2.2514170  0.2522850  -3.3427190  -1.5775150  1.4750360 
H(16’)  0.2003930  -3.0051880  0.3871580  0.3654830  -3.1885520  0.4255300  0.4116250  -1.2131890  2.5774610 
H(17’)  -1.4751790  -2.9135890  0.7147470  -1.1657040  -2.8187960  1.0543760  -1.0250410  -0.2627500  2.5020380 
H(18’)  -6.0953190  -1.2122750  -0.8152940  -5.9390590 -1.4069310  -0.7761590  -5.8259540  -1.9028690  -0.0355590 
H(19’)  -6.1869240  -0.0778820  0.5587070  -6.0225250  -0.2927490  0.6188210  -6.2526590  -0.1651910  -0.0798910 
H(20’)  -5.4474550  -1.6783980  0.7801990  -5.2774360  -1.8960770  0.8080030  -5.5773060  -0.8760430  1.4096270 
                   

† The transferring hydride            
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Table S7. Comparison between the X-ray crystal structure of 6-methyl-7,8-dihydropterin-monohydrochloride-

monohydrate22 (green, isotropic/anisotropic temperature factors are not shown) and the computed geometry of 6-Me-

H3pterin
+ at the B3LYP/6-31G(2df,p) level (purple). 

 
  exp.   calc.    exp.  calc. 
Bond Distances (Å)a           
N(1)-C(2)  1.333 ± 0.003  1.328  N(5)-C(6)  1.294 ± 0.003  1.297 
N(1)-C(8a)  1.355 ± 0.003  1.339  N(5)-H(15)  0.950 ± 0.030  1.023 
C(2)-N(3)  1.360 ± 0.003  1.365  C(6)-C(7)  1.491 ± 0.004  1.512 
C(2)-N(9)  1.329 ± 0.004  1.338  C(6)-C(11)  1.483 ± 0.004  1.484 
N(9)-H(12)  0.890 ± 0.028  1.006  C(11)-H(16)  0.902 ± 0.034  1.097 
N(9)-H(13)  0.925 ± 0.030  1.007  C(11)-H(17)  1.005 ± 0.033  1.092 
N(3)-C(4)  1.389 ± 0.003  1.414  C(11)-H(18)  0.988 ± 0.033  1.097 
N(3)-H(14)  0.840 ± 0.030  1.012  C(7)-N(8)  1.451 ± 0.004  1.459 
C(4)-C(4a)  1.402 ± 0.003  1.426  C(7)-H(19)  0.957 ± 0.032  1.095 
C(4)-O(10)  1.241 ± 0.003  1.216  C(7)-H(20)  0.972 ± 0.032  1.105 
C(4a)-C(8a)  1.394 ± 0.003  1.395  N(8)-C(8a)  1.337 ± 0.003  1.352 
C(4a)-N(5)  1.412 ± 0.003  1.389  N(8)-H(21)  0.906 ± 0.028  1.010 
           
Bond Angles (deg)a 
C(2)-N(1)-C(8a)  115.89 ± 0.21  116.75  N(5)-C(6)-C(11)  121.52 ± 0.25  121.97 
N(1)-C(2)-N(3)  123.11 ± 0.22  123.53  C(7)-C(6)-C(11)  118.59 ± 0.25  120.16 
N(1)-C(2)-N(9)  119.01 ± 0.23  118.12  C(6)-C(7)-N(8) 113.99 ± 0.24  111.89 
N(3)-C(2)-N(9)  117.88 ± 0.23  118.35  C(6)-C(7)-H(19)  107.18 ± 1.90  108.96 
C(2)-N(9)-H(12)  122.46 ± 1.82  123.25  C(6)-C(7)-H(20)  107.91 ± 1.92  107.68 
C(2)-N(9)-H(13)  118.61 ± 1.82  117.85  N(8)-C(7)-H(19)  111.94 ± 1.90  109.56 
H(12)-N(9)-H(13)  118.54 ± 2.56  118.90  N(8)-C(7)-H(20)  110.61 ± 1.92  112.16 
C(2)-N(3)-C(4)  123.58 ± 0.22  123.42  H(19)-C(7)-H(20)  104.70 ± 2.69  106.39 
C(2)-N(3)-H(14)  117.02 ± 2.07  121.41  C(7)-N(8)-C(8a)  123.75 ± 0.23  122.48 
C(4)-N(3)-H(14)  119.36 ± 2.07  115.12  C(7)-N(8)-H(21)  114.64 ± 1.72  118.70 
N(3)-C(4)-C(4a)  113.32 ± 0.21  111.36  C(8a)-N(8)-H(21)  121.27 ± 1.72  116.97 
N(3)-C(4)-O(10)  119.78 ± 0.22  122.39  N(8)-C(8a)-C(4a)  119.14 ± 0.22  118.07 
C(4a)-C(4)-O(10)  126.89 ± 0.23  126.25  N(8)-C(8a)-N(l)  117.68 ± 0.22  119.07 
C(4)-C(4a)-C(8a)  120.89 ± 0.22  122.04  N(1)-C(8a)-C(4a)  123.18 ± 0.22  122.81 
C(4)-C(4a)-N(5)  119.80 ± 0.21  118.36  C(6)-C(11)-H(16)  114.33 ± 2.19  110.11 
N(5)-C(4a)-C(8a)  119.25 ± 0.21  119.10  C(6)-C(11)-H(17)  113.24 ± 1.90  112.14 
C(4a)-N(5)-C(6)  123.69 ± 0.21  125.20  C(6)-C(11)-H(18)  110.53 ± 1.93  110.13 
C(4a)-N(5)-H(15)  116.71 ± 1.76  113.60  H(16)-C(11)-H(17)  110.47 ± 2.89  108.76 
C(6)-N(5)-H(15)  119.59 ± 1.77  121.19  H(16)-C(11)-H(18)  102.49 ± 2.91  106.65 
N(5)-C(6)-C(7)  119.89 ± 0.24  117.81  H(17)-C(11)-H(18)  104.83 ± 2.69  108.88 
           
Dihedral Angles (deg)b 
N(1)-C(2)-N(3)-H(14)  -178.71  -178.55  N(5)-C(6)-C(11)-H(18)  -121.03  117.36 
N(1)-C(2)-N(9)-H(12)  -173.38  -179.28  N(5)-C(6)-C(7)-H(19)  -118.89  -142.39 
N(1)-C(2)-N(9)-H(13)  -0.59  0.03  N(5)-C(6)-C(7)-H(20)  128.85  102.61 
N(3)-C(2)-N(9)-H(12)  7.39  0.65  N(5)-C(4a)-C(8a)-N(1)  -179.13  174.08 
N(3)-C(2)-N(9)-H(13)  -179.82  179.96  C(7)-C(6)-C(11)-H(16)  -55.29  -65.62 
C(2)-N(3)-C(4)-O(10)  179.14  -176.52  C(7)-C(6)-C(11)-H(17)  177.10  173.13 
H(14)-N(3)-C(4)-O(10)  -3.38  0.98  C(7)-C(6)-C(11)-H(18)  59.78  51.72 
N(3)-C(4)-C(4a)-N(5)  178.45  -175.22  C(11)-C(6)-C(7)-H(19)  60.32  40.47 
O(10)-C(4)-C(4a)-N(5)  -0.35  4.20  C(11)-C(6)-C(7)-H(20)  -51.94  -74.53 
C(4)-C(4a)-N(5)-H(15)  0.62  1.78  C(11)-C(6)-C(7)-N(8)  -175.17  161.77 
C(4)-C(4a)-N(5)-C(6)  -178.72  -179.02  C(6)-C(7)-N(8)-H(21)  -179.61  -168.66 
C(4)-C(4a)-C(8a)-N(8)  178.33  -175.14  C(6)-C(7)-N(8)-C(8a)  -6.18  27.34 
C(4a)-N(5)-C(6)-C(11)  178.63  -178.39  C(7)-N(8)-C(8a)-C(4a)  3.03  -15.72 
C(4a)-N(5)-C(6)-C(7)  -2.19  4.52  C(7)-N(8)-C(8a)-N(1)  -176.84  166.71 
H(15)-N(5)-C(6)-C(11)  -0.69  0.75  H(21)-N(8)-C(8a)-C(4a)  176.04  -179.99 
N(5)-C(6)-C(11)-H(16)  123.90  -125.30  H(21)-N(8)-C(8a)-N(1)  -3.83  2.44 
N(5)-C(6)-C(11)-H(17)  -3.71  -3.89  N(8)-C(8a)-N(1)-C(2)  -179.24  177.18 
         
a Bond lengths and angles are given as originally reported in ref. 22. 
b The torsion angles were computationally measured based on the crystal structure reported in ref. 22. 
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Table S8. QM/MM interactions in ligand-water complexes  

(a) List of complexes 
 

Model  Structure 
Hydrogen bonding 
position with H2O 
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in the optimized complex, regardless of whether the water is initially 
directed only towards N
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) or between N

9
(H
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) and O

8
. With both 

initial structures, the complexes optimize to the same local minimum.  

†
 For these complexes, the potential energy minimum is very shallow, 
yielding considerably different optimized geometries with different 
methods, therefore their corresponding complexation energies were not 
included in the RMSD calculation (though shown in Figure S2, see 
below). 

 

(b) Root mean square deviations (in kcal/mol) of the QM/MM complexation energies with respect to ab initio / DFT 
calculations 

 
  M06/6-31+G(d,p)  B3LYP-D/6-31+G(d,p)  B3LYP/6-31+G(d,p)  HF/6-31+G(d,p) 

QM(AM1)/MM  2.6  3.5  1.6  1.2 

QM(AM1-SRP)/MM  2.6  3.3  1.8  1.7 

QM(AM1-SRP(D))/MM  3.5  4.4  2.4  2.0 
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Figure S2. Complexation energies for the ligand-water complexes described in Table S8, calculated with different 

methods. 
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Technical details concerning the equilibration phase during molecular dynamics simulations 

Some dynamical issues emerged during the equilibration 

phase which required some intervention. First and foremost 

among these are the structural differences between the 

ligands originally bound in the crystal structure of E. coli 

DHFR (folate and NADP+) and those modeled in this study 

(H3folate
+ and NADPH): While folate consists of a fully 

oxidized pyrazine ring with no tetrahedral centers, H3folate
+ 

contains a sp3-hybridized C7 methylene carbon. In particular, the pro-S hydrogen is located in van 

der Waals contact with the donated hydride (pro-R) on the C4 carbon of the nicotinamide moiety in 

NADPH (Figure S3). This steric congestion inevitably results in moderate repulsion between the 

substrate and the coenzyme during the minimization and equilibration stage, prohibiting the donated 

hydride from approaching the acceptor carbon. This issue was addressed by imposing a Nuclear 

Overhauser Effect (NOE) harmonic restraint on the distance between the donor and acceptor 

carbons (C4N in NADPH and C6 in H3folate
+, respectively).  

Secondly, in light of the flexibility of the protein, some specific hydrogen bond interactions 

within the protein (which are characteristic of the closed conformation), as well as key interactions 

between the ligands and the protein residues, were distorted or lost during MD heating or 

equilibration. Therefore, NOE harmonic restraints were occasionally placed as well on the distances 

between the donors and acceptors of selected hydrogen bonds, such as that between the 

carboxamide group of the nicotinamide moiety in NADPH and residues Ala7 and Ile14, and that 

between Asp27 and the proximate nitrogens of the 4-oxopyrimidine moiety in the substrate’s pterin 

ring. 

 

 

 

 
Figure S3. Streic clash between the pro-S 
hydrogen on C7 (of H3folate

+) and the pro-
R hydrogen on C4 (of NADPH) 
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ABSTRACT:The semiempirical MNDO-based AM1 and
PM3 methods and the orthogonalization-corrected OM1,
OM2, and OM3 models were reparameterized to improve
their description of bulk water and of proton transfer in water.
Reference data included the gas-phase geometries and energies
of the water molecule, small water clusters, the hydronium ion,
and small hydronium ion−water clusters, as well as the gas-
phase potential energy surface for proton transfer between the
two water molecules in a Zundel ion, all calculated at the
MP2/aug-cc-pVTZ level of theory. Combined QM/MM
molecular dynamics simulations were carried out for bulk
water and for a proton solvated in water using large cluster
models. Both the authentic and reparameterized semiempirical models were employed in the simulations. The reparameterization
led to significantly better results in all cases. The new set of OM3 parameters gave the best overall results for the structural and
dynamic properties of water and the hydrated proton, with a small butfinite barrier of 0.1−0.2 kcal/mol in the potential of mean
force for proton transfer, in agreement with ab initio path-integral molecular dynamics simulations. The reparameterized OM3
model is expected to be useful for efficient modeling of proton transfer in aqueous solution.

1. INTRODUCTION

Transfer of the hydrated proton in bulk water is very important
in many chemical and biological processes.1The proposed
Grotthuss shuttling mechanism,2which involves reorganization
of the covalent and hydrogen bonds over time, presents a
challenge in molecular dynamics (MD) simulations. The
published studies can be largely divided into four categories,
according to how the potential energies were determined. The
first category of studies employed classical forcefields that were
specially designed to describe water dissociation, for example,
the central forcefield by Stillinger and David3,4and its
modification by Halley et al.,5the protonizable water model by
Billeter and van Gunsteren,6the polarizable and dissociable
water potential by Lussetti et al.,7the dissociative water
potential by Mahadevan and Garofalini,8the ReaxFF reactive
forcefield by van Duin and co-workers,9the reactive molecular
dynamics (RMD) approach by Selvan et al.,10and the LEWIS
reaction forcefield by Herzfeld and co-workers.11The second
group of studies were based on the so-called multistate
empirical valence bond (MS-EVB) model,12which is an
extension of Warshel’s EVB model.13Several parametrized
two-state EVB and MS-EVB models for proton transfer in
water were proposed by Voth and co-workers,12,14−17by
Vuilleumier and Borgis,18,19by Tuckerman and co-workers,20,21

by Kornyshev et al.,22and by Paesani and co-workers.23The
third approach made use of ab initio molecular dynamics
(AIMD), in particular, Car−Parrinello molecular dynamics

(CPMD),24simulations using density functional theory (DFT)
to compute the potential on thefly. Thefirst such studies by
Tuckerman et al.25,26in 1994 were followed by many similar
publications.1,16,17,27−34 Thefourthtypeofsimulations
employed semiempirical methods, in particular, the self-
consistent-charge density functional tight-binding (SCC-
DFTB)35approach; this includes the work by Choi and
Jordan,36by Maupin et al.,37and by Cui and co-workers.38,39

All these studies have provided valuable insight into the
solvation structure and the transport mechanism of the
hydrated proton. It is commonly agreed that the proton
transfer occurs via an Eigen−Zundel−Eigen mechanism, where
the Eigen ion is the resting state and the Zundel ion is the
transition state. However, some groups have also advanced
different views (see, for example, refs 27 and 33, as well as the
discussion in ref 17). Furthermore, based on the analysis of ab
initio MD simulations, Berkerbach et al.34 proposed a
concerted mechanism, in which the rate-limiting step to proton
diffusion is the loss of an acceptor hydrogen bond at the
proton-receiving water molecule with concomitant formation of
a hydrogen bond at the lone-pair site of the hydronium ion.
Semiempirical quantum-chemical methods are computation-
ally much more efficient than ab initio or DFT methods,
making them attractive choices for MD simulations. However,
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the existing standard semiempirical models are generally not
accurate enough in describing interactions between water
molecules, or proton transfer barriers, or both. This calls for a
revision of these models as a prerequisite for using them in
simulations of water and aqueous solutions. One option is to
add empirical dispersion corrections and/or hydrogen-bonding
corrections, which has been attempted, for example, by
McNamara and Hillier,40Hobza and co-workers,41Maupin et
al.,37 and Korth.42,43 Hydrogen-bonding corrections have
recently also been included by Cui and co-workers39into a
new SCC-DFTB model that features third-order terms in the
Taylor expansion of the chargefluctuations.44

In this paper, we report a specific reaction parametrization
(SRP)45of two sets of established semiempirical methods that
targets proton transfer in water. Thefirst set includes the
popular Austin Model 1 (AM1) by Dewar et al.46and the
Parameterized Model 3 (PM3) by Stewart,47,48which are based
on the Modified Neglect of Differential Overlap (MNDO)
approximation by Dewar and Thiel.49The second set covers
the family of orthogonalization-corrected model OMx(x=1,2,
and 3) developed by Thiel and co-workers.50−54In all cases, the
theoretical framework of the underlying semiempirical method
was retained (i.e., no additional terms were introduced). Our
goal was to develop specific semiempirical models that can
reproduce ab initio calculated potential surfaces with reasonable
accuracy, in order to enable efficient simulations of proton
transfer in water. The reference data and the parametrization
process are described in Section 2. Section 3 discusses the
results, and conclusions are drawn in Section 4.

2. COMPUTATIONAL DETAILS

2.A. Parameterization.For the parametrization, we
employed two groups of reference data calculated at the MP2
level of theory55with the aug-cc-pVTZ56,57basis set. Thefirst
group consisted of the fully optimized gas-phase geometries
and the associated energies for water H2O, water clusters H2nOn
(n=2−5), the hydronium ion H3O

+, and protonated water
clusters H2m+1Om

+ (m =2−4). The model systems are
displayed in Figure 1; entries (a)−(g) are included in the
training set and entries (h)−(j) are part of the validation set.
For large clusters such as the water tetramer and pentamer,
which have many close-lying local minima, we only selected the
global minimum, with the initial geometries for optimization
being taken from refs 58 and 59. We also computed the
vibrational frequencies for these model systems as part of our
assessment of the accuracy, but we did not attempt to
reproduce these frequencies during the parametrization. The
second group of reference data consisted of 99 data points on
the two-dimensional potential energy surface for the transfer of
one proton between two water molecules within the Zundel ion
in the gas phase, computed by relaxed surface scans (Figure 2).
In these surface scans, the distance between the oxygen atoms
(ROO) and the distance between the migrating proton and one
oxygen atom were keptfixed in partial geometry optimizations.
The 53 data points obtained forROO= 2.2, 2.4, 2.6, and 2.8 Å
were included in the training set, whereas the other 46 data
points forROO= 2.3, 2.5, 2.7, and 2.9 Å were employed for
validation. Please note that the 99 data points are not uniformly
distributed.
Semiempirical methods have traditionally been parametrized
to reproduce experimental heats (enthalpies) of formation. The
experimental heat of formation for water (−57.80 kcal/mol)60

thus serves as the reference energy for water, i.e., entry (a) in

Figure 1. The target energies for all other systems are the
corresponding ab initio binding energies. In the case of the
water dimer (H4O2), the semiempirically computed energies
(ESE) should thus reproduce as closely as possible the binding
energy calculated from their ab initio counterparts (EAI), with
the goal being

− = −E E E E(H O ) 2 (H O) (H O ) 2 (H O)SE
4 2

SE
2

AI
4 2

AI
2

(1)

Figure 1.Neutral water clusters and protonated water clusters used for
parametrization; entries (a)−(g) belong to the training set, and entries
(h)−(j) are part of the validation set. Geometries were optimized at
the MP2/aug-cc-pVTZ level.

Figure 2.Reference MP2/aug-cc-pVTZ gas-phase energies (V) for
proton transfer in the Zundel ion atfixed distancesROO (in
Ångstroms) obtained from relaxed surface scans ((A) training set
and (B) validation set). Here, dris the difference in the distances
between the migrating proton and the two O atoms.
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This equation can trivially be generalized to watern-mers. For
the protonated water clusters, the semiempirical energy of the
proton [i.e., experimental (or accurate) heat of formation for
protonΔH(H+)] is needed to compute the relative energies. In
the case of the hydronium ion (H3O

+), the target is

− −Δ

= − −

+ +

+ +

E E  H

E E E

(H O ) (H O) (H )

(H O ) (H O) (H )

SE
3

SE
2
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3
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where the electronic energy of an isolated protonEAI(H+) is, by
definition, zero. As is common in semiempirical work, we have
used the value of 365.7 kcal/mol from ref 61 forΔH(H+). The
target energies for the other protonated water clusters can be
derived in the same way.
The ab initio reference calculations were carried out by using
theGaussian09package.62The semiempirical calculations and
parametrizations were performed by using the MNDO
package,63except for the PM6 calculations,64which were
determined usingGaussian09. Reparameterizations were
attempted for AM1, PM3, OM1, OM2, and OM3, and the
resulting new models are denoted AM1n, PM3n, OM1n,
OM2n, and OM3n, respectively. The following weights were
employed in evaluating the error function for the para-
metrization: 10.0 (kcal/mol)−1 for energy, 100.0 Å−1 for
distances, and 5.0 deg−1for angles. We did not perform any
extensive search for global minima in parameter space, because
we wanted to keep the new parameters as close to the authentic
parameters as possible.
2.B. Tests and Validation.The reparameterized semi-
empirical models were tested by doing calculations on a series
of model systems. First, we examined the gas-phase binding
energy profiles for two water molecules as a function of the
distance between the two O atoms. The ab initio reference
curve for the binding energy was computed at the MP2/aug-cc-
pVTZ level by relaxed surface scans usingGaussian09,62in
which the distance between the O atoms was changed by 0.1 Å
from the previous geometry and thenfixed during geometry
optimization. The relaxed surface scan started from the fully
optimized water dimer geometry and moved in both directions,
toward longer and shorter O−O distances. The MP2 optimized
geometries along this path were then adopted as input
geometries for the semiempirical calculations using the
MNDO program.63

Second, we carried out MD simulations for bulk water and
for a hydrated proton in bulk water using large cluster models.
Figure 3 depicts the model system for the hydrated proton. The
entire system had a radius ofRsystem= 22 Å, containing 1482
water molecules and one hydronium ion initially placed at the
center. The density was 1.00 g/mL. The system was divided
into two regions: an inner core (Rinner≤12 Å) containing 240
water molecules plus the hydronium ion and an outer layer.
The water molecules in the outer layer were subjected to
harmonic potentials with force constants of 10 kcal mol−1Å−2

that restrained the atoms to their original positions and
effectively prevented the water molecules from evaporating into
the vacuum. The cluster model for neutral bulk water
simulations was obtained by deprotonation of the hydronium
ion.
Regarding the update of the hydronium O atom index, we
have adopted the scheme proposed by Hofer et al.65As
illustrated in Figure 4A, the donor (hydronium oxygen) is
labeled O0. Any water oxygen atom (O1i) within 2.9 Å from
O0 will be enlisted as a potential acceptor; the number of

potential acceptors varies over time during the MD simulations
and can be larger than 3. For each potential acceptor O1iand
each hydronium hydrogen Hj(j= 1, 2, and 3), a parallel vector
componentRO0Hj

//i is computed by projecting the donor-

Figure 3.Cluster model for dynamics simulations of protonated water.
The entire system has a radius ofRsystem= 22 Å, containing 1482 water
molecules and one hydronium ion initially placed at the center. It is
divided into an inner core (Rinner≤12 Å) containing 213 water
molecules (licorice) plus the hydronium ion (van der Waals balls) and
an outer layer with the other water molecules (lines). (See Section 2.B
for further details.) The cluster model for the charge-neutral water
simulations was generated by deprotonating the hydronium ion.

Figure 4.(A) Illustration of the criterion for donor−acceptor swaps
during proton migration. (See Section 2.B for a detailed description.)
(B) A snapshot of a donor−acceptor swap from an OM3ntrajectory.
H (in green) is the proton being transferred between O0 and O1,
while H′is the hydrogen between O0 and the nearest potential
acceptor O1′. Note that the acceptor O1 is further away from O0 than
O1′is from O0.
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hydrogen vectorRO0Hjonto the donor-potential acceptor
vectorRO0O1i. The ratioρjiis defined as follows:

ρ=

| |

| |
· >

⎧

⎨
⎪⎪

⎩
⎪
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R

R
R Rif 0

0 otherwise

ji

i

i
O0H
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O0O1
O0H
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O0O1

j

i

j i

(3)

The ratioρjiis a measure of how likely Hjis going to be
transferred to O1i(the larger positive theρjivalue, the more
likely the transfer will be). At any given time step during the
simulation, O1 is identified as the potential acceptor with the
largestρjivalue, which is labeled asρ. The donor and acceptor
are swapped ifρ> 0.5. Please note that O1 is not necessarily
the potential acceptor that is the closest to the donor O0, which
is labeled as O1′, although O1 and O1′are identical most of the
time (>97%) during our MD simulations. Figure 4B shows a
snapshot taken from an OM3ntrajectory where O1 and O1′
have different identities. In this case, the acceptor O1 is further
away from O0 than the nearest potential acceptor O1′, but the
geometry clearly favors the proton transfer between O0 and
O1.
Because of the large number of atoms in the above cluster
models, it is computationally quite expensive to simulate the
entire system even at the semiempirical level. We thus carried
out the MD simulations at the combined quantum-mechanics/
molecular-mechanics (QM/MM)66−73level. The inner core
was described by semiempirical quantum chemistry, and the
outer layer by the SPC74water potential. For the sake of
simplicity, the mechanical embedding scheme75was adopted.
Both the authentic and reparameterized semiempirical models
were applied to the simulations of the charge-neutral water
system, but only the reparameterized models were employed
for simulating the hydrated proton. In the OM2 and OM2n
simulations, we encountered self-consistent-field (SCF) con-
vergence problems quite often, so we decided not to pursue

them further; hence, we do not present OM2 and OM2n
results for the bulk systems. The MD simulations were
performed using the QMMM76program, which calls the
MNDO63program for QM calculations and TINKER77for
MM calculations. They were carried out in the canonical
(NVT) ensemble at a temperature of 298.15 K, using a Nosé-
Hoover thermostat.78,79For a given semiempirical model, 10
trajectories were propagated independently with a step size of 1
fs, each consisting of 2 ps equilibration followed by a 20 ps
productive run. The total time length of the productive
trajectories was 200 ps for each semiempirical model. For the
bulk water simulations, the geometry of the entire system was
saved every 50 steps. In the hydrated proton case, the geometry
was saved every 10 steps, and the information about the donor
and potential acceptors was recorded every step.
To limit the boundary effects due to thefinite size of the
model systems, the radial distribution functions (RDFs) for the
water molecules were computed for an“elite”group of selected
water molecules, more specifically, the 21 water molecules that
were initially located within 5 Å from the center of the cluster.
If an elite water molecule drifted away from the center of mass
of the entire system by more than 5 Å at a given time step, the
saved geometry of that snapshot was excluded from the
corresponding RDF analysis. This RDF analysis procedure was
first tested in two calculations at the MM level, where the entire
system was described by the SPC74and TIP3P80water
potentials, respectively. In either test, the RDF computed for
the above cluster model was compared with the RDF obtained
from 200 psNVTsimulations at the same temperature using
periodic boundary conditions (PBC) with 216 water molecules
in a cubic box of 18.63 Å length. Inspection of the cluster
model-based RDF and the PBC-based RDF (see Figures S1
and S2 in the Supporting Information) revealed only minor and
insignificant differences, which suggests that our approach is
sufficiently accurate. For the RDF calculations of the hydrated
proton, the criterion to include a snapshot was that the

Table 1. Parameters Re-optimized in This Work for the MNDO-Based Methods AM1 and PM3a

AM1 PM3

parameter H O H O

Uss(eV) −11.396 248 28 −97.830 051 00 −13.072 844 90 −86.946 179 86

Upp(eV) −78.262 408 38 −71.908 402 68

ζs(au) 1.188 187 56 3.107 792 05 0.954 530 51 3.757 723 92

ζp(au) 2.523 560 51 2.404 027 00

βs(eV) −6.173 824 58 −29.272 769 70 −5.618 505 74 −45.206 662 11

βp(eV) −29.272 857 32 −24.733 236 26

α(Å−1) 2.882 439 11 4.455 399 50 3.374 889 68 3.219 112 53

Gss(eV) 12.847 854 58 15.419 913 68 14.809 518 87 15.777 238 66

Gpp(eV) 14.520 099 32 13.598 867 86

Gsp(eV) 14.479 690 53 10.621 326 89

GP2(eV) 12.979 865 09 12.449 747 02

Hsp(eV) 3.939 834 42 0.578 426 14

K1 0.122 538 40 0.280 798 02 1.047 892 68 −1.074 471 74

L1 4.999 771 05 5.000 022 09 5.142 074 74 5.949 950 70

M1 1.199 850 35 0.847 737 05 1.556 607 86 1.600 454 10

K2 0.004 892 58 0.081 222 13 −1.022 154 81 1.109 274 09

L2 4.999 919 96 7.000 037 71 5.984 287 97 5.926 025 97

M2 1.800 222 36 1.444 973 83 1.563 919 61 1.598 900 68

K3 −0.018 442 33

L3 1.999 842 70

M3 2.100 114 10
aSee Table S1 in the Supporting Information for the description of the parameters.
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hydronium O atom must be within 5 Å of the center of the
cluster; it turned out that all saved snapshots satisfied this
requirement and could be used. The integrated coordination
number (ICN) for two types of atoms A and B:nAB(r)=
4π∫0

rgAB(r′)r′
2dr′was computed in a similar way. Again, as can

be seen from Figures S16(A) and S17(A) in the Supporting
Information, we have obtained essentially identical plots of the
oxygen−oxygen ICNnOO(r) and the oxygen−hydrogen ICN
nOH(r) for water molecules in the simulations with PBC and
with cluster models.
In this work, the nuclear degrees of freedom were treated
classically. Therefore, quantum effects on the nuclear motion
were not included. The zero-point vibrational corrections
would effectively lower the free-energy barrier for proton
transfer, but the change is known to be small (∼0.5 kcal/mol),1

smaller than the root-mean-square deviation (RMSD) between
the potential energy surfaces from the semiempirical and ab
initio calculations. Tunneling effects are insignificant for proton
transfer in bulk water,1,17as expected from the low free-energy
barriers. Therefore, a classical treatment of nuclear motion was
considered adequate for our purposes.

3. RESULTS AND DISCUSSION

3.A. Parameters.The OMxHamiltonian differs from the
MNDO-type Hamiltonian used in AM1 and PM3 by including
orthogonalization corrections that account for Pauli exchange
repulsions.81These corrections are applied to the one-center
Fock matrix elements in OM1, and to all Fock matrix elements
in OM2 and OM3. The corrections in OM2 are truncated in
OM3 for computational efficiency without losing much of the
accuracy. Moreover, while AM1 and PM3 attempt to use
flexible core repulsion functions to model the interactions in
weakly bound systems, the OMxmethods put emphasis on the
fine-tuning of the resonance integrals that represent the major
bonding interactions. The optimized new parameters for

hydrogen and oxygen are tabulated in Table 1 for the
MNDO-based methods AM1 and PM3, and in Table 2 for
the OMxmodels. A brief description of these parameters is
given in Table S1 in the Supporting Information. The new
values of the parameters are generally quite close to the original
values: the maximum relative changes are <8% for AM1n,
PM3n, and OM1n, and they mostly remain below 10% for
OM2nand OM3n(except for a few larger changes in the
parameters entering the resonance integrals and the prefactors
of the orthogonalization terms). Therefore, the reparameteriza-
tion should be regarded as afine tuning of the investigated
semiempirical methods (rather than a drastic modification).
3.B. Training and Validation Sets.The overall perform-

ance of the authentic parameters is documented in Table 3 by
the RMSDs of the energies, geometries, and vibrational
frequencies for the training set, using the ab initio results as
the reference. We are particularly interested in the cluster
binding energy (V), the two-dimensional potential surface for
proton transfer (VPES), and the hydrogen-bonding angle (θH)
(which is important because it indicates the orientation of the
water molecules in the hydrogen-bonding network). Obviously,
the orthogonalization-corrected models outperform the
MNDO-based methods in nearly all aspects. While the OMx
models reproduce the reference data for the cluster binding
energiesVwithin 6 kcal/mol, the MNDO-based methods yield
significantly larger errors ranging from 12 kcal/mol to 33 kcal/
mol. A similar performance is observed forVPES. In the case of
θH, AM1 and PM6 show very large deviations (RMSDs of 48°
and 33°, respectively), implying an erroneous orientation of the
water molecules in the hydrogen-bonding network. OM1
(RMSD = 21°) and PM3 (RMSD = 13°) perform somewhat
better, although not satisfactorily. The OM2 and OM3 results
are best (RMSD < 5°). To exemplify the significance ofθH,we
superimpose the reference MP2 geometry for the Eigen cation
with those obtained from different semiempirical methods in

Table 2. Parameters Re-optimized in This Work for the Orthogonalization-Corrected Models OM1, OM2, and OM3a

OM1 OM2 OM3

parameter H O H O H O

Uss(eV) −12.838 184 53 −93.042 206 09 −12.560 935 10 −101.852 535 97 −12.484 287 97 −105.829 748 09

UPP(eV) −77.598 439 87 −79.043 912 84 −78.874 514 70

ζ(au) 1.209 193 33 1.102 381 11 1.558 958 16 1.396 722 13 1.285 158 34 1.313 975 69

βs(eV bohr
−1/2) −4.892 972 58 −6.222 354 84 −3.313 643 01 −10.761 940 01 −3.358 940 34 −14.461 600 14

βp(eV bohr
−1/2) −9.940 330 68 −8.570 870 01 −8.741 752 81

βπ(eV bohr
−1/2) −11.293 709 59 −9.434 719 22 −12.911 417 67

βs(X−H) (eV bohr
−1/2) −6.459 788 22 −6.640 584 53 −13.583 127 26

βp(X−H) (eV bohr
−1/2) −12.474 169 74 −10.192 763 80 −9.409 924 53

αs(au) 0.096 316 41 0.108 573 45 0.098 526 80 0.111 786 91 0.060 830 99 0.084 727 80

αp(au) 0.096 425 42 0.085 136 94 0.078 303 72

απ(au) 0.152 820 61 0.166 179 91 0.143 615 89

αs(X−H) (au) 0.079 434 49 0.075 948 50 0.173 009 39

αp(X−H) (au) 0.129 291 89 0.083 188 46 0.117 783 94

Gss(eV) 12.847 829 62 15.420 763 38 12.803 449 02 15.385 277 00 12.845 336 07 15.369 303 75

Gpp(eV) 14.520 494 26 14.547 376 40 14.578 254 22

Gsp(eV) 14.480 064 08 14.512 376 78 14.445 520 26

GP2(eV) 12.980 302 07 12.867 807 46 13.015 101 93

Hsp(eV) 3.940 777 43 3.992 884 32 3.950 34628

F1 0.541 034 13 0.681 430 71 0.389 765 28 1.156 680 58 0.349 155 26 0.535 902 15

F2 0.846 677 03 0.476 399 46 1.527 086 00 1.089 211 84

G1 0.660 531 90 0.262 691 92 0.333 525 83 0.052 674 67

G2 0.915 091 13 0.869 410 78
aSee Table S1 in the Supporting Information for the description of the parameters.
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Figure S3 of the Supporting Information. The MP2 calculations
yieldθH= 175.2°. The MNDO-based methods, AM1 (θH=
100.7°), PM3 (θH= 150.2°), and PM6 (θH= 136.7°), produce
qualitatively wrong orientations of the coordinating water
molecules with respect to the central hydronium ion, whereas
the OMxmethods predict much more realistic anglesθHof
172.9°,168.9°, and 175.0°for OM1, OM2, and OM3,
respectively.
How do the reparameterized methods perform? First, we
look at the training set (rows 4−11 of Table 4). The
reparameterization leads to substantial improvements in the
energies for PM3n, OM2n, and OM3n, but only slight changes
for AM1nor OM1n. The most impressive advances are
observed for PM3n. Overall, OM2nand OM3nclearly show the
best performance, achieving excellent agreement with the ab
initio reference data forV(RMSD = 0.5 and 2.0 kcal/mol,
respectively) andVPES (RMSD = 0.5 and 0.7 kcal/mol,
respectively). In terms of the hydrogen-binding geometries,
OM2nand OM3nare again superior with small RMSD values
forθH (2.8°and 4.1°, respectively). Again using the Eigen
cation as an example (see Figure S3 in the Supporting
Information), AM1nstill gives an erroneous hydrogen bonding
angle (θH =101.8°), the PM3nvalue (θH = 167.4°)
underestimates the MP2 value by 7.8°, and the reparameterized
OMxmodels reproduce the MP2 angle within 2.6°.
Next, we turn to the validation set (see rows 13−18 in Table
4; optimized geometries for entries (h)−(j) are given in Figures
S4−S6 in the Supporting Information). Overall, each of the
reparameterized semiempirical models shows a rather similar
performance for the validation set and the training set.
However, two exceptions should be noted. First, PM3n
achieves a very small RMSD value forθH (3.7°), indicating
excellent hydrogen-bonding geometries in the validation set.
Second, OM1ngives much larger RMSD values forVandθH
due to poor geometries for the water tetramer and pentamer,
which maintain the cyclic structure, but adopt hydrogen-bond
orientations that deviate substantially from the MP2 geometry.
The OM1ngeometry for the Zundel ion complex with two

water molecules is still in good agreement with the ab initio
result.
Finally, we take a look at the two-dimensional (2D) potential
surfaces for proton transfer within a Zundel ion in the gas phase
computed by the reparameterized methods (Figure 5). The
reference MP2 surface clearly shows a well at (ROO,dr)≈(2.4
Å, 0), which corresponds to the symmetric Zundel ion. Here, dr
is the difference in the distances from the migrating proton to
either O atom. The AM1nsurface differs from the reference
MP2 surface significantly, displaying a well in the upper right
corner that is deeper than the central well of the symmetric
Zundel ion; this suggests that the lowest-energy AM1n
structure of the Zundel ion is very asymmetric (also see Figure
S5(B) in the Supporting Information), and should perhaps
better be regarded as a water molecule that is hydrogen-bonded
to a hydronium ion. Because hydrogen moves much faster than
oxygen, due to the much smaller mass, proton transfers can be
approximated by movements along vertical lines on the two-
dimensional surfaces shown in Figure 5. Since the asymmetric
AM1nwell is located atROO≥2.8 Å, the barrier for proton
transfer will be quite high (>6 kcal/mol). The PM3nsurface
shows a narrow valley extending from (ROO,dr)≈(2.36 Å, 0)
to (ROO,dr)≈(2.44 Å, 0.3 Å). Such a surface is not optimal for
proton transfer, although the RMSD value inVPESis rather
small (<1 kcal/mol). By contrast, all OMxnsurfaces resemble
the reference MP2 surface in giving a central well for the
symmetric Zundel ion. The OM2nsurface seems to agree best
with the MP2 surface, followed by the OM3nsurface; both
show a central well near (ROO,dr)≈(2.41 Å, 0). The OM1n
surface has a central well that is somewhat displaced at (ROO,
dr)≈(2.34 Å, 0). Interestingly, the OM3nsurface, and to a
slightly lesser extent also the OM2nsurface, resemble the

Table 3. Root-Mean-Square Deviations (RMSDs) of the
Standard Semiempirical Methods for the Training Seta

MNDO-based
Orthogonalization-
corrected

AM1 PM3 PM6 OM1 OM2 OM3

V(kcal/mol) 12.5 32.5 16.6 5.5 5.8 4.1

r(Å) 0.01 0.01 0.03 0.01 0.01 0.05

rH(Å) 0.36 0.15 0.10 0.22 0.15 0.23

θ(deg) 3.6 2.9 7.0 1.6 2.2 1.5

θH(deg) 47.6 13.1 32.8 20.9 4.6 4.2

ν(cm−1)b 235 204 695 116 372 229

niυ 3 1 1 3 1 1

VPES(kcal/mol) 19.7 39.2 15.8 3.9 8.5 5.4
aThe training set consists of 7 potential energies (V), 35 bond lengths
(r), 11 hydrogen-bond lengths (rH), 22 bond angles (θ), 16 hydrogen-
bond angles (θH), 114 frequencies (ν), and the number of imaginary
frequencies (niυ) in the water clusters and charged water clusters
[model systems (a)−(g) in Figure 1]. It also includes 53 data points of
the two-dimensional potential energy surface (VPES) for proton
transfer in the Zundel ion atfixedROOdistances (see Figure 2A). See
Section 2 for computational details.bThe total number of reference
frequencies is 114; any imaginary frequencies are excluded from the
statistics.

Table 4. Root-Mean-Square Deviations (RMSD) of the
Reparameterized Semiempirical Methods for the Training
and Validation Setsa

MNDO-based Orthogonalization-corrected

AM1n PM3n OM1n OM2n OM3n

Training Setb

V(kcal/mol) 11.6 7.4 5.1 0.5 2.0

r(Å) 0.01 0.01 0.01 0.01 0.02

rH(Å) 0.36 0.38 0.21 0.04 0.04

θ(deg) 3.7 3.8 1.5 0.9 1.3

θH(deg) 47.4 15.4 13.6 2.8 4.1

ν(cm−1)c 243 145 119 383 245

nυ 4 3 5  2  2

VPES(kcal/mol) 18.4 1.0 3.9 0.5 0.7

Validation Setd

V(kcal/mol) 7.1 8.3 13.5 0.2 1.6

r(Å) 0.02 0.01 0.02 0.01 0.02

rH(Å) 0.66 0.11 0.41 0.02 0.01

θ(deg) 2.1 1.3 2.8 0.7 0.4

θH(deg) 83.7 3.7 49.7 7.3 6.4

VPES(kcal/mol) 19.3 0.9 3.3 0.8 0.6
aSee Section 2 for computational details.bSee footnote (a) of Table 3.
cSee footnote (b) of Table 3.dThe validation set consists of 3
potential energies (V), 26 bond lengths (r), 13 hydrogen-bond lengths
(rH), 13 bond angles (θ), 12 hydrogen-bond angles (θH) of the water
clusters and charged water clusters (model systems (h)−(j) in Figure
1). It also includes 46 data points of the two-dimensional potential
energy surface (VPES) for proton transfer in the Zundel ion atfixed
ROOdistances (see Figure 2B).
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effective ab initio path-integral surface for the Zundel ion
calculated by Brancato and Tuckerman (see Figure 1B in ref
21), who have parametrized an MS-EVB model on the basis of
the path-integral surface, so that quantum effects such as the
zero-point energy are implicitly included.
3.C. Binding Energy Profile of the Water Dimer.The
gas-phase binding energy curves of the water dimer are plotted
in Figure 6. Panel (A) shows those computed with the
authentic parameters. First, we note that, at short distances
ROO, all methods including MP2 experience difficulties in
getting smooth curves, because of changes in the relative
orientation of the water molecules. Taking MP2 as an example,
atROO≥2.6 Å, thefirst water molecule lies in a plane that
bisects the HOH angle of the second water molecule, whereas
atROO≤2.5 Å, both molecules are in the same plane (Figure
S12 in the Supporting Information). This change in relative
orientation only gives rise to a small bump in the MP2 energy
profile, but leads to larger kinks in the curves computed
semiempirically. Second, we note that all semiempirical
methods except AM1 predict water dimers that are under-
bound, and the optimal distances between the two O atoms are

shorter than the MP2 value. At large distancesROO, all
semiempirical models, including AM1, underestimate the
binding energy, presumably because of the lack of explicit
dispersion terms. Interestingly, the OMxcurves seem to
converge faster to the MP2 curve than the MNDO-based
curves do when the water molecules are gradually taken apart.
Adding empirical dispersion corrections may help to improve
the agreement at large distances.54,82,83However, dispersion
interactions were not deemed to be the main problem in the
parametrization of the energy surface for proton transfer, where
the two water molecules within the Zundel ion are in close
proximity, so that electrostatic interactions are expected to be
dominant. Therefore, we have not included empirical
dispersion corrections in this work.
The energy profiles computed with the reparameterized
methods are depicted in panel (B) in Figure 6. While the AM1n
curve has changed little from AM1, the PM3ncurve has
changed remarkably from PM3. The binding well aroundROO=
2.8 Å in PM3 moves toROO= 3.1 Å in PM3n, and moreover
becomes very shallow, with the binding energy decreased from
4 kcal/mol to 2 kcal/mol. The OM1ncurve looks very similar

Figure 5.Two-dimensional gas-phase energy surfaces for proton transfer in the Zundel ion atfixed distancesROO(in Ångstroms) obtained from (A)
MP2/aug-cc-pVTZ and (B−F) the reparameterized semiempirical methods. Here, dris the difference in the distances between the migrating proton
and the two O atoms.
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to the OM1 curve. The OM2ncurve shows the best agreement
with the MP2 curve, followed by the OM3ncurve. Compared
with OM2 and OM3, the improvements in OM2nand OM3n
are most encouraging at larger distances (ROO> 2.8 Å), which
further alleviates the need to include empirical dispersion
corrections.
3.D. Properties of Water.The oxygen−oxygen and
oxygen−hydrogen RDF obtained from the bulk water
simulations are plotted in Figures 7 and 8, respectively,
together with the experimental curves.84,85First, let us look at
the oxygen−oxygen RDF. Both AM1 and AM1ngive afirst
(broad) peak nearr= 2.8 Å, but fail to predict the second peak
atr≈4.5 Å; the minimum between thefirst and second peaks
occurs atr≈3.9 Å, which is a larger distance than that found
experimentally (r= 3.4 Å). The PM3 curve shows thefirst peak
nearr= 2.8 Å, with a small shoulder betweenr= 3.0 Å andr=
3.5 Å. In the PM3ncurve, the shoulder becomes more
prominent. Neither PM3 nor PM3npredict the second peak
correctly. The OM1 and OM1nRDF are similar, with thefirst
peak atr= 2.9 Å and the second peaks not seen. The OM3
curve has afirst sharp peak at a distance that is much too short
(r= 2.4 Å), but the reparameterization improves the RDF
dramatically: the OM3ncurve shows the best agreement with
the experimental RDF, although the second peak is still slightly
off(by <0.3 Å). The difficulties in reproducing the second peak
with AM1, PM3, and OM1 (and their reparameterized
counterparts) are likely due to the problem that they all
underestimate the binding energies between water molecules
(see Figure 6).
Thefirst-solvation-shell coordination numbers were esti-
mated bynOO(r) at thervalues that correspond to thefirst

Figure 6.Gas-phase binding energy profiles of two water molecules
computed with the (A) authentic and (B) reparameterized semi-
empirical methods. The solid reference curve was obtained at the
MP2/aug-cc-pVTZ level from relaxed surface scans for the water
dimer as a function of distance between the two O atoms (ROO), in
steps of 0.1 Å. The zero of energy corresponds to two water molecules
at infinite distance:Vbind=V(H2O)2−2VH2O.

Figure 7.Radial distribution functionsgOO(r) for water computed for
(A) AM1 and AM1n, (B) PM3 and PM3n, (C) OM1 and OM1n, and
(D) OM3 and OM3n. The experimental data (denoted by“Exp”)is
plotted in all panels for comparison. The AM1 and OM1 curves are
directly beneath the AM1nand OM1ncurves, respectively. All curves
have been scaled such that the height of thefirst peak is 1.00.

Figure 8.Radial distribution functionsgOH(r) for water computed for
(A) AM1 and AM1n, (B) PM3 and PM3n, (C) OM1 and OM1n, and
(D) OM3 and OM3n. The experimental data (denoted by“Exp”)is
plotted in all panels for comparison. The AM1 and OM1 curves are
right beneath the AM1nand OM1ncurves, respectively. All curves
have been scaled such that the height of the peak at∼3 Å is 1.00.
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minima ofgOO(r), and the results echo the above RDF analysis.
Thefirst-solvation-shell coordination numbers are tabulated in
the second column of Table 5, and thenOO(r) plots are given in

panels (B) and (C) of Figure S16 in the Supporting
Information. Compared with the coordination number value
of 4.7 determined experimentally,84−86it is apparent that the
MNDO-based methods overestimate the number of coordinat-
ing water molecules due to the erroneous hydrogen-bonding
pattern. Better performance is achieved by the orthogonaliza-
tion-corrected methods, because of their improved hydrogen-
bonding description. In particular, OM3nyields a coordination
number of 4.9 that is in excellent agreement with the
experiments.
Turning to the oxygen−hydrogen RDF, wefind that none of
original semiempirical methods with authentic parameters
reproduces the experimental curve correctly. PM3 performs
best, predicting two peaks atr= 1.9 Å and 3.3 Å that are rather
close to the experimental ones atr= 1.7 Å and 3.3 Å,
respectively; however, thefirst PM3 peak is much too narrow.
Reparameterization again leads to dramatic improvements in
the OM3 case: the OM3nRDF matches the experimental curve
very well, although the position of thefirst peak deviates
slightly, by∼0.1 Å. There are also improvements in the PM3
case, leading to lower and broader peaks in the PM3n curve,
but the agreement is not as good as for OM3n. The AM1 and
OM1 RDF are not affected much by the reparameterization.
Taken together, the above results clearly show that OM3n
offers the best structural properties for bulk water.
3.E. Structural Properties of the Hydrated Proton.The
RDF for water O atoms around the hydronium O atom (O0)
are plotted in Figure 9. A bimodal distribution is found with
OM1n: a narrower peak nearr= 2.4 Å and a wider peak atr≈
2.6 Å. Maupin et al.37observed similar bimodal distributions in
their SCC-DFTB simulations and interpreted them in terms of
a prominent Zundel character for the solvated proton, with one
of the three coordinating water molecules sustainably closer to
the hydronium ion than the other two. Indeed, integration over
thefirst peak in our OM1nplot yielded a coordination number
of 1.4. This bimodal distribution is not seen in experiments or
ab initio MD simulations. The recently reparameterized SCC-
DFTB model by Cui and co-workers39gave a better overlap
between the distributions of the three coordinating water O

atoms, which removed the bimodal distribution. Our OM3n
model also predicts a single peak nearr= 2.5 Å, in good
agreement with the experiment and ab initio MD simulations.
The AM1nRDF displays a single peak atr= 2.5 Å, with a
shoulder nearr= 2.9 Å. This shoulder becomes another lower
and wider peak atr≈3.0 Å in the PM3ncurve.
Thefirst-solvation-shell coordination numbers are given in
the third column of Table 5. Compared with the coordination
number of 3.0 from the ab initio MD simulations,37all
coordination numbers from the semiempirical methods in
Table 5 are much larger, including the OM3nresult (6.5). We
note that previous SCC-DFTB simulations37,39 produced
coordination numbers in the range of 4.5−5.2, which are
closer to, but still larger than, the ab initio MD value. The larger
coordination numbers in the semiempirical simulations indicate
more fluidic structures around the hydronium ion, as also
implied by the less-prominent second peaks and the minima at
largerrvalues in thegOO(r) curves.
The RDF for hydrogen atoms around O0 is displayed in
Figure 10. Thefirst peak at∼1 Å is due to the covalently bound
H atoms in the hydronium ion. Nearr= 1.8 Å, a small peak can
be found in the PM3n, OM1n, and OM3ncurves. This peak is
caused by the H atom of the water molecule that is hydrogen-
bonding to the hydronium ion oxygen. AM1ndoes not yield
this small peak, because it does not properly describe the
hydrogen-bonding network (see the earlier discussion on the
hydrogen-bonding angles). All reparameterized models success-
fully predict the peak at 3.1 Å. On the basis of this evidence
(Figures 9 and 10), we conclude that it is again OM3nwhich
best reproduces the structural properties.
Traditionally, the structures of the solvated proton are
classified as Eigen- or Zundel-like. However, the distinction
between distorted Eigen and distorted Zundel structures is not
clear-cut. There are various ways to define the Eigen-like and

Table 5. Integrated Coordination Numbers of the First
Solvation Shell for Water and for Hydronium from
Semiempirical MD Simulationsa

Integrated Coordination Number, ICN

waterb hydroniumc

AM1 8.7 n/a

AM1n 9.4 10.4

PM3 8.0 n/a

PM3n 7.7 7.9d

OM1 6.4 n/a

OM1n 6.7 7.8e

OM3 3.7 n/a

OM3n 4.9 6.5
aICNs at the distances corresponding to thefirst minima ingOO(r) for
water and ingO0O(r) for hydronium, unless otherwise indicated.

b4.7 in
the experiments84−86and 4.1 in ab initio MD simulations.37c3.0 in ab
initio MD simulations.37dIncluding the peak atr= 3.0 Å (otherwise,
ICN = 3.3).eIntegration over both peaks in the bimodal distribution.

Figure 9.Radial distribution functionsgO0O(r) for an excess proton in
water computed with the reparameterized semiempirical methods; O0
represents the hydronium O atom. All curves have been scaled such
that the height of thefirst peak atr≈2.5 Å is 1.00.
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Zundel-like geometries.17,27,36,37In this work, we tested three
definitions based on different geometric parameters, the
distributions of which are illustrated by histograms in Figure
S13 in the Supporting Information. Thefirst definition (Def-1)
used by Choi and Jordan36employs the distance between the
hydronium oxygen O0 and the oxygen of the nearest potential
acceptor O1′(RO0O1′) as the criterion: Zundel forRO0O1′< 2.46
Å, intermediate for 2.46 Å≤RO0O1′≤2.49 Å, and Eigen for
2.49 Å <RO0O1′. The second definition (Def-2) is similar to that
used by Marx et al.27and relies on the position of H′, the
hydrogen located between O0 and O1′; here, the criterion is
the distance difference dr=|RO0H′−RO1′H′|: Zundel for dr<
0.1 Å, intermediate for 0.1 Å≤dr≤0.2 Å, and Eigen for 0.2 Å
<dr, whereRO0H′andRO1′H′denote the distances between O0
and H′and between O1′and H′, respectively; the currently
chosen Eigen drvalue of 0.2 Å (instead of 0.3 Å in ref 33) has
been suggested by Markovitch et al.17The third definition
(Def-3) is based on the ratioρ(see Figure 4): Zundel forρ>
0.46, intermediate for 0.45≤ρ≤0.46 Å, and Eigen forρ<
0.45. We adoptedρvalues of 0.45 and 0.46 Å for the following
reason. The MP2-optimized Eigen structure hasRO0O1= 2.554
Å andRO0H= 1.011 Å. To reduce the noise from the fast OH
stretching vibrations of the hydronium ion, we (arbitrarily)
tookRO0H= 1.05 Å as the starting point of proton transfer,
which gaveρstart= 0.41; we note that the value of 1.05 Å is close
to the average O0H bond length of 1.057 Å from ab initio path
integral calculations.21,27Because of the donor−acceptor swap
atρend= 0.5, we choseρmid= 0.455 (with 0.005 at each side as
the intermediate buffer) to be the boundary separating Eigen
and Zundel. The average values of the relevant geometric
parameters and the percentages of the Eigen, intermediate, and
Zundel structures for the saved trajectories are listed in rows
6−17 of Table 6.

It is remarkable that these different definitions lead to rather
different classifications of the geometries of the hydrated
proton in the saved trajectories. While most of the geometries
are characterized as Zundel-like by Def-1, the Eigen“flavor”is
more prominent according to Def-2 and Def-3. Most
noticeably, the AM1ngeometries are considered almost
exclusively Zundel-like by Def-1 but 100% Eigen-like by Def-
2 and Def-3. The classifications by Def-2 and Def-3 are
qualitatively similar, albeit with more geometries in the OM1n
and OM3ntrajectories being identified as distorted Eigen
structures by Def-3. Such similarity is not surprising, because
both Def-2 and Def-3 characterize the solvated proton
structures by assessing how symmetrical the location of the
migrating proton is. The AM1nand PM3ngeometries appear
to be very asymmetric on average, and, therefore, identifying
them as being Eigen-dominated seems appropriate. Both
OM1nand OM3nsimulations yield mixed Zundel and Eigen
structures in comparable amounts. However, the OM1n
geometries are generally more symmetric than the OM3n
geometries, implying that the Zundel population is higher in
the OM1nsimulations.
3.F. Dynamic Properties of Proton Transfer.Inspection

of the trajectories revealed that no proton transfer ever
occurred in the AM1nsimulations. Proton transfer was
observed occasionally in the PM3nsimulations, and was

Figure 10.Radial distribution functionsgO0H(r) for an excess proton
in water computed with the reparameterized semiempirical methods;
O0 represents the hydronium O atom. All curves have been scaled
such that the height of the peak atr≈3.0 Å is 1.00.

Table 6. Statistics of the Observed Donor−Acceptor Swaps,
Grotthuss Shuttling Rates (Forward Hop), and Zundel-
Eigen Structural Classifications for the Trajectories
Obtained with the Reparameterized Semiempirical
Methodsa

AM1n PM3n OM1n OM3n

number of swaps 0 306 9364 4678

average time between swaps n/a 0.65 ps 0.02 ps 0.04 ps

forward hops 0 11 91 105

average time between forward
hops

n/a 18 ps 2.2 ps 1.9 ps

Def-1

⟨RO0O1′⟩ 2.31 Å 2.46 Å 2.35 Å 2.44 Å

Zundel 97.7% 51.2% 96.9% 64.0%

Eigen 0.8% 24.9% 1.3% 18.1%

Intermediate 1.5% 23.9% 1.8% 17.9%

Def-2

⟨dr=|RO0H′−RO1′H′|⟩ 1.03 Å 0.45 Å 0.19 Å 0.28 Å

Zundel 0 1.4% 36.1% 19.6%

Eigen 100.0% 96.4% 35.6% 59.3%

Intermediate 0 2.2% 28.4% 21.1%

Def-3

⟨ρ⟩ 0.309 0.416 0.464 0.453

Zundel 0 3.4% 61.9% 41.4%

Eigen 100.0% 94.6% 27.4% 46.5%

Intermediate 0 2.0% 10.7% 12.1%
aBased on 10 trajectories for each semiempirical model, each
consisting of 2 ps equilibration and a 20 ps productive run. The
criterion for donor−acceptor swaps is illustrated in Figure 4. The
forward hop rate is defined in eqs 4 and 5 of the text. Three ways to
define Zundel and Eigen structures have been used here. Def-1 is
based onRO0O1′: Zundel forRO0O1′< 2.46 Å, intermediate for 2.46 Å≤
RO0O1′≤2.49 Å, and Eigen for 2.49 Å <RO0O1′. Def-2 is based on dr=
|RO0H′−RO1′H′|: Zundel for dr< 0.1 Å, intermediate for 0.1 Å≤dr≤
0.2 Å, and Eigen for 0.2 Å < dr. Def.-3 is based onρ(see Figure 4):
Zundel forρ> 0.46, Intermediate for 0.45≤ρ≤0.46 Å, and Eigen for
ρ< 0.45. See Section 3.E for further discussion.
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found more frequently in the OM1nand OM3nsimulations.
The average time intervals between the proton shuttling were
0.65, 0.02, and 0.04 ps for PM3n, OM1n, and OM3n,
respectively (row 3 in Table 6). These time intervals do not
distinguish between the fast subpicosecond back-and-forth
proton exchange within a donor−acceptor pair of a Zundel
structure and the true proton transfer that results in a localized
distorted Eigen structure, the latter of which occurring at a
longer time scale. Similar to what has been done previously,16

we computed the Grotthuss shuttling rate, or the forward hop
rate, using an accumulation function:

= −Δ +Δ Δ

=

ht ht t h t

h

() ( ) ( )

(0) 0 (4)

whereΔtis the time step, andΔh(Δt) is given by

Δ Δ =

⎧

⎨
⎪

⎩
⎪

h t( )

0 if no proton hops

0 if a proton hops back to the last donor

1 if a proton hops to a new donor (5)

Note thatΔh(Δt)isdefined here in a different way than
previously defined.16 The average time intervals between
forward hops are found to be 18, 2.2, and 1.9 ps for the
PM3n, OM1n, and OM3nsimulations, respectively (row 5 in
Table 6), indicating corresponding average rates of proton
hopping of 0.06, 0.45, and 0.53 ps−1, respectively. Interestingly,
although proton transfer occurs more frequently in the OM1n
simulations, there are more successful Grotthuss shuttling
events for OM3n. The OM1nand OM3nhopping rates are
close to the estimated experimental effective hopping rate (0.71
ps−1)16and to the rates obtained in the SCC-DFTB (∼0.5
ps−1) and CPMD (0.4 ps−1) simulations by Maupin et al.37For
comparison, we note that MS-EVB simulations16yielded a rate
of 0.16 ps−1.
We next look at the potentials of mean force (PMF) for
proton transfer shown in Figure 11, where both dr=
|RO0H′−RO1′H′|andρare employed as distinguished reaction
coordinates. Both yield a qualitatively similar picture of proton
transfer for any given semiempirical method. The PMF from
PM3n clearly indicates that the resting Eigen state (dr≈0.5 Å
orρ≈0.41) is more stable than the transition Zundel state (dr
≈0orρ≈0.5) by∼2 kcal/mol. The barrier is quite high,
compared with the thermal energy at temperatures near 300 K
(kBT≈0.6 kcal/mol), so that there are only occasional proton
hops in the PM3nsimulations. The OM3nmodel also predicts
the Eigen−Zundel−Eigen proton transfer mechanism but with
much lower barriers: 0.06 kcal/mol in the drplot and 0.19
kcal/mol in theρplot. These OM3neffective barriers are lower
than the classical CPMD barriers of 0.5 kcal/mol,27,37but,
incidentally, are very close to the 0.15 kcal/mol barrier from ab
initio path integral calculations,27,33which include the quantum
fluctuations of all nuclei. A very shallow OM3nminimum
corresponding to the Eigen structure is found near dr= 0.25 Å,
again in excellent agreement with the ab initio path integral
calculations.21,27,33By contrast, the PMFs from OM1nyield
minima at the Zundel structure and thus indicate a Zundel−
Zundel mechanism, which is consistent with the results of
Maupin et al. from standard SCC-DFTB and from a specially
parametrized SCC-DFTB version with a hydrogen-bonding
damping function.37Cui and co-workers39also found the
Zundel−Zundel mechanism in their standard and hydrogen-
bonding-corrected SCC-DFTB simulations, while their third-

order SCC-DFTB model with hydrogen-bonding corrections
and a modified O−H repulsion potential gave the Eigen−
Zundel−Eigen mechanism (albeit with a rather-high 0.9 kcal/
mol free-energy barrier for proton transfer).
Examples for the evolution of the hydronium O atom index
in a representative sample trajectory are provided in Figure 12A
for the PM3n, OM1n, and OM3nsimulations. Also shown is
the percentage of time when the given atom is identified as the
hydronium-ion O atom. The sample trajectories were selected
by requiring that the number of hydronium oxygen switches in
the 20 ps trajectory should be approximately the same as the
average number observed in all 10 trajectories for a given
semiempirical model. In the PM3nsample trajectory, only two
O atoms were ever identified as the donor, with O220 being the
dominant one (>99% of the time). By contrast,five and four O
atoms served as donor in the OM1nand OM3nsample
trajectories, respectively, and in either case, three of these atoms
were associated with the hydronium ion for a long time (>9%),
which is consistent with the picture of frequent proton transfer
previously discussed. For instance, in the OM3nsample
trajectory, the donor switched from O529 to O109 shortly
after the productive run began, remained at O109 for∼10 ps
with many short visits to O55 and O394 of up to∼50 fs, and
then migrated to O106 after a period of∼3 ps that featured
many rapid rattles between O109 and O106. Such dynamics
was found to be typical of the OM3nsimulations. The forward
hop ratesh(t) are plotted in Figure 12B for the sample
trajectories. Theflat plateaus represent the resting Eigen state
of no proton transfer with oscillatory shuttling in the Zundel
structure, while the often-clustered steps indicate Grotthuss

Figure 11.Potential of mean force (PMF) for the solvated proton:
(A) The reaction coordinate is the distance difference dr=|RO0H′−
RO1′H′|, where O0 is the hydronium oxygen atom, O1′is the nearest
potential acceptor, and H′is the hydrogen between them (RO0H′
(RO1′H′) is the distance between O0 (O1′) and H′); (B) the reaction
coordinate is the ratioρ(see Figure 4 for definition).
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proton transfer events. The length of the plateaus varies, but is
roughly in the range of 5−10 ps for the OM1nand OM3n
simulations (generally somewhat longer for OM3n). The length
of the plateaus is determined by thefluctuation-induced
breakage and reorganization of hydrogen bonds in the solvation
shells, which are the rate-limiting steps of proton diffusion.1,17

Figure 13 displays the geometries of the sample trajectories
projected onto theRO0O1′−drplane, as well as the
corresponding gas-phase two-dimensional potential surfaces
VPESfor proton transfer. WhileVPESdiffers from the free-energy
surface for proton transfer in bulk water, the plots are
instructive in connecting the simulated trajectories with the
potential surfaces used in the parametrization (see Section 3.B).
As discussed previously, the gas-phase PM3nsurface yields a
narrow valley, which differs noticeably in shape from the
reference MP2 surface. Here, wefind that the PM3nsample
trajectory spends the majority of time wandering in the area
centered atRO0O1′= 2.45 Å and dr= 0.45 Å, roughly
corresponding to one end of the narrow valley. Compared with
the MP2 surface, the well in the OM1nsurface is wider in the
ROO direction but narrower in the drdirection; this is
consistent with the concentration of the OM1ngeometries at
small values of dr. The well in the OM3nsurface resembles the

well in the MP2 surface more closely; the OM3ndistribution is
more diffusive in the drdirection and more condensed in the
ROO direction. As previously discussed, OM3nis the most
accurate semiempirical model developed in this work, and,
hence, the OM3ndistributions should be the most reliable. The
results shown in Figure 13 suggest that the quality of
reproducingVPESwill play a critical role for the successful
semiempirical modeling of proton transfer in bulk water.

Figure 12.Evolution of (A) the hydronium O atom index and (B) the
forward hop rate in sample trajectories from the PM3n, OM1n, and
OM3nsimulations. The percentage of time when the given atom was
identified as the hydronium ion O atom is shown in panel (A) in
parentheses. In the sample trajectories, the hydronium O atom index
changed 30 times for PM3n, 1207 times for OM1n, and 576 times for
OM3n. The average numbers of such changes in all trajectories are 31
for PM3n, 936 for OM1n, and 468 for OM3n. In panel (B), the
forward hop rateh(t)isdefined in eqs 4 and 5 of the text. No donor−
acceptor swapping occurred in the AM1 (AM1n) simulations.

Figure 13.Projections of the geometries in the sample trajectories in
Figure 11 for (A) PM3n, (B) OM1n, and (C) OM3n. Thex-axis
represents the distance between the hydronium oxygen O0 and the
oxygen of the nearest potential acceptor O1′; theyaxis represents the
distance difference dr=|RO0H′−RO1′H′|, where H′is the hydrogen
between O0 and O1′. For comparison, the gas-phase potential for
proton transfer between two water molecules is also shown for each
reparameterized semiempirical method.
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Finally, we comment on the algorithm used here to update
the hydronium oxygen index (Figure 4). The acceptor O1 was
the oxygen atom O1′of the closest water molecule most of the
time, but not always. Figure S14 in the Supporting Information
shows plots of the distancesRO0O1′vsRO0O1 at the donor−
acceptor swap moments. WefindRO0O1′≠RO0O only for a
small fraction of the swaps (up to 2.7%). As such, the“special
pair dancing”dynamics discussed in ref 17 can be applied here,
e.g., to interpret the bimodal distribution in the solvated proton
RDFgO0O(r) obtained from OM1n(see Section 3.E). The
donor−acceptor distances at the swapping event display normal
distributions centered at 2.37, 2.33, and 2.41 Å for the PM3n,
OM1n, and OM3nsimulations, respectively (see Figure S15 in
the Supporting Information); these values match the respective
locations of the well centers inVPESfor the corresponding
semiempirical models.

4. CONCLUSION

In this paper, we have reparameterized several well-established
semiempirical methods, with the objective to improve the
semiempirical modeling of proton transfer in bulk water.
Overall, the orthogonalization-corrected OM1nand OM3n
models outperform the MNDO-based AM1nand PM3n
methods in reproducing the ab initio reference geometries
and energies, as well as in describing proton transfer. The
OM3nmodel seems to be the most successful overall, providing
radial distribution functions and potentials of mean force that
are the most accurate among all methods considered. The small
butfinite (0.1−0.2 kcal/mol) OM3nfree-energy barrier for
proton transfer agrees with the barrier from ab initio path-
integral studies.21,27,33The OM3nsimulations support the
Eigen−Zundel−Eigen mechanism, where a proton is trans-
ferred between resting Eigen-like structures via transitional
Zundel-like structures. The success of the OM3nmodel is likely
due to the resemblance between the OM3npotential energy
surface and the effective ab initio path-integral energy surface
for the Zundel ion.21This good match is, to some extent,
fortuitous, because our reparameterization was done with
regard to MP2/aug-cc-pVTZ reference data (and not with
respect to the path-integral surface21). Future refinements of
the current semiempirical surfaces are conceivable, for example,
by including explicit empirical corrections for dispersion
interactions.
The present work demonstrates that the semiempirical
framework is robust andflexible enough to allow for realistic
reparameterizations, which provide a much improved descrip-
tion of water and proton transfer in water. Not surprisingly, it
has been easier to obtain more accurate results by starting from
the improved OMxmodels with orthogonalization corrections
rather than from the MNDO-based AM1 or PM3 methods.
Given our choice of MP2/aug-cc-pVTZ reference data, our
favored OM3nmodel is expected to provide results of MP2-like
quality for water and proton transfer in water, and it should
thus be useful in practice. We anticipate that it should also be
possible, in principle, to reparameterize the OMxmethods with
regard to even more-accurate ab initio data (e.g., computed at
the coupled-cluster level with larger basis sets).
Finally, we note that the new semiempirical models are
specifically designed for water and proton transfer in water.
They may or may not be more accurate than the original
methods in describing other molecules or reactions. The
specific reaction parametrization45offers a convenient way to
develop computationally efficient tools with only a handful of

adjustable parameters for simulations of specific systems that
are too large and too expensive for density functional theory
and ab initio methods to handle. Another recent example87is
the reparameterization of AM1 for modeling the reduction of
7,8-dihydrofolate by nicotinamide adenine dinucleotide phos-
phate hydride in dihydrofolate reductase (DHFR). The
corresponding SRP AM1 Hamiltonian was used in QM/MM
simulations of the DHFR-catalyzed reaction to compute kinetic
isotope effects (using a mass-perturbation-based path-integral
approach), in excellent agreement with the experiment.
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Table S1. Description of the optimized parameters for the semi-empirical methods.  

 

Parameters a MNDO-based  

(AM1 and 

PM3) 

OMx  

(x = 1, 2 

and 3)  

Slate-type orbital exponents ζs, ζp Y N 

Scale factor for the Gaussian-type orbitals ζ N Y 

One-electron one-center integrals Uss, Upp Y Y 

One-electron two-center integral parameters βs, βp Y N 

One-electron two-center integral parameters βs, βp, βπ, αs, αp, απ N Y 

Two-electron one-center integrals Gss, Gpp, Gsp, Gp2, Hsp Y Y 

Atomic core-core repulsion term parameters α Y N 

Gaussian core repulsion function parameters K, L, M Y N 

Pre-factors for orthogonalization corrections F, G N Y 

 

a Parameters are optimized for oxygen and hydrogen, for which the total number of parameters is 

32 for AM1, 29 for PM3, 27 for OM1, 31 for OM2, and 27 for OM3, respectively. Note that the 

parameters βs and βp are defined differently in the MNDO-based and orthogonalization-corrected 

methods.  
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Table S2. Location of minima and maxima in the radial distribution functions for bulk 
water.  

 

  gOO(r)
 a    gOH(r)

 a   

 1st Max. 1st Min. 2nd Max.  1st Max. 1st Min. 2nd Max.  

Exp.b 2.76 3.42 4.47  1.71 2.43 3.33  

AM1 2.75 3.85 n/a  2.25 2.85 3.45  

AM1n 2.75 3.90 n/a  2.25 2.75 3.45  

PM3 2.75 4.05 n/a  1.85 2.25 3.25  

PM3n 2.75 4.15 n/a  1.75 2.25 3.25  

OM1 2.85 3.85 n/a  2.25 2.60 3.45  

OM1n 2.85 3.85 n/a  2.25 2.55 3.35  

OM3 2.35 3.15 3.95  n/a 2.30 2.95  

OM3n 2.75 3.45 4.75  1.85 2.45 3.35  

 

a In Å. The maximum corresponding to the covalently bound hydrogen is excluded from gOH(r). 

See Fig. 7 and Fig. 8 in the text for the RDF curves.  

b Soper, A. K. Chem. Phys. 2000, 258, 121-137; Soper, A. K.; Benmore, C. J. Phys. Rev. Lett. 

2008, 101, 065502/1-4. 

 



 S5 

Figure S1: Radial distribution functions gOO(r) for water at the MM level 

 

Radial distribution functions gOO(r) for water computed for the (A) SPC and (B) TIP3P water 

models. PBC indicates simulations employing periodic boundary conditions. The experimental 

data (Exp) is plotted in both panels for comparison. Note that all curves have been scaled such 

that the height of the first peak is 1.00. 
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Figure S2: Radial distribution functions gOH(r) for water at the MM level 

 

Radial distribution functions gOH(r) for water computed for the (A) SPC and (B) TIP3P water 

models. PBC indicates simulations employing periodic boundary conditions. The experimental 

data (Exp) is plotted in both panels for comparisons. Note that all curves have been scaled such 

that the height of the second peak in the graph (near 3.3 Å) is 1.00.  
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Figure S3: Optimized Eigen cation 

Superimposition of the optimized geometries of the Eigen cation (Entry (g) in Fig. 1). The 

alignment is based on the hydronium ion coordinates. Color code for the geometries: MP2 in red, 

authentic semi-empirical methods in green, and re-parameterized semi-empirical models in blue. 

Distances in Å and angles in degree. 

  (A) PM6  (B) AM1 
 

 

 

 
 (C) PM3  (D) OM1 
 

 

 

 
 (E) OM2  (F) OM3 
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Figure S4: Optimized water tetramer 

 

Superimposition of the optimized geometries of the water tetramer (Entry (h) in Fig. 1). The 

alignment is based on all atomic coordinates. See caption of Fig. S3 for conventions. 
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 (E) OM2n  (F) OM3n 
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Figure S5: Optimized Zundel ion in complex with two water molecules 

 

Superimposition of the optimized Zundel ion in complex with two water molecules (Entry (i) in 

Fig. 1). The alignment is based on the Zundel ion coordinates except in AM1n for which the 

alignment is based on all atomic coordinates. See caption of Fig. S3 for conventions. 
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Figure S6: Optimized water pentamer 

 

Superimposition of the optimized geometries of the water pentamer (Entry (j) in Fig. 1). The 

alignment is based on all atomic coordinates. See caption of Fig. S3 for conventions. 
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Figure S7: Gas-phase energy profiles for proton transfer: AM1 and AM1n 

 

Comparison of MP2 (solid line), AM1 (dashed lines), and AM1n (dashed-dotted lines) gas-phase 

energy profiles for proton transfer between two water molecules in the Zundel ion for given 

oxygen-oxygen distances (ROO in Å). Here, dr is the difference in the distances between the 

migrating proton and the two oxygen atoms. The MP2/aug-cc-pVTZ data obtained from relaxed 

surface scans in panel (A) were included in the training set, and those in panel (B) in the 

validation set.  The AM1 curve is right beneath the AM1n curve. 
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Figure S8: Gas-phase energy profiles for proton transfer: PM3 and PM3n 

 

Comparison of MP2 (solid line), PM3 (dashed lines), and PM3n (dashed-dotted lines) gas-phase 

energy profiles for proton transfer between two water molecules in the Zundel ion for given 

oxygen-oxygen distances (ROO in Å). See caption of Fig. S7 for conventions. 
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Figure S9: Gas-phase energy profiles for proton transfer: OM1 and OM1n 

 

Comparison of MP2 (solid line), OM1 (dashed lines), and OM1n (dashed-dotted lines) gas-phase 

energy profiles for proton transfer between two water molecules in the Zundel ion for given 

oxygen-oxygen distances (ROO in Å). See caption of Fig. S7 for conventions. The OM1 curve is 

right beneath the OM1n curve.  
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Figure S10: Gas-phase energy profiles for proton transfer: OM2 and OM2n 

 

Comparison of MP2 (solid line), OM2 (dashed lines), and OM2n (dashed-dotted lines) gas-phase 

energy profiles for proton transfer between two water molecules in the Zundel ion for given 

oxygen-oxygen distances (ROO in Å). See caption of Fig. S7 for conventions. 
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Figure S11: Gas-phase energy profiles for proton transfer: OM3 and OM3n 

 

Comparison of MP2 (solid line), OM3 (dashed lines), and OM3n (dashed-dotted lines) gas-phase 

energy profiles for proton transfer between two water molecules in the Zundel ion for given 

oxygen-oxygen distances (ROO in Å). See caption of Fig. S7 for conventions. 
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Figure S12: Water dimer geometries from relaxed surface scans 

 

Water dimer geometries obtained in relaxed surface scans at the MP2/aug-cc-pVTZ level for (A) 

long (RO1O2 ≥ 2.6 Å) and (B) short (RO1O2 ≤ 2.5 Å) distances between the oxygen atoms. 

Different relative orientations were observed: (A) the H11-O1-H12 plane bisects the angle H21-

O2-H22 with dihedral angle H11-O1-H12-O2 ~ 0o; (B) both water molecules are in the same 

plane with dihedral angle H11-H12-H21-H22 ~ 0o.  

 

(A) 

 
(B) 
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Figure S13: Distributions of the sampled geometries 

 

Distributions of the sampled geometries as functions of (A) the distance RO0O1′ between the 

hydronium oxygen O0 and the nearest potential acceptor O1′;

H1OHO0d  RRr

 (B) the distance difference 

, where H′ denotes the hydrogen atom between O0 and O1′, and RO0H′ (RO1′H′) 

are the distances between O0 (O1′) and H′; and (C) the ratio ρ (see Fig. 4 for definition).  
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Figure S14: RO0O1 and RO0O1′ at donor-acceptor swaps 

 

Comparison of RO0O1 and RO0O1′ when the donor and acceptor atoms swap, from (A) PM3n, (B) 

OM1n, and (C) OM3n simulations. Here, RO0O1 (RO0O1′) is the distance between the donor O0 

and the acceptor O1 (the nearest potential acceptor O1′). Usually O1 and O1′ are identical at the 

time of swapping: O1′ differs from O1 only in 1.6% of the swaps (5 out of 305) for PM3n, in 

0.5% (50 out of 9364) for OM1n, and 2.7% (128 out of 4678) for OM3n.  
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Figure S15: Distribution of RO0O1 at donor-acceptor swaps 

 
Distribution of the donor-acceptor distance RO0O1 at the moment when the donor and acceptor 

swap. The average RO0O1 values are 2.37 Å, 2.33 Å, and 2.41 Å for PM3n, OM1n, and OM3n, 

respectively. 
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Figure S16: Integrated coordination number nOO(r) of water 

 
Integrated coordination number nOO(r) for bulk water by the (A) SPC and TIP3P water models, 

(B) MNDO-based AM1 and PM3 models, and (C) orthogonalization-corrected OM1 and OM3 

models. Results are shown for the authentic and the re-parameterized semi-empirical methods. 
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Figure S17: Integrated coordination number nOH(r) of water 

 
Integrated coordination number nOH(r) for bulk water by the (A) SPC and TIP3P water models, 

(B) MNDO-based AM1 and PM3 models, and (C) orthogonalization-corrected OM1 and OM3 

models. Results are shown for the authentic and the re-parameterized semi-empirical methods.  
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Figure S18: Integrated coordination numbers nO0O(r) and nO0H(r) of solvated 
proton 

 
Integrated coordination numbers (A) nO0O(r) and (B) nO0H(r) for solvated proton obtained from 

the re-parameterized semi-empirical methods. 
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