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Abstract

Adaptivequantummechanics/molecularmechanics(QM/MM)approachesareableto

treatsystemswithdynamicornon-localizedactivecentersbyallowingforon-the-flyreas-

signmentoftheQMregion. Althoughtheseapproacheshavebeeninactivedevelopment,

theinaccessibilityofcurrentsoftwarehascausedslowadoptionandlimitedapplications.

Janusseekstoremedythelimitationsofcurrentsoftwarebyprovidingafreeandopen-

sourcePythonlibraryforadaptivemethodsthatismodularandextensible. Oursoftware

hasimplementationsofmanyexistingadaptivemethodsandauser-friendlyinputstructure

thatremovesthehindranceofcomplicatedset-upprocedures.APythonAPIismadeavail-

abletocustomizeJanus’scapabilitiesandimplementnoveladaptiveapproaches.Janus

currentlyinterfaceswithPsi4andOpenMM,butitsmodularinfrastructureenableseasy

extensibilitytoothermolecularcodeswithoutmajormodificationstoeithercode.Thesoft-
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wareisfreelyavailableathttps://github.com/CCQC/janus. OurgoalisthatJanuswill

serveasauser-drivenplatformforadaptiveQM/MMmethods.

Introduction

Background

Theuseofcombinedquantummechanicalandmolecularmechanical(QM/MM)methods

totreatproblemsotherwiseintractablebyeitherQMorMMapproachesalonehaslongbeen

established.1,2However,traditionalQM/MMmethodsareonlyappropriateforsystemswith

fixedQMregions.Forsystemswithnon-localizedactivecenters,suchasiontransportand

solventdiffusion,anadaptiveQM/MMapproachthatallowson-the-flyreassignmentofthe

QMregionduringamoleculardynamics(MD)simulationshouldbeused.3,4Theseadaptive

methodshavebeeninactivedevelopment,andutilizedmostlyinstudiesonthesolvation

propertiesofions5–14andselectorganicreactions.15,16Recentachievements,suchasstudying

theexchangeofmoleculesinproteinbindingsites,17thetrackingofprotonhoppinginbulk

water,18,19thedeterminationofexplicitsolvationeffectsonnucleophilicadditiontocarbonyl

carbons,20andprotontransferinaproteinchannel,21demonstratetheabilityofadaptive

QM/MMtoaddressproblemspreviouslyunreachablebytraditionalQM/MM.

Thesmoothingofenergyandforcesbetweenstepsinan MDsimulationisacentral

probleminadaptiveQM/MM.InordertohaveadynamicQMregion,anatom’sdesignation

tobetreatedasaQMor MMparticlecanchangebetweenonestepofa MDsimulation

andthenext. Thismaycauseadiscontinuityintheenergyandforcesbetweenthetwo

stepsthatmustbealleviated.InmostadaptiveQM/MMalgorithms,thissmoothingis

achievedbydefiningabufferzonebetweentheQMandMMregions;theparticlesthatfall

withinthebufferzonewillbereferredtoasbuffergroups.VariousQM/MMconfigurations

aredeterminedfromamethod-dependentpartitioningofeachatominthebuffergroupas

eitheraQMorMMparticle.Asmoothingfunctionisthenappliedtointerpolatethevarious
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Step1.Assignatomsto
becoreQMatoms(blue)
orMMatoms(pink)

Step2.Determine bufferzone
(green),allatomswithininner
cutoffnow treatedasQM
atoms(blue)

Step 3. Identify 
QM/MM 
partition 
configurations

Step 4. Interpolate energy or forces 
of configurations to achieve smooth 
transition (purple)

a b c d

QM/MMpartitions. BuffergroupseffectivelyhavedualQMandMMcharacter,enabling

smoothingbetweentimesteps.

Figure1:AnexampleofaPermutedAdaptivePartitioning(PAP)schemeforabufferzone
withtwogroups.

Figure1showsanillustrativeexampleofthisprocess,andcanbeusedtofurtherunder-

standthevariouspartsofanadaptiveQM/MMapproachthatneedtobeconsidered.Each

stepofFigure1isdescribedbelow:

Step1:InitialQM/MMdesignation.Foragivensystem,atomscanbeinitiallydesig-

natedasacoreQMatoms(blue)oraMMatom(pink).ThecoreQMatomswill

alwaysbetreatedasQMthroughoutthecourseofthesimulation,andareeffectively

whatisbeingtrackedorfollowed.
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Step2:Determinationofbuffergroups. Variousapproacheshavebeenproposedfor

howtodefinethebufferzone;theseincludedistance-,5number-,22,23anddensity-

based24partitioningschemes.Thedistance-basedschemeshowninFigure1isthe

mostcommon,andinvolvestheuserdefiningaRmin (solidorangearrow)andRmax

(dottedorangearrow)calculatedfromthecoreQMatomstoserveasthelower

andupperradialboundaryforthebufferzone.EverythingwithinRminnowbecome

designatedasaQMatom(blue),whileeverythingbetweenRminandRmaxisabuffer

group(green).

Step3:IdentificationofQM/MMconfigurations.Thegroupswithinthebufferzone

canbetreatedaseitherQMorMM,andQM/MMconfigurationsmaybeidentified

basedonthismethod-dependentdecision.Figure1showstheschemeusedbythe

PermutedAdaptivePartitioning(PAP)method,inwhichallcombinationsofhowto

assignbuffergroupidentitiesareconsidered.Forthetwobuffergroupsinquestion,

wecandesignatethemtobe:a.bothMMatoms;b.bothQMatoms;c.1QM

atomand1MMatom;andd.1MMatomand1QMatom.AseparateQM/MM

computationisperformedonthefourresultingQM/MMconfigurations.

Step4:Interpolationscheme. TheseparateQM/MMconfigurationscanthenbecom-

binedasalinearcombinationofeitherenergiesorforceswithweightsdeterminedby

thesmoothingfunction.Thesmoothingfunctiondependsontherelativedistances

ofthebuffergroupstotheQMcenter;ifabuffergroupisclosetotheQMregion

thentheQM/MMconfigurationinwhichthatbuffergroupistreatedwithQMis

givenmoreweightthantheQM/MMconfigurationinwhichitistreatedwithMM.

Algorithmswithenergy-interpolation[e.g.,ONIOM-XS,25DAS,26andtheadaptivepar-

titioning(AP)familyofmethods18,27,28]conserveenergyandmomentumforthemostpart,

butthepresenceofthesmoothingfunctionintheenergyexpressiongivesrisetoextraneous

forcesduetothegradientofthesmoothingfunction. Algorithmswithforce-interpolation
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(e.g.,BufferedForce,29Hot-Spot,7andSize-ConsistentMultipartitioning30)oftendonotcon-

serveenergyorhaveameaningfulenergyexpression,buttherearenoextraneousforces.3

AnumberofreviewshasbeenwrittenonadaptiveQM/MMmethods,andwereferthe

interestedreadertotheseforamoredetaileddiscussionoftheseapproaches.3,4,31,32

Table1: Timeevolutionofadaptiveapproachesandtheiravailabilityinvarioussoftware
packages

Yeara Method SoftwarePackage

1996 Hot-Spot5,7,8,33 FlexMD,34,35QMMM,36Gaussian,37Janus

2002 ONIOM-XS25 FlexMD,QMMM,Janus

2007 PermutedAdaptivePartitioning(PAP)17,18,27,28,38 QMMM,Janus

2007 SortedAdaptivePartitioning(SAP)17,18,27,28 QMMM,Janus

2009 Difference-basedAdaptiveSolvation(DAS)26 FlexMD,Janus

2012 BufferedForce(BF)29,39 Flex-MD,CP2K,40Amber,41Janus

2012 Number-Adaptive22 AG-IF42

2014 Density-BasedAdaptive(DBA)24,43 Yoink44

2014 Size-ConsistentMultipartitioning(SCMP),30,45 GROMACS,46b

2015 Time-Adaptive47 CPMD48

2016 HamiltonianAdaptiveMany-BodyCorrection(HAMBC)49 FlexMD,b

2017 ScaledInteractionSinglePartitionAdaptive(SISPA)50 pDynamo51

a.Methodsaredatedbytheyearinwhichtheywerefirstpublished,andsubsequentmodificationsarecited.
b. MethodwillbeimplementedinJanusinthenearfuture.

CurrentlimitationstoadaptiveQM/MM

ThedevelopmentofnewadaptiveQM/MMmethodsisrapidlygainingtraction,asmore

thanhalfofallavailablemethodsweredevelopedwithinthelastsixyears.4Table1shows

currentmethodsaswellasthesoftwarepackagesinwhichtheyareavailable.Despitethis

progress,thenumberofpublishedstudiesusingadaptiveQM/MMmethodsisfarfewer

thanonewouldexpect,consideringthenumberofdifferentalgorithmsavailable.Thereare

manyuntappedareasofpotentialresearchthatcouldbenefitfromthepotentialinsights

gainedwithanadaptiveapproach.Theprimarycauseforthelackofusagestemsfromthe

limitationsofexistingsoftware,4,32whichinclude:

1.Restrictivelicensing. MostcurrentsoftwarepackagesthathaveadaptiveQM/MM

capabilitiesofferrestrictivelicensingand/orisnotfreetouse. Moreover,theQMor
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MMcodeswithwhichQM/MMsoftwarepackagesinterfacemayalsohaverestrictive

licensingand/orarenotfreetouse.Thiscausesabarriertoresearchers.

2.LackofcomprehensivemethodselectionSomecodesusedfortraditionalQM/MM,

suchasChemShell,52,53donothaveadaptiveQM/MMcapabilities;othersfailtoof-

feracomprehensiveselectionofallavailablemethodsfoundinTable1.Comparisons

betweenselectedmethodsrequiretheuseofdifferentpackages,whichmayallhave

theirownapproachtoimplementation.Reproducibilityofresultsusingvariouscodes

isthusdifficulttoachieve,andtheadvantagesanddisadvantagesofenergyorforce-

basedapproachesarestilldebated.

3.Developer-focusedsoftware. Mostimplementationsaredeveloper-focused,requir-

ingadditionalprogrammingskills(Flex-MD,34,35pDynamo51)orcomplicatedsys-

temset-ups(QMMM36).Suchneedofthispriorknowledgeisasignificanthinderance

tousers.Inaddition,theactualimplementationdetailsarenotalwaysmadeclear

bydevelopers. Asaresult,existingmethodshavenotbeenusedwidelyenoughto

testtheirrobustnessandperformance,andnewermethodshaveseenlittleapplication

outsideofbenchmarkingonsmallsystems.4,14,49Forexample,thefirstapplicationof

theSCMPmethodwaspublishedjustthisyear14andtheHAMBCmethodhasnot

beenusedoutsideofabenchmarkingcontext.Increasedusagewillallowforassess-

mentofcurrentmethodsandleadtothedevelopmentofastandardadaptiveQM/MM

methodology.

Theinaccessibilityofadaptivemethodshasbeentheprimarybarriertotheiradoption;

assuch,therehavebeenrepeatedcallsintheliteratureforuser-friendlyadaptiveQM/MM

software.4,31,32Thegoalsofsuchsoftwarewouldbeasfollows:

1.open-sourcecodethatinterfaceswithotheropen-sourcepackagesforeasyaccessand

communitycontribution;
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2.userfocusedcodewithdetaileddocumentationandtutorialsforeasysetup,withno

priorprogrammingknowledgerequired;

3.importablecapabilitiesforflexibleusebydevelopersandadvancedusers;

4.theavailabilityofmostoralladaptivemethodsinoneplaceformaximumchoiceand

testing.

Severalopen-sourceprogramsexistforadaptivemethods. ThepDynamoprogramof

Field51isaPython-basedlibraryforgeneralQM/MMwhichcanbeusedtoimplement

adaptivemethods.However,knowledgeofthePythonprogramminglanguageisneededto

runthisprogramandadaptivemethodsarenotreadilyavailable.Q-reg54isalibrary

writteninC++designedforrunningadaptiveQM/MMspecificallyforelectrochemistry.

Standardadaptivemethodsarenotimplementedandwouldrequireextensiveprogramming

knowledgeontheuser’spart.Furthermore,neitherpDynamonorQ-regcurrentlyinterface

withopen-sourcecodesforQMandMMcomputations.

Herein,weintroduceJanus,anopen-sourcePythonlibrarythatseekstoremedythe

limitationsofcurrentprogramsbyprovidingaunifiedplatformforadaptivemethods.(The

name“Janus”isareferencetotheRomangodoftransitionandduality,andhasbeenused

intheliteraturetodescribeQM/MMboundaryatoms.55)Januslowersthebarriertousing

adaptiveQM/MMmethodsbyeliminatingpriorprogramingknowledgeandprovidinga

simpleset-upscheme.Formoreadvancedusersanddevelopers,thefullsetofthesoftware’s

capabilitiesisavailablethroughaPythonAPItoprovideflexibilityinusage.Themodular

designmakesitpossibleforeasyexpansionofthecode:onlyminimummodificationtothe

codeisrequiredforimplementingnewmethodsandaddingnewinterfaces.Thekeyfeatures

ofJanus,aswellassomeillustrativebenchmarkingresultsarediscussedinthefollowing

sections.
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SoftwareFeatures

Easeofuse

Figure2:AnexampleofaminimalinputfileforrunningJanus.Thepresentedinputtells
thesoftwaretorunadaptiveQM/MM(“runaqmmm”)withanONIOM-XSscheme(“aqmmm-
scheme”),usingPsi4fortheQMcomputations(“hlprogram”)andOpenMMfortheMM
computations(“llprogram”)andMDtime-stepintegration(“runmd”). TheQMcenter
(“qmcenter”)isdefinedastheatomswithindices0,1,and2.30000MDstepswithpure
MMwillrun,afterwhichtheadaptiveQM/MMcomputationwillstart(“startqmmm”).
40000stepswillbetakenwithanadaptiveQM/MMcomputationateverystep(“end-
qmmm”),resultingatotalof70000 MDsteps(“mdsteps”). Themicrocanonical(NVE)
ensemble(“mdensemble”)isspecified.AdditionalMM(“ll”)andQM(“hl”)parameters
arealsogiven.Noreinitializationisrequired.

Janusdoesnotrequireprogrammingknowledgebutinsteadsupportsinputfilesubmis-

sionthroughasimplecommandlineinterface(CLI).Figure2showsanexampleofaminimal

inputfilethatrunsanadaptiveQM/MM/MDsimulation.TheinputhasaYAMLformat

withseparatesectionsthatspecifythejobinstructions(“system”),anyadaptiveQM/MM
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specifickeywords(“aqmmm”),any MDsimulationspecifickeywords(“md”),aswellasany

parametersspecificallyrelatedtotheQM(“hl”)orMM(“ll”)computations. Although

therearemanypotentialkeywordsforeachsection,therearesensibledefaultsfornearlyall

ofthem.Thus,theuseronlyhastochangethekeywordstheydesirebyincludingthemin

theappropriatesection,resultinginaverysimpleinput.Instructionsoninstallation,how

tosetupaninputfileandruntheprogram,alongwiththekeywordsofeachsectionand

theirdescriptionsareprovidedinthemanual(https://ccqc.github.io/janus/)toensurethat

thelearningbarrierisaslowaspossible.Formoreadvancedusers,Janusisavailableasan

importablePythonlibrary.

Janusoffersacomprehensiveselectionofmethods(seeTable1)fortheusertochoose

from. BecausethedifferenttypesofadaptiveQM/MMapproachescanallberuninthe

sameplace,themethodscanbecomparedonequalfooting.Thiswillallowforconsistent

benchmarkingacrossdifferentapproaches,aswellaseasycomparisonsbetweenthemtoes-

tablishgeneraladaptiveprocedures.Informationoneachmethodisprovidedinthemanual,

sotheusercanmakeaninformedchoicethatisappropriatefortheirspecificsystem.

RapidtestingusinganAPI

Inadditiontoinputfilesubmission,JanusprovidesitsownPythonAPIasanalternative

waytointeractwiththesoftware,whichisusefulbothtodevelopersandgeneralusers.For

developers,theAPImakesJanus’scapabilitiesbothaccessibleandcustomizable. Manyof

Janus’sfunctionalitiescanbeusedindependentlyasastartingpointfornewapproaches.

Inaddition,modificationstoacurrentlyexistingmethodinJanuscanquicklybetested.

ThefollowingsectionofcodeisanexampleofhowageneralusermightusetheAPI:

from janus import qm_wrapper, mm_wrapper, qmmm

# instantiate a Psi4Wrapper object as the high level wrapper

hl_wrapper = qm_wrapper.Psi4Wrapper()

# instantiate an OpenMMWrapper object as the low level wrapper
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ll_wrapper = mm_wrapper.OpenMMWrapper(sys_info="water.pdb")

# instantiate a Permuted Adaptive Partitioning (PAP)object,

# varying Rmin and Rmax (Angstroms)

p1= qmmm.PAP(hl_wrapper, ll_wrapper, sys_info="water.pdb",Rmin=5.0,Rmax=5.5)

p2= qmmm.PAP(hl_wrapper, ll_wrapper, sys_info="water.pdb",Rmin=5.0,Rmax=6.0)

# partition the QM and buffer zone atoms

p1.find_buffer_zone()

p2.find_buffer_zone()

# find QM/MM configurations that arise from buffer zone partitioning

p1.find_configurations()

p2.find_configurations()

#print Rmin,Rmax, number of qm groups, buffer groups,and QM/MM configurations

print(p1.Rmin,p1.Rmax,p1.n_qm_groups,p1.n_buffer_groups,p1.n_configs)

print(p2.Rmin,p2.Rmax,p2.n_qm_groups,p2.n_buffer_groups,p2.n_configs)

Inthiscase,theAPIisusedasawaytotesthowdifferentvaluesofRminandRmax(using

adistancepartitioningscheme)affectthenumberofbuffergroupsthataredesignatedand

thenumberofQM/MMconfigurations.Foragivensystem,itmightnotbeimmediately

cleartotheuserwhatarereasonableRminandRmaxvaluestoset.ThevalueofRminand

RmaxdirectlyaffectthenumberofatomsintheQMregionandbufferzone,andthusalso

determinethenumberofQM/MMconfigurationsthatarise(seeFigure1).IfRministoo

large,theQMregionmightbetoolargeandnotfeasibleforsomeQMmethods.Ifthe

distancebetweenRminandRmaxistoolarge,theremightbetoomanybuffergroupsand

thustoomanyQM/MMconfigurations.Therefore,itisvaluabletoeasilytestdifferentvalues

ofRminandRmaxtodeterminewhatisappropriateforaspecificsystembeforestartinga

longersimulationjob. Withjustalittleprogrammingknowledge,ausercantakeadvantage

oftheAPItorunjobsmoreefficiently.
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Minimuminterfaceoverheadwithexternalsoftware

Majordisadvantagesofcurrentinterface-basedQM/MMpackagessuchasQMMM,36

pDynamo,51andFlex-MD,34,35includetheneedtoreinitializetheQMandMMcodesat

eachtime-step,aswellasthenumberoffiletransfersneededforcommunicationbetween

differentsoftware.JanuscurrentlyinterfaceswithOpenMM56,57andPsi4,58,59bothof

whichhavetheirownapplicationprograminterface(API).BycallingPsi4andOpenMM’s

functionalitiesthroughAPIs,Janusminimizesthereinitializationofexternalcodeand

file-transfermechanismstoachievemoreefficientimplementationsofworkflow.Insample

computationsperformed,onlyatrivialamountofthetimeisspentasoverhead(<2%).The

softwarealsousesMDTraj60toassistinintermediatetrajectorystoringandmanipulation.

AlthoughnotallmolecularsoftwarepackageshaveanAPI,therehasbeenanincreasingpush

todevelopAPIsforestablishedsoftware(e.g.Amber,41NWChem,61GROMACS46),

whichJanuscantakeadvantageof.Furthermore,initiativesfromtheMolecularSoftware

SciencesInstitute(MolSSI),suchastheQCEnginepackageandtheMolSSIDriverInterface

Project,areencouragingAPIbasedinterfacesforavarietyofmolecularsoftwarepack-

ages.62,63ThesedevelopmentsareexpectedtoprovideawayforJanustointerfacewith

morecodeswithouttheuseofafile-basedcommunicationmechanism.

Easysoftwareexpansionthrough modulardesign

Janusisdesignedwithamodularapproachtoallowforeasymethodimplementation

andpackageexpansion.Figure3showstherelationshipbetweenthefourmainmodulesin

Janus.TheMMwrappermodule(green)containstheinterfacetoanymolecularmechanics

code,whiletheQMwrappermodule(pink)containstheinterfacetoanyquantummechanics

code. AsFigure3shows,eachspecificQMorMMsoftwarewillbeinterfacedthroughits

ownsubclasswithinthemodule. TheQM/MMmodule(blue)includestheQMMMclass

aswellastheAQMMMclass,andcontainsallfunctionalitiesfortraditionalandadaptive

QM/MM.Eachadaptivemethodisaseparatesubclassthathasitsownsetofmethod-
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Driver

OniomXS

HotSpot

PAP

DAS

SAP

Initializer

QM/MM AQM/MM MMWrapper QMWrapper

OpenMMWrapper Psi4Wrapper

Partition

Distance Hysteretic

BufferedForce

Figure3:AnoverviewoftheclassstructureofJanus. DashedgrayarrowsfromclassA
toBindicatethatAcallsfunctionsfromB.SolidblackarrowsfromclassAtoBindicates
thatAisasubclassofBandinheritsfromB.

dependentfunctionsinadditiontothefunctionsinheritedfromAQMMM.ThePartition

modulecontainsschemesfordefiningthebufferzone,asdescribedinStep2ofFigure1.

Currently,twoschemesareimplemented:thedistance-basedschemefirstpioneeredbyRode

andcoworkers5andthehystereticschemeofBernsteinandcoworkers.29Distancepartitioning

hasbeendescribedpreviouslyinFigure1. Hystereticpartitioningstillinvolvesdefininga

radialboundaryforaQMandbufferregion,butcontainsanadditionalsetofboundaries

(Figure4). Asthenamesuggests,theschemeusesinformationfromthepreviousstepto

temperdrasticchangesinthenumberofQMandbufferatomsduringasimulation.

Theindependenceofseparatemodulesallowsforgreatflexibilitybothinapplication

andimplementation,and makesJanusagreattoolfortestingnewadaptiveQM/MM

approaches.Inordertoaddanewadaptivemethod,addanewpartitioningmethod,or
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Rmin_qm

Rmax_qm

Rmax_bf

Rmin_bf

A

B

C

D

Figure4:Thehystereticpartitioningscheme. AllmoleculesinregionAaredesignatedas
QMmolecules. MoleculesinregionBaredesignatedasQMmoleculesiftheywereQM
moleculesintheprevioustime-step,andbufferatomsotherwise. MoleculesinregionCare
designatedasbufferatoms. MoleculesinregionDaredesignatedasbufferatomsifthey
werebufferatomsintheprevioustime-step,andMMmoleculesotherwise.

tointerfacetoanewpackage,onesimplyhastocreateasubclassthattakesadvantage

oftheexistinginfrastructurewithoutchangingtherestofthecode. Thisallowsquick

implementationofcurrentlyexistingmethodsandrelativelyeasypackageexpansionwith

othersoftware.Inaddition,theseparationofthePartitionmodulefromtheQM/MM

moduleallowsuserstotestdifferentcombinationsofpartitioningschemesandadaptive

methodstodevelopnewapproaches.Forexample,adaptiveapproachessuchasONIOM-

XS25andtheadaptivepartitioningfamily(PAP,SAP)27aretraditionallyimplementedwith

distancepartitioning. However,withthemodularimplementationofdifferentpartitioning

schemesonecaneasilytesttheuseofhystereticpartitioninginthesemethods.Thus,Janus

canbeusedbothtodevelopnewmethodsaswellastestuntriedcombinationsofexisting

approaches.
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SampleApplications

AprimaryapplicationforadaptiveQM/MMmethodsistostudythecoordinationnum-

berofasysteminexplicitsolvent. Aradialdistributionfunction(RDF)isoftenusedto

quantifythisproperty,andgivestheprobabilityoffindingamoleculewithinacertaindis-

tanceofanothermolecule.PeaksintheRDFcorrespondtothesolvationshellsaroundthe

centersystem.

TodemonstratethisusageinJanus,weperformedtestsimulationsonaclusterof1099

watermolecules.TheflexibleTIP3P64forcefieldwasused.Nocutoffwasusedfornonbonded

interactions.Inallcases,thewaterboxwasequilibratedfor25psinthecanonical(NVT)

ensembleusingaLangevinintegratoratatemperatureof298K,africtioncoefficientof

1ps−1,andastepsizeof0.5fs. Aproductionruninthecanonical(NVT)ensemblewas

thenperformed. Thepure MDsimulationranfor30pswithastepsizeof0.5fs. For

theQM/MMandadaptiveQM/MMruns,an MDsimulationusingmolecularmechanics

forcesonlywasrunfor25psintheNVTensemblebeforestartingtheQM/MMoradaptive

QM/MMportionfor5ps.FortheQM/MMrun,theQMregionwassettobeonewater

molecule. Fortheadaptiveschemes,thesamewatermoleculefromQM/MMwassetto

betheQMcenter. Mechanicalembeddingwasused. Whileelectrostaticembeddingis

availablefortraditionalQM/MM,electrostaticembeddingforadaptiveQM/MMisnotyet

implemented. TheQMcomputationswereperformedusingHartree–Focktheory(usinga

RHFreference),alongwitheitherthe6-31+G*65orDunning’saug-cc-pVDZ66basisset.

OtherparametersuseddefaultssetinJanus,andcanbefoundontheJanuswebsite

(https://ccqc.github.io/janus/).Distancepartitioningwasusedforadaptivetestruns.

AllcomputationswererunusingJanus,callingPsi4fortheQMcomputationsand

OpenMMfortheMMcomputationsandtime-stepintegration.Threeseparatesimulations

wererunwiththeconditionsaboveandaveragedtoobtaintheRDF.RDFsweregenerated

withpytraj67,68andusedthedistancebetweenthecentralwatermoleculeandtheother

watermolecules.Figure5showstheOc–O,Oc–H,andHc–HRDFofthewaterboxaveraged
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overthelast5psoftheNVTsimulationofthreeseparatesimulationsforeachtestcase. We

demonstratethatJanusnotonlyrunsadaptiveQM/MMbutcanalsoperformtraditional

QM/MMandMDsimulationstouseforcomparisonpurposes.

Theresultsobtainedarequalitativelyinlinewithexperimentandothercomputational

RDFspreviouslypublished.69
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Wenotethatforadaptiveruns,akeywordchangeintheinput

isallthatisnecessarytoredefinethebufferzoneorQMapproach.

Figure5:Radialdistributionfunctionforwater. Oc–Owascomputedwiththeoxygenof
thecentralwatervs.allotherwateroxygens.Oc–Hwascomputedwiththeoxygenofthe
centralwatervs.allotherwaterhydrogens. Hc–Hwascomputedwiththehydrogensof
thecentralwatervs.allotherwaterhydrogens.ThebluecurvecorrespondstoapureMM
simulation.Thegreencurvecorrespondstoanon-adaptiveQM/MMsimulation.Thepurple
curvecorrespondstoaHot-SpotadaptivesimulationwiththebufferzonedefinedasRmin
=3.0ÅandRmax=3.5Å,andusingthe6-31+G*basissetforQMcomputations.Thered
curvecorrespondstoaHot-SpotadaptivesimulationwiththebufferzonedefinedasRmin=
3.0̊AandRmax=3.5Å,andusingtheaug-cc-pVDZbasisset.Theyellowcurvecorresponds
toaHot-SpotadaptivesimulationwiththebufferzonedefinedasRmin=3.3ÅandRmax=
3.5̊A,andusingthe6-31+G*basisset.ThecyancurvecorrespondstoaHot-Spotadaptive
simulationwiththebufferzonedefinedasRmin =3.5ÅandRmax =3.7Å,andusingthe
6-31+G*basisset.

Figure6showshowtheQMregionischangingfora10psNVTsimulationoftheHot-
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Figure6:NumberofwatermoleculesintheQMregion.ThetopcorrespondstoaHot-Spot
adaptivesimulationwiththebufferzonedefinedasRmin =3.3ÅandRmax =3.5Å,and
usingthe6-31+G*basissetforQMcomputations.ThebottomcorrespondstoaHot-Spot
adaptivesimulationwiththebufferzonedefinedasRmin =3.5ÅandRmax =3.7Å,and
usingthe6-31+G*basissetforQMcomputations.

SpotadaptiveapproachwiththeSCF/6-31+G*QMmethod. Thetopgraphshowsthe

numberofwatermoleculesinaQMregion(includingbufferzone)witharadiusof3.5Å.

ThegraphshowsthenumberofwatermoleculesinaQMregion(includingbufferzone)with

aradiusof3.7Å.Asthefigureshows,throughoutthesimulationthenumberofwatersin

thesmallerQMregionvariesfromfourtoten,whilethenumberofmoleculesinthebigger

QMregionvariesfromfourtotwelve.Thusweseetheadaptiveapproachcorrectlycapture

themovementofthewaterclusterandupdatetheQMregionasneeded.

WealsousedJanustostudythestructureandsolvationofN-methylacetamide(NMA)in
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awaterclusterof576watermolecules.NMAisthesimplestmodelforapeptidebondandas

aresulthasbeensubjecttonumerousexperimentalandtheoreticalstudies.70–82Theflexible

TIP3P64forcefieldwasusedforthewatermoleculesandtheAmberff99SB83,84protein

forcefieldwasusedforNMA.Nocutoffwasusedfornonbondedinteractions. Thesystem

wasequilibratedfor25psinthecanonical(NVT)ensembleusingaLangevinintegratorata

temperatureof300K,africtioncoefficientof1ps−1,andastepsizeof0.5fs.Aproduction

runinthemicrocanonical(NVE)ensemblewasthenperformedfor35pstotal. Theuse

ofQM/MMforcesstartedafter15ps.TheQM/MMruntreatedNMAwithQMandthe

restwithMM.Mechanicalembeddingwasused.TheQMportionwasperformedusingboth

Hartree–Focktheoryanddensity-fittedsecond-orderMøller-Plesset(MP2)theorywithan

RHFreference,alongwiththeSTO-3G85andDunningcc-pVDZ(DZ)66basissets. For

claritypurposes,QM/MMcomputationswillbereferencedusingthenotation[QMmethod]

[QMbasisset]/[MM](e.g.,MP2STO-3G/MM).

Figure7showsthelabeledNMAmolecule(usedbyTables2and3andFigure8)along

withasnapshotoftheMP2DZ/MMsimulation.Thesnapshotrevealstwowatermolecules

actingashydrogenbonddonorstothecarbonyloxygenandonewatermoleculeactingasa

hydrogenbondacceptortotheamidehydrogen.Thisisrepresentativeofthemostcommon

typeofhydrogenbondedcomplexseenforallthesimulations.Theaveragenumbersofwater

moleculeshydrogenbondedwiththecarbonylcarbonduringthe20pssimulationare:1.5

(MM),1.7(HFSTO-3G/MM),1.9(HFDZ/MM),1.7(MP2STO-3G/MM),and1.7(MP2

DZ/MM).Fortheamidehydrogen,theaveragenumbersare:1.0(MM),1.1(HFSTO-

3G/MM),1.0(HFDZ/MM),1.1(MP2STO-3G/MM),and1.1(MP2DZ/MM).Average

bondsweremeasurebytabulatingthenumberofhydrogenbondspresentateachtimestep

andtakingthemean.HydrogenbondswereidentifiedusingtheBaker–Hubbard88scheme

asimplementedinMDTraj60withthecriteriarH...Acceptor<2.5̊A.

Table2showsthegeometryparametersobtainedbyoursimulationsascomparedtoab

initioMDandexperiment. Wenotethatalthoughmostparametersarecomparablewithone
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Figure7:TheNMAmoleculeandasnapshotofahydrogen-bondedNMA–watercomplex
duringtheMP2cc-pVDZ/MMsimulationgeneratedwithVMD.86,87

another,the H–N–C–Otorsionangleishighlydependentonthebasisset.Table3shows

thehydrogenbondinggeometricparametersascomparedwithotherQM/MMresultsinthe

literature.Theaverageanglesobtainedbyourresultsarelowerthantheonesinprevious

literature.Thelargevariationinthestandarddeviationoftheanglesispartlyduetothe

factthatweareaveragingoverallthewatersthatformhydrogenbondinginteractionswith

thecarbonylcarbonandamidehydrogen,asdiscussedabove.

Figure8showstheRDFofvariouspartsoftheNMAmoleculeandthewaters.Results

obtainedagreewiththoseobtainedbypreviousstudies.70–74Traditional70,74andabinitio

MD71resultsqualitativelymatchourresultsfortheamidehydrogenandwaterRDFsas
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wellasthecarbonyloxygenandwaterRDFs.OurQM/MMresultsalsoqualitativelymatch

otherQM/MMstudies.72,73TheO4–HwatRDFhasamorepronouncedpeakthantheone

obtainedwithABEEM/MM,72butisinagreementwithaHF3-21G/MMstudy.73

Table2:GeometryparametersofNMAinawatercluster

MM HFSTO-3G/MM HFDZ/MM MP2STO-3G/MM MP2DZ/MM Ref70a Ref76b Ref73c

BondLengths(̊A)

C1–N2 1.462±0.034 1.478±0.026 1.448±0.024 1.5074±0.029 1.4542±0.030 1.477±0.031 1.465(13) 1.458

N2–C3 1.333±0.022 1.442±0.029 1.356±0.024 1.4793±0.034 1.3744±0.026 1.351±0.028 1.290(13) 1.351

C3–C5 1.510±0.031 1.543±0.028 1.512±0.029 1.5666±0.031 1.5185±0.031 1.520±0.035 1.536(16) 1.515

C3–O4 1.230±0.020 1.223±0.020 1.205±0.023 1.2658±0.020 1.2351±0.027 1.268±0.022 1.236(12) 1.243

N2–H6 1.013±0.027 1.036±0.040 1.004±0.028 1.0614±0.030 1.0217±0.029 1.031±0.032 1.010

BondAngles(◦)

C1–N2–C3 124.85±3.23 113.84±3.52 119.22±3.16 110.59±3.61 117.58±3.63 120.5 122.4

N2–C3–O4 123.32±2.80 120.38±2.61 121.06±2.44 120.45±2.82 120.76±2.84 123.0 121.7

N2–C3–C5 116.70±2.93 115.58±2.91 117.18±2.78 114.57±3.09 116.57±3.11 116.5 116.9

O4–C3–C5 119.68±3.02 123.64±2.86 121.60±2.66 124.31±3.03 122.34±3.10 120.5

H6–N2–C3 116.98±3.31 113.67±4.65 119.73±3.82 110.35±5.05 119.68±4.53 119.5 118.9

TorsionAngles(◦)

H–N–C–O 172.40±5.74 147.44±12.61 168.31±8.40 141.12±11.67 165.81±9.68 173.98±10.75 180.00

C–N–C–C 171.93±6.06 166.28±8.86 171.42±6.16 166.11±8.71 171.01±6.72 178.46±10.70 180.00

Numberafter±isthestandarddeviation.
a.ParametersdeterminedbyabinitioMD.
b.ParametersdeterminedbyX-raycrystaldiffraction.
c.ParamtersdeterminedbyB3LYP/6-31+G(d,p)intheIEFcontinuum.

Table3:HydrogenbondparametersofNMAinawatercluster

O4···Hwat(̊A)
a O4–Hwat–Owat(

◦) C3–O4–Hwat(
◦) H6···Owat (̊A) N2–Hwat–Owat(

◦)

MM 1.933±0.220 156.03±13.28 125.16±19.49 2.141±0.181 153.64±13.36

HFSTO-3G/MM 1.932±0.223 156.02±13.49 128.11±18.78 2.134±0.186 153.15±12.98

HFDZ/MM 1.959±0.212 155.29±13.13 124.37±19.61 2.198±0.169 152.32±13.79

MP2STO-3G/MM 1.930±0.218 157.66±12.30 126.77±19.42 2.173±0.188 149.56±14.01

MP2DZ/MM 1.919±0.220 157.34±12.64 126.82±18.34 2.195±0.182 150.70±13.86

OPLS73 1.78 141 1.94 175

AM1/MM73 1.70 144 1.77 176

HF3-21G/MM73 1.99 143 2.10 168
bB3LYP/6-31+G(d,p)74 1.83 1.90

Numberafter±isthestandarddeviation.
a.O4–HwatrelatedparametersareaveragedoveranyhydrogenbondinteractionswithO4atagiventime.
b.PerformedinIEFcontinuum
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Figure8:RadialdistributionfunctionofNMAandwater.TheH6−OwatRDFwascomputed
withtheamidehydrogenandwateroxygenatoms.TheH6−HwatRDFwascomputedwith
theamidehydrogenandwaterhydrogenatoms. TheO4−OwatRDFwascomputedwith
thecarbonyloxygenandwateroxygenatoms.TheO4−HwatRDFwascomputedwiththe
carbonyloxygenandwaterhydrogenatoms. Thebluecurvecorrespondstoapure MM
simulation.Thered,green,purple,andyellowcurvescorrespondtoQM/MMsimulations
atvariouslevelsofQMtheory.
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Summary

SeveraldisadvantagesexistincurrentlyavailablesoftwareforadaptiveQM/MM,includ-

inglicensingrestrictions,limitedselectionofmethods,anddeveloper-focusedusage. The

growingfieldofadaptiveQM/MMcangreatlybenefitfromauser-friendlyplatformwithef-

ficientlyimplementedmethods,bothtoexploreuntestedapplicationsandtopromotenovel,

problem-drivenapproaches.Inthepresentpaper,wedescribeJanus,anadaptiveQM/MM

Pythonlibrarythatseeksemphasizesusabilityandpromotesmethoddevelopment.Janus

isfreelyavailabletodownloadandinstallathttps://github.com/CCQC/janusandismade

open-source.Contributionsfromthecommunityarehighlywelcomeandencouraged,facili-

tatedbyrigidautomatedtestingandcontinuousintegration.Simpleinputfilestructuresand

detaileddocumentationmakeitaccessibletonon-developerswhileadvanceduserscantake

advantageofthefullcapabilitiesofthePythonlibrary.AnAPIisofferedtogiveusersgreat

flexibilitywithhowtousethecodeandallowsrapidtestingofvariousadaptiveapproaches.

ThemodulardesignofJanusmakesiteasytoeitherimplementanexistingmethodortest

newmethods.Inaddition,interfacestoothersoftwarepackagescanbeaddedonwithlittle

modificationtoexistingcode.ItisourhopethatJanuswillpromotetheuseofadaptive

QM/MMmethodsandthatthegrowthofthesoftwarewillbesustainedandguidedbyuser

needs.

Acknowledgements

B.Z.issupportedbyafellowshipfromThe MolecularSciencesSoftwareInstitute62,63

underNSFgrantACI-1547580.J.M.TandH.F.SacknowledgesupportbytheU.S.National

ScienceFoundationundergrantCHE-1661604.B.Z.thanksAdamAbbottforcarefulreading

ofthemanuscript.

21



References

(1) Warshel,A.;Karplus,M.Calculationofgroundandexcitedstatepotentialsurfacesof

conjugatedmolecules.I.Formulationandparametrization.J.Am.Chem.Soc.1972,

94,5612–5625.

(2) Warshel,A.;Levitt,M.Theoreticalstudiesofenzymicreactions: Dielectric,electro-

staticandstericstabilizationofthecarboniumioninthereactionoflysozyme.J.Mol.

Biol.1976,103,227–249.

(3)Pezeshki,S.;Lin,H.RecentdevelopmentsinQM/MMmethodstowardsopen-boundary

multi-scalesimulations.Mol.Sim.2015,41,168–189.

(4)Duster,A. W.; Wang,C.H.;Garza,C.M.;Miller,D.E.;Lin,H.Adaptivequantum/-

molecularmechanics:whathavewelearned,wherearewe,andwheredowegofrom

here?WileyInterdiscip.Rev.:Comput.Mol.Sci. 2017,7,1–21.

(5)Kerdcharoen,T.;Liedl,K.R.;Rode,B.M.AQM/MMsimulationmethodappliedto

thesolutionofLi+inliquidammonia.Chem.Phys.1996,211,313–323.

(6)Schwenk,C.F.;Loeffler,H.H.;Rode,B.M.Structureanddynamicsofmetalionsin

solution:QM/MMmoleculardynamicssimulationsofMn2+andV2+.J.Am.Chem.

Soc.2003,125,1618–1624.

(7)Hofer,T.S.;Pribil,A.B.;Randolf,B.R.;Rode,B. M.Structureanddynamicsof

solvatedSn(II)inaqueoussolution: AnabinitioQM/MM MDapproach.J.Am.

Chem.Soc.2005,127,14231–14238.

(8)Rode,B.M.;Hofer,T.S.;Randolf,B.R.;Schwenk,C.F.;Xenides,D.;Vchirawongk-

win,V.Abinitioquantummechanicalchargefield(QMCF)moleculardynamics:a

QM/MM–MDprocedureforaccuratesimulationsofionsandcomplexes.Theor.Chem.

Acc.2006,115,77–85.

22



(9)Azam,S.S.;Hofer,T.S.;Randolf,B.R.;Rode,B.M.Hydrationofsodium(I)and

potassium(I)revisited:acomparativeQM/MMandQMCFMDsimulationstudyof

weaklyhydratedions.J.Phys.Chem.A2009,113,1827–1834.

(10)Rowley,C.N.;Roux,B.ThesolvationstructureofNa+ andK+ inliquidwaterde-

terminedfromhighlevelabinitiomoleculardynamicssimulations.J.Chem.Theory

Comput.2012,8,3526–3535.

(11)Lev,B.;Roux,B.;Noskov,S.Y.Relativefreeenergiesforhydrationofmonovalentions

fromQMandQM/MMsimulations.J.Chem.TheoryComput.2013,9,4165–4175.

(12)Kabbalee,P.;Sripa,P.;Tongraar,A.;Kerdcharoen,T.Solvationstructureanddynam-

icsofK+inaqueousammoniasolution:InsightsfromanONIOM-XSMDsimulation.

Chem.Phys.Lett.2015,633,152–157.

(13)Kabbalee,P.;Tongraar,A.;Kerdcharoen,T.Preferentialsolvationanddynamicsof

Li+inaqueousammoniasolution:anONIOM-XSMDsimulationstudy.Chem.Phys.

2015,446,70–75.

(14) Watanabe,H.C.;Kubillus,M.;Kuba,T.;Stach,R.;Mizaikoff,B.;Ishikita,H.Cation

solvationwithquantumchemicaleffectsmodeledbyasize-consistentmulti-partitioning

quantummechanics/molecularmechanicsmethod.Phys.Chem.Chem.Phys.2017,19,

17985–17997.

(15)Park,K.;G̈otz,A. W.; Walker,R.C.;Paesani,F.ApplicationofadaptiveQM/MM

methodstomoleculardynamicssimulationsofaqueoussystems.J.Chem.TheoryCom-

put.2012,8,2868–2877.

(16)V́arnai,C.;Bernstein,N.;Mones,L.;Cśanyi,G.TestsofanadaptiveQM/MMcalcu-
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