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elengt o e tonian oleulard na is MD si ulationsisli ited b t elengt o t eti este st at
an be used. A oderate in rease is ossible using t e re ersible re eren e s ste  ro agator algorit r R SPA
or erletl ultileti este ing M S et od, anda urt er in rease an be attained it t e olli ed
i ulse et od M . oeer,te airl longti este st at ould be usti ed b a ura  onsiderations
alone are not ossible due to nu eri al instabilit . nt eot er and or ange ind na is,t ea li ationo an
a roriateM S et od,na el anons le ti ,sto asti ,and e tra olati e et odter ed b itsaut ors ,
er its ti e ste s to be osen on t e basis onl o a ura onsiderations and re rodu es an ro erties o
e toniand na is. is aers o s or e tonian ole ulard na ist e ossibilit o using er ildsto asti
da ing to stabilize an M S integrator or long ti e ste s. Mores e i all , stable and a urate integrations are
obtained or da ing oe ientst atareonl a e er ento t e natural de a rate o ro esses o interest, su
ast e elo it auto orrelation un tion.

one M S integrators, ange in Moll M and runger rooks ar lus Moll M , are introdu ed in
tis aer. ot uset e olli edi wulse et od ort e e tonianter . M uses a dis retizationo t e ange in
e uation t atise a t or onstant or e, and M usest e o ular runger rooks ar lus integrator
ese integrators, along it , are e aluated a ross a ide range o da ing oe ient or ollision re uen
alues. sing M and ild da ingo . s longti esteso s are ossible in si ulations ontaining
e liitl odeled e ible ater. Wit Mandt esa eda ing oe ientti e ste so s are ossible

ort esa es ste . Si ilar results are obtained or a sol ated rotein D A si ulation o estrogen re e tor R
it estrogen res onseele ent R . W en using ild da ing, M issu eriortot e ot er et ods be ause it is
S leti int ezeroda ingli it, and be ause it uses a dis retization o t e ange in e uationt atise a t or

onstant or e. e o utation o di usion oe ients or e ible aterand R R s o st at en ollision
re uen ieso u to . s areusedt ed na isarenotsigni antl distorted. W en larger da ing oe ients
are used, asone ould ort ei 1liit odeling o sol ent ole ules,t e et od is su erior, it M losel
ollo ing.

e a eris organized as ollo s Se tion II oti atest e olli edi ulse et od,t e integrator used ort e
e tonian ter o t e e uation, and t e use o ange in d na is or stabilization o t e integrator in onstant
te erature d na is. Se tion III o ares single ti e ste ing integrators or t e ange in ter . Se tion I
introdu est e M S integrators or ange ind na isand ange in stabilization, in luding M, M, and
Se tion resents an e aluation o t e ne integrators along it . inall , Se tion I resentst e on lusions.

Mole ular d na i s ora lassi al un onstrained si ulation re uirest e solutiono e tonse uationso otion

d
d
ere isadiagonal atri o ato i  asses, ist e olle ti eato i osition e tor, ist e otential energ ,
t iall gienb
and t e gradient e tor ist e or e.

e erletI rR SPAM Si ulse et ods litst e or eintodi erent o onents osed na is orres ond

todi erent ti es ales, i aret enre resented asa ro riatel eig tedi ulses, it eig ts deter ined b

onsisten . eneor ardt eti ede enden e ill not bein ludedint e osition or elo it e tor. ei |ulse
et od ort odi erent ti e ste sis

4
dt

ere ist eDira i wulse un tion, and t e artitioningo  into and is osensot atana ro riate
ti e ste ort eslo arto t e or eislargert an ati e ste ort e ast art.



erlet I r R SPA as ro osedbutnoti le entedb t eaut orso Res. and andinde endentl dis o ered

b t eaut orso Re. , o0 also de onstrated its use ulness. It er its an in reaseto sint elengt o t e

longest ti e ste Went e et od asintrodu ed, it as redi tedt at t ere ould o ur resonan es t at

ig t indu e instabilit i t e re uen o t eslo orei ulse oinides it anor al ode re uen o t e

s ste . Resonan e rodu esanos illationint e ositions osea litudein reases it ti e. More sur risingl ,

t ereis alsoa roble orlongti este s usts allert an al t e eriod o t e astest nor al ode. ere is
alsoe iri ale iden et atti este so s or greater are not ossible it t is et od.

M isa a il o integrators t at ountera tst e instabilities resentint e M S erlet I r R SPA integra
tor. isisa o lis edb erturbingt e otential usingti e a eraged ositions. eti e a erageis obtained b
doing d na i so er ibrations using or est at rodu et ose ibrations. us,

it t e or ede ned as a gradient o t is a eraged otential,

ere isa atri .
is erturbation is su osed to o ensate or nite arti a ts. Intuiti el , a eraged ositions are better t an
instantaneous alues orara idl  angingtra e tor . Perturbingt e otentialrat ert ant e or eensurest at
t enu eri al integrator re ainss le ti . e oreusedb M ist e gradient o t e erturbed otential.
M anbeseenasa ltert ateli inates o onentso t eslo or ei wulseint edire tionso t e ast or es,
andt usi ro est estabilit o erletI r R SPA. Di erent a eraging un tions gi e rise to M integrators
it di erent stabilit and a ura ro erties. ere e resent ati e a eragingt at o letel eli inates t e
o onents o int edire tionso t e ast or es. A ore o letestate entis oundon A endi A. ur
starting oint ist e ba k ard wuler a eraging

ere isa ara eter it unitso ti e. is a eragingis obtained it oneste o ba k ard wuler starting it
zero elo ities. a k ard wuleris osen be ause o its stable be a iorint eli it .

Assu e t at an be ritten as ere is a e tor o inde endent lengt
onstraint un tions. eele entso areo t e or

eret e are s etri  atri esand arerestlengt s. us, ore a le,

ere is a bond or e onstant and is a re eren e bond lengt . Si ilar or ulations e ist or t e bond angle
energ e loingt ela o osinesin a triangle. Allo ing gi est e e uations or and

i areter ed t is et od o letel eli inates o onentso int edire tionso t e on
straints A endi A ontainsa roo o t isstate ent,asdoesRe. ,andt e ainresultissu arized ere
et be a essian atri obtained ro t e otential energ , and re resentt es e tral radiuso a atri
en, t e stabilit ondition or M on t e longest ti e ste
islessrestri ti et ant at o t e o ular lea rog integrator be ause it is li ited
b t e astest re uen iesint eslo or es rat ert anb t e o erall astest re uen ies in .
us, it allo s one to ooset e long ti e ste s inde endentl o t es ort ti e ste s. An earlier ersion o t is
a eraging, alled ,isin Re. . is a er resents a te ni ue to urt er stabilize M S b adding a
ild ange inda ingter . Westart b ro idingare ie o ange ind na is.



inall , eillustratet ee et o a 1 ing toasi le odel roble . Consider as ste o t ree
arged arti les and one s ringin D as illustrated in ig. . iss ste asa otential energ gi enb

i anbes lit into ast andslo o onents as ig lig ted abo e.

e M et od de nes a erturbed otential
ere is ound ro . . et t en ist e e tor o onstraints it
and e a eraged ositionsandt e M lter atri
are gi enb
eresulto a lingt eM Iter tot eslo or e,

istoadd e ual or estoea ato ateit erendo t es ring,t us not ausing an stret ingo t es ring. nl
a translation o t e s ring s ste is rodu ed. us, no ossibilit o instabilit due tot eslo or ei wulseis
introdu ed.

Regular ange ind na is odelst ee eto ole ulesnote 1liitl in ludedint esi ulation,su assol ent

ole ules and ole ules outsidet e boundar o t e o utational do ain. ee eto t e issing ole ules
ont ed na iso t esolute a ro ole uleisin or orated b an ele trostati s added

to , b t erando ore e tor belo , and b a
t e ri tion ter belo . isbe a ior anbe roduedb as ste o sto asti di erential

e uations gi en b

d d d d

ere ist e osition, ist e eloit, ist e ollision re uen , is a e tor o inde endent standard
Wiener ro esses Re. , . , ist e oltz ann onstant, and ist e ange in bat te erature. ese
e uations orres ond to a onstant te erature ense ble.

Int e lassi al sol ent odelinga li ationo t e ange in . t e ri tional ter is assu ed to be ro or
tionaltot e eloit o t es ste . e onstant o ro ortionalit or ri tion oe 1ientisgi enb ass. It is
use ul to de ne ast e elo it rela ationti e t isist eti eit takes or ig er re uen otion to be da ed
b a atoro .At ial alueused or ater as a sol ent is suggested in Re .  to be s

oolarge o erda st elo re uen ibrational odes. ore a le, s e tral densitiesa ears oot er, and

sodoest ede a o arious orrelations un tions. o e er,it asbeenre ortedt att ed na i sare reser edb
sto asti et odsaslongast e ollision re uen iesares allenoug . ore a le,Re. re orts uantitati el
orre t di usion oe ients or argon. More re entl , Res. and usea o s to stabilize M S ort e

rotein P 1. Plots 0 ariouss e tral ro erties see to indi atet at se erald na i al ro erties are reser ed.
o e er,di usion oe ientsarenot o uted. urt er ore,itisnot lear et er su results e tend to sol ated
s ste s. nt eone and, or uids,t e additiono e ena ild ange in ter a ause undueda ing,sinet e
elo it auto orrelation un tionde a s u oreslo 1, as or DI uids,see Re. , . . nteot er
and, or si ulations o biologi al s ste st islong taile e t s ould not bei ortant.



is ork e lores ,t euse o ild da ing to stabilize ot er ise unstable integrators
it out distortingt ed na is. Int eli it o , € tonian e ani s ould bere o eredi it ere not or
t ete erature ontrol e anis o ange ind na is. us,an instabilities o t e underl ing M S integrator
illbe o ea arentas a roa eszero. A res ri tion or esti atingt ea ro riate alueso isto oose
u larger t an t e rela ation ti es o ro esses o interest, su ast e elo it auto orrelation un tion. en,
o utation o d na i al uantities liket e di usion oe ient ser esto alidatet e ro osed alue o
n et e largest ossible t at does not distort t e d na is as been ed, t e largest ti e ste an be
deter ined. wu eri al stabilit establis est eli it o t e largest ti e ste t at an be taken. e roto ol ust
des ribed is used to deter ine a ro riate alueso and or se eral M S integrators a lied to e ible ater
and sol ated bio ole ule s ste s. See Se tion
e et odas resented ere doesnot ield a onstant energ si ulation but rat er a onstant te erature sa
ling. o e er,its ouldgi ea  si all reasonablesi ulationint e onte to sto asti boundar onditions.
It ould be interesting to o aret e relati e erits o M against e tended a iltonian et odssu as osé
ooerd na is and ossibl to o binet e

A ter a ing onsidered t e integrators or e tonian d na is and oti ated t e use o da ing to stabilize
t e ,adesri tion o t e integrators ort e ange in ter ollo s. As a starting oint, . issi 1li ed and
re ritten asas ste o t o ou led rstorder di erential e uations

d d d d d d

ere ist e elo it .

Di erent dis retizations o . are a ailable in t e literature, but one 0o t e ost o ular is t e
integrator

ere
and re resents a e tor o inde endent aussian rando nu bers o ean zero and arian e one. es Dbols

and re resent t e elo ities ust beoret e t ki kand atert e st ki k and are t e
ositions be ore and atert e t drit. isate orar etoro eloitiesatert e t kik.

It is reasonable to e e t an integrator or ange ind na isbee at or onstant or e ,
one su singleti este ings e e,is ro osedinRe. . is et od asi le ented and anal zed b oneo
t eaut orsin Re. . Anot ere a leo su a et odist eone ro osedin Re. . ange ini ulse is based
ont eidea o s litting, and it sa les ro a aussian distribution. e ange ini wulse dis retization

o . onsists o al aki k,a u tuation, ollo edb anot er al akik. e et odis



e -
ere
e d e d
and re resent te orar elo itiesbet eent e st and st ki k and and
are oint aussian rando  ariables o zero ean andso e o arian e atri . e ro edure or generating
t ese rando  ariables is su  arized in A endi . ese integrators are o bined it M S integrators or

e toniand na isint ene tse tion.

e o bination o singleti este ingintegrators ort e ange in ter it M S integrators ort e e tonian
ter o . rodu es M S integrators or ange ind na is. eintegratorst at erei le ented and tested
ort is a er are des ribed ne t. e rstt ree uses le ti M S integrators ort e e tonian ter . e last
one uses an e tra olati e and non s leti M Sintegrator ort e e tonianter . Itiss o nt at it ild
da ing,s le ti integrators be a e better t an non s le ti ones. o e er, orrelati el largeda ing,t ere
isno a arent ad antage o using a s le ti integrator ort e e tonian art.

Tist e o binationo t e erletI r R SPA et od it . eonl di erene it t ei ulse et od
ist atin t e inner ost loo is substituted ort e erlet lea rog et od.
Mist e o binationo t e M et od it . ike It eonl angeist euse
o in t e inner ost integration ste .
Misa o binationo t e M et od it ange ini ulse. Again, t e onl ange is t at

int einner ostloo ange ini ulse is substituted ort e erlet lea rog et od.

isa et odintrodu edin Res. and . Itisatri leti este ing et odt at o bines onstant e tra
olation C ont eouterti este , id oint e tra olation M ont e ediu ti este ,and id oint on
t e inner ost ti e ste . is arti ular or ulationist ato Re. . e oti ation o is to a oid t e insta
bilit duetot ei ulsi enatureo erletI r R SPADb usinge tra olati e et ods. C and M wused in a linear
roble are unstable e en or a s alar roble o e er, or alinear roble t e agnitude o t e eigen alues o
t e ro agation atri is bounded inde endentl o t elongti e ste or C and M to be stable, a oderate



a ount o da ingisneeded. einstabilit o M ats allouterti este sis ildert ant ato C ,e ent oug

it is not bounded.  eseresults oti atet e oi e o integrators ort e di erent or e o onentsin e slo
or es it longest ti e ste are integrated using C ereast e ediu or es are integrated it M
Assu et at t e ediu ti e ste and t e longest ti e ste ere and are
integers.  en, gi en ositions and elo ities , one long ste o onsists o
ollo ed b ste s o
ollo ed b ste s o

Results o nu eri ale aluationo t e integrators or ange ind na i sdes ribed abo e arere orted ere. Most
e eri ents ere eror ed using t at is, ibrations o bonds and angles are in luded int e IP P
ater odel. e otential energ o e ible aterisgi enb

ere . or our dis ussion t ese otentials are s lit as ollo s



es it ing un tion ser estos litt eele trostati otential intoslo and ast arts and also to bring
t e ennard Jones or etozeros oot 1 sot att e or eisaderi ati eo t e otentiale en  en using uto .
It is de ned b

or e ible ater, kal ol , k al ol degrees , kal ol
e, e, A, A, degrees. e ennard Jones ara etersare
A, A, kal ol k al ol

arlier e eri entssuggestt at e ible ater odels are arti ularl sensiti e to destabilizing arti a tsin nu er
i al integrators. esu essuluseo ti este so s using M is re orted in Re .

e riterionused to easurea ura isto onsidert e orseo t eerrorsina eragetotal energ andte erature.
In arti ular, t e de iation ro t e orret a erageenerg is o wutedb o aring against a tra e tor it
s oragien . Anerroro at ost is onsidered a urate. Si ilarl ,t e error o t e a eragesi ulated
te erature it res ettot e ange inte erature as o uted. In general, t e error in t e energ is obser ed
to be a stri ter easureo a ura t anist eerrorint ete erature.
inall ;tos o t at it t e ro osed alueo oneobtainst e orre td na is, e alsoobtainedt e ean

s uare dis la e ent MSD asa untiono ti eandt e sel di usion oe ient wusing instein s relation

e ro edureto o utet ese uantities is des ribed in ore detail in Res. and ,a ong

ot ers. e sel di usion oe ient as o wuted b a eraging o er all ole ules and all ti e origins o s
si ulationso a Aradiuss ereo ater it ole ules.

ogett edi usion oe ient orli uid aterone ouldnor all use eriodi boundar onditions to a oidsur a e

tension e e ts. e rogra ot Anot er Mole ular D na is rogra ersion . in i e tested

our et ods doesnoti le ent eriodi boundar onditions it an  ald su , alt oug itisi le ented in
ene e aeuseds erial onstraints it a radius o A. e uantities e o ute are not

siall orretbutt e areo t esa e natureast e si al uantities and s ould ser e ellto o aret e
ro osed et odstot elea rog et od, i iso kno n wualit. e rotein D A si ulation o t e estrogen
ree tor Rand art o t e D A o an estrogen res onse ele ent R as sol ated in a A radius s ere
o e ible ater it ato s. It as tested using M in . . Periodi boundar onditions in
all dire tions ere used, and t e eriodi bo en losedt e oles ste . e to olog ara eters eret ose o
C ARMM or roteins and nu lei a ids ara eters orazin at orD A ere ro Re.

A ura results or ange in stabilization o e ible ater aresu arizedint e rstnu eri alro o ablesI

and II. otet at T and are not suitable et ods or ange in stabilization. nt e ot er and, ange in
stabilization o M is er su essul using Mlongti este so s are ossible or oderate a ura ,and
long ti e ste so s or ig era ura bot sets o result use a s . Mis orea urate and able to
take longer ti e ste s t an M in all ases. wur tests o o bine ediu and ast or es does not
rodu e satis a tor results or ange in stabilization, sin e t e underl ing e tra olati e nons le ti integrator
is unstable e en or linear roble s, 1 anonl beoero e it arelati el largeda ing o s or
greater.
ableIIls o st at or e ible ater it a s  or all stableti este s, orbot M and M, t e
di usion oe ients are orre t, o ared tot ose o lea rog and M it ati este o s

ablel s o ssi ilar, albeit less e tensi e, results ort esol ated R R s ste

e results or regular ange ind na isaresu arizedint elast ro so ablesIandII. Missu essul

ere also it s ti este saslargeas sare ossible. isissu erior to Tor M, or i
te aiu ti este is s. In general, M allo s greater and to be taken t an I and M. or
ea le ti este so s an be taken it s wusing M. Asu ar o t eresultsa earin ig.

ort e odelingo ani 1iitsol ent, Misineriorto . e latter allo slongti e ste so s ort esa e



le elso a ura it s . ese results are onsistent it Re. , i re ortslongti e ste s using

0 s or e ible ater, s or a bio ole ulein ater, and s or a bio ole ulein a uu
All t e et ods des ribed ere are i le ented in a testing rogra  alled . e eror an e
o M , it and it out lange in da ing, as e aluated using t e arallel ole ular d na 1is
rogra .. etest roble ast e rotein D A si ulationo R R des ribed abo e. i ings are

s o nin able ,and et ods eedu sares o nin able I
Parallelis isa ie edb doingas atialde o ositiono t es ste intobo es alled at es it t e onstraint

t at ea grou iske tinasingle at . An grou isa ea ato andall drogens o alentl bonded to it.
A at resides o letel in one ro essor. arallelizes ell, sin e t e a eragingis eror ed on ea
grou inde endentl o all ot er grou s,i.e.,, grou sde ou le ort e a eraging Allt e in or ation needed
to do t e a eraging and olli ation, t at is, o uting and ,isloaltot e at t us,
t ereisnoe tra o uni ation re uire ent. ereis, o e er,ane tra e or re uire ent needed to storet e
a eraged ositions. e lter atri es arenot or ed o letel , butrat ert e atri e tor rodut
is o uted ro and Ane ident o wutationo or is resented
inRe. .It akesuseo t es e ial stru tureo t is atri .

is aer ass o nt atitis ossible to stabilize s le ti integrators or ole ular d na i susing er ild

da ingt atislesst ant ede a rateo t e elo it auto orrelation un tion. is asillustrated b introdu ing
M it o bines t e olli edi ulse et od, i e tendst e stabilit o t e erletI rR SPA
i wulse et od,and a ange ini wulse et od, i ise at or onstant or es. M, a lose arianto M,
an take long ti este so s it a o . s . M asbeeni le ented and tested it bio ole ulesin
e liit e iblesol entint e arallel ole ulard na is rogra .. Itis ti es astert an erletIr
R SPAona rotein D Asi ulation. It is ossiblet at o bininge en stabler M et ods it ildda ing,

one a a ieeti este s or oleulard na ist at areonl 1i ited b a ura ,rat ert an stabilit . Also,
our o utation o di usion oe ients suggests t at ange in stabilization is a 1li able to sol ated bio ole ular
s ste s t isissu orted b reli inar results on a sol ated rotein D A si ulation o t e estrogen re e tor R
andt eD A o t e estrogen res onse ele ent R . e ert eless, oree tensi e stud and onsideration o t is
uestion ould ore learl s ei t eli itations and a li abilit o t e et ods resented ere or onstant
te erature si ulations, in t e resen e o sto asti boundar onditions, and as an alternati e to and ossibl
o bined it e tended a iltonian et odssu as o0sé oo er.

We are grateul to Ji P illi s or assisting usint ei le entation o into . . We are
also t ank ul to Dr. Atul a el or el ingusto o wutet e di usion oe ients, and reading a ersion o t is
anus ri t. Mr. Mar Ma ontributed one o t e gures. is ork assu ortedin artb S rants DMS
,D I and I rant P RR ,and b t e De art ent o Co uter S ien e and ngineering

att e niersit o otreDa e, I

E UILIB IU
Int isa endi e roet eassertiont at o letel eli inates o onentso t eslo or esin
t edire tionso t e ast or es. isisi ortant be auseit eanst at, at leastint e linear ase, is a
true ultis ale integrator oneis ableto ooset eti este orone o onento t e or esinde endentl o ot er
or es. ee eri entalli itationso t e et od aret us attributed tot e att at oneisonl a ro i ating
t is lterin ra ti ali le entations o M , b onl in luding art o t e ast or es bonded or es int e
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