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l’rol,cin Simulations using ‘J’echniqucs  Suitab]c  for Very l~argy Systems: ihe

Ccl]  M ultipole Methocl  for INonbc)nd interact ions  ant]  the Ncwton-1’;uler

]nwrsc  M a s s  O p e r a t o r  Method for Intcrna]  Coc)rdinate  l)ynamics

A l a n  hfl. M.athiovmtz, i ~/ Abllinanclan  Jain,l Naoki Karasawa,!

ancl William A. Goclclard  1111*

Materials and MolcculaY  Simulation Cc]]tcr, lkck]I]aII IIlsitutc  (139-74)

California IIlstituk  of 11’cclIIIolcy;y,  l’asaclmla,  Califoniia  91125

~’wo llcxv lndl)ods  clcvclc)])ccl  for  molcc.ular  dyllalnics  siInulatiolls  c)f vmy large l)rotcills

arc a}q)liccl  to a series of prc)tci]ls  rallgillg u]) to tlkc pxc)tcin capsicl  of txnnato  busily stunt

virus  (rJ’l\SV).

l’or lnolcxular  clyllamics  c)f very large ])rc)tcills and polylncrs,  it is useful to carry cmt the

~yj]a,l~i~s  usi*]g i*ltc~~la]  ~oo~~li,-,at~s  (say,  t,o~sio]]s  O]lly)  I:~~llcr t,]lall  ~artcsiall  c,oorclil]atcsm

‘J’l)is  al lows larg;cr  tilnc  stcqm , dil~lillatcs  l) IwblcIns  wit]] tllc c l a s s i ca l  dcscril)tioll  c)f high

cl)crgy ll-)C)ClCS,  alId  focuses  C)II tllc im])ortallt,  dcgrccs  o f  frcmloln. ~’hc rcw]ti]]g  cquatic)Il

c)f lnot,  io]l has tile form

M(@ -{ C(O, i) = 71(0)

. .
W] JCI’C for q’ is tl]c vccttor  of gcncralizd  fcmcs, M(8) is the II”]olnmlts  of illc!rtia.  tcllsor,  6’

is tllc vector  of torsimls  aIIcl C is a vcctm colltailling;  Ccmiolis  folc.cs aIId  lIcmbolIcl  f o r c e s .

‘1’hc problmn  i s  that t o  calculat.c  tl)c accdcraticnl  vcctcn ~ f r o m  M ,  C al)cl !7’ mcluircs

invcrtil]g  M(0), an order A(3 c.alculatiol]. Sil)cc  the lIul Illm c)f degrees of frcdom might

~‘1 ~;urrellt  address:  Sterl ing Willtl]ro]), IIIC., 1’250 South (kllcgm’illc  l{oad,  1’. 0. lk)x

5000, Cc)llcgcvillc,  Pcn)nsylvallia  19426-0900.

~ Jet l’repulsion Laboratory

t l)ivisio,,  of C]lcmist,rY  a,,d Cl,m,,ical E],gil~ccriI]g  (CN 8921 )

i “ ~flat,cli<lls  ~11~ h~cj]ccll]al  Silllll]ati~ll  ~clltcl  , ]JCC~IIlaI,  ]]lstitutc  ( ] 3 9 - 7 4 ) .  ‘J’o ~,]],,],,

COI’I’CS])[)IIC  ICIICC Should lx ad(lrc!ssd.
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I)c 300,000 for a lnillicn~  atoIn syskIn,  solviIlg  tllcsc cquaticnls  cn’cry tilnc step is ill]] practical,

rcstric.tinp;  il)tcrllal  c.oordil)atc  l])cthocls  to sInall  systmns. ‘1’llcncm’  l]ldhod, hTc!\l’tc)Il-  }’;ulc!l

lnvcrsc h4ass O])crator  (N I’;IMO) dy]]amics , cculstructs tile torsimlal  accclcraticn)s  vcc.tor

8 =: M- ] (7’ -  C) clixcctly b y  aII OICICX JV }) ICKCSS, a]]owi))g;  illt,crllal-  coordinate  clyllalnics

to Lc solved fcjr supcn  large (Inilliol]  atolII)  systcl  IIs. ‘J’llc  first IISC of tllc  ATFIM{)  mcthc)c]

for lllolcculiir  clynall-lies of ])roteil)s is }IrcsclIted  lIcIc.

A SCCOI)C1 serious difficulty for ]argc ])rc)tcil]s  is ca]c.ulaticm of t]lc  IIon~jond forms. WC

rc~~ort  }lerc tllc f i r s t  app l i ca t ion  to protcil~s  of ilic lJcw Cdl Multilmlc h4Ctllod (CMN4)  to

eva lua te  the Cou lomb aIIcl VaII dcr Waals illtcractiolls. ‘J’}lc cost of CMM  scales linearly

with the numb of part, ic.lcs wllilc  rctaillillg  aII accuracy sifylific.alltly  better tllall stallclarcl.

110111.)01)(1 lnc!tllc)ds (involving; Cutofrs).

l{csults for NElh40 aI]d Ch4M aIc give]] f o r sinlulatic)I]s  c)f a wide mlgc of ]mptidc

aIIcl ~nwtci]l s y s t e m s , including tllc protcill  ca]wid  c)f ‘J’I]SV with 488,000 a t o m s . ‘.I’IIC

c.omputaticmal time  fox  NF3M0 ancl ChIhl  zuc clcmcmstxatccl  to scale lillcarly wi th  size.

Wit]l N}{;lh40 t}lc clyl~amics tilne  steps can  be as large as ’20 fs (for small ])cpticlcs),  much

larger tllall ~Jc)ssible with stallda]d  Cartcsia]]  coordinate dyl)a]nics.

Rx q’lISV w e  c.oxlsidmccl  both  tllc ucmnal  form zmcl t h e  higl) pH fcnm iI1 wllic.h t h e

Ca2+ icnls  arc rcmovd.  ‘J’lICSC t a l c .u la t i cn ) s  lcacl to a cmltrac.tioll  of t}lc ])rotcin  for bot]l

forIIls  (’)robably  bccausc of igl]orillg  tllc I{NA core IIot observcxl  ill tllc X - r a y ) .

1. 1 ntroduction

h401ccular  clylla]nics  si]nu]ations  llavc IWCOIJ-IC i]lvaluablc  for SUCII  divcmw t a s k s  as

buildi]lg  protein Inodds  froln cryst,allc)glzi]  )llic.  data’ aIId detcrlninil]g  tllc  relative frcm cm-

Clgy c)f bi]]di]]g for a variety of clrug Inolcc.IIlcx  to a coin Inol I rccq)tor.2 l)cw])itc  the ad-

va]Ic. cs, InaIIy ])mblclns  of c.llcmistry aIId biology saw c.m]]plctcly  outside tllc reach c)f.

c.lllw]]t  ]I]ctl]c)clc)lc)gics. l’or cxaln]jlc, starti]]?; with tllc X-rtiy diffiactioIl  strllctl]rc for tllc

l)rot,ci]] c,al)sid  of poliovirus,  wc WC)UIC1 ]ikc to use  Inolcculal  dyllalllics  to ]Jrcdict  tlIc struc-

ture o f  tl]c l~N.A i]lsiclc tllc prot,ci]]  c.a])sid, a  silnulatioll  illl’olvillg  lollg-tcll!l  sil]llllatfiolls

of ovcl’ 1,000,000 ])artic,lcs. h~ajor  aclvaIIccs iIl coIIIpuk:I  llardwarc  (illcludillg;  vec to r  ])rc)-

ccssil)g  S[ll)clcc))lll)lltc!ls,  l{ISC woIlistatio Ils, alicl  II]assivcly ])arallcl sl]])clcc)]ll])llt(’]’s)  lIavc
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allowd tllje  Cxtensiolj  of CUI<IrIIt  IIIetl Iocls  to la IgcI’ al]c] IIiorc  con]l)lcx  systclns.  I;vcl I Inc)rc

imlmta]lt  arc the advaIlccs  ill sdwarc wllicll  illvolvc  optimizat ion of  arcllitcc.turcxs,3 iln -

provcd cff~cicmcy  ill  Calculating  iI]kratoInic  forccx,4’5 W)(I dCVC]O]WIlt  of  {Jccl]l]iqum fc)r

allowing larger tilnc stq)s ill InolcculaI dynamics silnulatiolls.6-  12

MoleculaI  d y n a m i c s  si]nu]atiolls  tyl)ica]]y  illvo]vc  I]ulncrica]  intq;ratioll  of ~cwton’s

equations  d motiol  J,

‘1’imc steps  for tllc integration must Lc sufficiently  small t}lat  tllc  Pdstcst  moclcs  arc halJcllccl

ac.c.uratdy. Syskms COlltaillilJg expl ic i t  lIychogcll atmns tyl~ically r e q u i r e  tiInc  stc])s c)f

abOLlt ] fcxntosccoI]d (] fs U- 1 0- 15 S) for ?lC.CU1’atC xwu]ts.

~’lIc Inost  ])opulztr  a~)pIwIclJ  fo r  ilicrcasillg  tilnc steps is  to  fix tl]efastcst  dcg!ccs C)f

fl’CCdOIJl  (bCHld StlC!tC]lCS  aIld :Ul~lCS) Wld to SC)]VC t]lC CC~UatiOllS  C)f lllOtiOIl fCH’  tlJC slOWCr

(to*sio*]al)  degrees of flCCdOIJ1. SUC.11 all aIIproac}I  is cspccidly  jus t i f i ed  for s tud ie s  of

la.lgcb ic)logicall  llolcc~llcs,  wllcrcbc)lldlcIlgtlls  all(lal-lgles\ ~aIylittlcfl  c) IIlc)Ilcstr  uctulctc)

anotllm  allcl nearly all ilnl)ortallt  c.c)llforljl?ltic)Ilal  tra IlsiticJlis  arc. clue tc) torsicnla]  xnc)tio]ls.

[AI, altcrl)ativc  a~,]m,acl, for incrcasil~g  ti,ne stcl,s is to scpamtc short and loI~g-IaIJgc forces

and usc diffcrcnlt  tilnc  stq)s  fo) tl)c  difl’crmlt fo rces .6]

‘.’IIc S}lAl{l~  algoritll]n 7 llLJS  bcxxnnc  tl]c  s t andard  ap])roach  for doing molcxular  cly -

l)a.Inics with fkcd bcmd  lCll@JS. It c.a II also bc used to hold aIlglcs  fixed, I.mt this is lCSS

cflcctivc.29  S1lAKl~l is a modiflcatiml  of tl)c l~crlct,  algorithm for iIltcgratillg  tllc cxluations

of  IIlotio]l  for tllc 371- 6 ~altcsiall  cocndil]atcs  cl(:grccs  c)f f)ccdoln  iIl all 71-~)articlc systmns.

l’alticlc~~  clc)c.itics arccalculat,cd  first for tl]c~lllc.c)llstlaiIlcclsYstcIl-l,  aIld  tllcIl  lnoclificd  to

lncci CMCI1 cc)nstraint.  AI I ikrativc  ]) IOC,CSS  is  required to IIlcct  all tl)c  constrail)ts  concul’-

rmltly. ‘1’lIC SIIAI{E algoritll]n  IIas bcclI  succcssful]y  US(CI fcm tiIJlc stcl)s  u]) to 4  fs,g~10

(:l)al)ling  a s})ccdu])  i]] c,c)lll])~lt,atic)Ilal  ti)ne t])at is ])artia]ly  I):ilallc.cd  by  tllc costs of itera-

tively  solviI]gtl]ccollstlraillt  cquatiolls.g

AII altcrllativc  to the SIIAKII;  IIJCtlIOdOIOp;y  of solvil]:;  (;artcsiall  coorcliI1atc  dyl~all)ics

~~,it]l coIIst,Iaillts  i s  to 30171C i.hC Cq71(Iti0?l  S o f  rr~otio?t dimcily for t}t, c i?ttcmal dqqwcs  oj
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$rccda?l~.  ‘J’his  lcacls tc) cquaticms  of tllc fcmn

M(@ -1 C(6, Q) = !/’(6’) (2)

W]JCIC ~’(~) i s  a vCCtOI  COIjt,aiIli~lF  a]] t, OIqUCS  (c)r otllcr  gcI1clalizcd  fOl”CC%),  ~ i s  a l’CCtOI’

dcxclibing  IIonlmIIcl forms aIId  CXtCIIIal  f i e l d s ,  M is tl]e momcIIt  o f  illmtia tcIIsoI  (t,llc

mass matrii), aIlcl  ~ is  the vcc.tm  of aIIgulaI  acc.clcrat,iculs  (~cncralizcxl  acc.clcl:ttic)lls).  At

til Iy ])artic.ula]  tilnc skp, M ,  C, and 71 arc liIIOWII aIId  ~ IIlust  k c a l c u l a t e d  t o  ol)taill

tl]c  O al)d  8 f o r  tllc Ilcxt  t,iInc stcl~. Whm OII]Y torsional  dcF;rcm of frccdmn  arc allowcxl,.

s o l u t i o n s  to (2) automatic  a]]y fll]flll t,]]c dcsirccl  boIId  lcll~tll allcl/or allglc  c.ollstraillts, Sc)

their cfflcicmcy  is not limitcc]  to a sccoIldary  cc)]jstl-:~illt-sc)lvillg;  stcl). IIldcxxl,  Mazur ct al.’d

were able to siInulatc  accurately a SIllall  ~Jo]yl)cq)ticlc, (Ala)g, witl]  tilne stcq)s as large as

13 fs, a sigllific.al)t  iln])rcwcmcl~t, over tllc S}1 Al{]{;  algorit}lln, ‘1’lIc ]mlJlcIn  is tl)at for Af

dcgrccs  c)f frccciom  M is w A( hy JI~ )natrix aIId solvill!;  (2) requires a time lmq)ortimla]

to A(3, whic]l  bxoIncx  prohibitive fc)r ]argc systcjns.

Rccmtly,  JaiIl c% al. 1 1~12 clcwc]opcd  aIl altcrl]ativc  mcthcxl for solving tllc cxluaticnls  of

Inotion  for illtxrna]  coordiIlatcx.  ‘1’]lis  IJCW Neudon-};ulcr  ~?~vcr.$c  ~a.w (@Ta~OT (N]  ’;]h4[))

111 Ctll  Ocl, docx  not  require dircxt IIlal-li]>lllat,ic)ll  of lnatricm , aIId l eads  tc) cc)IIl]~lltzitic)Ilal

tilncs  pmport,icnlal  to Af ratl}cr tllall A(3. ‘ ‘I llC! IIlctlloclology  W’as (1 CW1O]KK1 fc)r S])acccraft

clyllalnics,  but in a separate rcpcmt,  Jaill et al. ] 2 dcsc.ribcd lIow tllc Illct}lod  cc)ulcl  be app l i ed

t o  II)olccular  dyllalnics. ‘1’his  rc]mrt prcscl]ts  tllc f i r s t  ill~])lcll~clltatic)ll  o f  tl]c  N1;lM()

lllctllocl  fox lnc)lccular  systmns. WC lla~’c studiccl  tlIc clyllmnics  of poly])c])tidc  Systc:lns  alId

fillcl  that w7c alc ab]c tc) talc.ulatc acxuraicly  tllc clyllalnics  d some systcIIls wit,]) tilnc stc])s

as large as 20 fs. }kxausc the cc)ll-l])lltatic)llal  c.cmts usill?; N}}lkl{)  arc rigorcmsly  l)lc)]>c)ltic)l)al

tc) A(, it, c.aII hc a~)])liccl to ve ry  large systclns. Actual  a))})lic.atioIl  of N1’;lh!IO to syst,cnns

as large as t]lc!  toll”lato bus]Iy  Stunt  virus  crysta]  stl’llcturc,z4 (with al] asyInmctric. unit of

ove r  8000  atcnns distributcll  aloIIF; tlllcx’  cllaills  total lil~g Ilcar]y 900 lcsiclllcx)  snow that

the costs arc inclccd  proportioua.1  to .4(,
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11. Mctho[lology

A. NII;l MO

III skIIciaIcl  ]nolccular  dyl]alnics  calculatiol]s  ilIc illde~)cl}clcllt  v a r i a b l e s  arc tllc 3?1

ca.rtesiall  dcgrc.cs  of frccdoI1l,  lcaclillg  to Ncwt,oII’s ccluatimls of Inoticnl  ill tllc foIln

}lCIX’, ?Ili is tllc  llltiSS of ~mrtic]c  i , ~mt is tll C Cl COll”ll)C)IICllt  Of t,llc  tic.cc]crat,  iOIl fol. ~)a~tic,lC

i ,  and 1(>~~1 is tllc {k C.olll]mllcl)t  of tll C force fO1’ l)articlc  i . A t  caclI tillle stcl) t])c unkIlowII

acxdcraticm is c.alculatcci  from (1 ) for each of tllc 3n Ckrtcsim dcgrccs  of  frcwdom  by

clividillg  by ??1 i,
1

(2)

in intcrIml coordinates tllc dynamical cquaticnls  of lnc)tio]l am

M(0)~ + C(O, ;) = T(d). (3)

W1lCIC  O is tile se t  o f  gellcrali~fml illtmml c.ocmdinaks  (e. g., torsion angles) ,  C is tllc set

of llcmlil)car  forces (Coriolis  lJIUS IIonlmId),  7’ is tl)c set c)f gcmcralimd  forces (torques ill

tllc c.asc of torsional dcgrccs  of frcwdom),  and M(6) is the mcn]lcllt  of inertia tensor (Inass

lnat rix). I+’or a s y s t  c m  wit]l Af illtcmal  degmcs  of frccdoln, tllc! Af dcglccs of  frcc(lom

arc Cou])lcd, lcadillg  t o  c)ff-diagollal  clclncnt, s ill tllc ll-IaSS Inatrix, M ,  wit,]] a Ilc)nlillcar

[Icpmldcncc  011 0. ‘1’lIus solving  (3) for ~ requires coln])util]g

(4)

at cacll  ti]nc stc]). ‘ 4 ‘1’lIc co]nl)utatio]]al  cost of sc)lving this IIlatrix  cquatiml  is proportional

t o  A(3, wllicll  bccomcs  pmllibit,ivc  fm ]argc II1OICCII1CS.

licccnltly,  Jain , ct U1.l 2 dcwclopcd  a rcc.ursivc  algoritllln  f o r  solvillc  tllc cquatiol)s  o f

lIlotioIl  (3) which comlmtcs  the right, hand  side of (4) without  cxl)licitly  solviIlg  tllc A~ x A(

lllatrix  cquatimls  ill ( 3 ) .  lIIstcad  t,llis  N1’)lh40 lllctl)od  uses .q~laii~l opc7w.to7 u.lgcb7u ill a

rccursivc  a])])rcmcl) k calculate (4) (Iircctly  in a ]JrocdllIC \vlIclc tllc  (:077t?)tltof io7Lal (:flo?’i
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is rigoro?l.sly ljroyoriional  io A(, Ina]{i]]g a wllo]c lIcxv class of T’cl’y lal”!;c  111 OICCul:\r  systclns

avail  zil>lc, for study  l)y illtclll:ll-co(Jj’[lil]atc  ]nolccular  dyl)alnics.

‘J’lIc  N]’l]M()  lnci]loc~c)logy  IIas lKCI1 C1CVC1O]WCI  for  p;c])c.ra] lnu]~ihody  systcvns  c .cmf ig-
]  1112 our first ilnplelncll-umcl as serial chains, tcq~c)lop;  ical trees, 01’ Closed- lC)C)]”)  Syskllls.

tatiml  for m o l e c u l a r  syskvns  rc])ol  tccl lICIC is for  smial cllail)  a]ld  tree to])c)logics.  (rJ’llis

illc.luclcs  all pmtcins  wi thou t  disulficlc  lilllia~;cs  or p ros the t i c  grcm])s Ilavillg  IIlultiplc  at-

taclll]lcllt  s i t e s ) .  P;xtcmsicnls  t o

1.) C!CII Colnplctc!d.sl

NhXMO  USCS the C.onCC~)tS Of

Closed-loc)p topcdogics  al]cl  periodic sysknns  llavc sillc,c

“clusters” and ‘(llillgcs” to dcscribc  a molcc.ula.r  systmn. A

ctvsicr  is an atoln  or groul)  of atmns that  ]Ilo\’cs  as a rigicl unit; t}lis coulcl bc a sill:;lc  atoln,

a ]nulii])lc-atcm  grou])  SUCI1  as a mctllylcl]e  grou~), a }JIIcIlyl ring,  or eve]] all Clltirc  dolnaill

of a protein.  A hinge dcscriks  tl}c  re]ativc  oriclltatiml  bctwccnl  two ccnlncctcd c lus t e r s ;

in a mcdccu]ar  systcm,  each llillgc  is a bcmd collllccti]lg  two adjac.cllt  clusters .  ~’l)crc  arc

s i x  ])c)ssiljlc clcgrecs  of frccdmll (dof) for cac]] ]lillgc. Special cases illcluclc  torsicms-cnlly

(1 dof) .311cl  a l l -angles (5 clef). Ilmc. wc will co,lcc,,tratc  on  tl)c  torsiol,s-ol]ly  case,  with

mc.1] ]lil JgC! li]nitcd  tc) a sing;lc  t o r s iona l  dc)f. 111 ac]cliticnl  tc) tlIc i]]tcvllal  clc)f, Cmc.11  cxmIImkci

cl)aill  of mc)lcculcs  is rcfcrcnccxl  tc) an al)solutc  rcfcmlc. c c.ocmclillat,c  systcm. ‘J’llis i s  d o n e

hy Collsiclcrillg  onc cluster as t}lc base al]c] using a l)ingc  wit])  tl)c full six dcgrccs  of flVdOln

to  dcscribc tl)c  absciute  cmicntatic)ll a]]d ])ositicm ill  sl~ac.c  fox tl]is  c l u s t e r .

‘1’hc rclationsllil)  bctwccm  adjac.cllt  c.lustc]s  i s  dcscribcd  ill  tcllns  o f  “])armlts’)  and

‘(cllildrcll.”  lkc}]  cluster call have CMIC or I11OJC  attac]lccl child clusters; a]lcl  is t}lc parcl)t c)f

cacll  c)f tllcsc cllildrcnl.  111 a topolc)gic.al tmc, c)l]tw~ard branc.llillp;  ~)loccmls  wit])  cacl)  cluskr

llavil~g zero, one, or more cllildrcn,  I)ut  cac]] child llavil]g o]lly  ollc  l)arcllt cluster. C~lustcrs

at tllc far extent of each  brancl]  arc tcmnecl  ‘(t i])s” al)d  llavc 110 cllildm]. A serial cllaill  is a

lillcar ]mlymcr IIavil]g  tllc  base at OIJC CIJC1 fiIId a si]jglc  tiJ) cluster at tllc c)t}lcr.  IIctwccll  tllc

base and til) clusters, cacl] cluster has a Illliquc  l)amlt and ullicluc  child. III a ])rokin,  lnost

of tllc (:G atoms arc branch ]Joil)t,s  wit]l  two cliilclrcll,

sidccllai]l i s  a ti]). 7’llcsc ccnlccq)ts  a r c  illllstratcd  ill

h4ct-cllkc])llali)l  i s  sllow]l wit]] tllc llillges  IluIIll~crcd.
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Clllstcl’ to t!llc rcfclx!llcc fralllc!, is I lot S1l C)WII . l’;aclI cluster  lIas  a uIliquc  IIillp;e  collllectillg

to its paIcuIt c.]ustcr. ‘J’hc  c.luskrs aIId lli]lgcs of N!lct-cl]kc])llalin  arc dcsc.ril)cd  ill ‘1’able 1.

‘J’lIc torsiolla]  dcgrcc of frccdoIn  for caclI l]ingc (other tlIall llillge  O) is dcfilled ill t,crllls  of

a .spccific  dil)cxlrzil  al]glc. ‘1’]ICSC di]lcdrals  arc also listed in ‘J’ab]e 1, using tllc s t a n d a r d

Ilc)IllcIIcltItlllc  of protcil]  dil]cdrals.

‘1’ljc  NT F,lh40  llletllod  IIscs sl)atial o~)cratol’  algebra to sillll)lify  alId  solve tllc cquatiol]s

12 llsil]g sl)atial llotaticnl,o f  Inotiw]  for multilmcly systmns. tllc  NTC\\’tC)lI-}’;lllCl  rccursivc

equatimls  of Inc)ticn)  for a tree-to])ology systcln .Wc:

v(k): ~) ’(p, k)v(p)-l  W’(k)i (k)

a(k)= @*(p,  k)a(p)-1 H“(kyj(k)i  a(k) (M)

a l ] c1

lkluatlic)Ils  (.3a and 61) Clcfillc  tllc f’cnccs  aIId t o r q u e s  ill tllc s]mccfixccl  C.oordillatc  systmn,

~(k) all(l 7'(k), iIltcllIlsc  )ftllci  l:tcI-c.lllstclill  iclactic)llfc)lc  cs~(c) ~)lllstllc  fc)lc.csclcri~’ccl

fro]n lloI~-l>oIldcd illtcractic)lls, ~C. Tl]is  ])rocdsfrcml  k = ti~)s to k = base (that i s  f r o m

Cllil(l  tfc) pmmt)

‘J’lIc sptial tm7L.sfor7nation  7nat7ix~)(l”,c) tlallsfc)IIjlss]~2itial  fc]lcccl~lalltiticsfIc)lIl  tllc

fralnc c)f rcfcrcmcc  o f  the  ch i ld  cluster c to its ])arm]t  clllstm, k; its tralls]msc,  #’”(k, c)

traIlsfc)llI-ls  vdociticx  aIId ac.cclcratiolls  frol]l l)arcllt to cliild. ‘1’llC /L?k.{/C ?//(7f7i2 ]]”(k)



spatial  gy7r~<<co~/ic jorccs, b(L’).

'l'llc N1`;lhJ  [)lI~ctl)cJ(l  allc)\~'s  c)llet[)  llsc C;~iItcsiallf(  )lc.csasl~'cll:is  tol(lllcstoc.alclll:tte”

tlIe dynamic%. }C)lolllc:ilclllzitic)l)s,  wcllavcuscd  ~artcsian  fc)Ic.(:sc xcl\lsivcly,  as tlIcmarc

alIeady  calculated by l~lO(JllAl”. 1<’utllrc il)l]jlclllcllttltic)lls  of Nh;lh’lo  will usc {;artesiall

folccs  only for nolll)ollclcd  intcractio)ls  ( wllicll arc ~;artcsia]l  iIl Ilaturc) \Yhilc  using tolclucs

dclivccl  clircctly fro IIl t}le tcnsic)llal  ]wtmltials.

Slmtial variables arc s])ecified  ill tcmns  of tile six dcgrccs  of frccdml  (three angular

aIId tllrcc  lillcar)  c)f cacll  c l u s t e r . ‘J’llc sl)titial  velocity V(k) colnl)il)cs  aIIg;IIlaI  and lil)car

velocities of tile duster wllilc  tllc sl)atial force j(k) c,cnnbincs angular forms  (Illomc)lts  01

torques) WIC1 lil)car forces (Cartcsiall  folcm). Spai,ial opcmtors C2111  I)c used to cxl)ress  tl]csc

rccursivc  rclaticmsllilx  very cmlciscly. I(’oI il]stallc.c,  using  spatial operators, tJIc cquaticm

for v’(k) lmmncx

V  = t;)V -1 11’~. (7)

~’lIc s])aiial  o p e r a t o r  11* i s  a G71Af I)y 67LA~ LIOC1<  d i a g o n a l  Inatrix  ddind by II*  =-

diog{ll  ”(]) “ . “ 11”(?1)}. ‘J’IIc  other sl~atial  o~)cI  ators  a r c  dcfillcd  silnilarly,12  lcadillg  t o

tl]c follow illp; fac.tod cxl)rcssic)ll  for tlIc  lIIass  Il)atrix:

‘J’IIc NF,lh40 ]netl]od  fo r  solvill$;  tl]c  uluatio]ls  of ]not,ioll i s I)ascd ul)oIl cx~)rcssions

for ?111 altcrIlativc  factorization of t,lIc lIIass  ]natrix all(l its il}~rcrsc. UsiI)g  sl)atial Cq)crators,

tlIc lnnova.tions  Opcraior l’uciori20tio7L  o f  tlIc  lnass  111atrix12 IIas tllc folIll

(8)

(9)



‘1’lIwcfOIc, tllc gcllcralizcd acc,dmatimls d ill (4) :Irc calculated I)y illvcrtillg tile clef(k) X

dof(k) lnatliccs,  l)(k), ratl IcI tl]al) by illvcrtill?;  tllc  mltirc . \-  x  Af IIIaSS Illatrix,  M .  1’01

tolsic)lls-c)l]ly,  clef u 1.

Wit])  NI;Ih40 the conl])ut,atiol]  c)f 8 is ca]licd  out  i]] SC\-CI.a]  yecll]si~~c,  S{q)s,  ead I of

wl]icl] is li]lmr  ill  A(.

2.

ii.

,..
tat.

\7docity  (V)  stqj: aII ou tward  recurs ion  frmn bisc to t il)s to calculate tllc s])atial

vclocitim, V(k), frmn tllc gcmnctry and llillgc  I’cloc.itiesj B(k),  as ill l;quaticm  5a.

S~)at,ial JIlcrtia  (J14A’1))  Stcj):  Calculat,ioll  o f  a Ilullibcr’ of dof(k)  X  dof(k) ll)atIiccs,

}’(k), l)(k), etc.. rclatccl to tllc fore.cs. ‘J’llis  ~)rcmds from til) to base (child to ]mmlt).

r(k) = ~ fJ(k, (y ’-+ (c)(l)* (k, c) -t .tf(k)

D(k) = };(k) l’(k)m (k)

G’(k) : P(k))14(k)l)-  l(k)

K(]), k) =- (/)(]), k)qk)

i(k) = 1- G’(k) )l(A”)

1’+ (k) = ?(k)P(k)

‘@>  k)= $3(]),  k)7 (k)

z ( k )  = >; $J(k, c)i’ ( c )  -t l’(k)a(k) - 1  b(k) -1 f.(k)

f(k) = 7~k) -  H(k)z(k)

I/(k) : 1)- l(k)c(k)

z+ (k) = z(k) -{ (;(k)((k)

(lo)

‘J’orsimlal Accclcratim  (~) S t e p :  ~alculates  tllc angIIl:iI  ac.cclcratioll,  ~, ill tcmns o f

tllc c . lus te r  accclcratimls,  00<), aIld  ~;oric)lis  accclclatiol]s, (1():), cflcc.ti~c t Orqucsl  c,

Inass  illvcrscs,  v, etc.

0’ (k) = (j’(]),  k)oo))

#(k) = V(L’) - G’(k)  (k+ (k)

o(k) = (1-’ (L”) -1 H’(k) ti(k)  -1 a(k)

A328-9
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. .
iv. ISclv velocities  aII(l COOICli Ila(,CS ((l fi.1/). q’llc accc]cratiol]s  O alc 11s(’(1 to U])datc  tllc

tolsiolla]  I’c]ocitics  (i), torsiolla]  aII~lc  (0), aIld  (:artcsian coordillai  es (1/) of tllc  systcln

using tile integrator clcscribed  hclou’. ‘J’llis  stc])  is dmc sinlultancmsly  with 801/.

‘1’lIe cquatimls  of lnot,ioll were  illteF,ratcd using  tlIc  ‘(]capfrog”  ]Tcr]ct a]goritlllll.8  ‘J’lIc

l~crlct  alg;orit,lIII]  calculates accclcratio]ls aIId I’clocitim at altcmlatillg  half tilnc steps. Si]lcc

tl)c  acc.clcuatiolls  in NI’JIMO dyl]a]]lics  aIc IIOt ill(le])clldcllt  of vclocitics,  tllc  half tilnc stc]>

se])aratioll  of accclclai,iolls  aIlcl vclocit, ios IIillst  be )nodificd. A s  dcscril.wd  ill  detail  ill  tllc

.41)1)c11dix ~tc solved itcrat,ivc]y for t]lc  ~’clocitics  at iIltcF;cI  time stc])s  (VCIJT  fast). A major

\7i]t,~~  ~)f t]l C ~Tc,]ct alg~~,.it])ll~  is t,]lat,  i~, Ieq~liles  {)111}~  a sillglc  c,?~lc.ulatiol)  O f  t,llC fOI’CC!S  at,

cac.h tjlllc s t ep . III simulations of laIge systmlls, tllc force  calcmlaticnl  ccmsuIrIm tllc vast

lnajority  of cc)lll])llttitic)llal time, so that Inctl)c)ds  requir ing only a sillF;lc  force  calculatioIl

arc ])rcfcrab]c  to lnctl)cxls  wllic,h r e q u i r e  t w o  or lIlcnc force calculat ions l)cr  time stc~),

15 Otllcr intcgraticn]  sclIcmcs  arc bciugsuclI as t]lc  (;car l}Icclic,tc)r-cc)lrcctc)r  alp;oritllln.

il]vcstigatccl  fc)r usc in hTF,lhf10 dyllalnic.s, but all resul ts  ])rcsclltcd  lIcIc  usc tllc Ica])frog

Vcrlct algcwithm.

‘1’llc NFHhf10  calculaticnls  prcscllted  IICIC  were ~mforIncxl  using  a ~wrsic)ll  of tllc  ]JIxyyam

~~,litt,cll  t,c) ~,c)lk ~l,it,~l  tllc ]]]()(; J~A],’/] J()],\T~;  ]\ A]~’ ~jIOpIaIIJ  flolll  hfl~)lcclllar  Sinlu]atioIls,

]nc 16 A l l  calculatioIls  w e r e  pcrforIncd  OIJ i r i s  l)mscr%:rim  aIJd Iris ]ncligo workstatimls

frwn Siliccm Gxa])llics,  JIlc.

11. cMM

‘1’lIC W] hlultipolc  Mctllod  ((;hflhl)  i s  dcscribcxl  ill  rcfercllcc 4  (tllc ~hthf  Inodulc

dcscribcd  iIl IcfcrcIlcc  4 was  aclal)tcxl tc) l)loG1i AI’’/ol,  YGliAl  A)’”.” W i t h  Ch4h4 we ])lacc

fllc  IIlolcculc  ill  a box and d i v i d e  t]lc box i)lto  cigllt, clji]drcn  c e l l s ,  cacll  c.llild  c.cll into

Cigll(  gIalldcllildrell  cells, etc., ullti]  tllcrc aIe al~out  4  ])arlic.lcs  ill  tllc slnal]cst  c d l  (tl)c

]Ilicrocc]l).  ‘1’lIus  for ‘J’l\Sl~ tllc ful l  virus  is  ~)lacecl  ilJ a l~ox IIavi]]g  sidm of 341.8  ~ aIId

a ]Iicrarc.lly  of 6 lc17cls  is used (262,144 lC.VC1 6 cells). ‘1’llc clIarg;c, di~)c)lc Illmncllts,  and

quadru])o]c  lI)olIlcllts  (Imtll  Gu1oII)1)  aIld  vd14T)  arc c.alclllatcd  fc)r cacli  Inicrocc]l  allcl Ilscd

t[)c)l)  t:iiI}tl  lc:lIlc)lIlc:llt,  s[)ft]lc~~a  Icllt cells.  ]11 (lcscIil~il)gt  ]lcc[)lllc)lIll  jallcll'  (l\lTil  ltcl?ic.tiC)l]s

for tllc atml)s ill  sc)lllclljicIc)ccll,  wc cx])lic,it,]y c:ilc.lllat,c  tl)c  il]t(ltictiollsliit]l  caclI o f  tllc



])?ll’tiCICS ill t]lC! SalllC! C.C]l alJd ill  t,]lC! 26 a(]~aC(’llt  CC]lS;  tlliS iS dCllotd as ~ll(! 11(’aI’  fidd,

\/,, <ar< ‘J’l]c il)tcvactio]ls  wit]]  all c)tl]cr ]mrticles  usc tllc Inulti]m]c  f i e l d s .  ‘Jllc  CW1lS arc

grou~)cd  so that tl)c  fields froln  larger (Iligllc]  lmcl) cells  a]c used for rcp;iolls  fartllcr frc)ln

tllc  ccl] of illtermt. ‘J’lICSC  Inulti]mlc  fields  arc cxlm]]dcd in a ‘J’aylcn’  series  almut tile cmltcr

of cacll  cell, allowing ra])id c.alculatioll  of tllc cvlcrgy and forces fcw cacll  }mrticle  in the cell

of illl,crcst.  ‘1’l]c total ]llultipc)]c  field  is (Imlotccl,  lz~~t.. ‘J’lIus tl)c  pc)tclltial  c]]crgy  is writtcll

as

VC; A; AI(l{) ‘“ V,,,,,, (l/)-i Vj.T(R) (12)

l’;acl]  stcl) i tllc ])mccss is  r igorously lillcar ill n (tllc ]lulnl.m of part icles)  for  a cmlstant

partic]c  dmlsity.

F’or systc]ns  s u c h  as ‘I’l ISV tllc cc)lll~)lltj;~tic)ljzil  t)ilnc f o r  V,, C~,. and Vju, arc alqm)x-

ilnatcly  tllc same. IIOWCVCI’  Wc fiIlcl that Vja, i s  dativc]y Cmllstallt fmlll St(!]) to Step

s o  that  V~~,. ]Iccds  k upda.tccl  cmly e v e r y  5(1 tilllc stc]~s. ‘J’I)c  net xcsult  is that the total

coln]nltational  cost is that of calculating tllc ]Icar  field (about  50 intcrac.tions  pm’ particles).

F’or ‘J’IISV tl~c tc)tal c a l c u l a t i o n  o f  all bulomb  ancl VCIW illtcractic)lls  bctwcc)] all

})artic.lcs ill OIIC asylnmetric,  unit  (8083  atollls) w i t h  all ]mrticlcs of tllc W1lC)lC ~)rc)tcill

(484 ,980  atoms)  rccluires  only 1.86 tilncs the ti~llc (92.G s vs. 49.8 s) for tlic interactions

withi])  tl]c asymnctric  unit almlc.  ‘J’llis  i s  . 003% of  tl]c time esti]natcd to C1O d IIOII~JCHId

il]tcrac,tions  (3.2 x 106s) .

c. ‘1’I”ISV

The crystal structure of ‘J’IISV was obtained  by assuming cxac.t  icosallcclral  sylnlnetry

for  tl]c  pmtcill  ca])sicl,  in  order  to usc 131() (;I{A  l’ for calculati]lg  tllc valcncc forms al)cl

orgallizillg  t h e  ill~mt al)cl  out~mt,  wc adclcd  a  syll]lnctry  Ina]q)ing  modulc (SYhlh4A1’).

‘J’hus cn] cacll  itcratiml tllc l)roc,css was as follows:

1. usc llJ[)G1/Al’  to cxdculak  ~artcsi~n valm)cc  fcwccs (l)li J;ll)ll  S(~ force ficlcl)  for tllc

8083 atmlns  asylnlnctric  ul)it

‘2. usc SYMh!lA1’ to obtain  tllc 484,980 atcnlls  of tllc full l)rotcil]  capsid

3. USC (:h4hfl tO calculate t]]c  ~ou]cm]b  a]](l vd\]T fo]c.cs  of all 484,980 ?ltOIllS ()]] t]]r 8083

atolns of tllc asylnlllct,ry  unit
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4. usc NF;I M() wit]]  t])c va]c]]cc fo rces  frcnn (1) a]]d the (h]OIlll. ) aIId vd]?’ form fro]ll

(3) to calculate tl~e accclcratimls, a]ld  tl]lls  tllc velocities and coordillatm  for tile IIcxt

tilllc stc]).

G. rcturll to (1 ).

(;alc.ulations  oll a sill~])lc  workstaticm  are Ilot rcal]y  I)r.actical  for loll:; tern] dyllalnics  of

viruses but Ii’c wcm able tc) ]wrforln 5000 -stc]) silllulatiolls  (c./;. 10 lm using  2 fs time sbq)s)

ill rougl]ly  3 days (58 hours of (;I’U  time on olJc ])rocessox  of all S(;141)/380  workstat ion).

111. lh!sults

N1’;IMO  C.alcu]atic)lls  were carricc]  ollt 01] a wide variety of pcl)ticlc  aIId prc)tcin  systcnns,

rang;illg  from the five-rcsiclue pcq)tidc  hlc:t-elll<c])llalill  (dCllOtCd MF~llk)  tc) tllc tolnatO  LusllY

Stunt  virus (2’)ISV) protolnm, wllicll C,cnltlail]s  tllrcc: prc)tcins  tc)talil)g  893 rcsiclucs  (8083

atc}lns).  ‘J’able 2 ccmtaills  a list of tllc  ten systml)s stuclicd. ‘J’llc twm pcptidcs  (MEnk  and

Ala9)  wcm built using the Pcpticlc l]uilder  of l\lo(~RAII’,]6  wllic.1)  uscs stm]clard amino acid

gcmnctrics.  ~’hcy  wcm ini t ia l ly  ccnlfi?;urcc] as al])lla l]cliccw, but wcnw ]nillilnizecl  to a local

pc)tcmtial  CIIC:Igy  mi]iilnum using Col]jup;atc gracliu)ts  Ini]li)nizatic)]).  A s  ill  all c.alculaticn~s

rc]mtccl  here, tllc l) IU’X1)l  NTG fcm.c ficld25 was usccl for tllcsc lllillillliz~itic)l~s.  No solvcllt  cw

c.o~llltcricms  were used, but tllc diclcc.tric  c.c)llstallt  was takcll  as clistallcc-cle])cllclcllt  (t = r).

~’his prcwiclcs  a c. I-udc rq)lcxmltatio]]  c)f tllc clcxtrosiatic.  sl]icldillg  of aquec)us  s~lvcl]t.  F’01

tllcsc sInall  l)cpticlcs,  XIO I]oIlljol)d cutoff  w a s  used;  i.c ., all pc)ssib]c  j)airs were il]cludcxl  ill

tl]c van clcn Waals and electrostatic calcmlaticms.

‘J’l]c  i)litial c.cnlforlnatimls  of tile ci~;ljt  ])rotcills  w e r e  d e r i v e d  frc)ln  {IIc X-ray crysta]

s t r u c t u r e s  listccl  ill ‘J’aljlc  ‘2. All Inct,a]  io)]s, SOIVCIIt  molm.ulcs, and clisulfic]c  b]ic]gcs  wcnc

rmnovcd,  lcavi]lg only protcill  cl)aills  cc)llforll)il~g  to a tree to])o]og;y.  (As mcnticnlcd  above,

SiC]C!C.]lail)  arolnatic  I’il]gs al)d  ]“)1’OliIIC! rings all! trc!atc!d as siIlglc? Clustm”s,  ) ]IYCII’C)F;C1l atC)lll  S

WCIC  tllml  aclclccl  to  IIctcroatml]s  usillF;  tl]e  l)loGItA1’”  lIyclrogcII buildm). A s  for t}lc pq~-

ticlcs,  tllc 1)1{1311)ING  force f i e l d  w a s  IISCCI  tc) c]lcrg;y-l]]il]iII]i~,c  tllcsc cc)llfo]]rlatic)l]s. ‘J’lIc

lal’gc s i ze  of tl]e ])rotcil]s ])]ccluclcd  tllc inclusic)l] of all lmssihlc  lIc)xIbc)IIcl  l)airs,  a nulnbcl

clcm tc) ~ n2 for alI n-atcm prc)tci]l, ‘J’]lcrcfo]c,  CMh4  ~~’as used t o  ca]culatc tllc IWI] C1(Y

\Vaals and elcctrc)static intcracticnls.



A. ‘J’iming

‘J’imillg results for tl)c  tell  systc]]ls  arc SI1OWII  iu ‘J’al)lc  3 . ‘J’lIc tilncs  re])rmmlt tllc

average of  100 clyrlanlics  steps m]] on a]J iris I lidigo  (lt3000)  workst  atiml. ‘J’ilncs  arc

~;ivcn for bot]l  t h e  NTEILJ()  calculatimls  a]ld tllc Iic)nl>ond  calculatimls, tllc latter  of wllic]l

c.ollsu]nes  tllc ~~ast lnajo]ity  of (11’U tinlc, c~~c]l UI1lCI] a very fast, IIlctl]od  SIICI] as ~MM is

USC(I. ‘J’l~c Nl;Ih10  timil~g  is SI]OWI] to  bc ri~;orous]y  ])ro~)cntio]lal  to A~ fo r  tllc ])rot,ei]ls

wit]]  OVCJ. 400  atolns. FOX tl]csc  systmns,  tile  h’l{;lhflo calculat,iolls take u~) Icss tlIan .5 (%  d.

tlIc total ~l)U tilnc.  Si))ce hTF,Ihflo  scales  lillcarly with siz,c, tllcrc  is 110 longer a ~)ractical

l i m i t  to the siz,c c)f systcvn  wljic]l CaIJ I)c sjmulatcd  using  illtcrllal-  coorclillatc dyllamic.s.

Glc.ulatio]l  of t h e  ncmbcmdcxl illicractions  i s  tllc lilnitillg  fac.tox,  as i t  i s  for (~artcsizm

clynalnics  calculations.

A s  indicated  in ‘1’able 3  a]ld F’ig;u~c2, tllc CL4M C.alculatiolls  z~rc]~xc)~)ortic)llal  tc) n,

]caclingto  times tl)at arc n/500  tilncsfastm  tllall tllcmact  ca lcu la t ions .  ‘1’hc  ~I14h4  cal-

culations arc not exactly ]~ro])ortic)llal to n because l)rc)tcin  systmns arc ]lot  hcHnogcIIcous.

Sl)a]Jc allclclcllsityl  'aliatic~llsca  llscl'al>iatiollsill tllcl]l  lllll.)crc)f zltc)llls]  )crlllic.rc)ccll. llow-

cvcr, tllcse variations am not tllclllsclves  ]>rc)]~c)rtic)llal  to n, so tllc ?l-]~rc)])c)l’tic)llality  l]olcls.

‘1’llcsc applicatio]ls  usc  t,llc original  Gh!lh4 ])]wgram  dcwclopccl  fo r  tcstillg;  t h e  algcmitllln.4

I t  hassinc.cbcml  C)])tilrlizcd  allcl])alallc:li2,cd.30

11. llnergy 1{’luctuat,ions

A ])rimary  advantage of illtcrllal-c.c)c)rclillate  ll)ctllods  of nlolcc.ula.r  dynalnics  is tllc abil-

ity to usc larger tilnc steps tllall tllc  1 fs step sim typically rcquirccl for Clartcsial)  Inolccular

dyllalnics.  A gc)od measure of accuracy for dyllalnics  c.alculat,iolls  is tllc fluctuatiml  ill total

cllcrgy.  II] )llicroc.a)lollic~il dyllalnic.s, tllc  total  C!llCI’F!y  of tllc Sysim

S1]OU](l bC C,Oll Stallt,  (W!]J t,ll Oll@J  it, S C()]ll~)()ll  Cllt, S ]> OtCTltia]  Cllel’~;Y, V ,  a)}d ki]lctic cmcrgy,

A.’, fluctuate. Tl]c cmcrgy fluct,uatiol)  ~ is dcfi]]cd  Ly

(14)



It i s  collllllml  ]Jracticc to keel) tllc  tc)l]])clatllrc  of a  llliclC)c:illCJ1lical  dyllanlics  siln-

ulatiml  Icmgllly  constant  l)y ))eriodica]ly  scaling t,}lc ve loc i t i e s . otl]cr  calculatimls  wllicll

]llust  I)c C1OI1C l)criodic.ally,  SUCII  as u])datillg  a l i s t  o f  ]]ol]bo])d ]Jains within  a g;ivml  cutoff

distance  01 rcassigllillg  ato]lls  to cells ill (!Mh4 call Lc dmlc  at tllc Salllc tilnc tl]c  vc]ocitics

arc Icscalcdl ‘J’llis  i s  ])articlllarly  illl])t~rtallt  fol large systcjlls, wl]c]c  calculatic)ll  c)f all

IJOIIbOIJd C[] illtc’ract,iol]s  for c’~’cl’y  tilllc  Stc}) iS ])l’Ollibiti V(’. lJIIdw  SUC1l  collditiwls,  wllcrc

]Iolll>ollcls  al]d  I’clc)citics arc u])dat,ccl  ])criodica]ly,  tllc total m]m’g;y, 1’;, d o t s  ]Iot rcnnaill

c.ollstallt  tllmu~;llout  t,l]c Clltirc  t,ilnc of tl]c  sinlulatioll. ~)l]us tllc mcrgy fluctuatio]l  S fmn

( 7 )  1,0 longer  ]~mvidcs  a* I ac.cmatc mcmum of tl,c dyllmnics  bccausc the rcfcmmcc  l’; i s

clifl’cnmt ill  CaCII period.  Ap])licatio])  of (7)  the]]  wcm]cl lmd to (Ez) divcnging  frcnn  (fi)2.

lIIstczIcl, wc USC the average fluctuatiml,  ($), clctmninccl  by calculatil]g S during cac.h 0.100

])s i]ltcrval,  a]lcl avera~iI1g. If tllc  total  c.alculat,ioll IIas Ari 0 . 1 0 0  ]>s illtcrvals,  (8) is CldiIICCl

1 )y

(15)

WIICIW ~i is tllC’ cmCTgy fluctuation Calculated duril]g  t IIC 2- tll illtcnval. 111 suc.11  calculatimls,

tilnc  stq)s  S11OU1C1 bc C}1OSCII  so that  tllcy  givml all illtcgral  llullll~m’  of clylJalnics  stc~)s ]Jcl’

0.100 ps - fcm illstallc.c:, a tilnc stq) of 3,0303 fs is used, ratllm’ than 3.0 fs.

11.1  hflc:t-c!llke]jllali]~

F’igum  3  sllcnvs  tllc va]ucs  o f  S obtai]]ccl  fmn 1 ])icoscxcnld ( 1 0 -  ] 2  s )  simulaticms

c)f tllc ]mltapcq)tide  Mc~t-clikcpllalill  (NIl~  -’llyr-  (;ly-Gly-  l’llc-h4ct-(;C)C)-  ) for N151hf0  (AT)

al)d  {;artcsian  (~) clyllalnics  silnulaticn]s  at t,illlc  stcq)s ranging  from 1 fs tc) 20  f s .

l“cm Grtcsian  clynalnics sinlulatic)lls  tllc illi(ial  fluctuatic)lls  w e r e  significantly  llig]lcr

al]d  we cxluililjratcxl  (for about 1 ]Jicosccolld)  u s ing  1  f s  t ime  steps bc~07r startillg  tllc

calculaticnl  of ~. g’hc hlF,lh40  simulat,imls  di(l l)ot lm]uirc  all ccluilibratic)l~ ])l]asc.  ~artesiall

dynalnics  silnulatiolls  using tilnc sk})s  glcatcr  tllaIl  3 fs lccl tc) maggcxatecl  l)artic.lc  moticms

fro]]) OIIC time step tc) tllc Ilcxt  and tl)c  mcrgy quickly diver~;ed. I“or ~artcsiall  dyllalnic.s

of  ]al’p;c  Systms, C)ul cxlmricllcc is that tilnc ste])s  Illust  l)c r e s t r i c t ed  tc) 1 fs for lohust

pcl’folmlallcc. l’;vcll  for tllc s)]lfill  ~)cl>tidc  L!ct)-c]ll{c])lliili]l,  a . .‘) f s  til]lc  stc~) p;ivm list to



●

.

Cllcrgy  fluctuations 11101’(! Illall 10 tilll(’s as ]?I1’:;C as a 1 fs silllul?ition.

III coIItJast,  N1;lM()  dy]}aI13ics sillllllatio)ls  arc (luitc staljlc. ll-itll tilllc  stc])s as large

as 18 fs, wc foul)d small flucturitim]s,  s~nallcr CWCII tlIa Il ihc (~artcsiall dyllalnics  silnulat, ion

wit]] a 1 fs tilnc St(q). A  f a i r e r  c.o)]llmrisol)  lnip;]lt  bc to divide tllc energy  fluctuatimm  hy

t,lJ(!  lllllnl  XT of (lc~;rc(:s  of frccdoln. 1“0] Met -cl)kc])llalill,  .4( n 28 (22 dihedral a]lglcs  plus

tl)c  six dcgrcws  C)f frccdo)n  for tllc base Imdy), u’llilc tllc ]lulnbcr  of dcg;rces of frcccloln  ill

~;artcsiall  dyllalnics  is 37/ - G, or 138.  ‘J’l]c  scaled fluctllatio)ls,  8*, arc alsc) sl]ow]l in l“igurc

3 and zirc Iabclcd with all astmisli  (NT* all(l ~+). ATF; lMC) {illlc  steps as large as 12 fs ?;avc

Slnallcr  scalccl fluctuatic)lls  tl]all t]Ic 1 fs (;art,csial]  si]]]ulatiolls.

11.2 (A IA)CJ

Silnilar  results were obtaillcxl  for IIillc-residue ~)olyalallille,  (Ala)g.  ~a.rt,csiall  dynalnic.  s

were rc]iablc  only at 1 fs ancl 2 fs tilnc Steps. ‘J’llc 3 fs silllulat,ioll  did llc)t divmgc,  but tllc

flue.tuatiolls wmc cxtrcmc.1 y large. ‘J’llc  scaled fluctuatio]ls,  15*, were very silnilar for 1 fs and

2 fs ~artcsiar]  dynamics c)f both  pcq)ticlcs. ‘J’lIc NE] hfo silnu]atioljs  of (Ala)g  $;ii~~~  ]algCT

WIUCS of f IUIC1 ~+ tha]] for Met-c]lkq)lja]i]l at al]l)ost  every tinle ste]),  but tllc fluctuations

clicl nc)t diverge until  tilnc  stcl~s larger tlllan  30 fs wcm usccl. It is likely  tl)at (Ala)9 is rrblc

to tolmatc sucl]  lrug;e tiInc stcl)s  becalwc it has IIO ligl]t  sidccllaill c . lusters  (wllic.11  w o u l d

lIavc  l]igl]cn mtatic)]]al vcloc,itics). lf7c u s e d  tllc u]litcd-atoln  o})tio)l  ill tl]c  l)l{}tll)lNG

forcC field so that tl]e IU113 units of tllc Alallil]c  sidccllrrills  ucrc treated as sillglc  ])articlcs

wllicll  clicl  Ilot  ]wtatc inclcpclldcnltly.  IIowcvcr, tllc tyrosillc,  ~)l)cllylalanillc,  and lnctl)iollillc

sidccllrrins  of Met-cnkc])llalin all coljt,aill illdividua]  clusters with 10M7  molncnts  of il~crtia.

As inclic.atcd  below in tllc a~lalysis  of Met-clllic]dlalin dil]cclral  allglc fluctuatimls,  tllc lcMIg,

Lmbrrrncllcd  Inctlliollillc  sidccl)aill is ])articular]y  flexible.

As illc silr]ulrrtio]ls  are carried out for lollp;cr  ~)cric)ds  of tilnc, the flue.tuaticnls ~ g;rad-

ual]y illclwascd. l’or illstali~c,  a 1  ps NI’;JN40  silllulatio]l  c)f h4et-clll{[])llalill  using  a 5 fs

time step leads to a value of S lCSS than 0.0001 kcal/mol. ‘J’llc salnc silnulrrtioll  ml] for 5

ps leads to 8 = 0.0042 lical/mol,  cvc]l tl]ougl]  cacll  0.1 l)s strctcl]  of the simulRtioll  has S <

0.0004  kcrrl/lnol,  arid  the average fluctuation me] tl)c  bO 0.1 ])s strctcllcs  was m]ly  0.0001

I(c.al/11]01.  OVCJ 25 ])s, t}le silnulatio~)  1( ’a(]s {O aIJ ovcIall  f of ().()36() lictll/]]]ol,  CVCI] tl]ollgll



tll C! a\’Cl’aSC  0.1 ]JS Stl’CtCll lla(l t: : 0 . 0 0 0 5  liC?ll/1”1101. ‘J’llis  discrcl)allcy  is caused l}y very

s l o w  fluc,tuatiolls  ill t he  total  e]]crg;y wllic,]] cause (1;2)  to slmvly  di~wrgc frolll  (11)2. ‘J’llC

cause of tl)is  lollg-tcrlll  flue.tuaiioll is unkl]c)wlli l)ossibly  duc to tilnc asym]nctry  o f  tllc

lIcw illtcgrator.

11] cwdcr tc) COIIIIHII’C  ATF;IAI()  directly  to tl]c ~~latrix I]]ctllod  o f  Nflazur, ci U.1)14  tllc

quan t i t y  6],; (defincxlbclow)  ~~’iisczilcllla.tedflc)l]l  silllulatiollsof  (Ala)9  at tilllcstc]~srzillgillg

frolll  1 fs tc) 20 fs (sew Figure 4),  l“or cacl~ tilllc s t ep , tllc simulatiml was run for 4.0 lJS

durillg  Wllic]l  tl]c  vclocii, ics were rcxcalcd, wl]cll  Ilcc.cssary, to cquilil~ratc  tile systmn.  At tllc

cllcl  c)f tllc 4.0 ])s run, 110 additional steps v.’clc run. ‘J’llc  first tml of tllcse vmrc clisc.ardcd,

I)ut  tllc final 100 steps were uscxl to clctculllillc  6P;, w]licl]  is CIC!fiTICd by

(16)

(E) is tllc average c,~mgy  during tl]c  100 steps, a,,d {(AX~ is tllc ,c~c~t-,llcal,-sc~llalc  clcvi-.

atioli  in tllc cn~ergy.  Mazur et al. rcljc)rtccl simula.tiolls  m] (Ala)g  usil]g  a v a r i e t y  of moclcls

il]clucling  some containing explicit llyclrc)r;cns. ‘J’IIc  1)1{1’;11  JIISG/NTP;lMO talc.ulaticnl cor-

rcs~~ol]ds  t o  tllcir tl~ircl  Inoclc]: ullitcxl ato]lls  are usccl ratllcr  tllal]  m~jlicit  Ilyclrc)gclls,  a]lcl

all bcnlcl ICllgths and axlgks arc fix(’cl. OIIly dihcclral clcgrcm of frccclcnn arc allcnt7cd  p l u s

t]lc  six c{egrc!cs  of frcc!c{cnn of t]]c basc l)ody, fc)l’ a tc)tal  C)f 32 Clcgrccs Of fl’ccclc)ln.  hfaZUl

Ct al. obtail]ccl  a value of $},; = 0.8 X 1 0– G  u s i n g  tilne stcq~s  C)f 0.5 fs, ~llc mar;nitucle  of

61; illcrcmsccl linczwly with illcrmsillg  til))c  steps, l)ut tl]cy wcm able to ac.l)icwc: tllcir dcxire

ICvc!l of accuracy, i}; w 10-2, using time stcq M as large as 13 fs. NT1’Hhf10 silnulaticnls  usi]lg

a 0.5 fs tilnc  step hacl a larger WIIUC of Al; = 4.0 X 10- ‘, but time stcy)s as large as 15 fs gave

6]4,! X 10-”2, as call  Lc see]] in F’igurc  4. ‘J’]ICSC  rcs~l]ts  arc ve ry  collsistellt  wit]l  t]lc  rcsu]ts

c)f h4azur,  ct al.,  CVCI]  tl)ougll  they USCC1 diflcrcnlt  fcjrcc field (a col)-lbinatioll  of ~lIAlih41n2G

aIld  I’;CEI’I’27 ) and a diflcrcmt  intcgratiol~  scl,c]nc.

}).3  Avian  l’ancrcatic  J’olypc])iiclc

Alt]]oug]l  time stcys  c)f 15 fs ancl ]OIIgCI arc c,lcar]y  ]~ossihlc for N] ’; IN4[) silllulations

Of SIIIall llcq)tidcs  SUCII as Met,-cllli(:l)l]ali]l :il~d (Ala)g  , SUCIJ time stc])s  arc too large for

larr;c  ]mly]xpticlcs  and proteins, usil)g  tllc oligil]al  ])rograln. Avia]l  ])allcrcatic  l)olyl)c])tide



(d’ ] ’ ) ,  zi 36 1(!s” 1I( uc lIorlnoIIc  lwl)tidc, i s  a vcr~’ i]ltcrcstillg  case bccausc it is m]c of  tl]c

slliallcst  k]lown  l)c)ly])c.l)ticlcs  to fold into  a stal)lc ?;lo})lllar  follll. ]“iF;U1’C 15 Snows tl]c  al])lla

c.arbol] trace of al)]’,  wllic]) has tlwo IIcliccs: aII 0 IIclix and a col lag;ml-l ike ]djq)mlil)c

llclix ‘ 7 11 J’dm]))lohic  sidccllains  IiI)c t,l Ic cleft I.mtwccn tll(! t~~’o IJcliccs, al]owillg  for unusual

slalji]iiy  jn a pc])tjdc  t,llis  size.

l’iF;~lrc6sllo\\~sSaI~c18*  ~lsillg (liffcrcl]t  (il]lcstc])sfc)ll  ~~ssillilllatiollsc  )fal’1’.  NY2M{)

siI]-l~lltltic}Ilsof  a]’]) hrcak (l<)MTIJ \V]ICII  ti]n(l stq)s above 10 fs are used, Altl]ougl  I time StC~)S

as large as 9 fs give values c)f S as goo(l  or l)cttcr tl]all tllc 1 fs Grtcsian simulat ion,  tllc

scalccl fluctuations, t’ , arc apl)mxilnatcly  equal for 6 fs NTh;Ih4 C) WICI 1 fs ~artcsiwl ca,scs,

Several  fldctors  may muse fc)ldccl  ]mly])c])tidcs  mld  ])rotcills  to llavc substant ial ly larger

f luctuat ions than small  ])c~)tides at la]gc ti]nc stc])s. (; C) II”l])lCX s(!ccnlclary  Structul’c  clc-

mcnlts SUC]l  as ])cliccs,  turns,  a]ld  beta. sllccts, arc l]cIc1 tog;ct~]cr by ~lydmgcn  Imllds,  whit .]1

arc Short- ran?;c  interactions. J,argc tinlc  stc})s ]nay  cause  rapid c]cstali1i7aticm  c)f these ]Iy-

drog;cll  Lo]ld  l~ctworks.  111 gcllcral,  XICHIIMIJCICX1 fore.cs SUCIJ  as VaIJ clcr Wmls, electrostat ics ,

m)d liydrogcn  bcmcling arc ~artcsian  ill l)atum and call  flue.tuatc substantially with rcspcci

to clil]cclral ang]c mtatiolls. q’llis  cf~cct  is particularly great ill the dcldy-~)ackcd  intcricm

of globular  ]ndcills,  where self-c.ollisicnls occur 17cIy  quickly, Much larger tinlc stc~)s cm

Lc USCC1 ill NTI+;IL40 simulatio~]s  of large low-dcllsity  ]~oly]ncr  systclns.31

g’hc fastest dyna]nical  moclcs  ill  I,llc NElh40 moc]cl arc those with tllc slnal]cst  s~>atial

illcrtia. In protlcin  systems, these arc clusters wit]l cx])licit  llyclrogcl]s,  wllcrc rotaticm  C)f tllc

IJil)gc lncwcs  o]lly the hydrogc]]  atmns. For illstallcc,  t,l]c llydroxy]  g;rou]) of q’ylosillc  fc)rms

a two-atcnn  c.lustm.  liotatiml  c)f tllc llingc  bctwccnl  tllc a r o m a t i c  ril)g ~< wlcl tl)c  llydrcrfyl

(),] mc)difics  m]]y tllc hyclroxyl  l]ydrogc])  c.oorclillatcs. “J’llcsc  arc tllc fastest  dcgrccs of

frccclom  ill the systcm. Wit]] N1’jIhf10 wc cttII }IOIC1 f ixed tllesc di]lcclrals  by  ccm~lti]]g  I]]c

outer 011 clustm  as part of tllc parcllt  cluster a]]d  tlleu trcatillg  tllc hydroxyl  mld aromatic

ring of tyrosillc  as a sil@c cluster . ‘J’llis “l{igid  11” IIIOCIC1  removes tllc fastest dcgrccs  of

f reedom of  tllc systcln  and cl)ab]cs CVC]l lollgm  N I’)IN40 ti]nc stc])s, ~’llis  is seen clearly iIl

F i g u r e  7 ,  wllcrc tllc 18 llydmxyl  aIId alniIlo  grou])s of al’]’ )Iavc  l)ccIl il]cc)ll)c)latccl with

tllcir  parcllt  c.]ustcrs.  Altllo~lgll  tllc sc:ilcd  fl~~c.tuatiolls, ~x , ale ~’[ry silllilar for slna]l  ti]lle
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stq)s, tl~c staIIclaId model blows u]) WIICII tilllc  stcl)s abo~’c 10 fs arc used,  wllilc  tjhc “liigid

11” fluctuatimls  illcreasc only slowly ahcn’c  tl}is l)c)illt. Silnulaliol]s  using;  cvc]l lo]lgcr  tilnc

stc]js  dis])laycd tlhc  SaIUC gradua] i]jc.rcasc i]] fluctuat, ions, wit]]out,  tllc snarl) julll])  in ~* fcm

tilllc  stc])s  abcn’c 10 fs. ‘1’hc “llig;id 11” model should Lc useful fcm stuclics  focusscd  prilllarily

o)] large-sca]c lnotimls,  where tl]c  ll~~(lrogell-l~oIlclil]g; interactions of tllcsc  sidccllaill  ~;mu])s

arc less iln]kmtant  md tllc advtilltagc  c)f loIlgcr tilnc  stq)s is ])rc-c]ni]]m]t.

IMailcd  stuclics  of ~)rotcill systems require tllc illclusiml  of scdvcllt,  which ])lays  m) inl-

])ortallt  rc)lc ill Stabiliz,il]g tllc nat ive collfc)l’lllzltic)ll  c)f lnost  proteil]s. SolvcIIt  illcludcs  both

w a t e r  (a]ld/or  lipids in tllc case of ll~c]llljlallc-l)c)~llld  ])rotcills)  and ionic  c]largcs,  w h i c h

lIlay k ]mcscnt  to stabilize cllargccl  g;roups ml tllc:  protein. 11] cmlcr to test the ability of

NIIXM() silnu]atiolls  to i])c.luclc  SUC.11 factors, wc IaIl calculat ions where N1’;IMO clyJlaln-

ics were used to SOIVC the cquatiolls  of motic)ll for tl)c ~)mtcin, wl]ilc  standard  ~artcsiall

clyllalnics  equations were solved silnultallcwusly  fol c.oulltcriol]so Aviall ])allcrcatic  l)olyl)cp

title (a~’]’)  was used as a test systcm, Oplmsitcly  - cllargccl  f;rou])s  witllill 10 A of each otllcr

were ccnlsiclcrcd  pairccl  and were ]lc)t givml cc)ulltcrio]ls. ‘1’llis left cig;l)t uI1~)aiI’ccl chaIg;cs,

wllicll were t}lcIl Ilm]tralizccl  by aclcli]lg mu]ltcricnls  (five A’s+ allcl illx’cc! cl-  ) .  ‘J’llc cx)ull-

tcricm locatimls  wcxc first optimized by ]ninilnizing  tllcir  cmcrgics, tllcm  silnulaticms  WCIC

rUII fox 2 ps using  various time steps. ‘J’]lc  first  l)icc)sccolld  was usccl fc)r equi l ibrat ing tllc

c.oulltcric]n m o t i o n s  and t]lc nmt pic.osccon(l  was  used  to clctcrlnillc $. ‘1’llc  r e su l t s  a rc

s]]own ill k’igurc  7, along with tllc rcsu]ts frcml Stallclarcl  and “R,igid  ]]” sill-ltl]atio]]s  of tllc

]>rot,cill  alone. g’llc addi t ion of  ccmltcriol)s illcrcascs  tllc c]]crgy  fluctuaticnl  substalltial]y,

hut tilnc  steps as large as 8-10 fs arc still practical. ‘1’his  is  a  p;rcat im])rovancnt  over

silnulatio  Ils wllcrc all atcms arc treated wit]l  ~artcsiall-s])acc IIiolccular  dyl)amics.

l“i~;llrc  8 S1]OWS tllc v a r i a t i o n  ill (S) clurillg  5 I)S si]llulatiolls  c)f al’]’.  1]] tllcxc  calcM-

latiol]s,  tile ~MM was used fc)r tllc ]]o]lljol]d  talc .ulat iol]s . ‘J’l]c C was calculated duril]g

0.1 ps i]ltcrvals,  c]uril]g wllicll  tllc avclagc  killctic  c]]crgy w a s  t a l c . u l a t c d  a]lcl  tl)c  farficlcl

col]tri~)utic)]l to t]lc  ~MM c]]crgy  was  llcld  collstallt. 4 A t  tllc CH]d of each  0.1 ])s i~ltcrval,

tllc vc]ocitics  v’crc rcscalccl  if IIcccssary, il]c  ~h4 h4 farfic]cl  was rcmlculatcd,  ancl tllc ~ w a s

ICCOrdCd.  At tl]c  clld  of tllc 5 ])s silllulat,iol)s,  t]lc  ~ values ~verc avc]agcd to give (t). ‘J’lICSC
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11.4  ]Jargc!  l’rotc!ills

l“igurc  9 snows the avcra?;c  Iwlue of C* during 5 ~)s sil]lulatioljs  of scvcIal  c)f tl)c plotci]ls

ill ‘ J ’ab le  2. ~learly tllc m]crgy fluc,t, uatiolls  ill N1’)lh!10  dyllalllic.s silnlllatiolls,  cvc]i wllcn

scaled  by t]jc  Iiulnlm’ of clcglccs  of frcdom, il]crmsc with ])rotcil]  size. ‘1’llis  is ill  Cc)lltrast

to tllc fluctuatic)]ls  during cartcsiall  dyllal))ic.s  silnlllatiol)s, lvllic.11  alc rougl]]y  cx)]lstallt

wl]cl) diviclml  by tlic  Ilulnbcr  of dct;rccs o f  frmxlcm.. Sol Jlc of {Ilc il]l)crmlt difficmltics  of

doing  il]tcl’llal-cc)or(lillatc  dy]lalnic.  s for dmlsc  l)rotcill systans  arc cliscussccl above. l’iguxc

9 a l l o w s  t]lat  t} JC!SC! ])1’C)b]C!lllS  illC’1’C2JS(!  V/it]] ])1’otc!ill SiZC!. !I’1112  r e su l t s  here illdicatc  tl)at

NI;IMO dyllmnics  simulatio]ls  of typical protein systcuns  (1 000-10,000 atcms) shoLdcl k

USCC1 wit]l 1 or 2 fs time stcq)s if a IIigll degree of accuracy is rccjuiwcl. ]Iowcwcn’, in some

cmcs it may be valuable to il]crcasc  tllc time stc]) clcspitc tllc loss iIl accuracy, in order to

incrmsc the  time span of t}lc si]nulat)icnlo SUCII silnulaticnls wcm]cl  iIlc.ludc stuclics c)f larg;c-

sc.alc ~)rotcin motions suc]l as Ilil)gc bcllclil]g c)r local folding alJd ul)foldillg.  The accuracy of

the NEHMO  silnulaticms  for large tilnc stc])s  shcm]cl im])rovc  as our il]~]~lclllcxltiitic)]l  cwcdves.

‘J’llis has alrmcly bccll  SCCII ill  rccc])t  work.31

C. IJihedra]  ]Iistributions

A n a l y s i s  o f  cllergy flUCtUatiCJIJS  il)dic.atcs  tl)at t]lc Nl~lh40 lnctllocl  accuratdy  SOIVCS

it cquaticms  c)f lnotiml  fc)r IJ~olccular  systems. IIowcwcr  illtmr)al  cmordinatc  clyljal~lics pro-

duces  a cliffcrcllt  scqucmcc  of ]nolccu]ar  lnotlicms  than Gutcsian clyllalnic.  s (wl)ic.]1  illcluclcs

the  adcliticma]  bcnld mlcl mlg]c dcgrccs  of frmdc)ln).  in orclcr  to dctcmnil)c  tllc rclatiol)slli~)

bctwccn  NTEIMO aI”Jd ~artcsiall  silnu]atiolls  f o r  tl)c  dy)lalnics  c)f t]lc hflct-cdmp~lalill  I)c])-

tidcs,  WC c.c)lnputcc]  tl]c  distributic)ll  of dil]cdlal  allglcs dllring  tllcsc si]nulatic)l]s.  Clartesiml

m]d NI’;IMO  dyllmnic.s  silnulatio]ls  WCIC ru]] at a tallpclatulc  c)f 300 K fo] 5.() ps, du r ing

W]lic}l  t]lc! Cli}lc!c]ra]  all~;]c!s  were oLltI)Llt  every  O.] ])S. ‘1’]lc (~?lltcsial)  dynan]ics  calculat)iolls

]Iad a ] fs tilnc  step whi]c t,llc N1’Jlh40  C,alc.ll]aiions  were  rLln at a va r i e ty  o f  t ime  stc])s.

l“if;urc  10 sl]ows  tllc lcsultillF;  distriblltiol]s  floln sil)]ul?~tio]ls  of hlC!t-clll{c])l)alil).  ‘3’IIC llUll”J-
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l. KTiIIg of tllc dihcxlml LUIglcx is SIIOWII iII F’igul c 1 aIId furtllcr idclltificd  ill ‘J’aljlc  I. ‘1’lle

~,0]) pIap]I iIl ]1’igul’c  1 ( )  SIIOWS tile distlibutioll  fmln ~artcxiall  dynamics tllld  tllc boit,olll

s) IoM’s t]JC distribution froln a N}~HM() c]yjlall’lies silllu]aiioll;  ~)ot]l silnu]aiiolls  LIsc!d a ] fs

t ime step. ‘J’llc  dis tr ibut ions from tllc t~vo silnLllatiolls arc I’cvy silllilar, wit]) tile bacl:l.)ol]c

ti) ~~i]lC~lrals  ( 6 ,  ~, ] ‘2, a])d ] ~) s]lowil]g  t]lc  least flcxil)ilit,y,  as WOLl]d  he cx])cctcxl,  and tllc

~l)et]~ioninc  Sidcx]laill  di]lcdra]s  s]lowill~,  t]lc great.cst variatiml  dLlrillg  the silllLllatioll.  ‘J’llc

avc,. ag;C va]L]Cs for Caf.11 ~li~lc!cl]a], ~, C:ll”] l)C! C?(l~U]?ltCd f]’o]ll sL~C]l (listl’il~LltiC)lls. IIcc.ausc!

dillcxlra]  allglcs l]avc  a ]Jcriodicity  of 271 (3600), tllc  average Cal]llot l~c calculated dircct]y,.

l~ut is clcrivccl froln  tllc avcra?;c  cosillc  a]]d sillc28:

(0) = arctwi ((sili t9)/(cos  0)) . (17)

OIICC! (8) is kIlown, tllc! standarc] c]cwiations  CLII1 be ca]c.ulatcd casi]y for AT tiIllc sk~)s:

l!- “10= NJ’,(60)’ ‘/2Al i _] ‘

fi(li:  (d, -  (0))

?i <(501< 71.

(18)

(19)

IIcxausc  o f  tllc pcric)clicity  c)f dillcclral aIIglcs, ccluation  ( 8 )  calI always be ml fcnc.ccl  l)y

a]~])rc)priatc  aclclitiol]s  cn subtractic)lls  of 2n

‘J’l]c  average values, (0), ZLI]C1  stall clarcl clcwiaticnls, 0, fc)r tlic clistrilmticnls  ill  l“igurc  1 0

are shown in l’igurc 11. ~]JC, avcvagc valucx arc also SlICmTII  in ~’able 4, and arc: ccnnparc:cl

t o  tllc initial  ccmformation. ‘J’lic hT]I;]h4~) rcxu]ts  arc! vcn’y  silni]ar to t]lc  rcsLl]ts f r o m  t h e !

(~artcmiall  silnulaticms,  ind ica t ing  that  {Ilc rcduc.ticm ill  tllc ]]ulnl.wr of clc?;rccs c)f frccxlcun

Clocx llc)t,  ill general, affect t,llc tcmsic)lla] flexibility c)f tllc mc)lcxulcs. ~’llcm arc! twc) cxcc~)-

tic]lls tc) tliis  lIcrc:  ~] c)f hflct 5 uIIclergcws a trallsitic)ll  fICJIn Ic)ug;lily 30° tc} -  60°  (300° )

ill tllc Clartcsian  s i m u l a t i o n ,  but rcmaills I]car 45°  ill illc NI’;IM()  silnulaticnlt  Scccnlclly,

tllc ~) allglc of G]y 2 is rc)tatccl  frcnn - 60° to 60° ill tllc (Iartcsia]l  silnLdatioll,  but Iclnaills

]Ical - 60°  cluri Ilg the NT EIM() calculatic)l!. A])] MIcIJtly fixing  tllc LIIIglC terms il]c.rcascs  tllc

lmmicm to rc)tatic)ll  sufflcicl)t]y  to l)rcwmlt tl]cse  tlallsitiolls  clurillg  5 ps NI’;  lM() sil]]ulaticni
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at 300 K. ‘1’llc mtatic)l)a]  transition of Met 5 ~ ]  (lid occur afkr ?~])l)lc)xillltitcly 4 0  l)s of a

5 0  ])S NI’;1140  siInulatioll  IISiIIf; 5 .fs til))c strps, A  600” K N};lhlo silnulatioll  usiIlg 5 fs

till)c stc])s  s?iw’  l)ot]] trallsit)iolls  occur  by ?,0 ])s, but tllc tcln])cratuw  was  l]igll cnloug}l that

fill’tllcr tlallsitiolls colltilllled  ill lmtl] dil cctioIls  over tlIcsc  harriers. It is illll)ortal)t  to xlotc

t h a t  tllc Nl{;llklo  formalislll  ex])licit,ly illclllclcs tllc ca])acity for I)olld stretcllm  al]cl a n g l e

frcc(lol]~. USC! o f  caljmlic.a]  dyllalnic.s  also illcmascs  tllc lates for suclI torsiolktil t,lallsiticms.

‘J’llc  torsio]lal  Ijarlicls  are cxl~cctcd  to illclcasc WI)CII bonds  a]ld  allglcs  arc f i x e d .  ‘1’his

efl’ect call  quite  sim~)ly bc built  illt,o  tllc folcc field by calculating tllc Imrricrs  for fiXCd allCl

ilexiblc  bol]ds  and ang]cs al]d tllcll  adjusting tl]c  harriers for  tllc tcmsicnlal-mdy  calculations

to inc.ludc  this.

A slightly different view of tl)c  a\Tcragc clilledrals  froll-1  10 diflcnmlt  NEIM() simulaticnls

is given ill  l“igurc  12. ‘1’hc simulatio]ls  were idcl]tic.al  cxccl>t  for the time stc]),  whic]l  r.an.g;ccl

frcnn  1 fs to 10 fs (chosen to givml an integer IIUII1l)CI  of dynmnics  steps ]mr 0.100 ]>s). It

is c.lcar t,llat tllc rcxults  arc quite consistent for tilnc  steps up to 10 fs. Oxlly tile two OUtCT

siclmllail~ clihedra]s x’ and X2 c)f Met 5 llavc sigIlificmtly  diffcrcvlt,  clistril)uticms  for diflmcllt

tilr]e stq)s. x 1 lms (0) x 145° for 8, 9, ancl 10 fs tiIIlc stcl) silnulations,  but (t?) R 90°

for the smaller tilnc  stqm. It is l~ossib]c that tllc lalgm  time stcl)s  occasiollal]y  Cllal)lc tllc

]llolcculc to jum])  o v e r  rotatiolla]  cllcl~y l~?ilricls  wllic.11  callnc)t bc clcarccl hy simulatimls

using  slnallcr  time steps wllicll, ill effect, calculate energies m]cl  forces at ]norc  lmillts  along

tllc trajectory.

111 mdcr to c)ualltify  tllc di}lmlral  (listril.)utic)ns,  WC rcprcscntcxl  cinch distribution]] by a

gaussiall,  using  tile average, (0), and sta)ldtircl  deviation, o, frmn tllc  50 datapoints:

(20)

‘J’l]csc  gaussians  were Ilcmnalizcd  as

1 1
n P(0) CM’ = ~ n [V]2(-M =- ], (21)

-T

[rl)llr collsta]lt  in equation (20) is ap]~rc~]~riatc  for llol]l~criodic.  varial)lcs alId would lc!ad

to a total  ~)robal)ilil,y  ill  cqllatiml (21 )  that is llotj ]lollll:ilizc(l  if o w’cm sc) lal”f;c  tl]at tllc



]JIolmljility  is 11011  .zcIC) for e~’my valIIe of 0; tlIis (Ii{l IIOt c)cc[II for  ;\IIy of tlIC (listIil)IItic)IIs

WC llavc’ analyzed.]

IIistril.mtiol]s  frmn two diflcrmt  silllulaiicnls  call I)e con]lmrcd  by calcula(illg  tl)c  over-

lal),  S]?, o f  tl]c  fu]ictiolls  q)] and Wz:

‘$’~,~:
/

7’ V, W2(10. (p?)
,. n

I f  W] ancl 1’2, arc? dcf;llc!d  as

(23)

wllerc o = 1 /4u~  and @ =- 1 /4uj,  a]lcl  fi131  allcl JOZ arc dcfi]lcd  as in cquatioll  ( 1 9 )  fcm (0)1

aIIcl (0)2,  t,llm tlm ]moduc.  t of tllcsc functions  is also a gaussiall:

IIcrc, 601z is clcfincd  as usual from (O) I z, wllcre

‘1’]]c constant  in cquatio]is  (24) is

[

(cl(o), i /?(0) 2)2K,2 = u]) - 1- (C!(O); -1 8(0);) .
CY -1 /3

II]scrtillg  cquaticm  (24) in{o ccluai,ioll (22) ~ivcs a fol]nllla  for tllc ovalal):

(24)

(25)

(26)

(27)

S1 z cqllals  1 if the two distrihut,  ion fullc.t io]ls arc. idmlt  ic, al and eqllals  O if  tllc.rc is 110

overlap.

‘1’hc ovcrla]m  froln tllc 1() N1’;IM ( )  s i m u l a t i o n s  ])]ott cd ill l’igurc 12 arc sllmvll  ill

]“igU1’C  ] 3. ]’;aC~l ]illC I’C])lCSCllts  thC 017(!1’]a]) ]) C{,lt’C(!lJ  ~,hC! ] fS ti?ll(!  stC])  $iilllU]?ltiOlls  a]ld  OIIC

of tllc si]nulatiolls  with a larger tilnc stc~). A scc.o]ld fi~;urc, F’igurc 14, slwcifically  snows

t41JC ovcl]a])s  bctwcm) tjl]e 1 f s  silnlllatiol]  aIJ(l tl)c  2, 5, al](l 1 0  fs silnlllatiolis  at a llip;llcr



.

rmolutiml. A s  cx]>cctcd,  tllmc is all]lost  1 ()()(x ove)la])  :~lnol]g tllc XF;IMO  simulatio]ls,

w]li~]] i)]di~~t,~s  c]c:lI]}T  t,]l~~ t,]l~  ll~ol(~~(l]~]  clyllaIllic.s  211’C  VC1’Y collsistcllt  ~CI’OSS a l’iiIl~;C  O f

tilllc stcq)s  of 1 fs tc) 10 fs. 7’IIc m)c cxcc])tio]ls  to tllcsc arc y dillmlrals  of h4ct J and {IIC

w of Gly 2. ‘.I’IIc  rclativc]y  small  ovcrla]~ of tllc laticr  is dlle to tile very s]nall  value of o

(0.3°) for tl,c 1 fs NJ;lh40  si]nulatim]. g’l)c  disclc]);~llcy  ill tllc Inctlliollillc  Sidcchaills  i s

a l s o  dl]c. })lil~larily lm Clifrcrcmccs  ill u ratllcr {Ilan (0) fol tllc smaller tilllc stcq~ silllulatiolls.

A t  l a r g e r  time stcl)s, llcnvcvcr,  Imtll  o al)d  (d) clificl.

OVC1’la~)s  bctWccll  t,lle dillcdral  dis t r ibut ion frmn tl]c  Gwtcsian simulatic)]l,  al]d  tllosc

froln tllc Nl;Ih40 simulatiol]s,  arc show]l  i]] l“iF;urc  1 G. llcrc, t]lc  ovclla~)  is quite slnall for

X2 o f  M e t  5 ancl tllc qt Imc.kbcmc dillcdral  of  Gly 2, as illclicatccl  by  tllc large diflcmlccs

ill (0) IIc)tc  above . A third very- low ovcrlaI)  is SCXUI fcm tile u of Gly 2. q’llis  difi’mmcc  is

colllplctcly  lliclclcll  ill Figure  11 sillc.c  it is duc cnltirc]y  tc) tllc Cxtrclllcly  10W value of a ill tllc!

NJHMO simulaticms.  ‘J’hc wduc is SC) low, in fi~ct, tl~at it dots ]Iot a~)]mw ill l’igurc  11 for

Lllc 1 fs NEIM()  simulat ion.  ‘1’l]c ovcrla])s  arc greater tllall  65y0 fc)r 19 c)f tllc 22 dillcdrals

for cvmy  N121h10  time sky>. II;xclucli]lg  tllc lncthionil}c  re s idue , C)vcxlaps  arc grc!aicr  tllal”l

90% for 13 oftlle 16 dihcxlrals.

1).1 ‘1’omato  IIushy  Stunt V i r u s

“1’l]e l inear- in-n scal ing c)f ~h4hfl  ]nakcx  IIIolccular  dyllalnics  calculaticnls  ]mssible for
. ,

IIlllllon-at!cnll systems. 4  ]n aclc]iticm,  tllc lillcar-ill-A~  cost of ~T~~lMo (SCC ‘J1alJIC  3 )  IIICWIS

Lllat tl)crc is 1]0 lon!;cx a rcstrictic]ll on tllc s i z e  o f  tllc systcln  fcm wllicll  illtcm]al  ccwrcli-

llatlc dyllalnics  arc p r a c t i c a l  (tllc c.c)]ll~)utzitiollal  t ime is  dcn)lillatecl  l~y calculatiml  c)f tllc

IIcn]bcn]clcd  interactions). ‘J’l]us it i s  ll(nv cc)lll]jlltatic)llally  ~)cmsiblc  tc) ]Jcrfolln  Illolccu]al

dynal]lic.s  calculaticms CM] systmns  as large a s  icwsal)cclral  I’iruscx, SUC1l as rl)illoviruscs  o r

tllc tcmlato  Lmslly stu)lt  virus  (’I’IISV).  A typical virus of this  type, ll~~~illg  a ~)rotcil] CO?lt

of rc)ugllly  7 x  10G 1> surrc)ulldil]g  a]] I{NA strand  of  1,5 x 10 G 1124 contains ml tile o rde r

of a lllillioll  atcmls.  of course, practical calculatim]s  for 1011/;  term dyllalnics  still rcquims

Sll})cl’colll])  lltcl’s. H o w e v e r  wc llavc US(K1 the illl])lcll-lcl)tatc)]ls  c)f NlXh40  a]]cl  ~h4hfl 011 a

L~i]i~o]l  (;]~])llics wo]’kst~ti~)~  ( 4 ]  ) / 3 8 0 )  to ~~~lI)iIlc!  s])o]’t  d~])~IlliCs stuclim  (u]) to 1 0  ])s)

for Sf.’vmd Systcll”ls.



‘J)l ISV is al] liNA v i rus  co]ll])oscd  of  180 idm)tica]  coat, l)rotci]]s  al’1’?lllF;Cd ill  1’ = 3

icosallcdra]  Sylnlnctry.  ‘1’l]c T’irus IIas bee]) crystallized al]d  tllc st]uctllrc  of tllc asy]nlnct,lic.

unit, c.olltailling  tllrcc co])ics of tllc  coa t  ])lotcil), l]As lwm dct,mlnillcd  frwll 2.9A  X-ray

data by  sylnlIIctry  averaging. 24 ‘J’l)c tl)rm co])ics of the coat ])mtcill  ill tllc asylnlllctric  unit

llavc  slip;lltly diffmcnlt cc)]lfc)rl]latic)lls  ~rllicll  a]c CIcsigllatcd  A ,  11, a]]d ~. W]lile all tllmc

cc)llfc)lll~at,i(i]ls  c,cnltaill  llNTA-billdil)g  (1{), su r face  (S) ,  and ])rojcctil)g (1’) do]nains,  tllc 1{

dol]laill  (xcsiducs  1-101 ) is coll]plctc]y  111 Ircsolved ill tllc .4 aIId 1~ cc)llfc)Illlatic)lls while ill

tllc ~ c.c)llfc)IIIlatic)ll,l csi(lllcsGl -101 llavcaIl  c)lclcIcclstlllct[ll’C  and arcrcsolvcd. ‘I’llc viral

liNA (Inolccular  wcigllt 1.5 x 106) lacks icosallcdIal  syll]Inctry  aIIcl lICIICC s t ructural  data

Cm tllc Ccmc rcgio Il is Ilot availab]c cx~)cl-ill-]cl)tally.

‘J’l]e a.symmciric  unit c)f “1’IISV contains  six calcium ions,  ~a24 , ammgcd as three

l)airs loc.atccl at t h e  A-]], ]j-~, a)ld  A-c;  illtcrfac.es. l’;acll  ])air of calciuln catimls billcls in

a. I]cgativcly  cllargcd ]mc.kct at tllc  illtcrfacc bctwccm  adjacm]t S  clcnnaills; tllc ])ockct  i s

forlncc] by five aspmtic  acid siclccllaills  c.c)lltlibu{ccl  by  tllc two l)rotcins.  It is ~)ostulatccl

that tllc illtcracticul  l~ctwccll tllcsc Asl)  Icsiducs  a]ld  tllc ~a2+ ic)lls  p l a y s  a lnajox  rc)lc ill

stabilizixlg  Lllc viral c.oat.32 If  tl]c ~a2+ icnls are lclnovcll,  tllc v i rus  cxl)a]lds as tllc ~)11 is

misccl  abcn’c 7 .3 2  ~l]c l]ydrocl~~l)alnic  raclius of tllc v i r u s  call cx])al]cl  l)y as IIIUCJ] as 10(70,. .

l~ut tl)crc: is no  loss of ]nass a,lld  the l)]occss is rcvcrsihlc.  A low- rcsc)lution  (8 ~) c rys ta l

s t ruc tu re  was  clctcrmillcd  for tllc CXpaI]dCC] Cc)llforlll:ltic)]l  of tllc I~irus32  allcl indicated  t,]la,t

cxl)ansic)]l  c)ccurrcd  by  re l a t ive  l]lc)tic)ns  ])cr])cllclicular  to tllc illtcrfaccs  wllcre (;a2-1 ions

bil)cl in tllc mlcxpanclccl  confcmnaticnl. IIcnvcwcr, I]c) atcmic  clctails  were available from this

lcnv resolution clat a.

111 orclcr  t o  il)vcstigat,c  tllc  cxl)allsioIl  l)IICIICJII-ICIIC)II, Ivc calricd out lllolcc.ular dynamics

calculaticnls  c)n tlIc v i ra l  coat  ])rc)tcills witl) tllc c.alciuIn c a t i o n s  (tllc “])117” lnoclcl)  mlcl

J lIC IIIOdCl systcll]s  illcludcxl all Imolvccl residueswitl]out tl]c calcium catic)Ils ([( NTo~a” ).34 r ‘

frc)ln tllc asylnmctric  unit  ])lus c,c)ul]tcric)lls,  Na-} al)cl  ~1- (allcl ~a2-1 f o r  ])117), fc)r a  t o t a l

of 8138  atc)llls.  WC  clid IIc)t attclnl)t  to s i m u l a t e  citllcr (llc l{NTA c)r tllc uIlrcsolvcd  I{NA-

l)illclillg;  rcgicnls  of tllc coa t  l)rotcinso ‘J’hrcmg;ll  the usc of tllc tlsallsfc)llll?ltic)ll  m a t r i c e s

ill tl)c  crystal structure (l~,oc)kl,avm]  l’rotci]l  l)atal)asc  str~lctulc  2’J)l117’),  tl)c  coc,,clil)atcs
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\I~CIC ~cllclatcd for  t,]lc clltirc l’ira] coat colitaillillg  ] 80 ]Jr[)tci]ls  a]]d 488,280  atc)IIIs. 011 a

011 P ])1’OCC%sOl’ SG I 4 ] )/3~(1 lrol];s{,at,ioll, tlIc cllIlclIt il)]])l<lllclltatic)ll  (N]  ’;l M() and ~hflilfl  ill

colljullctioll  wi th  l~iograf)  requilcs  42 scc ])CI tilllc stc])  (assulnillg  icosallcdra]  sJ-lnlnctry).

‘J’llus  o]l all S(;1 w’orkstatiol]  it would rcquil.c  a b o u t  42 lnil) ])C:’  t,ilnc stcl)  to do tllc f u l l

cal~sid Ivitlloutl  syln]nctry. 11] order to carry out silnlllati{)l]s  for Several  l)imsecollcls,  u’c

rcstrictcxl  tlic dyllalllics by lcquilillt;  icosallcdral  Syllll]]ctl’y. ‘J’llat is, o]]]y tllc atmns o f

tllc tlllcc l)lot,eills  o f  tllc asynllnct,l’ic  llllit,  lvc)c  collsi(lclcd  a s  illdc])c]ldcllt.  IIowcvcr, i t

w a s  p r a c t i c a l  to illc.ludc all llo]]bol]dcxl illtcr:lctiolls  using; (1ML4 (C;oulo]J]l)  a]lcl  ~all dcr

Waals) bct,wccm  tile asyln:nciric  unit :tl]d  all otllcr 1 7 7  c o a t  ])rc)tlcills  (wit]]  1]0 cutofis).

~’l]c c.oordillatcs  of tllc mlt,ire viral coat were  ul)datcd  (al] 488,280 atmnic  ]msiticms) after

cacl] dyJlalnic  step so that wc cmlsidcrcxl  tile  dyllalnics  of tllc full ]notcill  capsicl.  Molecular

dynalnics  Calcmlaticnls have IWCII reported cm mlothcr silllilar  size virus (witl]  about  8000

atolns  ill tl]c asymlllctric.  unit),  by ~a~ll), Holclcr,  and l’cttitt  0]1 II IW-1433  a l s o  using

icmahcdral  Cxmlstraillt,s  (they  used rotaticnlally  symlnctric  boundary  Collditiol]s).

11.2  Mcthc)clology

111  all a t t e m p t  t o  silnu]atc  tllc cxljallsic)ll efl’cc~  obscrld for IIigll  ])11,  we clcwclopecl

two diffcrcllt  m o d e l s  c)f t])c ‘J’]3SV.  ‘J’]Ic first cc)]}t,ai]ls  t,l]c l)rotci]l  ato]lls  aIIcl calciuIn  ic)ns

as tllcy a])l]cwr ill {l]c prc)tcill  clatal)asc ccmrdillatc fllc (211’  J; V)24 , wit]]  llydlogcl)  atcnlls

addccl  t o  IIitrogcll,  oxygml  allcl sll]fur ablns tc) allc)w f o r  l]ydrog;ml I)ollclil]g.  III aclclition,

Na+ al]cl ~1-  icnls  were adclccl  to balallcc  tllc cl]argcs of ull]Jaircd  ac.iclic  allcl }jasic lesiducs,

ms]wctively.  ‘J’his structure is tcrlllccl  the ‘(pll’i”)  II- I O(1CI.  !I’lIc SCXOIIC1  lc])lcsclltatic)li  is tllc

‘tNo~a” moclcl, in wllicll the six ~a2-1 imls v.’crc rmnovcd aIId tllc free asl)artic. acicl rcsic]ucs

WCIC allc)wcd to forln salt bridges  wit]l basic res idues ,  or  were  givcl] hTa+ couIltcriolls.  111

this  IIIC)CIC1,  the 15 As]) lcsiclues  are 110 loII?;cr lIcld togctllm  by illtcractic)lls  wit]] ~a?-{ , but

arc free to II IOVC il)clc])cllclelltly. ‘J’llis i s  klievcd to k tlIc ]najor factor  ill tile cxpallsiol]

of  tllc vilus lmticlc.sz lnclusicnl  of cx])licit  waters ill a calculatio]l  of this ty]w iln])rcn~cs

t,llc accuracy but alsc) great ly increases tl)e cc)ll]]~llt:ltic)llal  cost, lf7c partially ccmcctcd

fol tllc exclusion of water by lnc)clifyill~;  tllc  systmll  clm~lostatics  ill  two ways: I$TC used a

clist?~ljcc-clc~)cljclclit  diclcctlic  c.ol)sta]it  (c : f[)’l>~j)  ,,11(1  ]J1.Z,CCC1 N[i-’ al]d ~~1- coulltcliolls



.
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lIc:~l cllalp;cd a]~]illo  acids Irllicl] l)ad 110 c)l)])c)si  tc’1~’- clltll’~,(’cl alllillo a c i d s  01’ ~~a ? -l io]]s

Iritllill  IOA. ‘I1l IC pl17 IIIOCIC1 rcxluiIr(l  ?3 ( ’ 1-  ;IIIC1 ?4 A’:I-i ill addition to its 6 (;a2-1 . ‘1’hc

No{;a  Inode] rquircxl 2?2 (;l  -  aIId 33 Na+ . }k)tll 1110( 1(!1s Ivel’c’  Cllalgc Ileutral allcl had t’llc

SaIIIC Ilumber  of atoms (81 38).  ‘J’l Ic S a]ld 1’ clo]llaills of tllc ‘J’l\SV asylnlnctric  unit  w e r e

rcsol~’cc] inclc])clldc~ltly  ill tl)c  X-ray s t u d i e s ,  lcadillg; to IIlislllatcllcs  ill  tllc IIillgc r e g i o n

(rcsiclucs  ‘273-275). ‘J’lIc  crystal structure (2’J’IIV) lists altcrllatc  S al]d 1’ coordinates for

tllc  residues ill tllc overlap region. l“or our calculatiol]s, wc al’crap;cd t,llc cmmlillates  c)f tllc

two  altmmatcs  aIId rc-optilnizccl  tllc  strut.turc I)y cllcrgy ]Ilillilllizatic)ll.

III orclcr  to a c c u r a t e l y  )ncdcl  tllc ca])sid  cllvirolllncllt, tllc ]lo]llmlldccl forces acting

o]) tlJc asylnlnctric.  ullit  illc.lLldcd  all ]loIJboIId iljtclactic)lls w i t h  all C)tllcr 1  7T prot,cills.

‘J’his was lllaclc possible  by tllc usc c)f ~lVlh14 , all Cxt rcmcly fast  and accul’atc II]ctllocl  for

calcul~iti)lg  llc)Ilbc)lIcls ill large systcIIls. ~h4h4 diviclcs tl]c silllulzitioll s]):ic.c illtc) a llicram.hy

of cubic cc:lls, tlIc smal]cst  c)f wllic]l  C.cmtaills,  ideally, 4 or 5 atolns  allcl  t}lc  larg;cst  of wllic.h

contains  the clltirc  systcm. For tllc asylnlnctric  unit alcnlc, four ]cvcls c)f cells wcm Ilccclcdi

‘1’llcrc  u7c1c 4096  (84)  CC1lS  at lCVC1 4, IIlcasurillg 6.397 A cnl a siclc. Sillcc this unit is rather

flat, 81 .4$% of tllcsc C.C1lS arc clllpty,  lcmvillg;  762 ])cq~ulatccl  cells with al] avelagc of 10 .7

atolns  pm cell,  Whm the asymllletric  unit  was  cxpal]dccl  illtc)  tllc full 180 ])rotlcin  ca])sicl,

(; IL4L4 used six levels for tllc 488,820  atcnn  systmll. At lCVC1 6, tllcv’c  W’CI’C  ~6~,]  4 4  CC]]S,

cac.11 5 . 3 4 0  A 0]] a  s ide .  87.5(70 of tllcsc arc cl]]])ty, lca~’illg  8.0 atolns ])cr l)o]~ulatcxl c.cll.

Sillcc  tllc dilncnsions  and the avcrag;c  lq)ulatiol]  for tlIc  full systcm arc Letter than thc)sc

in simulaticnls  of tllc isolatccl asymmetric ullitl, it was faster to c.alculatc the llcmbcmck5  for

tllc clltirc 180 protein ccmt tlIaII for tlIc asyllllnctric,  Llllit alcHIc (sew Imlow)!

1).3 }Lc?sulis

‘1’iIni]lg rcsu]ts  for tl)c  Ch4h4  ]Ilolccular dyl)alllics calcu]atiolls  arc sllo~~~]l  ill F’igurc  17,

ill tcrl J”Is of C,]’U Sccolids  o]] OIIC! })rc)ccssc)r  C)f al] S(; ] 4 ] )/380  lroI”k St atioll.  ‘] ’]IC tc)ta]  C.llaI’gC,

di])c)lc,  and c~uadrupolc  o f  cacll  c.c1l, c.ol]cctivcly  tmncci  tllc “fidrficld,” varies slow’ly wit]l

tilnc sc) that it l]ccxl  IIot bc! rccalculaijcd cvmy til~lc stc]). WC collsidcrccl  twc) cases, labeled

‘(ll])datc]  “ al]d ‘(updat,cso,’” tl)c  lattcl. rcfcmillg to calculatio]is  ill Ji’llicll  tllc farficld  w a s

u])datcd  only cvcl’y  ~~ stc’])s.  Also S]IOIVJ1  is t]Jc (lifl’cl’cllcc  l)ct!irm!ll ca]culatiolls  Using oll]y
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i,llc llo]ll>ol]ds  o f  tl]c  three-p  rotcill as~’llllllctric ulli(,  lal)clcd  “N113, ” al]d lllosc illcllldill?;

illtclact  ic)lls  wit]]  tllc clltilc  180-l)rotcill ca])sid,  labc]cd  ‘(ND] SO. ” ‘J’lle  U])datm Calculw

tiolls  a)e actua]]y  fastcrfol  ~T];]80  tlla]l N]]3  (37 .2  vc1’s11s4]  .(1 s), hccause  t]ic  ca]cu]atioll

i s  domi]latcd  by the l]carficlcl  il)tcractiol)s. ‘J’]IC  aVC’1’a~;C  C.(’]1 ilJ t]l~ N]]]80 CasC lJ:IS 5.4

:it OIJJS  I-crsus 6 .4 for t]lc hT1\3  c a s e  \\’llic]l  IJICZLIJS  t])at, fcw’cl ]~:~il’wise il)tcl?ictiolls  IICCX1 {o

I)e c a l c u l a t e d .  ‘J’lJc farficld illtcractiml  t211if?S  lol]~;cl  to calcultitc  ill tllc  NII180  c..asc, I)ut

t,he e f f e c t  i s  not  sigl)ificmlt  bcc.ausc  o f  tl)c  IIicrarcllical (~MM ap])roacll.  (Jllly  whcm tllc

farficld itself lnusi  bcupclatcd  every ste]),  i.e., tl]c lJ])datcl  calculations, dots tllc sim of

tl]c  systeln  make a siguific.ant  clifl”crc:l)cc. I II sl1cl)c.2~lc~ll?t{ji{Jlls,illclllClillgt}lccl1tilccal)sicl

il)crcasc!s  t~Ic! ti]nc of the lJOllbld calc~llatio]~sfl’olll  ~~.8  S to 92.6 S .

}“i~;urc ]7 also SIJOWS t]lc  tc)tal  tilnc! rc!quircd  f o r  NI’}IMC) c.alcu]atiolls,  il)c.ludi~lg  tllc

t ime rcquirccl to calculate accelerations mlcl vclociticx,  and to u])datc the systcln coordi-

llatC!S. N~`JIM~Ca]CUlatiOllS  fOrt]lC  t]ll`CC l)l`C)tCil)C  l)aillSi  llt]lCa SYllllllCtXiCl  lIlit(Ar=-~  335)

require 5.3 s pm clyl~amics step. l“igulc  18 shows the average scaled energy fluctuatiml,

(t)+, versus time step for 1.0 ps silnulations  of the 1’117 ]nodcl of ‘1’IISV. S alJd (~) arc

ddillcd ill F,cluatiolls  14 and 15,  rcs]~cctivcly. ‘J’l]c  scald  fluctuaticnl,  (S)*, is $ d i v i d e d

by t})c llunlbcI  of c]cgrm!s of frecdoll”l  (.hf ill  N1’;Ihfl{)  aIJd 3?i -- 6 in ~artcsian  d y n a m i c s ) .

‘J’llc fluctuations ixl l’igurc 18 arc larger tl)all tllc)sc ill  I’ip;urc 9 l)cxausc  tllcsc talc.ulatiolls

iIlcluclccl  Ca2+ , Na+ , mlcl  ~1- io]ls wl)icl) lJacl tc) I.)c sill) ulatcd  using ~art,cxiall dyllalnic.s.

‘J’l]c! Nl;]hflo il~l]>]cl~~cl)tatiox)  allows fcm NTRlh10 dyllalnics  o f  large systmns  aIId ~artesian

dyllalnics  of individual  ])artic,lcs  tc) bc hal]d]cd  silll~lltallcc)~lsly. l“i~urc  18 il)dicaics  that tllc

CllC1’gY  f luctuat ions did Iiot  vaJ’y II”JUC.11 b(!tw(!c’11  diflcrc!l)t,  I)oI)l>ol)d  Illct])ods. ]{’]uctuat,iolls

usil)g tllc cIltiI’c capsid,  witlll the farficlcl updated every step, i. c., IQr)l 80/ Updatcl  , WCI’C!

Ilot lIIcasuIc!ci  but arc unlikely to provide! a SUl)Stalltia]  iIJJ])I”ol’cl  l”lcIlt. 111 Cvcry case!,  tllcl’c

was  ty]~ically a 4- to 5-fold illcrcasc in tllc fluctuatiml  for each 1 fs illcrcasc  in tllc ti]nc.

St!c]).

~artcsiml dynall)ics  with 1 fs tilnc  steps gmlcrally gi~’c a va]uc  of 0.0001” kc.al/]nol  for

(~)+.  ‘Il,is va lue  was  ,naicl,cd I,y N}}lhflo  si]],ulatiol,s  witl, a 1 fs ti~nc stc~,, but cxcccdcd

ill silnulatic)])s  using la rger  tilllc stc])s. llowcvm,  as (lisclwsml  {ibovc, the cc)ll]])lltatic)ll;~l
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s])udul) 01.)tai]lcd  froll-l usjllg larg;(’  tinlc stel)s  Inay I)c lvc)rtlk tllc loss ill ziccllracy.  14Tc uscxl

a tilllc  Stc]) of 2 fs fol’ our IYl<;lhfio sil]llllatic)lls  of ‘J’IISV. ‘1’llis  allowc(l  us a IIcar]y  twofold

s])ccdu]j  over ca.rtcsiall  dyl)alllic,s  ~j~]li]c  IIlajllt,:iillillg  lcasolIal)ly  10IV cqIcrgy f lue. t ,uat , iol]s .

A s  i s  clew frolll  F’ig;llrc  1 7 ,  tllc Nl;lhlo  cc)lll~)lltat,ic)llal  tilllc is  sInall  CmIII]JaICd  to tllc

Ilolllmllded calculations, so t,l Ic s])ccd[l]) vs. ~artcsiall  is essentially lillcar with illcrcasillg;

t,ilnc stcq).

‘1’l]c two lnodc]  systems, ])117 a]]d No(Ia,  Mwe initially o])tilnized  using ~artcsiall s])acc

c.ollju~;atc gradicl]ts  ]I)illimizatioll, ‘]’]lc  ~hlh4  ll”lCt]lOC] WI1.S USC!d at t]lc IW]180/tJpclatc.50

lcvcd.  ‘J’l]c racliLls of gylatio]l  of t,llc vila] c.a])sicl  systcln  was calculated Cvmy 50 stc})s, W1lCI1

t]lc  farfic!]cl  W~LS  upclatcd.  ‘~’llc  radius of gyraticnl is dcfiIIcc]  a s :

[

>;:l ?,2,[( .?’, - x~,,l
Rgy,. = - ‘ - )2 -1 (vi - ?/c!J2 -1 (G  - 2C,,, )2 ] “2

>~~’ l~~i -“1 (30)

) ZJIICI ?tli,  rcspcctivc]y,  andW] ICI’C tl]c ccmrdillatcs  al~d IIIZiSS c)f C~CII  ~mrticlc  i aIC (Ti> vi,  Z1

tllc ccmrcliuatcs  of the ccntcr  of mass arc (XC,,,, yC,,,, ZC,,I .) }]oth  structures c.cn~trac.tcd VCJ’y

l i t t l e  (abcmt  0.08%) cluring tllc ]ninimizaticnl, A t  tile cnd c)f tllc minilllizaticm  (convcrgcd

at 0 .01  kCal/InCdA2 ), the pl] 7 struct,u]  c w’as allnost  700  lCCal/ll-JOl  lowm  ill cllcrgy  than

Noca (-5801  .Ci kcal/lnol  vs. - 5135.6), dcs])ite  contail)ing  idcntic.al  ]~u]l~bcm of atcnns. ‘J’llis

CllC1’F;y  differm)cc  is a]lnost  entirely  clue tc) t]lc  c]cc.trostatic cncr~;y terlll  a n d  ixldicatcx  tllc

lar~;e stabilizillp;  rmlc]gy o f  tllc ~a2-1 icms.

M o l e c u l a r  clyl]anlics  calculatiol]s  ~vcrc carriccl out o]] tllc clifllnmlt Inillilnizcd  struc.-

t,urcs,  again using  N]]] 80/Updatc50  fc)r the I1OII1.)OIICIS. “1’lIc farficld  was updatccl  cwcry 0.1

ps. ‘J’wo  diflcrcntl  ~artcsiall  Clyllalllics lnct]lods  were used:

(i) lnicrocanmlical  dyl)alnicx  (NV]’;)  wiill tcll~ljcvaturc  sc.alillg a]ld

(ii) Nosh c.anm~ical  clyllall)ics  (NV’J’).3G

II) aclditiol~,  for NVK WTC c-arriccl  mlt NItIh40 clyllalllics  n~it,l)  a tilnc  st,q) c)f ‘2 f s .

SIIC)WS tlIC r a d i u s  of gyration c)f 1)117 (Iul.illg;  t,]lc first, 2,(I lJS of clplalnics.  IIot]i

}“igurc  19

Cartesian

silnulat,  ioIls SIIOW  aII i]]itial  cxl)allsio]l  p]jasc fo]]owcd  I)y a ]o]]g;m  cx)lltractio  I1. ‘3’1  Ic Nl;lhflo

siInulatioll  slIovvs  Ilo Cxj)allsiol]  ])l)asc , hut its cml~tl  ac.tioll ~)llasc closely ICSC1lll>l QS that of {l~c

Cartcsi;ill  NV1;  silnulatioll,  w i t h  rougl]ly  tl]c  sa]IJc SIOI)C, cmltractillg  ulllil  a])l~rc)xilnatcly

A3~&~~



1.8 ])s, IV]lcll it lCVCIS out. ‘J’lIc caIIoIIical  dyl]all]ics  si]]llll:itio]],  i]] contrast, sllol~’s  110 si]nil;lr

]CVC]illF; OUt {,]11’C)Uf;h  t]lC! fiI’St Z.O ])S,

l,ol]gcr  silllulatiol]s  U7CTC rUII usi~lg ~artcsial) N\~rJ’  dyl]alnics  a])cl  NTl)lh40  dyIlalllics

[)11 I)otll t,llc! ])117 and IXoca  Illodcls. ‘J’lIc N} ’;lhl[)  dyllalnics  sinlulations  were twice as fast,

sillc,c  2 fs t,illlc  steps WCrC used.  ](’jt;[~rc 20 SIIOIVS tllc radius of p;ylat.io]l  of tllc ])117’ a]](l  Noc,a

IJIOdC]S duri IIg t,]Ic first, 4 .(I ps of N}~;IM() and c;alt,csiall  lYVrJ’ silnll]:if,iolls.  ]11 t]lc  h~]~;]hlo

simulatioI]s,  tllc INoCa I11OC1C] u]]dcrp;ocs  a ral)id  cxl)a]lsioll  duri IIg tllc fIIst  2 .0  ps, tllcll  aIl

even  sllarl)cr colltrac.ticnl. ~hc 1)1]7 ]nodc]  has IIC) SUCII cw~mllsicm phw-m b u t  C1OCS have a

graclual]y illcrcasillg  colltrac,tioll  r a te . IIc)th of tllcsc silnulaticn]s  show far lnorc variation

in tllc radius  of gyxatioli  t}lan  t]ic corrcs~)olldil)~;  cartcsiall  simulatic)lls.  ]] OWCVC),  i]) I)ot]l

s i m u l a t i o n s ,  t]lc  Noca, Inodcl  initially  has a ]arg;cl  radius of gyration  tha))  for  ])]17,  }~ut

cvcnltually  bccomm smallcI. Altllollgll the CUIWCS  of tllc Iadii  cross  after about 3.9 ])s ill t,]lc

~artcsim simulat ion,  the cIlcrgy  curves  do not cross, as s}]cnvn i]] F’igurc 21. ‘J’llc ene rgy

])lot illclic.atcs that the NcGa model is ICSS  stable, as it ulldcrgocs  larger c)lcrgy  flLlc.tuaticms

after  3.0 ps. ‘1’hcsc f luc tua t ions  colltil)uc  ulltil  tllc c]ld  c)f a 5.0 ps silnulaticm  (da ta  no t

SIIC)WII).  l’llc ~)]]7 ]nodel  i s  rc]ativcly  stable.  l’cm tllc NI’;Ih40  silnultitiolls,  tllc colltractic)ll

rate is coln~mrativcly  cxaggcratcd,  but tllc C! IIC1’F;iCS do l]ot, S]1OW suc.11 large fluctuatic)lls.

‘J’lIc NoCa lnodc]  has a potential eIIcrgy arc) LIIId -3850  kcal/mol  wlli]c  tllc  ])otclltial  c]lcrgy

for ])117 rclnaills near -4550 kcal/mol, N o t e  t h a t  tllcsc cncrgics arc sulxtalltially  10WCI’

tllall i n  tllc C a r t e s i a n  silnulatioll  l.) CCaLISC  t]lc IIUIIICIOUS  bond aIIcl aIIglC clc$;rccs  of flcc-

dc)IIl rcxnain at their minilllulll  pot,clltial CIICrgy WI]UCX. ‘J’llcrcfcm,  the appxoxilnatcly  700

kca]/mol  diffcrcmtizd  bctwcml ])}] 7 aIId  NoCa is rc]ativc]y  C.m]stallt,  CVCI1  tllcmg]l the! radii

clIaIIgc significa]ltly.

‘J’hc currmlt  simulatio]ls  d o  IIot rq)roducc  tllc 1 O% cx])allsioll  cxl)cc.tcd  fol tllc NTo~a

Inodcl  OII tllc basis  of tllc cx~)crilncl~tal  clata. 32 lltnvm’cr,  tl)c  NoCa IIlodcl is  substant ial ly

l)igllcr  ill cmcrgy  ( 7 0 0  kcal/mol),  indicating  tl)at i t  lnigl)t  bc drivcll to cxpaIId  ill lIIorc

cxtmlsivc  calculations. Tllc NEIMO sill~ulatiolls  slIcnv substantial contraction c)f both the

})117 aIId  hTo~a  Inc)clcls. ‘1’llis  is likely dIIC to ir;lloring  tllc I{NTA ill  tllc  il]tcrior  of tllc v i rus .

A S t]lCsc ]]CW ]]lctllods  (NElhlo a]](l  c~h4h4)  a] c Ol)ti]nizc(l  fc)l ])arallcl  sllljclc[)llll)Llt,cls,



Jvc Cx])cct  t o  car])~ ollt  calclllatiolls  o]] tl]c f~lll  virlls,  illclu(lillg  liN.4. ‘J’llis  could  l)c ]nost.

Vtl]Uab](! Sil  JCT! CX])CI’il  J”l CI’Ji:Jl t, CC] JIJi(]ll CS ])1’OVi[k”  litt]C!  StI’UCtlll’?Ll  dat?l  ?Il)[)llt  t]JC ]{h’.~ l’CF;i  OIJ.

IV. conclusions

‘J’lJc NN~h~() aIJd Ch4hfl llJct]Jods  lJ:IVC  IJOW bCCIJ succcssfll]]y  :J])])]id t o  ])c)lyl)c])tic]c

a n d  ])rotcill  SySt(’lIJS.  .N]{]]  h40  i s  mtI’c’IJldY  fidst  coIIJ])aI”cd  t o  otl JcI’  illtcu’lJal-  cool’dilJak

dyl]alllics  lJl(!t,hO&. NP;lhflo  a]]d ~hfhf s c a l e s  lil~carly  wit]]  tllc IJUIJJ1)CI o f  dcgrcws  o f

frdoln IIlaliil]g tllcnn  ]Jractical  for super large systems. }“01’  illcl’(’asil  J/;ly  lal’gc systclns,  the

N];] hf{)  cc)]l]]~~ltatic)ll:il  rcquirmllcnts  grow ]Ilorc  slowly tllall t]]mc of cIJcrgy  calculat ions.

hlolccular  dy]]a~nics  i n c l u d i n g  o]]ly tolsio])al  dcgrcm of frccdoln allc)w IIJUCII larpp ti]nc

stc])s  than  simu]atiolls  ir]c.ludill~;  all pc)ssil~lc  dcgrccs  o f  frccdcnn. NEIM() calculatim]s  c)f

]Jcl)ticlcs  il)dicatc  illat, tilll~ steps aS ]argc  M 20 fcnlt,c)scc.c)l]ds  call  bc! USCd fOr ihCSC s)]]all

Systems. ‘1’imc  steps  c)f this size arc nc?t yet ])c)ssil~lc  for large lJoly])cl)tidcs  and ])rc)tcins,  as

judgcxl  by the C,ritcric)ll  c)f t,otal  CIJC!I’F;y  fluctuatiolJs. IIowcvcr,  tilnc  s t e p s  of 5 fs slid longer

Cal J k u s e d  fc)r lar~;e  s y s t e m s  witlJout  dallgc!l  C)f Cllcxgy  divcx’gcllcc. S u c h  c a l c u l a t i o n s

sllou]cl  Lc useful for col]fc)llllt~tic)l)a]  aIJalyscs  of  extremely ]arg;c systmns  such as v i ruses .

A S  t]lcsc! ]Ilct]lods  arc! refilled,  it is ]ikc]y that t])c m]c!rg;y co])scrvatioll  of  larger Systcl”ns

will lx im]movcd.

‘1’lJc dynamics  o f  po]y~)c])tidcs  arc! acc.u]ate)y IJIoc]c]cd  b y  NRIMO.  A~lalyscs  of clillc-

dral angle f luctuat ions snow t]lat, llF,INl  () dy]jal]lic,s  silnulatiol]s  ~)roduc.e  conformatiollal

fluctuaticms very s imi l a r  t o  those  arising  froln  ~artesialJ  dylJaIlliC.S  simulatiol)s.  q’l]c fmv

cxccpticnls to this i]] simulatiolks  of hlct-cllkc])llali~l  a])]~car to bc cases wllcrc r o t a t i o n a l

Immicr  i s  sufficimltly  higl)cr  f o r  fiXCd bO1l  CIS a n d  alJ@!S t h a t  t]J(!y a r c  travcrsc!cl  ill tllc

Gutcsiwl  clyllalnics  silnulatio]]  but ]lot for N’1’lhlo  si]nulatiolls  at the smnc tclnl)craturc.

S1lCI1  ] )Wl)lclns  can bc Clilnillatcd by usill~;  tolsiollal  barrier haSCC]  011  tllc aclizil.)atic  energy

CUI’VCS.  ‘J’hus  wc lwlicvc t])at Ch4h4  aIJ(]  hT]’J]h40  CaII IIOW l)c usd f o r  silnu]atiolls  C)I1 v e r y

larg;c IIlolcculcx,  suc]l as viluscs.

Ack]lo\vlcclgll]  cl]ts

\?Tc wish to tllallk ])1. (~ui]]crll-)o  ]iodri?;ucz  c)f J])], aIJC~ ])r. N. Vaidchi of ~altcc.11 for

illl]KWtallt  C.C)lltlibUtiO1lS  t,C) t]J(! &W!lo])lJl(!]lt  of t]J(! CUI’N’lJt,  N’J’; lhflo iIJl])]CIIJCl  lt?JtiOIJ  }lIJ[] tO



Dr. Naoki Iiarasawa for tl]c  illl])lclllcllt:ltioll  of {~hfllvl  wit]l  llio Graf. A N4 M acl; llowlcdgm

a Natiol):i]  l{cscmrch SCrvicc  AM-ard/NTIIl l’rcdoc.  toral ‘J1r:~illmsllip  ill lliotcc.llllc)lc)~;y.  WC

t,lIaIil;  141. K. ‘J’. IJiln for cmlstructillg  l“igum  16.

WTC tl]a]]k  1)01’;  -AIcl) for ful)clill?;  tl]is  ]mcarcl). ‘J’lIcI  facilities of tllc L4SC; arc alsc)

sul)lmtcd  by  grants  frcml  NT S}” (C;}]}’;  91- 100[?85),  NT SF’-ACI{, ]) O1<;-(;]l  11101,, A]]icd-SiF;nal

Co]])., Asalli Cllclnical, Asalli [;1;1ss, I\]’  Alncric.a,  Cllcvrml,  I IF’ Goodrich,  Vcs( m, Xerox

al)Cl  13 C’C.lil I12i11 JI]stitutc.

q’his work has km ])artial]y  lJmforlncd  at tllc  Jet l’ro])ulsion  l abora to ry ,  Califor]lia

]I]stitutc of ‘J’cch]lology,  unclcr ccMItract  with tllc NTatiollal Amm~autics  a])cl Space Aclmill-

istratioll.



AI’I’I{;NI)IX

l{’or ~artcsia]l  dy]]alnicx  wc p;cvleral]y usc t]lc  ‘L]ciil)frog;’) forlnulatiol]  of t IIc Vcrlct

alF;o]itl)lll.  111 this a~)]noacll,  tl)c  coordi]latcs  z(”) at till]c  stcl)  f = 7JII, arc usccl  to calculatlc

tllc  forces at this tilnc stcl), )~’f”)  wl)icll are related to tile accclcnatiolls I.)y

‘J’IJCSC  arc C.o]nbinccl w i t h  t,llc} v e l o c i t i e s  a t  s t e p  71-  ~ , Z) f“  - 1), t o  c a l c u l a t e  tllc  vclc)city  at

n-l ;,

‘1) (r~-{  ;) ~ ~)(!~-  +) _ + .  ! ],’(7~) (A.] )
m

wllicl]  i s  ill tmms usec] to C,alculatc  t]l(: IICW cooldillat,cs

‘J’l]is  is illitiatcxl  wit])

(A.2)

(A.3)

~(n)

this

]{’01’ Nh!IM()  dylla,lllic%  thiS a]gC)litlllll  iS II1OIT  COll”l])]iCatCd  bC?CallSC  t]JC aCCdCI’atiOll

dq)ellcls  cx])licitly  0 1 1  bc)tl~  tllc  vdocitics  dr~)  aIIcl cx)c)rclillatcs  6(71) at t,imc  stq) 7 1 .  l’c)r

])a])CT,  WC! USC!d  thC fOlloWiIl~  ik~?Lt,iVC  ])1’ocdll]’(!. \~Tc  Cstill-)at,(:  t,]~~ vC]~citiCS  @ f~~~l~

tllc prcvious]y  dcterll-lillc(l  vc]ocitics:

j’~ : l.~fj”- + -  (J,~@- +. (A.4)

‘J’llis  a l lows  us  to c.alculatc the N}’Hhf10  accclcratiolls  ~“ })y scd~’ing  tllc spat ial  operator

(S0)  cc~uatic,*ls,’1]2

(
@ v ~~~j ]{’”, ‘J’”, ~“,  j“

)
(A.5)

usixlg t]lc cc)c)rc]iIlatcs  011,  t]lc  vcloc,itics  j’~, tllc  torclllcs  ‘~’)1 , aIId  IIOIII)C)II(l  forces I{” L. ‘J’he

ac-.c.clcraticnls  arc USCC1 tc) upclatc tllc:  velocities as i]) A.]

jwl:  ,  (p-:. l },;”.

A3X3-3:?

(A.G)



‘1’llis  ])rcxxss  (A.5),  (A.6), (A.?) i s  rcl)cated  u]ltil  ~’{ coIIvcIgcs,  ])roducing  aII ac.curak

Valllc!  f o r  @ . We fil)d that  sufficicl]t  coIIv(vgclIcc  (bawd 011  Illaxilnal  illll)lc)\’clI-lcllt  to

cllcrgy  (x)llsmvaticnl)  i s  gmlcrally  IcaclId  a f t e r  a  single  i t  cIatio  Il, s o  t h a t !  tllc  drcct 0 1 1

o v e r a l l  collll)lltlatic)llal  costs is llliIli  Inal.

‘J’l]c C.(WC!l’~;CCl  17a1ucs  of 8“ froIn (:quatic)])  (A .5) give tllc coIIvcrgcd  values for On-l 1

froln A . 6  wllic]l am tllcm USCX1  to ul)dat,c tlIc coc)lcliIlatcs:

q’llc dyllmnics  s t e p  i s  colnp]ctccl  usi~lg; t,ljc llcw illtcrllal  coorclillat,cs  W+ 1 to u~)datc tllc

~artcsian  coorclinatcsx ‘1+1 wllicll  arc Ilscxl foI tl]c (lartcsiall fc)rccs, l“(’’+l).
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hJCt-};illi~:l)llali]~

(Ala):,

Avial]  Pallcrcatic  ]’o]yl)cl)tjdc:

Chall-lbill

Plastmcymlin

q’rcqmlin-~

Alplla-J,ytic  I’rotcasc

~arbollic  Anllydrasc

~arlmxypcptidase  Aa

Tcnnatolmly  stulJt Vix’us
- .

s t r u c t u r e li(!f. l{esidues atoms

hflhlk  - 5 48

Ala9 9 57

I]q)t 17 36 368

1 crll 18 46 40’2

‘ipcy 19 98 857

“t<) llC 20 161 1514

2+ 21 198 1748

2ca2 22 256 2482

4cpa 23 307 2986

2tbv 24 893 8083”
.—

Jfr

~g

3P

192

216

460

857

959

1305

1581

4335

a  'J'llc7'llS\~  silll~llatic)llsa  lsc)i1)cl~l(lc6  Co+, 25 C/-", a~l(i24ATc~+  (scc  Sccticml II. Ij.2)

forat C)talof8138a  tolils]>crll11it,.  I1lclllClillg  al1601111its  tllisleacls  tc)488,280  at()1Ils,



‘J’ab]c 3.

Numl.)cr  of

l’rc)tcill Ato]ns

Ml;l]k

Ala9

I])pt

1 Cl’I]

7])cy

lp])t

1 Crll

7pcy

5t11c

2alp

2c.a2

hl)a

‘2tbv

48

57

368

402

857

368

402

857

1514

1748

2482

2986

8083

‘J’ilnca

(s)

0.011

0.012

0.06’4

0.102

0.220

0.084

0.102

0.220

0.411

0.460

0.629

0.762

‘2.094

‘J’ill]c/Af

(1,1s)

0.393

0.375

0.438

0,472

0.478

0.438

0.472

0.478

0.480

0.480

0.482

0.482

0.483

Nonbol][ls

‘J’illlc

(s)

0.044

0.061

1.933

2.322

10,121

1.408

1.950

3.541

9.180

11.153

15.612

22.733

55.439

‘J’i]lle/]1

(11”)s)

().92

1.07

5.25

5.78

11.81

3.83

4.85

4.13

t3.oG

5.26

6.29

7.GI

6.86

0 ‘1’ilning  xcsc)luticm  is 0.01 sm.
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(’l) :Illd CWm])md  to (’:ICII  Otllc]”.

Dihedral

~.

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

o~

186.3

70.6

107.4

178.0

300.1

185.1

311.5

306.8

182.1

294.8

353.2

173.4

246.1

61.3

72.0

351,7

184.0

238.8

116.3

33.3

70.1

82.0

(Q)Al

191.1

6(3.6

99.9

178.0

306.8

183.4
~7’2.o

300.8

177.7

271.7

303.8

173.9

‘241.6

65.5

92.8

320.0

177.2

241.0

128.8

46.()

89.2

117.2

fso~l(l

4.8

-4.0

-7.5

0.0

6.7

-1.7

-39.5

-6.0

-4.4

-23.1

-49,4

0.5

-4.5

4.2

20.8

-31.7

-6.8

2.2

12.5

12.7

19.1

35.2

(6’)(:

189.6

76.1

104.6

180.2

301.4

186.0

279.4

55.8

173.0

263.4

309.8

172.3

254.7

71.2

99.8

320.4

176.3

245.6

116.0

289.8

113.5

)59.4

66(,’0

3.3

5.5

-2.8

‘.2.2

1.3

2.6

-32.1

109.0

-9.1

-31.4

-43.4

-1.1

-8.6

9.9

27.0

-31.3

-7.7

6.8

-().3

-103.5

43.4

77.4

h~cAl
.

- 1.5

9.5

4.7

2.2

-5.4

2.6

7.4

115.0

-4.7

-8.3

6.0

-1.6

13.1

5.7

7.6

0.4

-0.9

4.6

.]~.~

-116.4

24.3

-39.8
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l“igurc  1.

l“igurc  2“0

Figure  3.

l“igurc  4.

l’igure  5.

l“igure  G.

l“igurc 70

l“iguw  8.

‘J’llC ])cq)ticlc  hfct-cllkc])llalill  1<’itll  i t s  llillgcs  I]llllilm’cd  (SCC text al)d ‘J’al)lc

1 ) .  llm]ds  m-l)ic.1]  zim l]ot I]IIII]I)CIC(l a rc  held  fixcxl. ~:lustcrs  arc units wllicl~

mllaill  fixccl  clurill~;  dj-l]alnicsl Sll(’11 as tllc ])llcllyl gl’ou{)  of ‘J1yl’  1, located

bctwccv]  IIiligcs  3 2(I1CI 4. ‘J’IIc Last cluster  is tl)c  N-tmnillal  alllillo F;roul>.

(a) A })lot of cc)]],l~~~{atic,,,~,] ti~nc vs. l~rotci,,  si~,c (Tl = 11111111.m’  of atoms) f o r

]]o]]l>o]ld  calculatio]ls  a]]cl NTl~Jlh40.  (1)) CII’IJ tiljlc/n  ~’s. ])rotcil]  s i z e .  ‘J’illlcs

arc givm] ill Cl}ll  SU.-OI)CIS per dyllalnics  stc]),  as detcrlnillml  Cm an S(; J ]ncligc)

1{3000 workstat ion,

Energy fluctuatio]ls,  ~, fo r  N}HM()  (N) LIIICI  Cartcsiall  ( C )  dyllalnics  silllu-

lat,icms  of ILflet-cmkcq)llalil)  (48 fitoms,  ~?3 c,]ust(~]’s).  Silllu]atic)lls  Wmx!  lLlll  fOI’

1  p s  using  tinlc  stq)s Iangillg  fIc)In 1  t o  20 f s . N* a]]d C+: arc the scdcd

fluctuaticnls,  S*, wl]cw E is clividccl by tllc lIu Inhcr of dcgrccs  of frccdcm: Af

for IYElh10  silnu]aticnls  and 371-- 6 fc)r ~artcsiall  c.oorclinatcs.  F’or ~artcsiml

clynm)ics,  tllc systclll  was equilibrated  fc)r 1 ])s before calculatillp;  8.

61; = {AE/(3;)  for 10(I ti]]lc stq)s of  N1’;lh10  clyllalnics  011 (Ala)g.

‘J’hc alp]la carbo]l t r a c e  of Avian pa]lcrcmtic.  ~)c)ly])c])tide  (a l ’ ] ’ ) .  l’ro]n  tl)e

crystal Stl’uctul’c!  1 I’I’’I’. ] 7

l+lncrgy fluctuatio]]s,  ~, for  hTHIM() ( h ’ )  allcl Cartcsiall  (C) dyllalllics  silnu-

latimls of aviaI1 l)allcrcatic pc)lypcq)tidc  (al’]’). Silnulatio]]s  were rUIJ  for 1 ~)s

Ilsillg  ti]nc steps Ial)gil)g  froln  1 to 15 fs. ‘J’ilnc  stc]m above 11 fs muscxl  tllc

mlcrgy  tc) divcn-gc. Nx and ~+ arc tllc scaled cllcrg;y fluctuatio]ls,  $4.

Sc.alccl  mlcrgy  flue.tuatiol]s, ~“, for 1 ps Nl;JI140  si~nulaticnls  of a}’]’.  “lligid

}1” difl”crs  frcnn ‘( NOrInal”  N}Hh40 ill that IIil]g;cs wllicll  rotate mlly llydrc)-

gcll aiol]’ls  ale IIcld fix(!(l.  7’11(! “c:[)lllltcl’i[)  lls” sililulatioll  usml tllc Stall  clal’d

Nl~Ih10 lnctl]ocl  for tl)c  plotei]l,  but collcurrmltly  solved tllc ~artcsiall  cqua-

tiolls  of Inotic)n  fo r  coulltmiol)s  (5 Na~ a]ld  3  C ]-  )  addcc]  to ]lcutlalizc  ull-

]jaixml cllargcx.

‘J’llc avcrap;c  m1crg}7 fl~lctuatiolls,  ([), dlllil~F; 5 ])s si]l~~llations  of aviall })aIIcIc-

A3z&4~



atic ]mlyl)cpti de. l“luctuatiol]s  in NI’; IN1O [N) alId (:artcsia]]  [(:) dyl]al]lics

were clc’tcrmillccl at, ().1 ]>s intervals during  tl]c  course  of tllc  silnlllatiolll  after

which I’clocitics  could be rcscalcd  al]d tllc C;N4M  IIolll)ol]d farfield  talc.ulatiml

W’as U])clatc(l.

l“igurc  !3. (t)+’ vs. ])rotcil)  s i z e  for 5.0 ])s silnu]atiol]s.  Valllcs  alc given  f o r  ~artc-

sial) clyllalllics  using 1 fs  {Iilnc  stcljs al]d  NT1’lINIO dyllalllics  usi Ilg t,ilnc Stcl)s

l’al~gil)g;  fro]]]  1  f s  to 5 fs.

IPigurc  10. l)urillg5  ps ll-IOlCCUlar dyllalnics  simulat,iollsof  Met-c l )kqdlal i l l ,  tllc 22 di-

llcdral  2Lllglm w7cxc writtml out at ().1 ])s illtcmwls. ‘I’hc fifty Values for Cach

c]illcxh-al arc ]~lc)tted IIcrc f o r  ~artcxiall  aIId NF;IMO clyl]aInics silnulatic)ns

usi]]g 1 fs time stcl)s.

Y’igul’c  1 1 .  ‘1’llc  a v e r a g e  dillcxlrals  flolll  tllc  clistributic)lls  iI1 F i g u r e  I(I are slIoIt’11  llmc

w i t h  error b a r s  illclicati  I1g :1 a, tllc  staIIdaId  dcviatiolls.

l“igure 1 2 .  Tllc average dihcclrals  fro]n INEIM() si]ndatio]ls using tilnc  stcl)s  ra]]F;iIlg

from 1 Lo 10 fs.

Fi.gurc 1 3 .  1’IIc ovcrla~m S12 Ixtwcml 1 fs aIld 2 -10  f s  NI)IL40  simu]atio]]s  of N4ct-

cnkqhlin.

F i g u r e  14. The o v e r l a p s  SI* bctwccn 1 fs ancl 2, 5, a]lcl  10 fs NEIMO sil]lu]atiolls  of

Met-cmkcphalin sllcnvl]  at lligllcr  rcsolutio]l  than l“i~;urc 13.

l’igurc  15. ‘1’hc  o v e r l a p s  S1 z bct,wcml  clillcdral  distrilmtio]ls  frmn ~artcsiall  dplalnic.s

vcmus  LI1OSC  froln  NT I’lll10  dyllalllics s i m u l a t i o n s  w i t h  tilnc stcl)s rwlgillg

flcml 1 fs.

l’igure  16. ‘1’l]e s t r u t . t u m  o f  tol]lato  busl]y  stullt  v i rus  (rl’l”\SV), Sllovul is il]c VaTI dcr

Waal surface for the mltilc protcill. Eac.11 of tllc tllrec illdc]wlldmlt  cl}aills is

givcm a cliffcrcllt  color  (red for c.llaill  A, glcc]l  for CJlaill  11, blue fol” cllaill  ~).

WC tl)ank K. 7’. I,iln  fc)r constructil]p;  this f igure .

l“igurc  17. ~1’U  times for ~Mh4 c a l c u l a t i o n s , NElh40  accelerat ion c.alculatimls,  ancl

ovcrhcmd.  OvcrlIcad illcludm  coordinate  u])dat  i]lF; f o r  Nl;] h4 O  and otllcr

parts c)f Biograf.



C + foI 1. ( )  l)s of NT II;IL1O siln~llatiolls.]“i.gur(!  18. l’;I~cIgy fluctuatiol)s,  (c) ,

l[’igurc 19. ‘1’lIe ‘1’IISV Iadius dllri)]g  2.() ])s of ~artcsial]  and N1’;lhlo  dJ’llalllics  silllula-

ticms.

l’igurc 20. ‘1’lIc raclius of {llc 1)117 aIId lNoCa IIIOCICIS of ~’l~SV during  4.() ])s of (;artlcsiall

(NV’]’) a])d N};lh!10  dw~amics..

l“igum  21 ; l’ottvltial  c]]mgy  dllril]~  tllc 4 .() l)s (;artcsial~  canonical  dylalnics  silnulatiol]s,

A3y&43
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Average Dihedtals and
Standard Deviations from

5 ps Simulations
(Cartesian vs. NEIMO Dynamics)
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Average Dihedrals from 5
NEIMO Simulations
(Timesteps  1-10 fs)
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Overlap of Dihedral Distributions
NEIMO Dynamics

vs. Cartesian Dynamics
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Computational Time for TBSV Simulations
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Energy Fluctuations in NEIMO Calculations
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TBSV Radius during 2.0 ps
Dynamics Simulations
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Potential Energy during Canonical Dynamics
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