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Unuﬁ ghppp nwuwywo dtrGwny t* Gdhpdwé GepYw nwph ghuntejw
wdbklwwpwg qunpqugnn gnintphg UGYHG' hwiwywpgswiht hnpdht L Gpu
Yhpwenigjwip Yhbuwpwiwywo hwiwlupgbph nunlGwuhpnupjuls  de:
<undwywpgswih0 ¢hnpéh qunwghwpp h hwnn Bywy sh Ynnihg gmuquhte
hwynnuwiwl rGuntpultiph, win pYnd” gaphwiwywnghsbbnh, hwdwywpg-
swihl Ywuinbpbph b Ytpewwbu gphntiph, hoswbu Gwl gnphn, wpwqw-
gnnd dwulbwghwnwgywé dpwgpwihl thwebpdtph L wignphpdlbph uwnbng-
dwl, puy gnu ynndhg' ghunipjw nbrlu nsg &2gphuin hwdwpynn plw-
quywnbbpnud (ophtwly™ phihwynty, Yetuwpwlnpjut dbg L wy gnintpnud)
inbuwywl ghunbihptbph Yninwydws wpmynibpnid: Wu ninnnipjwit quip-
qugiwl b nwpwdiwh hwiwp prhspughl wewepbpwgh hwiqgbkgntg, wu-
wbu Ynsqwd, dmbiynyught phGwdhlyuyh Spnnh hwyuinGwptpnuip, npp how-
pwynpnpinth inybig  hwult) hwdwywngswihs b $hghywywi thnpdbpny
unwgywé wpryntbpbbnh wewyt) Ywunwnywy hwdwnpow:

Unwowpyynn gpeh pnwbnwynipinilp Yugqddwé t htlg wiu qunwthw-
PWiununiRjwyp. wib hp wkuwyh dbg Gquip t L quihu b hog-np swihny (pwg-
GGint pninl quipquugnn wju plwgwywentd pnthwyut nwuwgpptph, wuwh-
pwlwnObph L ghvnwlwl wpluwwnnnObph hwdwnp wohpwdtn gpuywine-
pjwl B9 bnwé pwgp:

Qnph weweht qluntd Jwipwdwub funuynud b hwdwlwpgswihG thnpdh,
dupuyghG $npdwwndbph L wdhOwppnibbph ophOwyny dnikynybGph Yn-
nuwynndwh dwuhb: <wwnney niwnpnigynth t nuupdytg Protein Databank (pdb)
dnpiwinhl, L ybpiméyby B0 dpwaph pnpnp $nilyghnGuy hbwpwynpnipimo-
GGpp: Gpupnpn gilunud hwyhpd GepYuywgdwsé &0 pYwbunwphihwlywl L
UnGwnb Yweinh dnintignuiGtipp, huy Gppnpn gluntd tnpywé b onbynywih
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nhGwdhlyugh dGpnnh dwopwiwul pwgwwpnipnibp: 2nppnpn glumd phip-
Jwé &0 hwiwluwngswihG thnpdbpnd hwéwlu ogunwgnpéynn GROMACS L
NAMD 6pwigpwiht thwebpldtpp L win Gpymt thwptpdtph hwdtiwwnwywo
Jbpnionipinilp qniquhtrwgiwl nbuwbynibhg:

Jdbtpohl giiuntd Ghpywjwgywé 60 Yehuwpwiwywl punwipbtph L thnwn-
pny honny pinipbnwywt hwdwywngtph Ypw hwdwywpgqswyhl thnpdny
wnpywé nunuiGwuhpnipynibbbpp:

Ghppp Gwiuwnbuws ¢ phahlyush, phdhwih b YeGuwpwinipwl ninpunh
ghnwfuwwnnnltph hwiwn, hoswbu Owb ogunwiwp YthGh wyt ntuwbnnbtph
L wuwhpwOwnGtph hwiwp, npnip httnwenpppynid 60 YoepnGzwy ubnhpot-

nny:

<nhawlyabn
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Luwjuwpw(

LUbpyuynidu  powghuinwlwb nuntdGwuhpnupgniabbph hwowp dké Gw-
Gwynipynil GO dtinp ptink; hwiwlwpgswiho “thnpdtipp”: Uinbnoyt| 6o pwq-
dwphy 6pwaptp, npnip hGwpwynpnipintl &0 twihu htitnwgqnuinnhG hw-
dwywpgsh oglnipjudp dnnbiwynpb b hwdwpw Gnybwpwn Jdepwnpunwnpbg
wyl ghunwchnpdbpp, npnGp Ywuwpymd 66 ppwywb dhahluywb thnpdh dh-
ongny: <wiwlywpgswihb thnpdbpp hawnwdnpnugnta 50 tniwhu hbnbbine ne-
untiGwuppynn plnyph wipnne ptpwgphl, uwliwl unwgywé wpnyntptiph
Sunnipintbp unnigbpnt hwdwp, wytnuwdtowohy, wwhwboynud b Yuuwnwnt)
Lwpnpuwnnp thnpdbn:

dbpohl twphGbphG hwdwluwpgswhG wnsuthyuwh qupqugiwi htwn
qnigplipwg, (uyt tnwpwdnd § unwgt) dngbynyuht hwdwywnpgbph dnnbiw-
ynpnudp hwiwwngsh ogbnipywip: {wiwlwpgswiht thnpdp Ywd dnnbjw-
ynpniip nwuynd b Yeouwhodnpiwinhyugh  hhiGwyws nnnnpyntblbph
2wpph: b°hg t hpblhg GEpYwjwgltnid hwdwywpgswihl thnpdp {ud dnnbw-
Ynpnudp: <widwlwpgsuwghG thnpdp Yupbip t nhuvwpytp npwtiv niunudbw-
uppnipjwb Showllyw] dBpnn’ wbunigjwld L hpwlwb thnpdh dhol: {w-
dwywpgswht dnnbiwynpnuip ghiwywo h nipnnepymels t, npb nuntdbw-
uhpnud t dniEynught Ywenigwéplbtpp b pnibyghwbbpp hwiwwwinwu-
fuwl dnnbobph Yuwrengdwl L hwqwpydwh shongny: UnnbiGbph Ywrenigne-
0p GGpwnpyndd t npwbu npwig pywiht GEpYuwgnid (Bpbswh Ywd brw-
swih tnwpwdnipjwl 0b9) wuinndwlwl, dnbyniwhl Ywd wy dwywnpnuwybb-
ph htGph Ypw: Unnbjuwht hwywnpylbpp wbuwywo hbGph bpinidnipintbh
0 hwyinh pywiht dGpnnlbph L wignphpiltph dhongnd: Unnbiughl hwp-
wpybbtpp hptlg vk GGpwentd 60 nuuwywl (OniEYnywiht L (wOdlkh nh-
GwidhYuwih, Unbunt Ywneinh) U pqulunwhl (Uhuw-tdwhphy b wpdwwnwyw)
dnwntignuilbpp:



1. Swiwywngswhb thnpd L YaGuwhbdnpiwnhlyw

1.1 Unnbiobph Ywrenignud L tndyuGtiph htiGp (pwaqu)

YbkGuwpwOnpjwo db9 weyw dEdwpwlwy nbnbYwunnynipiwb unwgiwh
L nuwitbph Guydwl dwiwlbwy wihpwdtunnignit | wewowlnud wyl
YwonGwlwngby nopytpuwy nguibtnh htaptph ogqlnipjudp: Stuwyuwl L
thnpdwywl  nwnuibwuhpnipntblbphg  unwgywé  wppynbplbtpp  dnun- -
pwgpyntd GO npwbiu i bbph hebp™ wyl hbnwgwnud twpptip whwh jub-
nhpatipnud oguwugnpétine Gwwwnwyny: Skuwlwb b hnpdbwluwl nyjwibt-
phg quin, wydd njuwiltiph htbptpp pwniwgyntd 60 Gwl hwiwywngswiha
thnpdhg unwgdwd wpnyniaplbpny: <wyuinbh GG ntbhybpuwi dh 2wne wnyjwi-
Gbph heGptp, npnGp hhitwywbnid welw 66 Gwb hGunbpbbunwiht gubgnud:
Pwqiwiwulthyuiht hwiwywnpgbph nduibepp htbpp hhdbwlywbnud GGp-
Yujwgynui t brwswiyh nwpwénipjwl dbe dwulhyltiph YnnprhGwunltph
wnbupny: UdkOwhwjunnbh L hwawfu ogunwgnpéynn tndjwiGlph htGpp Gepyw-
jwgyntd t Protein Data Bank [1,2] (hGunbpbbwnwihG Guyp — www.pdb.org) Ywd
.pdb plnjwbntd nlbbgnn dwybph ogunipjwdp: Liwp 1.1.1-md OEpYWw)wg-
Jwé t PDB wnjwilbph htoph nwptywl wép” epgywé hbunbpbhunughG
wwawnnOwywo Yuyphg: SYwbtph wyu htGph unbndnudp uluyby t ntinlu
1972 pywlwOho, 80-wywabbphlt wyG gpwlgk| t qquih ws (dnunn 150 hw-
dwywng), huy 90-wywbikph 4epebpht wyl hwunned tp wpntlb 10000-h uwh-
dwlp: b°0s ¢ hpbhg GbpYuwywgbnid wyu npdwnp b b Gs wewbdbwhwwnynt-
pINLO0Ep nuoh: Lwju GatGp, np wu dnpdwwnl nbh hunwy Yuwbnbwywng-
qwd wnbup, npunbn wdka dh wninnhG hwiwwwwnwuuwbnud | hwdwywngp
pOntpwgpnn wwpwitup: Lywp 1.1.2-nd OEpYwjwgywd t pdb dnpdwnh o-
phowly: MEwnp £ Gwb G, np wyu Snpdwwnh pwyibpp hptibghg GapYuwywgbnd
GG ASClHl inbpunnwhG duytp, npnlp Ywpbih b judpwagnt] Yuwdwjwyuwb
inbputnw;hl fudpwanhsny (Notepad, Wordpad, Textpad L wj(G): UwGpwdwub
OYywpwgpbop uMbwluiht nuantpht  hwiwwwwwupuwbnn  pwnwnphs-
Gtpp:

REMARK example created by A. Poghosyan, 10-MAY-2008

CRYST1 115.000 10.000 45.000 90.00 90.00 90.00 P 1 8
ATOM 1 H VALA 1 32,433 16.336 57.540 1.00 10.12 Al H
ATOM 2 CA VALA 1 31.132 16.439 58.160 1.00 10.65 A1 C
ATOM 3 C VALA 1 30.447 15.105 58.363 1.00 13.14 A1 C

ATOM 100 1HG GLUA 25 10820 6.759 -6.474 1.00 0.00
ATOM 101 2HG GLUA 25 11451 6530 -5.142 1.00 0.00
END

Lluwp 1.1.2 PDB dwjih ophGwy
7



Urwohtp dbLOwpwlnpiwl wnnG £ (REMARK), npunbn Yuptih £ apty
wnyywy dngEynwiht shwgnipjwbp Yepwpetpnn Yudwywywb hepnniwghw, o-
nhGwy, Gpp t wl Ywenigdt|, phihwywe Ywenigywopp b wi wnjwbbp: Un-
Unpwpwp, wiu wnnp hwiwpynud £ owghnluy L gwiynipjwl nbwpnid Yw-
pnn ¢ pwg pnGYbE Bpupnpn winnp wwihu b nbnbynugnth huwdwywngh
wwppwywt peoh wwpwitinpbnh dwuhl’ abpluiugOtiny pinuppbnwiyuwb fun-
pwlwnnuwihG pegh a(7-15 ynibwybbpnid), b (16-24 unibwyobpned) b ¢ (25-
33 ynitbwyobpnid) pwnwnphsltipp, hoswbu Owb wolmOwht pwnwnnphsbb-
np’ « (34-40 ynibwyobpnud), S(41-47 untbwylbpnud) Ly (48-54 uynibwy-
ubpnud): unpwlwpnuhb peeh pwnwnnhsGEpp oepyuwywgdwé b0 wibquuwn-
ptittpny L pnipbnughnwywl wnjwiltph  pwgwywinipjwl  nbtiwpntd
npwlp nhinynd 60 npwtu dkY shwdnp® a=b=c=1.0, huy waynibuwjh
pwnwnnhsOtpp, hwiwwwunwufuwlwpwn, 90°% <wjunbh GO 7 wnbuwyh hho-
Owlwh gwbgbp, npnbg woyntGwiht b twppwywl pwnwnphsbbpp GGpYuw-
jwgywé 60 wynwuwy 1.1.1-nud:

Swlgh wntuwyp Lywlw- Swppwywo pooh Panpw-
ynidp plnipwqgptipn gphs0bpp
Sphluhiahy T azbzc,a#xf+#y a,b,c, a,f, x
Unanl”hgﬁl/ M a¢b¢c, a=);‘=90° a,b,C, ﬂ
Orppnendghly 0 atbzc,a=f=x=90° | abc
StEunnwgnbuwy a=b#c,a=p=x=90° a,c
lunpwiwpnuw- c a=b=c,a=f=x=90" |9
1t
Snhgnbuy R a=b=c, a, a
a=pB=y<120°,#90°
<Gpuwgnluy H a=b#c, a=p=90°,| %€
x =120°

Unyntuwy 1.1.1 SwppwwG peeh pinipwanhsGbpp:

Utywap hwenpnnn P-0 Ghwpwgpnid | nwpwoéwywd funtdpp, huy ytip-
ohl pwnwnphsp wnthdtipwiht npwitkph pwiwyo § Shwynp peentd: Swppw-
Ywh peoh wwpwidbtipbphlt hwenpnnud G0 hwdwlwngh wuwnniltph nw-
pwéwlwd YnnprhGwwnltpp, npnbp nwuwynpynid &G htuinlyw) ynibwylt-
pnid. 1-6 ATOM Ywd HETATM, 7-11 ynibwylbpnid gpwoigynid £ wunndh
htppwyws hwdwpp, npha hwenpnnid t wwnndh woqwlndp 13-16 ynubwy-
Obpnud (06p ophGwynd™ N, CA, C, HG): hUswtu Bplnud ¢ Ghzbph pwlwyhg,
wwnndbbph wewybiwgnyl wpdtipp 99.999-G t, huy wytih 466 hwdwywpgb-
ph GQwpwgpiwl hwdwp Ywnwnpynid £ hwdwph Jepwhwzqwny® uyuwé
1-hg dhlsl 99.999-p: Uké hwiwlwngtiph bpyuwjwgdwl gjnu dlp MODEL
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$rulyghnlwy wnnnh oquwgnpdndl t, npp d6¢ pwyitipp pwdwlmd t hw-
dwuwwwwutuwl dnntlotph, npnig wewybiwgnyl phyp Ywqdnud £ 9999:
<wny t Owl G261, np MODEL $nibyghwt ogunwugnpétiint nbwpntd Ytpentd
wlwwdwl whwnp t Gdh ENDMDL wnnnp: 18-20 untbwybbpnud wnpymid t,
wuwbu Yngywd, dnibynyh hwindwéh Ywd ubiqibOnp wiywbnidp, hbw-
puynpriginit tnwiny wdpnng hwidwywpgp pwdwib] hwwnywébbph Yuwd
ubiqiblunlbph (ophGwy uwhwnwynigh pwdwlnuip puwnn wihGwppniGbph®
VAL, GLU L wy0) L hwiwpwyuyb hwindwéthpp' tnwiny hbppwywi hwdwnp
(23-26 unibbpnud): <Owpwynpniginut Yw Gwl dnitYynyh hwnydwébbpp Ywd
ubqdblwntipp pongpyty wewbshh Shwynplbph dk9, ophtwly wihGwppnLbtpp
npwbu A(22 ynibwynid) Yud wuklp thwhnwihG dngynibbpp nhunwpyty np-
wtu L UinndGtph oppngniw) viwpwéwywl X, Y L Z YnnpnhbwwnGbpp Gbp-
Yuwjwgywé GO 31-54 ynibbpned, L hwpy £ G261, np npwbp npdns 60 woqu-
wnpbdltpny: Qpuyywénipinibp (Occupancy, 1.00 by default) L obpdwuwnh-
SwlwyhG gnpénlp (Temperature factor, 0.00 by default), hwiwwwwnwuuw-
Owpwp, GEpYwywgynid G 55-60 L 61-66 unthwlltpnud, npnGg hwenprnud
b0 ubqitOwh hanEGunhdhlwwnnpp (Segment identifier, 73-76 unLbwlyGtpnd)
L wundh uhdynip (Element symbol, 77-78 ynibwybtpncd): Ybpontd wihpw-
dtunnipjuil ntwpenud G4nud £ 0wl wwnndh |hgpwihG wipdtipp (Charge on
atom, 79-80 unLOwyibpnud), huy $nibyghnbwy winnp wywpunynd t END
wnnny: Uh 2wpp 6pugpuwihG thwpbptbp (ophGwy, HYPERCHEM thwpbpp)
dniynipwhl dhwgnipynibbtpp dhaniw wwunytipbint hwiwp wwhwOenid bl
Owl G26] wuwndleph dhel Ywwbpp, npnp hpwywlwgynid G CONECT
dnibyghnbwy wnnh dheongny® G26InY hwiwwwwnwufuwlwpwp wwnndbtph
hwdwnbtipp, npnip Yuwwywé 66 hpwp hbn Ynduwiton uwny: Ywplnp t
Gwl G261, np pdb npdwnnh tinn-untbwywiht werwdGwhwunynipiwb sash
thnthnfuntpyntlp ptinnid t dpwignpuihG ufuwwaph, L hbunbwpwp wju $npdw-
inh wnnn-yintGwlwht wewGdtwhwwnynipintbGbpp whwp § hunwy wwh-
wwlytb: Pwgh y&pp Gzwé pnibyghnbwy wninnbiphg unnple GEpluijugbned
GOp Gwlk pdb dnpdwinh pninp pnubyghwabpp.

e HEADER - wnwohl winnp, npp wwpnibwynid £ duwyh pbnpnznn (h-

nb:gnf?hhwghnﬁ) (ID) ynnp, nwuwlwngnudp L wduwphyp:
ophlw
HEADER MEMBRANE PROTEIN 10-MAY-08 GLA

e OBSLTE - (obsoleted) unnmd gpymd b umunlbph hboph Sk
apwigiwl Yud pwpdwgdwl wiuwphyp:

ophlwly’
OBSLTE 20-MAY-98  1PRO GLA

e TITLE — wyuwtiu Ynsywé, thnpdh Yud ybpnidnipjwa tnpbwghpp, npp
GbpYuywglnud t wyu Ywd wb ghnwywh hnnpuép (hwdwpdtp t
REMARK 3$ni0yghwjht):

onhlwy’
TITLE X-RAY AND NMR STUDY OF DPPC MULTILAYERS

9



SPLIT - oquwgnpdéyma t wys dwiwbwy, Gpp dwyip pwnyugwsd t dh
pwlp Yuinpbbphg:

ophGwy’

SPLIT 1AQP 1AQD 1AQR 1AQD

COMPND - wyu dnulyghwt GbpYuyugbnad £ iy gpualGgiwh duly-
pndn Gyntwiht wwpnibwynipinibp, L npnz nbwpbpnud wyG Ywpnn ¢
wwpntowyt ophGwy woniGp:

ophbwy’

COMPND MOL_ID: 1

COMPND 2 MOLECULE: HEMOGLOBIN & CHAIN

SOURCE - gnyg t vnwihu inuy gpwagiwl YeGuwpwiwlwl Ywd
phihwywlb wnpnipp, ghunwyw Ywd pnmbjwd woywbnidp:
ophlwy’

SOURCE MOL_ID: 1

SOURCE 2 ORGANISM_SCIENTIFIC: SARCOMA VIRUS

SOURCE 3 EXPRESSION_SYSTEM: E.COLI

KEYWDS - (HEADER-h hwdwndtipp) wwpntOwynud t vnnwi gpuiGg-
Jwb pOnupwgphsbbpp (keywords):

ophbwy’
KEYWDS MITOCHONDRION, OXIDATIVE, METABOLISM

EXPDTA - GEplywywglbnud £ inbntynipynil thnpdh dwuhb, hoswbu Gwb
G2nid £ thnpdh Gnwlwyp:

ophlwly’
EXPDTA X-RAY DIFFRACTION
EXPDTA NMR STUDY; ELECTRON MICROSCOPY

NUMMDL - G2ntd £ duyh dbo welw pnynp dnnbijGbph pwOwyp: hog-
wtu wpnbb 026 Gap, MODEL YJwpbih t oguwgnpét) Owl wyl dw-
dwolwy, Gpp hwdwywnpgh wwnndlbph phyp gbpwquignd t 99.999
wndtipp:Wu pnibyghwt wwpuwnhp t, Gpp hwdwywpgp wwpni-
OGwynid t 1-hg wybh dnnbjabn:

ophGwy’
NUMMDL 30

MDLTYP - wwpnibwynd ¢ wnbnbyniginis’ uwwywé wuwnndbbph n-
nn2wyh wewbdowhwuwynipynualbph htwn:

ophlwy’

MDLTYP CA, HG ATOMS ONLY, CHAIN A, B

AUTHOR - unnywy dwih gpwtgdwh htnhOwybtpp:

ophGuwly’

AUTHOR A.H. POGHOSYAN, A.A. SHAHINYAN, BG, ISEC NAS

REVDAT - wwpnibwynid t wbnbynigimib thnghnfunipyniGObph yb-
pwptnwy: Lznud t Gwb gpwagiws uyqpowywb wivwphyp:

ophbwy’
REVDAT 2 20-0CT-08 GLY 1 REMARK
REVDAT 1 10-MAY-99 GLY O
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SPRSDE - dwlnignud k' gnuibgdw YnnpahGuwuinuwghG thnghnjunieinil-
Gbnh dwuhG:

ophbwy’

SPRSDE 20-May-99  22QP 1AQP

JRNL - G2yntd &0 hbinhOwyp, ghunwywl hnnywdép L wy dwipwiwu-
Gtp: Qpwibgynud 60 AUTH, TITL, REF, REFN, PMID, DOI tOpwdnily-

ghwotpp:

ophbwy’

JRNL AUTH A.H. POGHOSYAN

JRNL TITL SDS MD SIMULATION

JRNL REF MOLECULAR SIMULATION v.13 ...... 2007
JRNL REFN 1ISSN ......

JRNL PMID 3198745

JRNL DOI ......

DBREF - GObplyuywglnud t dwypninitynyh wewelbuyht Ywrenig-
wéph dwuhb wnbinbynigynbbtn, ID Ynnp, nnwybtph htGpp, npnud
wntinwnpyws £ dwyip, ubiqikbunbtph pwlhwyp b wyo:

ophbwy’

DBREF 1AQP A 1 250 PDB Q9KK6 3C2J 1 250
SEQRES - Utpjuwjwginud t wmhitph' npwtiu Ynguitium Yuwtipny
Yuwywé wunndbtph phdhwlwt Ywemgwéplbpp, wihGwppnilbn,
Gnuy GhGwepnibbn b wyil:

ophlbwy’

SEQRES 1 A 10 GLY VAL ALA GLN CYS THR SER CYS
SEQRES 2 A 10 LEU VAL

SEQRES 3 X 8 U ¢ € ¢ 6 U A A
SEQADV - Gbpluyuwghnud t SEQRES L DBREF gpwlgniibbph wwp-

pGpnipynLGlLpp:
ophbwly
SEQADV 3ABC MET A -1 UNP  P10725 SER 50

MODRES - (bpYyujywgtnd b uwhuwynigbbph wd GnyGhGughl
pRnLOtph ubqdtOwnOtph dnnhdhywghwil:

ophbwy’

MODRES 4ABC MSE B 32 MET SELENOMETHIONINE
HET - ogquwgnpdunud £ oEYOwpwhEint hwdwp ng-unwbnuwnu dbw-
gnpnltpp (residue), hOswhuhp 60 wpnuintinhy fudptinp, hthhphwnp-
GGnp, (Mohslbpp, hnbbbpp L wy0: ludpbpp Gopwnpynid G0 HET, tpb
Owu s60 Ywqind Yhbuwpwliwlwh wnihdtpabph, npnGp gpwigynid
tU SEQRES pwdtnui:

ophlwy’

HET TRS 975 8

HET UNK  A20 1 /UNK - unknown amino-acid

HETNAM - tnwihu b unjuug hetiD dhwgnuejwia phdhwljwt woywbnuip:
ophtwy’

Hg‘;’NAIl: UNL  UNKNOWN LIGAND
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HETSYN — HETNAM-h hndwGh)0 ¢:

onphlwly’

HETSYN HV6  3-METHYL-L-VALINE

FORMUL - GbpYyujwgnud t ng-unwbnwpunn fudph phdihwywl pw-
Gwadlp L thgpp:

ophluwly

FORMUL 2 S04 2(04 S 2-)

FORMUL 3 GLC C6 H12 06

FORMUL 4 CL 2(CL 1-)

FORMUL 5 ca 2(CA 2+)

FORMUL 8 HOH  *463(H2 0)

HELIX — wwihu b dngynymd wwpnyph (helix) dwuhl wnbnbynipnla,
ID Ynnp, swihp, uyqpowywl L Ytipghwywh dOwgnpnltnp (initial and
terminal residue) L wyb: Wu pwdhip Ybpwptpnud & shwgntpyntubbinh
tpupnpwywl pwdGha (Secondary Structure Section):

onphOwy’
HELIX 1 HA GLY A 86 GLY A 94 1 9

SHEET - oquwgnpéynid £ dnibyntnud welw 2tipuntinh (sheet) aky-
OwpwOntpjwl hwdwp' gpwagtking pninn wwpwdbuptnpp:

ophlly’

SHEET 1 A 5§ THR A 107 ARG A 110 0

SSBOND - gpuwignud £ uwhinwyniguhG b wnthwbwwhnughl Y-
rnigqwépttpnd Jnipwpwbgnip Gpyuny$hnuht Yuwh welwjnip)nt-
o' wwind hwiwwwnwuuwl wwpwdbwptn, ophGwy’ GpLuny dh-
nwiht Yuwh Gpiwpnieinilp (npdwé whquunpbdtspny), indswi dlw-
gnpnh htppwlwl hwdwpp, 1D Ynnp L wyl: LGap, np S - S Jwuwh
plntpwgntipp wewp £ dnwn |hokG thnpdbwywl njwyGtphG:

ophbwy’

SSBOND 1 CYS A 6 CYS A 127 1555 1555 2.03

LINK — GzJniud &G dGwgnpnlbph dhele hwuinndy Yuiwbpp, npnlp s&G
G24b{ wnweluwiht Ywenigdwdpnid:

ophGuwy’

LINK 0 GLY A 49 NA NA A6001 1555 1555 2.98

CISPEP — gpwlgnmi t wpniht Yuwd wy wewuinhnGtpp, npnbp nuka
cis  Unbpnpiwghw: Cis  wbwwhnbbpp  hwulwgyntd o]
@ = 0° £30° whynLbbtpny:

ophbuwy

CISPEP 1 SER A 58 GLY A 59 0 20.85
SITE — wwpntGwynid t SwypningEyniip wwnthwynn shewyuyph dw-
uh0 nwpwuntuwy wnbntynenil:

ophbuwy’

SITE 1 ACl1 3 HIS A 94 HIS A 96 HIS A 119
ORIGXn - GbpYwywglnid t oppngnlw] YnnpnhGwunbtiph tnfuwytn-
wnwip wpwé  Ynnpphbwinbtph: Gopwnptiop oppngnlwinipinilp
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Onitpr Onzp On N=1,2 Ywd 3 ¢, huy dLwihnfudwb swhp’ T On-
fuwytpwywé YnnpnhOwwnbtpp Yhoto’

Xs = 011X+012Y+013Z+T4

Y, = 021 X+02Y +023Z2+T,

Zy = 031X+03Y+03:Z+T3

ophtwy’

ORIGX1 0.963457 0.136613 0.230424 16.6100
ORIGX2 -0.158977 0.983924 0.081383 13.7200
ORIGX3 -0.215598 -0.115048 0.969683 37.6500

e SCALEN - GnyGuwgyntd t ORIGXn-h hbun. tnwppbpnipintGb wyb £, np
ynnpnhOwwnught  wnbqutinfunimep  Jepwpbpnud o pynipbinuiywG
guwlgh wwpwdtwnpbpht (CRYST1 gpwlgiwbn):
ophtwy’

SCALE1 0.013457 0.000000 0.000000 0.00000
SCALE2  0.000000 0.015924 0.000000 0.00000
SCALE3  0.000000 0.000000 0.048512 0.00000

e MTRIXn (n=1,2 wd 3) — ytpwptpynid t dwunphguwhl dgnfuwytip-
wnuibtpha:
ophbwy’

MTRIX1 1 -1.000000 0.000000 0.000000 0.00000 1
MTRIX2 1 0.000000 1.000000 0.000000 0.00000 1
MTRIX3 1 0.000000 0.000000 -1.000000 0.00000 1
e ANISOU - gpwlgnd t etpdwuwnh&wlh wihgnupnyy gnpdwyhgp:

Npwbu gnpéwlgh shwynp dtpgynud £ x10° 4°:

ophlwy’
ANISOU 108 N GLY A 15 2407 1855 1541 520 -122 N
e TER - gpwlGgnui t ATOM/HETATM-ny GhpYujwgdwé znpwh wywn-
wnp:
ophGwy’

ATOM 1 N LEU A 75 -15.000 -14.120 0.0120 1.00 44 N

ATOM 115 O LEU A 85 -10.200 -11.100 0.1020 1.00 41 O
TER 115

e MASTER - ytpwptinynid t dwyh wwpwdtnptiphlG® wnnbph, 2new-
abph, dnnnu0Gph, wwpnypabph pwiwyp b wy:

ophbwy’
MASTER 50 0 0 0 0 0 0 5 110 S5 0 15

Wu $npdwwinh wytih dwopwiwub pwgwwnpmpinip Yuptith £ qulby
http://www.pdb.org hGuintpttnwiht wwwnnbwywl Yw)pnud:

SyjwiGbph dedwiwubmpntap wwhynid t Ytpnhhgwy $npdwnny, L hw-
dwpjw pninp ghnwlwl dpwgpught hwebplbpp watuwwnnud G0 wjuwhuh
$wjitph htitn: Ywl Gwl wy Pnpdwinttp Yud nwiGbph htibptn, npntghg
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LG" Protein International Resource (PIR)’ L Non Redundant Proteins database
merged Regular release (NRPR)”, SWISS-PROT [3], GenBank ™, L Genpept
nwibbph htbptpp, wwpptn dpugpwiht hwwnnly $npdwnbp” MOL™,
HIN, XYZ, ML2 L wj0: GROMACS [4,5], NAMD [6] L AMBER [7] 6pwagpwjhl
hwjuinbh thwpebpttpp, npnip bwuwwnbuwé &G dnGYntwihG nhGwdhywywo
nuuniGwuhpnipntGbtph hwdwp, npwbu uyqplwlwb dnnpwiht wWwpw-
dbwnp ogqunwgnpénud G0 ybpp Gqwéd pdb pnpdwunp: Ujh hwdwpynid £ wb
GlpwhG wwpwdtwp dh wpp dSpwgpwiht thwebpltbpnud: Uhw upwlp tha
pdb $npiwwnh wewbdbwhwwinynipintblbpp, npnbp pwgh Grwswth Ynnpnh-
OwwnlObphg L pnipbnuiywb peoh wwpwdtwnpbphg, tnwihu 66 Gwl nndjw) hw-
dwywnpgp GYwpwgpnn wwpwdtunptph wipnne uwtlunpp® ujuwd wewelbuw-
JhG-Gpypnpnwywt Yuwrenigwédplbphg dhosh htnhGwybbph hnnudakpp:

1.2 hawntpLEwnwiho wnjwybtpp htGptp L uEdwbwhy dnuntignid

Pwgh unwwnpy inywibtph htapbphg, npnlp wrwowpyynid GO wju Ywd
wjl Spwapwihl thwpebplttnh Ynndhg hptlg huy dpwanbphlt hwuwny $np-
dwuwnbtipny, (wb Yhpwentpntl &4 qunt| Gwl, wjuwbu Ynswé, hGunbpObunw-
Jh0 Ywd gwlOguwihlt wnyuibtiph htopbpp: Yhwaghg dEyho wpnbl winpw-
nwndty tap (lunupp YGpwpebpnud £ PDB-h $npdwuwnhG — www.pdb.org gui-
gwjht hwiwlwnpghh), npp hGwpwynpnipinth £ tnwihu thbwnpt thnpdbwywa
L wnbuwlwb wppynibpltnh hhdwb ypw pwaiwdwubhyuwiht hwiwlwngh &-
rwiwh Ynnpnhbwunwiht dhwynpbtipp: Pwgh ytpnhhjw) gwigwiht hwdiw-
yuwnpghg, gnnipynith nGkl pwqdiwphy w) whwh gwbgkp, npnGp hhdtwyw-
Gnud inuipbpp wwhnod 66 pdb dnpiwwnny: Uwlwt wnjuibbph puqiw-
quintpintbp wiktLhG kf sh GwlGwyndy, np wyb Ywpgquynpywé t: Aninpnyhl
gytnotipu hOwntGuhy qwpqwlnd t dh Gnp ninnnupinll’  wbdwawnply Jep
(Semantic Web) Ywi vbdwiwply dninbignidp, npp Owpuwwnbudwé | gwigw-
Ihb inguiGEph thouinpnudp hbzunwgbtine L Yupgqwynpbint hwidwp: Wu dnuinb-
gnuip wews t pwyb 2001 pwlwoht Bhd RepLepu-Lph [8] Ynndhg L hw-
nhuwbnud t honbpOwnwiht guigh qupgqugdwb hhdGwywl ninnntpnLOGb-
nhg dkyp, nph Gwywuinwyb t gwiognid weyw dedwpwbwy nuwibeph dbpt-
Gwjwlwb dwynudp:

hGswbtu hwyunbh t, hGnbpbGunwhG gwagtpp GYwpwgpynud 60 HTML
panwydwt pwytph dhengny, npnlbp hwinhuwonud &6 opjtyunttph wnbpu-

:.http://pir.georgetown.edu/
http://www.dna.affrc,go.jp/

*** http://www.yeastgenome.org/

**** http://www.symyx.com/
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nwyhO Ynnuwynpdwl tnwppbp: Stpunwiht Ynnwdnpnudp hpkhg Gbpyw)wg-
Gnud £, wyuwgbiu Ynsdwd, “Utitnw-indyuiilbp” (Metadata tags): PbptiGp th oph-
Gwy HTML $wjihg.

<meta name="keywords” content="simulation, biodata, computer study”>

<meta name="description” content= “MD simulation of biological model
membranes”™

<meta name="author” content="A.H. Poghosyan, A.A. Shahinyan">

dbpnhhgwy $nibyghnbwy winnbpp hGwnwynpnipinut 56 twihu hwdw-
YunghsGtnphh pUnipwgnt) L tnwpwlowuint) hanbpGGwnwhG tobnp:

StpunuihG Ynnwynpdwh b yapgnidnipywl hinfuwptt utidwbwnmhy dnunt-
gnuip wrwownynud t Resource Description Framework (RDF) ufubdwl, npG
hpwlwywgynid £ htinnlywy pntpwgphsabph’ w) nibhybpuwy honbunhdhyw-
wnnpbtph (Universal Resource identificator ~ URI) L p) dGunw-unjwGeph
OYwpwgniwb (kgnibkph (Web Ontology Language — OWL) Gtpnpdwl 20np-
hhy: hGuintlhuhy qupgqugnn ubdwbunhy dnuinbgnuip hwwnywwbu Yhpwetih ¢
YElhuwpwbwywb hwiwywpgbph wndjwGph htaptph Ywonbwywpgiwb hw-
dwp. hwinwwbu Yuptih £ O26; NextBio' hounbnGbinwht Gwiuwghép, npp
hwlnhuwGmd § dhinpdwl ubiwGwnhly ubpyep-hwdwywng: Ywonbwywnpg-
Juwd thbuinpiwb NextBio hwiwlwngh dhongny Ywptih £ unwbw) ng Shwjb
wnjwy dnjbyniughlt dhwgnippulb Ywenigywépp, Opw hghyw-phdhwywb
pinipwagptpp, wy Owl wjb ghuwlwl bnnywébbp, npnbp websynd Lo
thOwnpynn shwynph htwn: Ui Gwb hbwpwynpnipinta £ viwhu Yudwjwywo
oquwgnpénnh gpwigdty hwdwlwpgnid, GGpdntdb] nywiGbp, ghinwywl
hnnywdébtp, hwibdwunt] Gepdndywé nwilbpp wpnbl huy weiw nygjw-
GGph htwn L wy G:

Utidwbunhy dnuinbgnidp qunbynid £ nhGwdhy quinqugdwl thnepnd L dwiu-
Owynpwwbu Yehuwpwhwywh shwgnipynibGph hwdwn gty b pwdwywGh
{wjb Yhpwenipynia [9,10]:

1.3 UdhGwppniatip L wnbnGynigjw( Ynnwynpnid

<wynbh t, np wdhGwppniibpp gwdpwinityniwiht Shwgnpynibbbp &G
puniwgws wanunuiht b wéfuwsbuihla pnblghnluwy fudpbiphg: Wu dhwgnt-
pINLbbEpp pwgwrhy Ywplnpniginis nubbs YhGuwpwinpywi ok (uwhunw-
Uniglipp hwanhuwbnud &0 wihGwppntobnhg pwnyugwé qéwiha Jnpwitn):
<wyinGh &0 hhdGwlwand 20 wdhGwpepntbtp (wynwuwy 1.3.1):

http://www .nextbio.com
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Uowonudp wuy.| 2hdhwywl | Shuwyp | Ynnp ynnnGObnp
pwlwadlp
Yhpunhly
Ujwaha (Alanine) Ala \/? ns plbinw-|A GCU, GCC, GCA,
. JhG, saqnp GCG
N
Qyhghl (Glycine) Gly rﬁ’ ns pltrw-|G Gg:. sec GGC,
JhG, seqnp G
N
dwih (Valine) Val /)\)P ns pubnw-{V Gug. GUC, GUA,
sha, sbanp GU
N
-1 Lghl (Leucin) Leu j’ n; plbpw-iL UUA, UUG, CUU,
\f/\.ﬁ Jht, skqnp CUC, CUA, CUG
hqnithght (Isoleucine) lle J\H[o ns plubrw-|l AUU, AUC, AUA
JhG, suqnp
N
Yhpunhly hhnpnpufy
utphG (Serine) Ser J putinwht |S UCU, UCC, UCA,
oY sthgpwiynpA UCG, AGU, AGC
N Jwo
@ntnGh( (Treonine) Thr /"\(ﬁ plubnwht |T ACU, ACC, ACA,
sthgpwynps ACG
N Jwéd
Gplypnppwiwl
Mnniha (Proline) Pro \Hf’ ns putnw-|P CCU, CCC, CCA,
Jhl, sbqnp CcCG
CN
Oémdp upupmbuwiynn .
UtphnUh( (Methionine) Met /SV\H’ n; pubnw-|M AUG
! Jh, sGqnp
8huwnthG (Cysteine) Cys /\Kl? plbnwiht |C UGU,UGC
S sthgpwiynpy
N Jué
BrYuyht
Uuwywpuwppnt (Aspartic Asp o j’ pltowiht |D GAU, GAC
Acid) Y Y |thaeuwunn-
Jwd
Uuwwnughl (Asparagine) Asn °§/\/ﬁ) plbnwih |N AAU, AAC
, shgpwdnnd
N N qwé
QnipwihGwppent (Glutamic | Glu 9 plbpwiht [E GAA, GAG
Acid) °w thgpwynp-
N Jwo
Qnipwihi (Glutamine) Ghn | JZ/\/'? plbrwht |Q CAA, CAG
thgpwynp-
N Jwo
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<pulbughts -
Lhqht (Lysine) Lys “\/\/ /\/‘P plbnwiht | K AAA, AAG
N thgpwynn-
Jwo
UpghhU (Arginine) Ag | /<“ . plbrught |R CGU, CGC, CGA,
"W thgpwynp- CGG, AGA, AGG
N lqwe
<huwinhnh( (Histidine) His . | pltinught |H CAU, CAC
¢ % |ihgpwnnp-
Yywd
Upndunnply
DEOh W WihG Phe P |ns pubinw-|F Uuu, uuc
(Phenylalanine) m Jho, stiqnp
Shpnght (Tyrosine) Tyr ? [ns plbrw-]Y UAU, UAC
o m 1hG, saqnp
Sphwtnndwil (Triptophan) Trp 9 Ins plbnw-]W UGG
Nx 4 |IhG, sbqnp

Uryntuwy 1.3.1 RGnLpjwh dbe hwinhwnn 20 hhdGwlw( wihbwppnibtpp:

UGywbnmdp ynnp Lhtihwyw pwlhwdlp
bqopuhrhpninmlybwluwl pent — UG
UntGh{ (Adenine) A NH,
iy
¢ A
N~
QnuwGha (Guanine) G 9
N NH
¢ Il
NN
Shuinnght (Citosine) : C N“s
‘ B
Lo
dha (Thymi ' T 9
fBhdht (Thymine) , \([L'.M
Wo

2 U. MannujwG, U. CwhhGwe 17



Nhpnomlybwlwa pent — NUG
UntUhG (Adenine) A NH,
</N~ > JN
NN
Qnuwlh( (Guanine) G 9
</N 7w
N N/)\NH,
8hunnghl (Citosine) (o (‘N:':
B
o
Nipwghy (Uracil) u ﬁ\
( NH

Unyniuwy 1.3.2 YUGB-h L NUG-h Ywemgywépwih( dhwynplbpp:

Lbpywjwgywéd 20 wihGwpepnibbnp Ynnwynpdnud GG g&Gbwnply ynnndy,
npp uwhwnwynigbtiph wihtwpepentatph hwenpnwwbnupjwh GEpYwjwgnlit t
Gwd Ynnwynpnuip  GnuyGnuinhnuwiht  hwenpnwywinipwl  oglnupjwdp:
AUB-nL weyw G4 4 wnhwh Onytninhnbtp” wntOhO(A), gnuwbhG(G), ghunn-
qhG(C) L phShG(T), npnbp Yuwqudnd &G gklbwhy Ynnh wypniptlp: NLRG-h
GYwpwgpiwl hwiwp phiptp ghnjuwphOynid § 6dwbwwnhwy Gniytinunhnny’
nirwghiny (U) (wryneuwy 1.3.2):

UshOwppnibtnp OGpywywgynid G0 unwGnwpun hwwwyndbepny Yuwd
06y rwewGh hwdwlwpgny, npp L hwinhuwOnud £ Ynnp: UdhGwppnibbpp
nwuwywngyntd G puin R-tudptph’ ng pubrwhl, pubrwihG shgpwynpyws,
pltrwiht npwywl L pwgwuwywl thgpwynpywé (pH=7), hbswtu Owl pun
$nulyghnluwy fudph’ wihdwnnhy, wpndwwnhy, hbwnbpnghyihy L Bpypnpnw-
Ywo: UnwGnwpun wihGwppntbbpp Geplwjwgynid 0 wuwnndlbph Gewswd
ynnpnhbGwuwnbbph wnbupny L weyw GO hwdwpjw pninp hwyinGh 6pwgpwih
thwpbplbpnLl:

UnnnGp Ynnwynpnud £ uiphoncyinhnbtipp L hwonhuwGnud | qlbunhyw-
Ywa Ynnp shwynpp’ GEpYuywgyws Gniytnunhnwht dowgnpnbtiph Grjwyny
L unynpwpwp nhuinynid £ npwtu Ynnwynpywé ity wihGwprywhla dhwynp:
Uryntuwy 1.3.1-nud OEpYuywglwé 60 unwbnwpun wihbwppniGbpht hwdw-
wwuwnwufuwbnn YnnnGabpp: Rwbh np gnynupynth nubto 4 wwpptip Gnuyn-
wpnOtp, www powlwa t, np Yynanbobph phyp hwdwuwp t 64-h, npnlighg
61-p Ynnwynpnud L0 npnawlh wihGwpeenlOtn, huy dbwgwd 3 Ynnnhltpp
pOntpwapnud 50 wnihwtwwhnwiht npwih wydwpwp L Ynggnid GG unnw-
ynnnGatpp (UGA, UAG L UAA):
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2. 2Julnwphdhwlwb dnuintgnudp L UnGunt Ywngn

haswbu hwpuinGh t, pdwinwituwohywywb dnuinbgdwh hhdpnid pGywd t
Cnptinhbgbph hwywuwndwl (néndp” hhdoywé PnpG-Owtthtjditph dnunw-
ynpnigjwl pw [11]: Anpshwywbnid oguwgnpdynid Gl 2 hhdtwyw pywb-
tnwidtifuwbhywywb dninbgnuilbn” Ghuw-tdwhphy (semi-empirical) L ns to-
whphy Ywd wpdwunwywb (ab-initio): dbpohlp dwiwlwywihtG wenuing
dwiuuwwnwn £, uwyuyl hwqwnyh wnbuwaynibhg' wytih 82gnpuin: Uanpw-
nwrOwOp G4wé dtpnnatpha:

2.1 Yhuwtdwhphy dninbgnud

COnhwlnip wedwdp, pwqiwdwulthuwiht hwdwlywnpgtph 0dwGwunhy
hwzqwnpylbpp hhibgwé 66 <wpunph-dnyh wolwiu tiEyunpnbbeph dnnbih
Ypw, hwiwdwil nph jntpwpwbynip blEYuipnG wpdynud b dbwgwdé bikyun-
pnOOtph L Shenybbph Ynnihg untnéywé shohlwgywé nuunnud: Unjkynt-
{wihG ¥, opphuinwiGtipp (UO) hwidwpymd 60 wunndwlwo & ; OnphuwiOGph
(UO) qéwijhlt YndphGwghwbp’

¥, =) C,, (2.1.1),
J

npinbn C; gnpéwlhglbpp GEipywywgGnud &G dniGYnywhG opphunw)Gipnud

wwindwywb opphunuyGbph 0Gpnpdwl JwulbwpwdhGObpp L npnynd GG
htinlywy websnipjwdp, npp huywnGh | npwbu Nnwnwh  hwywuwpnud
[12,13])

Y F,C;=>5,C,E, (2.1.2),
J J

npwntin E;-tipl opphunwitinh tobipghwbph 66 Ywd W, -h ubthwywl wpdtp-
GGpp, Sy;— wunndwywh opphuinwiGtph Yepwéwéydwh tatpghwa £, npp hw-
uwuwp t S, =<®, |®, >, huy F,;-n dnyh owtipwunnph dwnphguiht kb-
aGOwn0ENG 60 F,, = H,; + Gy - hwiwywunwupiwGwpwp H »— UGy tiayunpn-
OwyhG hwihpunbywbh dwwnphgwht tGSEONGENRG GG, npnGbp GEpwentd GO
wnuntiGghwy b Yhbbwhy totipghw, huy G, -0° tEYunpnbOeph wnnkighwip

plnipwgnnn kGSGEGWNGEPD: Nnunwbh hwywuwpnidp (2.1.2) hpbGhg Gpyw-
jugbnid § qowht hwywuwpnuiGbph hwdwYwpg, nph neenuip unwbwne
hwdwn wihpwdtawn b hwiwlungh nbnbpdhGwwnp hwywuwpbgbty qpngh:
~ <GwnLwpwp®

19



|Fy—Sy,EI=0 " (2.1.3)
Uwujws (nddwl nbuwlhg' Yhuwtdwhphy bnwlwyt noh wnwpptn dnnh-
$hywghwttin: Ypwp pninphl hwynGh BG npuwtu gniybh L nhpbiptoghuy
Ybpwowsyh dbpnnlbn: gnuytith dtpnnp (Extended Huckel — Huckel) [14] sh
oquwgnpéntd hplwhwiwdw)itigywé nuwzwnh (Self-Consistent Field — SCF)
dnunwynpnipintip L Owjuwwnbuywé t dngGyniywiha opphwwiGEph hwaywp-
4p hwdwnp:
Ahpbptaghwy Ytpwowaéyh depnnttpp Ywnbith t OtpYuwjwglt| htiuinbyuwy
dnwwynpnipintbbbiph duny’
=  Nhdbptaghwy Ybpwéwsyh (phy wphwdwphmd - JqLU(Complete
Neglect of Differential Overlap — CNDO) [15]

= apnulwl nhptptighw) Ybpwéwsy — 274 (Zero Differential Overlap
- ZDO) [16]

» Nhpbphighwy Ybpwéwsyh  dwubwyh  wphwiwphnd - Jquu
(Intermediate Neglect of Differential Overlap — INDO) [17]

dwiwbwyh pupwgpntd YUU dkpnnp thnhnfuyb; L Juwuwwpbjwgnpéyby
t. nph wpnyniGpnud unwgyty B0 Gh pwpp dtennlbp’ Onthnjujwd YUU3
(Modified INDO3- MINDO3)[18], MNDO [19], MNDO/S [20], SINDO1
(Symmetric opthogonalized INDO) [21], INDO/S (INDO parameterized for
Spectroscopy) [22], UU1(AM1) [23], MU1/3/6(PM1/3/6) [24], ZINDO/1 [25),
ZINDO/S [26], PCILO [27] L wy G:

MINDO1/2/3-tpp  hwiwpyntd 56 WUU-h thnthnfudwéd L Yuunwpbiw-
gnpéyws inwppbpwyltipp: Uu dtpnanid dh awnpp thnfuwgnbgnipnbbbpnid
hwiwwwnwuuwt hwadwpybtph thnuwpbt oguwgnpdynid GG tdwhphy
wwpwibipbp: Ubkpnap  hGwpwynpnipineG £ wnwihu unwwy A2qnhwn
wprynLepltn 166 opqulwywl dnieynibtiph hwdwp (wb htplhwhwiwduwj-
Gbgwé nuiawinh dkpnn t — SCF): Ynuwph Ynnidhg wrwowpydwé wyu dkpnnp
howpwynpnipintl t rwihu hwaqwpyb Jnuppwpwgnip dnikyniy, npp wwpnt-
Gwynud t Ghosk 10 tnwppbp wunndOtnp: )

Lywé dhpnnh htitnwqw qupquignidh b hwanhuwbned MNDO Utpnnp:
UG hpkGhg ObpYwjwgbnud ¢ npwywwbu Gnp dnuintignid b duutwynpuwty,
ppnud b hwdwlwngh bielunpnGuhG pnipwaptph L obpdwgnugdwl (h
nbw otpdwgnjugnuip hwpyynid § +4 YLwi/ing Sunnipjuidp) hwiwp jwy
wnryntaplbph: Poswbu L Gwhunpnp, wu dEpnnp Gnybuwbu hoptwhwiwdwy-
oegywé nuiuinh dbpnn §:

MNDO dbpnnh Juiunwpbjwagnnéyws alp™ UU1 (UnwuinhG dbpnn 1) - AM1
dbpnnp hwdwpynud t pwyuwywhl g2gppun uyl hwiwywpgbph hwdwp, n-
pnip wwpniGwynid 60 wanun Yud ppywdhl L 8kd unntpjudp hwynid § t-
(GYunpnOwht Ywengwépnp, tnhy tobpghwl L otipiwgnjugntdp:

MU3-p (Yud PM3) hwiwpynud § UU1 dtpnnh tnwppbpwlotiphg deyp, L
wwppbpyntd t UU1-hg dhwyt dh pwpp wwpwdtinptiph wpdtpltpny: Uju
wwippbpwyl pp ke pongpyntd t Gwl 6h 2wnp dGunwnOGph wwpwibnpbn:
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ZINDO/1-p hwdwnynid t WUU Sninbgdwb Lu dGY wnwpwuwnbuwy: Ubpn-
no eyl b inwihu pudwywt S2gnhin hwzdty Snisynih Bplnwswihwywt Yw-
pnigqwépp L tuGpghw: UnGdhgnipwghnl thnfuwgnbgnipjwbbtnh hwaywp-
yh dwiwbwy nyunpwiwbniwywagnyt (NHU) L inbuwltih oywhywywh wnh-
pnypntd wntinh nibbgnn wignuibtpp GEpYwjwglbin hwdwn oguwgnndyntd
t ZINDO/S dbtpnnp, npp ogunwwp t NHY L wnbuwlbih uwtyuwpltph 4epnt-
SnLpjwl hwidwn, uwywyt gnw Ynndhg whinwoh ¢k dnieyntwiht nhGwdhyw-
Ih L tGGpghwih owwnhdhqughwih hwdwn:

Uhuwtdwhphy depnnibpp hGwpwynpnuegynih G0 nwihu pwjwywihb daé
Sunnipjwidp qGwhwwnt] gpgrywsé Yhswyltph totinghwl b Gnylhuy hwyby
rbywnhyhuwnhy ninanuibtpp, npnip jwwywsé Go uwhG-opphwnwy thnfuwg-
ntgnipjwl hbu:

4wpy t Gabg, np, hoswtu pniap dtennlbpp, Yhuwtdwhphy dtennltnp
GnyGwbu nLoEG wewybininLGbep, uwhdwbwthwyntdbtp nu phpnipntltp,
L wyu Ywd wyl dngyniuwiht hwiwywpgh nuntiGwuppnipjwa dwiwbwy,
howpwynp ufuwiGtphg funtuwthbne hwdwn, hwpywynp § pOunb wyb dtpn-
np, N0 wrwyb| &2gphun Yoywpwaph hwzqwpyynn wwpwdtupp:

2.2. Updwuwnwlw( dninkgnidp

h wwppbpninuG tSwhphy b Yhuwtdwhphy deennatinh, ng tdwhphy
(i wpiwwnwywa) dnunbgnudp hwzdwpybtiph hwawn sh wwhwgntd ng dh
tSwhphy pOnyph wwpwdtup, ophtwy’ npnzwyh phihwywl Yuwwbnh Gnyw-
nnuintGln, Yepwéweéyh hawnbgpwih wndtipbtp L wyl: <pitwyub ywhwo-
op hqnp hwauwnluyht rbuntpubtph wihpwdtiunupntll t:

Uptwwnwlwt hwqwpylbph dwiwlwy npuwbu pwqhubbp hwiwiu og-
tnwgnpdynud 60, wuwbu Ynsqws, Uikinbpjwl wnhwh opphwwOtpp [28] -
USO (Sleter type orbitals — STO) => STO—nG, npuntin n-p gnyg t wwihu
pwighuwh $nibyghwyh dbg Quniuwh (G - Gaussian) $nubyghwltinh pw-
Guwyp: BEunwihG hwpdwnyutph oglnipjwdp gnyg t unpyti, np 7> 3 -h nbw-
pntd wpynLopatpp hwiwpjw thwn hwdpbybnud Ga:

LupinGh 66 STO-2G, STO-3G, STO-3G*, STO-4G, L STO-6G GhUhiwy
pwghubbpp [29): 2uwywd Gqwé pwghutbpp wwihu GG 2win Ynwhwn
wpryntapabp b 2w woqud whinwbh s60 ghunwywl [ntpg hwqwpybtph
hwiwp, uwywt hwaqwpyh tnbnnnpywl wenwing wybih wpwgq &G, pwl wi-
prnowlwl Yuwd |nhy pwqhulbpp:

DOnhwintp wedwdp, UjkntnwG whwh opphunwibbnp hwndwp 60 w)h
hdwuwnny, np pwywywht jwy GYwpwgpnud G0 wwnndGeph 2npg ki GYwnpnG-
GGph futnnepgniOp, uwluyt hog apwptpnud § hOnbgnuibbphl, w)t puyw-
ywh pwpn b Uu wywwnsweny Ujsnepwt wnhwh opphunwiGanhl qniqwhtn
§b6 nwpwéntd B0 gt Gwnuywl wnhwh opphuwGtinp [30] - GSO
(Gaussian type orbitals - GTO):
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Quniywl whwh opphunwiltipp  Gephwjwgymd GG hbwnlywy  Yepuy
x—yzG, npuntn x -p Qunwywl $nibyghwbtiph pwlwlo £, nphg puniugwé
LG opphuinw) OBnp, L wikl dh Juwibownwywh opphunwi pwdwiyndd t Genpphl’
z QSO L wpuinwphl' y GSO dwubiph: Lwyinbh kG 4-31G, 6-31G, 6-31G* (* -
bOpwnpnud t pLbrwgdiwlb pnibyghw), 6-31G** (** - GOpwnpynd t nhdnt-
qhnb L p - $nibyghwlbph wybjwgniip), 3-21G pwqdntpjnbltnp [31,32): O-
phOwy, 6-31G-nid GhpYuywgyws 66 6 Gwniuwa niblghwltn, huy Juwyko-
nwlwG opphuinwigh Ghppht dwup GYwpwapynud t 1 opphunwiny, wpuweh-
0p’ 3: hOswbu wpnkh G26) Gop, pLGwpyynn dnuintignudp wytith ynda t, pwl
Uibinbpwl whwh opphuinwibpp, uwyuwl SEpkowwywi hudwnyh wnti-
uwiGlyntbhg' puwywywohl pwly: <Gwnbwpwn, pwapuh plunpnipintbp Shw-
Owlwy npnzdnud § hwdwpyuwihG rGuntpultipny L hwaywnyh &unniLpjwidp
(wbwnp t Gwl Gk, np hwpwpywihG dwiwbwyp Yupniy wanid § pwghuw-
Jht $netyghwiGtinh puh wybwgdwl htn - f* Yungnu):

Unynpwpwn hwiwywpgbph tpypwswgwiwt duh Gwiubwywt qOw-
hwwndwl hwiwn npuwtu uygpowlwh pwghu phunpynud £ 3-21G —p, nphg hb-
tn hwquiplb hpwywGwgynid £ wpnta 6-31G* pwghuny: Uwhuyl npnawyh
uGnhnpGtph hwdwn, wikt ntwpnid, wohpwdtunnieinid | wewowlnid og-
wnwgnpéty wytih pwpn pwghuwhl dhwynpbtp:

bas Jbpwpbpnd § 66 hwiwywngbphl, www owwnhdwjwgiw hwiwp
jwywanyl pwghu t dwewnud 3-21G-p, npp, vwiuw)l, wu nbwpntd hwg-
dwpyobph hwdwp wwhwoentd t hwiwywpgsuht hufuywlws dwiwbwy,
htwnlwpwp, gwoywh b Gwiuopnp hwiwywpgp owuwnhdwiwglt) dniGYyntjw-
1h0 djuwGhywh dGennny” Yhpwrebiny ophlwy MM+ nidwjh( nwawnp:

2.3 Unlunb Ywryn dopnnh Enipinip

Uu dbpnnp dwlyty t 1947 p.-hG Unuiwlh, Nywih, L Ukwpnwnihub
ynndhg' GhupNGoERh nhniqhw nundGwuhpbine hwiwn [33]: Utpnnh wl-
Jwl pOwnpnipintip Yuwyws t hp «wwnpqugnyl wwnwhwlwb pytph qbot-
pwwnnpy” fuwnwiht wywnndwunbtpry hwynOh Unbunt Ywepn pwnwph hu:
UnOwt Yweinjh dbpnnp Yphpwrednid ' wibwhuh ghunwywl nipndwénipjwi
hwzqwpyttpntd, hoswhuhp 60 Yhdwywgpwywt $hahywt, Yehuwdhghyuwo,
dhontyuyht dhahywl, nbunbuwghwnnignibp: Wa GnyGhuy hhdp | dwrwjby
dh 2wpp hwiwywpgswihG fuwnbph untinédwh hwdwn:

Utipnnh hhdpnud pOYwé £ wwunwhwlwb pybph ntuntpiub Yhpwenipjnt-
0p (unnfuwuwnhy nhOwdhyw), npp dkq htnwpppepnn fuGnhpOtiph |NLGdwa
nbwpntd GbpYugugyned t htitnlyw Yepw. npwtu uyqpowywl wwydwh 4epg-
ynud b0 hwiwwngh dwu Yuqing dwubhyabph Ynnpnhlwunltpp, htwnn qb-
Gbpwgytind wwuwnwhwlwh 2ennud’ hwadwplynud b hwdwywpgh wwpw-
dwnptipp Gywpwgpnn hwdwwwinwuuw $ntbyghwt, L wu wignphpip Yp-
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yoynid £ » wogqwd, npuinkn 7-p huinbpwghwatph phyl : COn npnwy, dwu-
ahyobph wwwnwhwywo tnniny wwjiwbwynnpws® hwdwywngh Ynbdnp-
dwghwo Ywyd npwi hwiwwwwwuppws $nibyghwl hwzydh | webdmd Yud
wphwdiwphynid hbunlyw hwdwowywinupwd’

L..AU <0

P=y AU (2.3.1)

et AU>0
npuinbn AU =U,, -U,,, hwiwYwngh Gnp b Gwfunpn JhAwyGtpnud wnunbl-
ghw tGtpghwtph tnwpptpnueInttl , &, -0° Pnigdwih hwuwnwwnnibp, huy
T -G 9bpdwuwnhswah t: <Gunbwpwn, wiu depnnp enyl b twihu unwlw pp-
dnnhGwihy hwjwuwpwlzenipjwp hwiwwwunwutuwnn Yhswytp hwiw-
ywnpgh (SwuGhyotph nwuwynpnigjuip wWwjdwiwynpywo) YnGpnpiwghw-
Obph wwunwhwywb pGunpnupjwl dhengny:

GOpwnptGp nlokOp N dwulhy x,,.xy YnnpnhGwuinGtipny, npnGg thn-

thnfunipynLbp qtbbpwgynid t hbnlywy Yepw™ m; = g(x,), m,,..m,, htnlw-

pwn.

— 1 &
my = TV'Z g(x,) (2.3.2)
i=l
npuwnbn g(x;) hwadwnyynn $nibyghwa t, huy dkpnnh hhiGwlwo pinptdl ¢
limm, =<m> (2.3.3)

UwluwyG hwpy t 626, np UnOwnb Yweingh deennp nubh h 2wpp pbpnt-
pINLGGGN: Vwubwynpwwby, wnnbOghwy dké tnwpptipnigintatph nbwpntd
wignphpdp ntbwy st hbinwgnunt] hwiwyuwpgh qpwntignwé wdpnng wnwpw-
SnipgnLlp, L wyu nbupbpnud oqinpjwl £ quihu wjuwbu Ynsdwé Utnpnwn-
Lhu wignphpdp [34):
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3. UnitynywyhG nhGwdhywjh dkpnnp

3.1 {huntaplbpp L dkpnnh tnuginulp

hOswbu hwyinGh t, uygenibpnptt Ywpbih t unwOw; hwdwywpgh pninp
pwiwywlwb L npuywlwb panipwagnhsbtpp, wyn pynd Gwb hwidwywpgh
Gpypwswthwywa Ywemgdwdpp, teb dntynyGpp nhuhwpyktp npwtu t-
(BYwnpnGGERN L dhontybEph dh hwdwunwip b jneékhp Spbnhagbph wihpwihl
hwywuwpnudp.

AY, =E\VY, (3.1.1)

npunbn H {wihiunnGwi owbpwunnnpp Gepjuywgtnud | hwiwlwpgh Yhob-
why L wnunkGghw) tobpghwltiph gnuswpp” H (P, X) = E,, (P)+ E . (X) (P

L X, hwiwwwwnwuppwbwpwp, dnieyninud pninp shentyttph L EGYnpnG-
GGnh YntYwhy dndbGwnG nL nhppl t):

Wuwbu Ynsws, wunnd-wwnnd wynintGghwibtph depnnp (wy Yepw w-
uwd” dniGynwht dGuwGhywih Ywd showwnndwywb thnfuwgnbgnipjwl ne-
dwjhG nwawh dbennp) hhdGdwéd b PnpG-OwblhGbEph dnunwynpntpjuil
dpw, hwdwdwjb nph dnibynih tobpghwi pwywywbha b6 Sunnipjudp Yw-
ntih § GEpYuywgbt) npwtu dhontybtph YnnpnhGwunbtph $nibyghw: <wiw-
dwjl wyu dnunwiynpnipjw, dnieYynibbph 2wpdnudp nwpwénipwl vk pw-
dwlyned t 2 dwuh’ EiGEYipnGGtph L dhonyabph 2wpddw: Uu dnunwynpnt-
pjwl hhiwh ypw Ywenigynid § nng pywluinwhlt phihwb: Ununnwynpnipjwl
hhdpnid pGYwé £ wyb dnuinbignudp, puwn nph Cpenhtgbph hwywuwnnudp Yuw-
pGLh £ (nudt flEYunpNOGEph hwdwp wewGdhG® hwdwpbiny dhentyGtph Ynnp-
nhGwuwnbbpp wGthnthniu, L dhontyobph hwdwp® wewbdhb: Wuwhuny, bpb
pOnnibkOp, np dnlGYntih wninkGghwy tbepghwa Ywiudwé t dhentybbph nw-
pwédwywl nwuwynpnipinilhg, www pownpbiny hwiwwwuwnwufuwo wynunka-
ghwi” Yuwpbh § qunuihwp Ywqit hwiwlwnpgh Gpypwswiwywi nbuph
Swuhb: Uhw uw t pqwbuinw-phihwlw Edwhphy dninkgdiwh Eneyntlp: <wny
{ hhzb] pwbunw-phihwlwl ng-tdwhnhy (ab initio) Yud Yhuwtdwhphy (semi-
empiricaly inunbgniiltipp, npnGp GnyOwbu hhiodwé 6O Pnpl-Owbkbhtiskph
dnwnwynpnipiwb Ypw: Wdd wybith dwOpwdiwub phowpytap tdwhphy dnunk-
gnuip L GepYywywgltbp dniyniuyht nhowdhyuwih (UN) dbpnnp:

Uniyniiwiht nhGwdhywih dbpnnp, nph hhdgnud pOlwd t wunnd-wunnd
wnubkGghwibtph Ywd dnibyniwht deluwbhyuwsh dnuintgnudp, hwdwpynid ¢
$hahywywl wpngbulbph hwiwywngswiht dnnbjwynpdwl hhitwywh dk-
pnnltphg dtYyp L 90-wlwlGtphg uyuwsé (Wit nwpwdéntd t qub” hwiw-
Yuipgswyhl wnblubninghwibph qupgqugdiwb hbwn gnigpbpwg [35]):
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hOsnt®0 £ uywOnud t dpnnh tnueinibp. UniunnGyuwt nwuwyw dtuwbh-
Yuwsh hwywuwnpnidGtph pquyhb (ntédwlb dhongny npnaynid B0 pwqiwdwu-
OpYywiht hwiwywpgbpnud Yuwdwywywh ¢ wwhht dwubhybtph nhpep L w-
pwanpintlp: <wiwywnpgp nhnydnid § npwbu wunndtbph pwqinteyntb, npnud
jnipwpwignip wwnd Gbpyuywgynid t npwbu Gnupwywt Y™ hwayh swe-
06(ny Gpw pywbuwnw-phihwywl hwwnynignibObpp:
<wiwdw)lo nwuwywl wpdiwb hwywuwpnuibGeph’
2
m, _‘%’;_2(_’2 =F(r),i=12,.,n (3.1.2)
npwbn, 7-0 i-pn wwnndh wrwyhn-Yblnnpl t, m," dwulhlyh qubqyuwép,
n-p hwiwywngnud dwulhyltnh ghyt t, huy F;-p i-pn dwubhyh pw wannn
gnudwpwihl ndh t: Upnwa Ynndhg, yepohbu Gbpluwywgynid £ htinlyuy nbu-
eny’ |
F(ry=-9Y0 (3.1.3)
dr;
npuntn U(r) -p hwiwlwpgh wnunbOghwy tospghwa b, npp Yujugws t dwu-
Ghyh™ shgjwlg GYwwndwdp qpuntgpwd nhpphg: Unitynywiht deuwbhyu-
mud gnpdnud £ wnhwnhynupjwl uygpnibpp, hwiwdws nph dniayniGeph t-
ptUunhy tOEpghw Ywpbih £ oGpluywgbby npuwtu wnuntighwiGtnh gnudwp,
npp pwdwGynd £, wyuwtu Yngywd, Yuwdwsd b shwwywd pwnwnphsbbph,
npnGp hpbGg dbe GEpwend 66 JuwonGpquwiuw, fieynpuunwmnmpy b Gep-
phl punwnpwdiwubpp:
Wuwhuny, pwqiwidwubhluwht hwiwlwpgh wnnbGghwy tatipghw Yw-
ntith ¢ obipluywglt htunlywi Yepw'
U st = Uonded U non-sonded (3.1.4)
npuntin Ywwyws pwnwnphsp’

bonds angles torsions

Usmiet = 2Us00s @)+ 2 Ui @)+ 2V s (@) (3.1.5)

huy sywwywé pwnwnphsp hptithg GGpYuywglnud t°
U on-sonded = 2 U + DU+ DUy (3.1.6)

i<j i<j H -bonds

npinbn a,,6, L ¢, hwiwwwwnwufuwlwpwn, phdhwywls Ywwh Gpjwpne-
pINLGGEph, JwibGunwlwo W pnpupnt wiyniGbbph pwqdnipynuatn GG:
Syjw; hwiwywpgh hwjwuwnwyzeqwsd yhdwyht hwulbbine  hwdwp
wbwnp t qulbp hwiwluwngh wnuinbGghwy tGtpghwh dhGhdnudp, wiuhlpl
wnukbghwy tobpghwih wéwbgyubbpp puin YnnpnhGwwnbbph weng £ hw-

oU
wiuwnpbgy bl ¥ =0
4 ntgyth qpnjh axyoe
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3.2 tubpghwyh dhGhdhqugnidp b wihpwdbu wignphpdGtipp

<wiwywngh Gpypwswithwlwl owwnhihqugdwb Ywd tatpghwh dhohdh-
qugiwlG dhongny npnaynud GG hwidwywpgh wwnndlbph Yud dnjaymbeph
wyt YnnpnhGwwntbpp, npnbp hwiwwwunwujuwbmd 50 hwiwywpgh totp-
ghwih ShGhdnuihG: Wdd GGphwjwgltitp tGEpghugh dhUhdhqughwih wign-
phedlEPpp: Lywp 2.2.1-ntd ptpdwé b shwswidh f(x) $nulyghwl, npp Ynpp
wwnniowynd £ dh 2wpp ShGhdnuitkn: Ypwlghg watbwiunpp Yngdnid t gin-
pwy, huy gnuubbpp” (nuwy ShGhdnudbtp: Qpnpwy dhGhdnudh hwadwnpyh htien £
Juwywéd hwidwlwngh pEpdnnhbwihyuywt hwywuwpwlhe Jhdwyh pw-
gwhwjunnudp: Ggnpw| Shohdnuh npnznudp wewyt) pwb pwpn fubnhp £, pw-
Gh np wwhwoeymy t ytpehbhu thawnpnudp hpwwbwglb pninp shGhinudGt-
ph pwqinipjwl dte:

f(x)

- grad f(x)

\\/ VA A \NE2

Llwp 3.2.1. Uhwswih dnibyghw dh pwbh shahdndatpny:

Ept x, Ytwnd qunlynn injwy dhihinudp pwydwpwpnud b htuinlywy wuwg-
Jwlhe” f(x,)< f(y), npibin yeD, y#x, L DcR’ tyhmwl nwpw-
ontpjulb dtg dniblyghugh uwhdwlh b, wwyw x; Ytwnnmd gnpwy ShGhdnuip

wtnp ¢ pwdwpwph Gnyb f(xg) < () wuwjdwlh pninp y # x; wndbplb-
ph hwidwp:

BYwiht dbpnnatiphg hwjinth &0 owyunhdhqughwih wuwnhdwlbwiht L pw-
rwyniuwihb dtpnnltpp: Uunhdwlwihlt dEpnnh nbwpntd ogunwgnpdynid
wnuwnbaghwy taGpghwih wewehG Ywngh wéwogpwip: Npwbu wunhdwOwih(
dbipnnh wnkuwyGbp Ywpbih t 026

o wuwnhs8wbuyht quinteph dtpnnp (gradient or steepest descent — SD)

(36]
o qnignpnywéd gpunhblwnbbph dbpnnp (conjugate gradient — CG) [37]
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Wa nbwptpnud, Gpp dhGhdntdp thGwpdnud t qpajwywl dnunwynpntp)nt-
uhg uyuwé (Shuhdnuihg pwywywahl htent nhpphg), hwndwn t oquhwgnp-
66( géwihG Ywd wunhswbwywl stpnnbbpp, dwulbwynpuwbu wuwnhswihw-
ihG Juypteph dtpnnp: Uwlwyb, hGswtu YGdh uwnnpl, dhohdnuih dhewluwy-
pnud wyu dbpnnlbpp 2wwn nwGnwn Lo gnignpnyniy, b wju nGwpmd wytih t-
$tynhy 6O pwrwyniuwihb dtpnnbtnp:

Wdd wybih Swipwiwul nphinwpybip wunhswbuwyht Juypteph utpnnp:
bOpwnnbip, nikp x°,x',..x* ... YynnpGbph hwonpnwywonpintl, npnbp
qnignpnyncd &G dhGhdnudh Yeinnid U pGniggwgnyned 66 heunlywy rbynipblwn
hwywuwpnudGtipny’

x* = xt 4+ ht pt (3.2.1)

npubn k*-p p=-gradf(x)=-Vf = { ooy 2 af af ) gpwnhtiunh

hwywrewy nipnnipjuip pwyil t: hoswtu hwynGh L, f (x) $nGyghwih gpw-
nhtGwp npnawih x* ywnwd nipnwé t dnibyghwh wah nunnnipjwdp, huy
f'(x*) gpwnhbOwp hwlwewy ninanpjwdp’ nbwh pnibyghwih Gyuwqned:
Uju dtipnnh hhiGwywh pontpwaphsb t qnignpniwl wpwignLpyntbp, L qéwjhi
gnignpiwl wwydwaa t° ‘x"*' —x'“sR“x" —x'“, npnbn x*-p f(x) pnily-
ghwyh ShGhsnush Yt &, huy 0< R <1 hwuwnwwnntl deénipintl t: Uuwnh-
SwOwjho Juypteph Gtpnnh dwiwGwy, tpp f(x) $nibyghwt Ywd hwiw-
Ywnpgh tabpghwt pwdwpwpmd t f =U,,, <U, wwjdwiho, hwiwywngh
" Gnp YnnpnhGwwnbbpp  hwayynid  60°  pGnnibGiny - hbunbyuwy pwjm - .
R =12k%, wywwbu bpp U,,, 2U,, wyw A* =024

2nignpnywd gpwanhtlwnh nbwpnid k' pOunpgnud b haunlyw) Yepw'
FGF =B F1(0)) = min{f (x* - Af'(x* Dh 20}, huy hwiwwwnwuluwl rb-
yntpbOwn hwywuwpnuittpp nibto heinlywy tntupp’

' =x* —n*D* (3.2.2)

npuntin’

“U "(x* )“ _
E 770k k-
Dt =-U'(x )+—————“ oo D (3.2.3)

n 1/2
pGnnibiny $nilyghwt npwtu [U ’(x)||=[2(6U/ax,.)2] : Unynpwpwn wu-
i=l

whdwGwihG dbpnnGtpp k6 tGkpghwibpny odunywé hwiwywngbpp 2wwn
wpwgq pbpnud 66 Shahdnudh:
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b twppbpnieintd wunhswowhb depnnatph, pwrwyniuwhl depnnltph
ntwpentd gnpé ntlp wnunbGghwi toanghugh wewehl L pypnpn Ywpgh w-
Swlgywibbph htiun: Uuuntn hwyuinGh 50 hewnbywy dnintignudbtnp.

e Ujniinnlh dbennp (Newton's method)

e UjnunnG — Nwdunbh dkpnnp (Newton-Raphson method)

o 3tingkp — Nhyup dbpnnp (Fletcher-Reeves method)

e Mnjwy-Nhphtiph dkpnnp (Polak — Ribiere method)

Lwnwynuwht depnnh  nbiwpnd 3.2.1 nbumntmm hwywuwpnuitpp

£(x) =0 nbwpnud ptipynud &0 x* = x* ]{ (( ))

Nhuinwpybp YnunnG - Nwdunth dbpnnp:  Ghpwnpbbp, nbblp
x°,x',..x*5,... ybyunplbph hwonpnwywanteimb, npp gnignpnnid t dhGhdne-
dh ytwnnud: Mnunkaghwih $nblghwt yepwoktp wunhdwbwht awpph’ wp-
hwdwphtny 3-pn Ywpghg pwpdp winwslbnp.

Ux,)= U(x)+Z( ] _Zz(axax] AxAx, (3.2.4)

i
Npwtiugh qunbthp $nibyghwh ShGhdnwdp, wtiuinp t dwuﬁwlm wéwhgwibbpp
puwnn Ax, hwjwuwnbgltbp qpnjh b niétap htinbyw| hwdwuwnpnuiGtpp’

DU (x)Ax, +U'(x)=0,i=12,.n (3.2.5)

wnbiuph:

"r’"‘i

J
Lywlwybing (3.2.5) hwdwuwpiwhd (nénuip x, -y wpdiwl hwyjwuw-
pnuiGbpp Ypannibbt hnbyw) nbupp.

= xt 4 by, (3.2.6)
Uamd ¢ pluwpbp wlhpwdtn puyip L pdwghh dbpnnbbpnyg hwadt w-
SwagywyGbpp: Uswhgwitbph hwzydws wikbwuwwpq tnwbwyp hwdwpyned
t ybpowynp vnwppbpnipntblbph bnwGwyp, nph oglnipjuwdp wéwbgjuibtpp
ptpynud 66 htuinlyw) nbuph’

oy = ou _ Ulx, +&)
U'(x,) o : (3.2.7)
dhasntn hwunnnltiph depnnny’
U'(x,) = U(x)-U(x) (3.2.8)
Xi = Xin

huy
U _Ul+6,x, +8)+U(xx;))-U(x; +8)-Ulx; +5)

oxox, £
iy
npwnbn &-p wpgnuibOwnh 2tnnud £, L pwdwywoht (wy Saunneentl t nhun-
ynid wyb nGwpnid, bpp & =0,0002-0,0003 Yungh t:

(3.2.9)
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Wuwhuny, Yunbih t winby, np shGhdntdh qunltint hwdwn wlhpwdtun t
opwapkiph pwpn thwpetkp, npb hp dbe whwp t pingph R’ wunhSwawjhl
wwnq, L & pwewyntuwhG twpptn dkpnnltn, L witt dh dtpnn thwpbpnud
whnp t nOGOw hp nipnyb GawbwynipgniGp: Uohpwdtiawn § gty woqwd bu
021, np hwaywplh uygpend, bpp Ghowwnndwywl nidGpp d6d &G, wyuhtph
hwdwlwngp 2wwn htent £ ShGhdnushg, funphnipn sh wpdntd Yhpweb) punw-
yntuwght dbpnnltn, wy wyth owwnwywhwpdwp § uygpntd Yhpweb] nplt
wuwnhswbuwght Gtpnn: Snnupgnil nthbgnn dpwapwihb dwptRltRp, npwbu
owwnhdhqugiwl wignphpittn, wewewpynud GG dh 2wpp dnunbgnuibtp, n-
pnGp plngnpyntd GG hGswtu Ybpp G2qwé huginGh dGpnnlbpp, wjbwbu k| dh
awpp niphz wignphpdtbn: Unynwuwy 3.2.1-nud Gbpywugywé 66 Spwgnuih
thwpbpltpnLd weyw shuhihqughwih wignpheabtpp:

Opwapwjht thwptiph Opwapnud welw shohdhqughwih dtpnnbtnp
wiOjwinuip

GROMACS (4] wunhdwOwiht Juypteph dtpnnp, dituingtp — Nhduh
dbpnnn, 2qwgh-Ljnunnljwb dEpnnn

NAMD (6] wutnhdwiwht Juypteph dtpnnp, ditwnskp — Nhyuh
dbpnnp, Mnwy- Nhptiph dbennp, Ljnunnbh d6pnnp

AMBER(T7] wunhdwGwiht quyntoph dbennp, qnignpnywd gnpw-
nhtUwnbEph dEpnnp, LinuinnGh dGpnnp

DISCOVER(38] wunhAwOwiht Juypteph dbpnnp, ditiingtn - Ohyuh
dbpnnp, Mnjwy- Ohpbphh Gbennp, 2uwqh-Linunn-
{ywb dGennp

MM2[79] Ljnunnbh dbpnnp

X _PLOR[39] ns qowihl qnignpnywéd gpwnhtlunttph depnnp

Unyntuwly 3.2.1 Spwgpuiht thwpbipltipnid weiw dhahdhqughwih wignphpdbtipp:

swynp, Yybpp 62Jwé dnuinkignuilbpp ninnywé G0, wjuwbu Ynsjwd, [nuwy
dhohdnuiGtph hwunGwptpdwap, shagnte qinpwyi Ghohdnidh hwyunbwpbpdwb
hwdwp gnnteint snGh npbt YnGyptnn b Epynhy wignphpd: Uwywjt Ywb
npnawyh dnuinkgnuiGlp, npnGghg pplu wikbwtdtywnhyp wjuwbu Ynsywé
gbpiwunhdwbwhl thnthnfudwt hihnwghwih Yud Juypteph hdhnwghwih
(Simulated annealing — SA) dbpnnl t [40,41]: U dbpnnh 2powbwlyibpnd
hwiwlywpgp Gwpu dnpbpwynpdnud £ pwpdp ghipdwunhdwbnud’ hGwpwyn-
pnpinth wnwny funwuwdbp (njwy Shahdnuibtiph wnwowgnidhg” panapytiny
nuntiGwuhpnipjwl hwiwp wybth 06 Ynbdhgnipwghnh nwpwonpynl
(whpnyp): <wenpn thninud  gbpdwunnhdwip  nwnwn (wuinhdwOwpwn)
hetigyntd t dhGsk wahpwdtiun wnpdtpp: U wpngtinnupwih wywpuwhg htwn
hwiwlywpgp hwuGnd t dh dhdwyh, npp wikhwjb hwjwbwywinipjuip
(nGwy dhGhdnid st tunphnipn toupynd Yyt wyu wignphplip wwnpbp
uyqplwywh YnGdnpdwghwitnh nbwpnud: Gnpdlbwywims T obpdwuwnhiw-
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Op dwiwGwyh ¢ wwhhl wpnwhwinygnud b heinlywy dund. 7'() = Toe"% , p-
wnbn 7 -0 gbpdwuwnhdwih gindhnfudwl dwiwbwya t, puy 7,-0° Gwhubwywi
obipdwuwnhswp: Lwsd wignphpip GEPYwwgywé § hwdwnpw pninp 6pwg-
pwihb thwpbRrGtnnud (wyn pYntd Gwl GROMACS L NAMD thwpbipltpnid):

huly wdd pbptlp dh 2wpp gnpétwywl nhunwpynudbbp, npnbp Gpypwsw-
dhwlwh owunhdwywgiwb jutnhpatpnud Yoqlbh hpwywl wwuinybph unwg-
Jwip:

Urwoht Yuplnp nhinwpynuip YuywOnud § Gpubnud, np goinpd £ wpyntd
Bpypwswihwywls  owuwnhdwjwgiwl  wignphpip  ogquwgnpdty  wwppbn
uyqplwlwl Ywd unwpunwiht Ypdwyospmd: Ypwl gnuiwpwsé”™ wnwpptn
dpwapuwyh hwpbpGbp wpwewpynid b Shohdhqugdwb vnwpptp wignnhed-
bp, L hbwnbwpwn, Yupblh § oguiwgnpét) Gwl Sh pwlh wignphpdltn:

Gpynnpn Ywplnp nhunwpynudp yepwpetpnud £ nidwihl nuntph pbun-
prpjwlp Ywd tnwpptn nidwihl nwnbpny unwgywd wpnyntapatiph hwdt-
dwunnipywbp: Geb dh Ynnd nOtlp dhGhihqugdwl wignphrdlbpp, www nt-
dwhl twnpbn nwwntph ogunwgnpdnuip Llpwnpnud b twppebp wWwpwdbn-
pbiph, hwunwwnnGGbph L npwogny wuwydwbwynpywéd Intblghwbbnh gnyn-
pintip, L hbunbwpwn, wn tnwppbpnipyntbp wtwnp t pbiph wpnynuapltph tw-
bwl thnithntunipynitbbph:

Gppnpn hhdGwywb nhunwpymdp, phplu, gnpétwlwi nbuwGynibhg w-
dowywplnpl t: toGpghwih dhopdhqughwh  fubnhpbtpnud funphnepn £
wnpyntd soginugnpdti), wjuwbtu Ynsywd, “Yupdwl” sefluwbhqip b sjuwwyws
thnfuwgnbgnipinGtepp nhuwpytihu hwadh well; hwiwywpgp Gwu Yuwg-
dnn pninp wuinndbbpp: QQuiwywé thnfuwgnbgnipjwo “Yunpdwl” dEfluwbhqdp,
npl ogqunwugnpdynid b dbipbluwywywl dwiwlbwyh ubwinnnipjwt hwdwn, wu
nbwpnud pepnd | hwdwywpgh taEpghuwgh Ynph dpw ng hpwlwa shihdnud-
gbph (wphbunwwba dhohdnd - artificial minima) wewowgdwbp, npnip wi-
dhowwbu ytpwonid 64, Gpp hwyh 56 weGyntd hwiwywpgh pninp dwubhy-
Gbph shwuywé thnfuwgnbgnientGbipp (all nonbonded interactions):

Wdd nhuwpytiop Gwl hwiwywpgh wqwuwn totpghwih hwawplyp: bos-
wtu hwyntp £ hwiwywpgh yhgdwyp Gywnwapnn Yuwplnpwagnyt wwpwdbu-
ptiphg t Gpw wquwwn tOtpghwh: <k0g wquwun tOtpghwh GhOhdw) wpdtiph
ntwpnid t hwiwywpgp hwyinbynid pepdnnhtwdhy hwywuwnwyzhe Jhiw-
ynud: Uuwhuny, hwiwywngswiht thnpdh dhengnyd hwywuwpwlyhn Yhiw-
4nud hwiwywpgh Yuwenigwséph L hwnyniginibibph  wewyb) g2gphun
wunybipp unwbwint hwdwnp' wawp t qunit] hwdwlwpgh wquun toGpghw-
jh GhGhantdp:

Onpéblp unwiwy YuenigqwdpwihG thnthnuniejwiip wwjiwbwynpywé
pwqiwwnnd hwiwywnpgh wqwuwn totpghwyh wowhunhy GYwpwghpp® hbGyt-
iny [158] wpjuwwnwbpnid wewownpyywéd dnuinbgdwil ypw:
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Lwiiwywpgh wquwn tatpghwih Lhmhnfumpjnwn (AF ) dnnjwynpdwl 7
wwhhg (F(7)) dhlsk 7+ A7 wwhp (F(r+Ar)) Gwnuwgnynid § hbunlyw
pwlwadlny’ ‘

AF = F(r +At) - F(z) = ~kT In(Z(r + A7)/ Z(7)) (3.2.10)

npwtin k-0 Pnigiwlh hwuwnwwnnb t, T-0 pwgwpdwy otipndwuuinhdwlp,
Z(r+ A7) L Z(z)-p T+A7r L r wwhbpht hwiwqupgh hdwywapwiywh
gnuiwnbbpt 60 hwiwwwwnwupuwbwpwn: Gopwnpbiiny, np hwdwlwnpgp
Ywaiws £ N dhwdwb dniGYynibbnphg b np hwiwhuwpgnud Yurenigwépu-
)hG nthnfuntgntGotpp wbinh B0 nubGGnwd hwuwnwwnnta gtpdwunhgwbh
wwydwaatnnud, Z(r +Ar)-h b Z(r)-h wpdbiplbpp, wuwjdwiwynpywsd dhuyl
hwiwywpgh Ynbpnpdwghnl thnthnfunipiniblbpny, Gpp hwayh sh wreGynid
hwiwywnpgntd dniynyGtph tnbnuithnfudwb zwpdnidtbnp, Yhdwywagpwywl
gnuwpp Yhdwywgpwywl hbwnbgpwiny dnunwpytint ywjdwoltpnud Z -p
Yuwntih t 0Ywpwapt) henlywy Yepw®

N
z =%TZ‘ (3.2.11)

z" = e ar, - dn, (3.2.12)
npuinbn 0" -p Gepdniynuwiht 2wpdnuiGph Yhswywagnpuywb haunbgpuy t,

Z" -’ YnGhgnipwghnl hauinkgpwip, npp hwdyntd t hwiwywngh pninp hGw-
pwynp YnGphgnipwghwatph hhdwb ypw b hhdGyned £ dhuyt dhedniGyniw-
jh0 thnfuwgntignipintbbtph Jpw, E -0 hwiwlbwpgh ObpphG tOtpghw( t: Lw-
Gh np hwutnwuinntb gtpdwuwnhiwh nbuwpnd Q = const, (3.2.10) L (3.2.11),
hwywuwpnmibtphg Yunwbwbp’

AF = —kTIn(Z " (z + A1)/ Z' (7)) (3.2.13)

Z" -p hwaybint hwdwp ogunytitp wqwwn dwywih inbuntpiwl dnunwynp db-
pnnhg: <wiwdw)s wn wnbumpub, hwiwywpgp pwdwOynd £ hwjwuwn
swywibbpny pohottph, npntghg JntpwpwGsgnipnid nknwinpynid t dthwywl
dniyny, htinbwpwn, peheltph phup hwiwwwwwuuwbnd t hwdwlwn-
gnid Bnwé dntyny0Eph pyhl (N ): GOpwnpynid t, np Jnipupwlynip dnjb-
Yny Ywpnn ¢ 2wpdyt) hwiwwwunwutuwb peoh GGpunud™ dbwgwéd dnibyney-
Gbph Ynnihg unbndywd nuizunnid: Stunipynibp Gapwnpnud £, np nyjuwy dn-
(GYnih 2powwwinnn gynwu dnpbynyepp gunGynd B0 hwiwwwunwuhuwl
poholtiph YtGupnbbtpnud L s60 wnddnud pehelbinh Gtpunud: Nthunwpyynn
dnntth hhiwb Ypw Gopwnpynid £, np npwtiu inuy dnikynih ypw wagnnn
Ghohbwgywé nwow, Yunbih b pbnnibb wyb nuawp, npp uinbinénid 6O hw-
Jwwwunwuluwb peheltph YeGuinpntlbpnud nwuwynpywd dawgwd dnibyny-
GGpp: Uu topwnpnipwb hhdwo Ypw?

31



7° = @ Eelr+dn)iT .(Ie-v(r)/drdr)ﬂ - e-s,,(nAr)/krv}v (3.2.14)
AF = E,(r + A7) - E,(t) - kTN In(v, (r + A7) /v (7)) (3.2.15)

npintbn” E,(r + A7) L E,(7)-0 hwiwwwwnwuluwbwpwn 7+ AT L 7 wwht-

nhG hwiwywngnud Shednibynyuyhl thnfuwgnbgnipiuwb tibpghwo E, bpp dn-
t6YntGbpp qunGynud &0 poholbnh YeGupnGGbpnud: w(r)-p pegh yshuwpnlGh

hwittwwnnippwdp dnieynyh wnnbbghwy tobpghwh 2bnmst §, 7-p peeh
ysGupnbhg dnieynih 2bndwl wewdhnb & Spp nhuwpyynn dniynyp
Gnybwbu qunbynid t pegh YeGuipnGnud, wyn 2tnnidp hwywuwn t O-h, nh-
wwnpyynn dnieynyp onybwbu qunbymd t peeh Yahwpnlnud (r =0), wwyw
w(0) = 0: botny ytpp 2wpwnpywohg’ hwdwywnpgnid gty dngyni ha poy-

Gnn ShehU wqwwn dwywip (v, ) Ywptih b 0pYwiwglty hbnlywy wnbupny’
v, = je“*”*’*’dr (3.2.16)
<wiwlwngh swywip 7+A7 L 7 wwhtph( Gwlwybbp hwiwww-
nwupiwawpwp v(7) L v(r + Ar): <wiwywngp Ywqinn N dngtynyGeph ub-
dhrwywl Swywip Gpwbwysiny v, Ynibbiwbp’
vf(r+Ar)=(v(z'+Az')-vo)/N (3.2.17)
v (r)=((7) - v,)IN (3.2.18)
Uquun Swdwiltiph wpdtiptpp (3.2.17) L (3.2.18) pwlwadlbinhg wnbnwinnb-
iny (3.2.15)-h dbg, dnntijwynpdwl 7 wwhhg Bhisl 7+ A7 wwhp hwiwywp-
gh wquwn tatpghwih tinthnfunepjwl hwdwn Yuunwowp.
AF = E,(r + A7)~ E, () - kTN In[(W(r + A7) -v,)/{(W(z) -v,)]  (3.2.19)
<wyyh welbiny, np hwiwywngh unnipintp Gqwé wwhtpht weung t Ghw-
puwgnyh heunlywy pwawadbbpny’
p(t+Ar)=v(r+A7)/G, p(r)=W7)/G (3.2.20)
L wyn wndtiplbipp intnunpbiny (3.2.19) pwowabh dtg, Yunwlwip’
AF = E,(r + A7)~ E, () - kTN In[(p(z + AT)G - v, )/(p(2)G - v,)] (3.2.21)
<wyh welbinyg, np hwdwywnpgnid dnjeynyOtph phyp (N') hwywuwp t
N= -E—N 4>
npuitn M -p dnbynyGbph quiqwel &, huy N,-0° Udnqunpnh phyp,
(3.2.21)-G Yuunwlwlp’

AF =E (t+A7)-E (v)-kIN ln[[p(r +A7)N :,{ - vojl(p(r)]\’—]%l— -V, H
’ (3.2.22)
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Wu pwlwdlhg ogudbind’ Yunbih t hwiwyuwpgswhG thnpdh oghnipjwdip
hwyyti hwiwlunpgh wqwwn toGpghwh thnthnfunignibp” Yuuywé thnpdh
dwiwlbwyhg, pwth np E (r+A7) L E (7), p(r+A7) L p(r) GnyOwbu
hwaywpyynid 60 hwiwlwpgswiht gnpdh oglnipjwip, huy hwiywuwpdwl
ok welw gjnw wwpwitnptpp hwunwnnid daénpynibtin Ga:

3.3. hantigpiwb wignphpilGtpp

Lwiunpn pwdhGlbpnid wpnbé wGnpwnwpdtp Gap UN-h tnipulbp b
plhwpyty dhehdhquglnn wignphpdbbpp: Wdd phlhwpytlp fulnph (nuddwh
hwdwn wihpwdbwn hbntgpiwl wignphpilbtpp:

hOswbu wpnkO 024L] tp, (métiny pwqiwswuthyuwihs hwiwlywpgh hw-
dwp nwuwywl UnunGuwo  hwjwuwpnuiobpp, YwiwjwlywO ¢ wwhhG
YuunwOwbp dwulhyobph nhpet nt wpwgnipntip: Wdd thnpdtlp dwlpw-
dwulbt) 3.1.2 hwjwuwpiwl pqwh0 nuéndp L nhunwpybtp npw hpwyw-
Gwgdwb hwiwp wohpwdtun nwppbn honbgnpiwb wignphpdbbn:

Uygpnid Gz50p, np wju dkpnnp hpwlwbwgyned t henlyw) thntbpny.

1. Lwiu Yurenigyntd t nwunudbwuhpynn hwiwlwngh dnnbip” hwayh
wrGtny dnikEYnaEph hpwlwl wwpwitnpbpp® wnndbtph qubg-
qwéltpp, phdhwywi yuwwtpp b 0pwg Spywpnipinuabepp, wibo-
nwywi L pnpuhnl wolymbbtnp b w)b
Ywunwpynid £ wynuinbOghwiatph paunpnipynta
CGupynid t hwdwywnpah uygpowywh Grwswih Yynaphgnipwghwl
Zwunwingnid 60 uwhdwbwiht wwydwoGtpp Ywd wjuwbu Ynswd,
wwnpbpwywintpjwl qunwdiwpp

5. Lwywuwnnidbbph pywyh (neétwh wpyntapnid utnwgyntd GO hw-

dwywngp Yuqunn dwubhylbph hpwlwbhb dnun hbinwgébpp

6. Nuunudbwuhpynty 66 hwiwywpgp bhwpwgpnn wwpwidtwpbpp, n-

pnlOp hpkbg vk Gepwrenid 6O Ywenigywspwihl L nhbwdhly wwpw-
dtunpbpp:

{wywuwnnudbtph nuédwO pdught GnwOwyh tniginbp Yuywbnd
htwnlywinud. JuwiwywYwl ¢ wwhh0 hwaddnd £ jnipuipwbgnp dwubhyh
Ypw wqnnn gnuiwnwihb nudp, www hwenpnwpwn hwadynud 60 Gwl ¢+ At
wwhhG pnpnp dwubhyokph nhppbnpt nu wpwgneeginubbipp: LJwd gnpdnnne-
pIntbp pOwnpdwd Ar puyny Yypyayned t wybpwa dwiwbwy, hispwl wywhw-
onud £ dnnbiwynpiwb dwiwbwyp:

<wywuwpnuittph htuinbgpnn wignphpdbtpp hwuwbwint Gwywunwyny’
nhuwpltop nhpph, wpwgnipjwd L wpwqugiwb 2tnnuibtpp” Ytpwdting
npwap By nph 2wnpeh.

r(t + A1) = r(t) + v()At + —;-a(t)Atz +... (3.3.1)

hponN
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v(t + Af) =v(t)+a(t)At+%b(t)Atz +.. (3.3.2)

a(t + A =a(t)+b(1)Ar +... (3.3.3)

Wdd nhuwnpytiop spwapwihl thwpetipbtpnid Yhpweynn dtpte (Verlet,
Velocity Verlet), Lhuybpng (Leap-Frog) L PhdwGh (Beeman) wignphpiltpp
[42-44]):

dtin|bp wignpfed
Lpqwé wignphpdnud  hGunbgndwl  hwywuwpnudbtpp nabG  hbunbyw
wntiupp.

r(t+At) = r(t)+v(t)At+%a(t)At2 (3.3.4)

r(t - Af) = r(t) - v(t)At + %a(t)At2 (3.3.5)
Cunhw(pwglbiny’ Ynebthwop.
r(t+ A0 =2r(t) - r(t— At) +a(t)Ar* + O(Ar*) (3.3.6)
v(t+m)=fi’i%;’fi’l+0(m) (3.3.7)
haswbu nbulnud Gap, wyu wignphpdp oguwgnpémd £ £ L 7 - At wwhb-
phts Swuthlh nhnpn L wpwaugnisp (a() =)

Jwé, dtnitph wpwgnipjwl wignphpdp, npp hhdtwywb wignphpdh thnthnfu-
Jwd nwpptpwlyo § L wpnwhwyunynud b hinbjwi Yepyy’

m): Yw Owl, wjuwbu Yyng-

r(t+At) =r(t)+v(t)At+-;—a(t)At2 (3.3.8)
v(it+Ar) = v(t)+-;—{a(t) +a(t +Ar)}At (3.3.9)
Lhuydnngh uygnphed

Lhw$png wignphpdt wewewnynid b thnthnfunipjwb hbunbywy aup’

r(t) v(t) r(t)

PR ~
” N
7 \
/ \
‘ b
—>

0 1 2 X

Lywn 3.3.1 Lhuydpng wignphpdh ulubdunhly GkpYwjwgniip:
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r@t+ A =r(t)+v(t+ -;—At)At | (3.3.10)

v(t + %At) =v(t— %At) + a(t)At (3.3.11)
hswbu bpbnd t, Gawé wignphpdntd ¢+ At wwhh0 dwuGhlh nhpep n-
pnaynid t hwadh webbiny Gpw wpwgniginbp t+%At wwhhO: Wy Yepw w-

uwé wpwgnLpgntbotpp “prgynunntd” (pwpgiwbwpwn’ leap) GO YnnpnhOwn-
bph Ypwyny wyl dwowbwy, tpp YnnpnhGwinltnp (Swubhyoeph nhpetnp)
“prsynunid” 60 wpwgnieinLGGtph Ypwyny: Uputidwnhy wyb obpyuwywgywé
Gywp 3.3.1-n1d: dwiwGwyh ¢ Wwhh( wpwgnieinbOtpp Yuptith t dnunwpyt
htinnlywy duny’

v(t) = %[v(t - —;—At) +v(t +%At)j| (3.3.12)

Phiwbh wygnphpd

Wu wignphpiip 2wwn Odwo t Jdbmbeh wignphpdht L hwitijuwnwé Gpw
htwin' wnwihu b pwdwlwl 066 Saunipgnitl: Wu nbwpnid hwywuwpnidbenp
pUnnibnud GG htitnlywy inkiupp’

r(t+A0) = r(f) + V()AL +§a(t)At2 - %a(t ~ ADAL +O(A*) (3.3.13)

V(t + Af) = V(1) + W) At +%a(t)At +—Z—a(t)At —-%a(t - ADAt+O(AP) (3.3.14)

Wu wignphpidh ptiplu dhwy pwgwuwlwb Ynndh wib t, np wjb pwywywoho
wzluwmwmwn £ L hwywpyiwh nbuwbynibhg 2w pwy:

hOwnbgndwl puyy

Unnbpwynpiwl dwiwGwyp undnpwpwn pwywywoho wps t L GGpw-
pntd b uuwé 103-hg Ghask 107 pwyi, npp hwiwwwuwnwuuwGnid t hpwywo
Gwonywpywbitph dwiwowlwiht hanbpgwih: Wuop dnntlwynniwb dw-
Jwlwluyht unwnwpwibnG &0 ~1000y-hg Ghask dh pwlGh dhypnywiny-
jwbp:

Unnbjwynpdwa puyip pounpdnud t 0.5-hg dhosl 2-3%y $Eiinnduwplywdp’
Yuiujws fubnphg: <wswu, (nsynn ubnph jupwhwnynieintbhg Yuuyws,
unwonwpw ponmiyws 13y puyp Ywpnn b thnfuwphbyby £ 254 ywd 3py
(Gwl pwn nbwptpnLd 8hogk 5$4), npp pipnud | hwdwywnpgswihb hwadwny-
dwh dwiwowyh twywl ubuwynnnpiw: Vwhuyb 2wwn nbwyptipnud dnnbjw-
Unpiwh pwjh thnhnfunigntp pipnid t nhuyptunhqughwih upuwih (qu-'
uhGpl® wybih thnpp t, pwl hwiwyuwpgmd wnbnh nbbgnn wokGwwpwag Yhp-
~ pwghnl wiwwnwindp), huy pwjih k6 wpdtipltipp tabpgtunhy Yuninipywb
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nbuwGniGhg tpptiit hwigbglnid B0 uluwih: Wuwhuny, 1-2%4-hg wybih
dnnbjwynpiwos pwyh Saunntpintlp wluwydw wbwnp t unnigyh ptiunnwihl
thnpdtpny” juntuwthtint hudwp Gdwbwunhy futnhpbtiphg:

Jdbpohl 2powlnid Sawyyty b, wuwbiu Ynsqwd, pwaqdwndtp dnntijwynn-
dwh pwyth dkpnnp (multiple time step — MTS) [45], npl wrwownynid t pwith
pwdwOnd’ «wpwg» b «nwbnwn» tnthnjuynn wnwnbkbghwih pwnwnaphsGtph
(ophbwy, 23y puwy Jwinbpyuruuuwl thnjuwqntignipiwb b 494" Ynynlywl
thnfuwgnbigniejwl hwdwn): Ushpwdtiaunnipjwl ntwpntd Yunbith t puyp pw-
dwlb| 3 dwuh’ Af, 2Af L 4A¢, nph nbwpntd phihwlwl LGuuwh tnwunwbdwb
L Juibownwywl wolywh thnhnfuntpjwl wnwntbghwiotph pwjip Yepgunid ¢
hwwuwpn At -h, pnpuhnt wGynlabeph thntinfudwl pwnwnphsp’ 2A¢-h, huy
sywwyws thnfuwqntgnipyntbltiph pwnwnphsp’ 4At-h: Ujuwhuh pwdwbmdp
Ypbiph hwowywngswihl dwiwbwlh twywh Ypswndws, vwlw)t whnp ¢
Gzbg, np thnpp hwdwluwpgbph nwuntSGwuhpnipiwl nbwpmd puyth wjuwhuh
pwdwOnidp ng wpnyntbwybunn £

Wu dkpnnh hhipntd pOywé t updtuphy L dwiwtwuwhbG-hwywnwpdbih
Spnuntph pwyunnphquighw (Lnudhih owbpwwnnph pwdwlntip wwpptn
pwnwnphsObph) [46): Pwqiwndtp pwjth dbpnnh dwubpwiwub pwgwnpnt-
pyntlp npywé ¢ [47-50] wluwunwOpltpnid:

3.4 UwhtwGuithwyntdGbp Yud Yuwh Gphupnipiub wwhuwwbnd
(Constrains)

hoswbu wpnbl wuyb b, nuwuwyw dnntiiwynpiwd nowlwybpnd hw-
swlwnap nhingntd £ npubu N tinfuwgnnn wunndobph pwquntpynth, hag-
ntr Yuwupws wunndbbpp odnjwé b6 Yhppwghnl nwtnwbnuiGepnd, npp
Gwpbih ¢ pwgwupti pYwitnwibuwohlulwl wbuniejwi 2nowbwybspnd:
Awuwlwh Snnbpwynpnidp oguiwgnpéntd | wwhwwoiwb Ywd Yuwh Gplw-
pntpwl uwhiwbwgwlydws dnunbgnidp, npuntn Yuwwbph wwhwwlnuib h-
pwgnpdyntd b LwgpuadiwG (51] Yud <wdhiinnbjwl [52] dnunbgiwl hwiw-
dwyh:

Wod nhwnwplbip wwhwywidwld hwdwuwpnuiGtipp: Gpynt wwnndiGbnh
shel: Phpuqwé hbrwynpnipinbp Gawlwytbp 4 -ny. win nGwpntd Ywuwh bp-
Yupnipjwl uwhiwiwihwydws hwywuwpnidp Ypbnniah henbyug inbupp’

o(r, )= —r)(r-r)-d* =0 (3.4.1)
huy wéwhgwip
o7, 1) =2(v, - v,)-(r, - 1,) = 0 (3.4.2)

Swdwdwil LwgnpwGdywh dnuintigiwl

mri=F +Ac,
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o = _%‘r?l_ = 2n-n),  o,= ..gr;‘z =2 -1,) (3.4.3)
npntn A -p pwqiwwwnynn SEémpnil £, npp Yuptith ¢ utnwluwy Ytpnhh-
gt hwdwuwnnuiGtphg: Wdd nhuinwpyblp uwhiwGwhwiiwa hwywuw-
pnuitspp pinhwbnip nbupny: CUnhwlnp nbwpntd tnpwd 7 puwiquinLpjwi
hwiwp dwiwlwyh ¢ wwhhlh hnnlnd hwywuwpntdGepp  (Holonomic
equations) Guipth £ GepLuywuglti hunbywy yepw’

oy =(r, ~ry) —d; =0, k=l.n (3.4.4)
npunbn 7, L 7, dwubhybiph YnnpahGwnGbpb GG ¢ wwhhG, huy 4, -0
wpdws ShedwuGhuyhl htrwynpnipnibp: <wzyh wrObiny uwhiwlwthw-
yntiltnp 2wnddwl hwywuwpnidtpp YplnniGta htunlyw) intupp’

2.t n

-65—;"--»:, =5%[U(n’)+;lka;], i=1.N (3.4.5)
Qenhwinip wedwidp, wnunbighwy tabpghugh dpw npjwd uwhdwbwihw-
ynuibtpp twlwinpbl s60 wannud wnddwl hwywuwpnidbeph ypw, pwlh
np hntwjwywd nbwpntd o, whwp t (hGh hwywuwn qpnjh: haunbgpbiny
2wndiwl hwywuwpniGbpp® dwiwbwyh ¢+ Ar wwhh hwdwp Yuunwgyh’

t,, 0o
I'.“A' = rir-rm + Z’?’k
k=1

Lanim?', i=1.N (3.4.6)

i

H

npwnbn 7% -0 i-pn dwuGhyh GwiiGwlwl Yuwd ng nnnywé ynnpnhlwinb t:
Pwywpwpbiny  uwhiwGwthwyndobphl®  hwenpry  puwjinid LwGgpwiOdjwl
puqiwwwwnyhsbbpp wewng b pbunpytl hiunbyjwihg’

ot = (rgY -ty -di =0 (3.4.7)

npp pbpnud £ 7 ng-qéwyh( hwdwuwpnuitph?

2

o) =[f;;“’ - +iﬂk[g‘—’i Mg = o0, m;,},D -d; =0, j=1.. (348)
kel Tia 0ri

Spywé 7 wohwyinny 7 ng-qéwjht hwywuwpnidbbpp (nsynud 66 Yhpweb-

iy Ljnunnbyw Stpnnp, npo pepdnid b hbnlywiht. 2™ < A -J;'o, npunbn

J, -0 o, hwywuwpniiGbph Swynpwil k: Qnnipints makG wnnwpptp dnuink-

gnuibp, npnGghg phplu wikGwwnwpwéywettnpb G SHAKE [53], LINCS
[54], RATTLE [55], SETTLE [56), WIGGLE [57] L M-SHAKE [58] wignphpd-
Gtipp:

Wdd dwipwiwutop wewyt] hwiwiu ogunwgnpéynn SHAKE, SETTLE,
RATTLE L LINCS wignphpiltipp, npnp welw &0 GROMACS L NAMD
dpwgpuwhl dhwpbpltnntd:
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SHAKE, SETTLE, RATTLE L LINCS wiqnphputbnp

SHAKE wignphpth 2powlwyitpnid ng géwih0 hwyjwuwnpnibepp (md-
ynui &G oguiwgnpéting Quniu-Ubntih [59] dtpnnp’

A=-J]'o (3.4.9)
Gopwnpynid t J, dwwnphguih woyniGwgéwiht nnihOwbwnnigniap, L Lmos-
ynid £ £ wohwyunny £ -pn hwyjwuwpnuip =
¢
A —-)-—a,a—"——
oo,
04,
]
fig =g + 44 ?ﬂk_
rlta
]
Tup = Tig + A 9%  k=1.n (3.4.10)
ark,,
npwbn r, L, wwhwwaynn (phpuynn) duuGhybbph YnnpnhGwunGtinG Ga:
MGwnp b Owl G2}, np Ywl wu wignphpdh th wnpe thnthnfuytud nwppbpwy-
Gbp, npnbghg 60O ophbwy QSHAKE (Quaternion SHAKE) [60], M-SHAKE [58]
L P-SHAKE [61]:

LINCS (LINear Constraint Solver) wignphpdwlw0 dnintignuip dawydbg §
<buuh, PEYYEPh, PERLGnukGh L dpnihoh Ynnohg 1997py.-hG: b wwpptipni-
PNt SHAKE-h, wjb ytpglnid ¢ lwgpwidjwl pwqiwwwunyhsbbpp, b jnippw-
pwibgnip hinbpwghwih dwiwwy (nedynud b hwywnwnd J, Swynpjwip:
1
At

M '=(I-J)" ' sI+J, +J2+J)+..+J0+.. (34.11)

SETTLE wignphpip ns géwiht hwywuwpniittpp (niémd § wlwihunhy
duny’ »=3 uwhdwlwhwynibbph nbwpnid: Wu dnuinbgnidp unynpuwpun
Yhpwrynid t Grwwnnd dhwgnieintbbtph, dwubwynpwwtu, oph dnibynimd
phihwywl Ywwtph tpywpnpwt (Ywd Juibonwywis wolywl) wywhwwo-
Jwb hwdwn, nph hwdwp dweuwyntd &6 TIP3P, SPC, SPC/E 9ph dnitynt h dn-
ntuGpp:

RATTLE wgnphpdp hwdwhu Yhpwednd b duibonwywl L pnpuhnb
woynibobpp wWwhwwobint hwdwp: b wnwpptpniginus SHAKE-h, npuntin
dwulhyabph YnnpnhGwunbtph ypw npdnd G0 vwhdwGwdhwynudlbp, wu
wignphpdnid $hpuynid &0 Gwl wpwgnignLGOtnp: dwiwdwh Jbptph wi-
gnphpdh, (3.3.4), (3.3.5) dwulhyh nhpph L wpwgnipjwl hwywuwpndbtpp
wyu nbwpentd plnnand 6O hbwnlyw wkupp’

r(t +Af) = r(t) + AV(E) + %(At)z(a(t) - miZz,, o), (:)) (3.4.12)

i J

M™a(t+Af)
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v(t+m)=v(r)+921[a(t)—miz A;(Or; (t)+a(t+At)—-'-n2—Zﬂ,,.j (t+Anr, (t+At)]
i J i J

(3.4.13)
npunbin r,.j(t)=r,.(t)—rj(t) i L j wuwndGtph dhel htrwynpnipintGG t: CGn-

hwontp nbwpntd pwqiwwwnyhsitpp Gepjuywgynud O hbnbjwy yepw'
P o, (r(t, + At)) (3.4.14)
" 4.

1
~(A? Z 1 Y 00,(r¢t,) Y 80, (r(t, + A))
=1\ 2m; or, or,

SHAKE wignphpdp unynpwpwn Yhpweynd £ dGo dniyny Gbphg
pwnyugwé hwdwywngtph hwdwp, huy gwépwinibyniywiht shwgnipinlblb-
nh nbwpntd pwqwluwihG wpwg t gnpénud wpnta SETTLE-p: Lzyws dbpnn-
ubph Yhpwenipjwdp phihwlwh Yuwbph EpywpnipintGbpp (Ywd Juibbunw-
Ywl woyntabbpp) dnuntgyntd &G hpwywl wndtipttph(: Vwulbwynpwwbuy,
SETTLE-p wrwownpywé fubnhpbpp (niénud b wowihwnhy duny L dtd GniG-
yni Gbphg pwnywgwsé hwiwlwpgtiph hwiwp wib pwywywGha pwnn t, huy
SHAKE wignphptp, npl ntbh huintipwwnhy pnye, hwenpnwpwn, dtyp Gntup
htwnlhg oquwgnpétind, Ywwh bplYwpnipynibbbpp (Ywd  Jwibhunwywl
wayntbObnp) hwugtnid £ hpwywl wpdtptphl: b ntiw, SHAKE wignphpYp
hp hunpwwnhy ponyph wwwndweny pudwywthl pwpn t qniquhirwgynig,
L Yuuwh GpywpnipinbOtph dké tnnuittph nbwpntd wyt hwdwpw |nontd
snLh L sunhynn dtonipinubp sh hwuglnud hwgbgdwl wpdtphl: LINCS wign-
phpdwlwl dnuinbignudp wewybp Yuyna £, b hwaynnuywl wnbuwblynibhg
huwyunGh £, np wyl 8h pwGh woqud wdtih wpwgwanné £, pwl SHAKE wign-
pheap:

3.5 MnuintGghwiltph poupnipynid b nudwhG nwawn

hoswbu wpnkb Gy ¢, hwiwywpgh wnwtlghw) tUbpghw(, Ywhujwéd

SwuGhYyOtph hpwp GYwwndwdp nhnpphg, Ywntith £ 0Enluwglt, wjuwtu Yng-
Juws, sjwwlws b Yuwwlws punwnphsbtipnd, npnbp hptitg htpphl Obpw-
pnud 60 Jwonbpywwiuwa, tieynpwunwnhy b 66ppht pwnwnphsbtpp: <h-
dw thnpdblp wrwOaho-wewhdhls OGGpYwjwglt) wnntlghwy $niayghwyh
pwnwnnhsGGnp:

Zwiwdwyl 3.1.4 pwlwadlh, wnuinbOghw) tOtpghwa, pnhwonp we-
dwdp, Yunbith t GepYuywglty’

bonds angles torsions

Umlal = ZUbondx (ai) + Uangle: (01) + ZUlorsiom (¢:) + ZUel + ZUVW + ZUH
i i i i<j i<j H —bonds
(3.5.1)
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Lhdpwlwl uyh bphwpnipywl shnginfuntgindap

¥ v L v ¥
r
e
3
L
o
ol
L
=
L F -
g
3
7 1
A 1 i 2 1 2
0,08 0,09 0,10 0,11 0,12

r, ad
Lywp 3.5.1. Ywugh bphwnnipput thathnhunipiwl wnuinklghwip:

bpynt’ Ynquwitown duny Yuwdws wunndtbph twnwGnuittipp huwdwuw-
pwlzhe nhpph GYwundwdp hpkbg GepnpnuiG GG nubGGnLd pUnhwbntp wn-
wibGghwih Bk, npp GEpYuwywgyntd b hwpinbhy wnwnbGghwih wkupny.

1 0
U ponas (7)) = EZK; (r,-r) (3.5.2)
iJ

npwntin K ,f -0 njw wnbuwyh YwwtphG pnpn hwuinwenta t, 77 -0 gy
Ywwh Gpywpnipntss b hwywuwpuwlyzeqws hiwynud: K,.f -tpp hwywuwnp
5O phdpwywl Ywuwbph nidught hwunwwnniGbpht L 0h Ywpg pwpdn &0,
wjuwbu Ynsywdé, ntpnpdwghnl  hwunwwnntbObphg  (ophbwy, hwndnOhy
quuwlwlh nbwpentd): Ppwywand, Yuwuh Gpywpnipiwl thngnfuntgntGGtnp
2win thnpp kG, hOsh wwwnsweny Gpw GepnpnudG pGnhwanep winunkGghwy t-
Opghwih 0k Gnybwbu wun thnpp t: <wpywnllbpp gnyg &6 tiwihu, np Yuw-
wh bpywpnipiwl thnthnfunipgntbp Yuqined ¢ dnunwynpuiwbiu ~0,01-0,02 A°
Ywnpgh dGonRINLG: <wywnbh t, np hwpinGhy wnwnboghwip gnpénud & wyh
nGwpentd, Bpp Ywwh Gphwpnipjwl tnwnwinuip < 0.14°: UGS tnwwnwbnid-
Gbph nbwentd wuinndbtpp nhungynud 60, L hainbwpwn, G24wé wninkighwip
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[

sh gnpénud: X ,f hwutnwwnntbbpp unwgynud b6 uwtyunpwuynuwhy hnpdt-
nhg, L nnwiGg wpdtipp qubynid £ 50-800 Yywiy.dny " A2 Showluwypnud: Lywn
3.5.1-nud GbpYwywgywé 60 Yuwh tpyupnipjwl thnthnfuntpjwidp wwjiwbw-
Ynpdwé tapghwih Ynpp b dhndinfunigiub ulubdwinhy wwwnyepp:

Ywwh Gplwpnipiwl thnpp wwnwinudttph ntwpentd, pbnhwnp we-

dwip, toEpghwl hwywuwpwyzhe #° Gplupnipiwl 2nipg Yupkth t OGpyw-
jwgltiy BEjInph 2wnph dhengny’
U,@)=U,(r")+ d;i” (r=r°) s (r-r°) + P
(3.5.3)Mwpqugnyt  nbwpp ObpYwjwgqws  t 3.5.2-nui:  Stnwnptiny
U,(r°)=0,r=r° L totpghwh wéwagjwip hwywuwpbglbiny qpnjh™ Yuunw-
awop wyn $nibyghwih hwpdnipy wntupp:

1 dU, 14°U,

r=r"

r=r

Ywwbpp Cwawlu., ud™! Shwbpp
H-0 3600-3700
H-N 3400-3500 A
N-C 2900-3000
C=C,C=N 2200 uhdtnhl
C=0C=0 1700-1800
C-N 1250 f\@
c-C 1000 wuhdtuphy

pipywé

Uryntuwy 3.5.1. Uh 2wnp Ywwbnh tplwnneegnbObph
nwnwidwld hwiwiwywonpinbobnp:

Uwwh GpywpnipiwG nwwnwbnuitpny wwydwowynpjwsé®  tabpghwl
ywpnn t Gwl Gepyuywgytl Unpabh wnuntoghwiny [(62]

Uy (1) = D[l ~ expla (ry =g )f (35.4)

K.
npunkn a; = 5DL , huy D, -0 nhungdwl thGnpghw t:
\‘ -

Ujnwu Ynadhg, wyl Yupbih t Obpyuywglby Gwl ng hwpdnGhy wnGupny’
Yuntiiny 2wppp funpwbwnn winwdhg’
Ug(r)) =Ky - 17) + KK (ry =17) (3.5.5)

]
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Juitklunwyw( fennpuhnb
Ywwbp Lwldwo wlhgh Yuybp LwOdwl wihph
Bpl.., ug” Gpy.., ud”’
H-O-H 1600 c=C 1000
H-C-H 1500 Cc-0 300-600
0-C=0 600 Cc-C 300
Unynuwy 3.5.2. Qwibhunwjwo b pnpupnt tnwwnwOmdbbph
hwiwwwenpinGbtng:

Npny dpwgpwihlt hwebptbn G4wsé wnnbbghwip wewewnpymd 60 Owb
snppnpn Ywpgh hwdwuwpdwh wbupnyd, npuinbn uwmh Gplwpnipiwlt pw-
nwaphsp pbnnonud £ hnlyw) wnbupp’ (ry 2 Qwlwuwpuwynywd

'j
nhpehg thnpp zbnnuibtph nbwpnud wys pepymd § hGwnbywy  nbuph’
(g =1V = (ry =1 Y (ry +10) = (ry ~r))2r))

<wpy b O2bp Gwlk, np dngbyngh wwnwOdwb Yhppwghnt tabpghwl
uinwgynid | hoppwlupdhp inppnypnud uwblunpnuynwhy thnpdtiph (infrared
radiation — IR Jwd Raman) thengny: Uwnnpl ptipgwé B0 dh wpp Yuwbph
nwnwiiwl hwdwwuwinieniOtpp” wpunwhwinyws uld™ shwynpny (w-
ynwuswy 3.5.1): LUpkOp Guwl, np hGspwO 366 £ nwunwbdiwb hwdwiunuginibn,
wylpwl ndywp b Yuwh nEdnpiwghwl: Wn wwwndweny Yuwh wnwwnwbnd-
GGpp niOb0 wybih 856 hwdwunipinualtp, pwh Juwitbwwlwl wilyub unw-
wnwOnibtpp, npnbp | hp heppht wybih 466 wpdbipbbp bbb pwl pnpuhni
woyntaObph twwnwtnedGbpp:

Lwibdwunnipiuwb hwdwp wynwuwy 3.5.2-nd pepywéd 60 Juibbnwywo b
pnpuhnl Lnwwnwlnuibtnh wndtiptpp npn Yuwwtph hwdawp:

POswbu huyunbh £, gwép gbpdwunh8wGttpniy, Yuwiudwd tnwunwbnedob-
ph hwawjuwywbnipintbhg, nuwuwwo dnuinbgnudp hwiwwnpgp Gywpwagpned
t ns thwpdbp: Wdd qhwhwintlp win nwwnwbnuibbph hwdwlunipintbbbph
dhowlwypp: Ghpwnpblp nltlp hwndnbhy oughihwunnp, npwnbn tabpghwo
oSpYwywgymai t 2v -ny, npunbn A -p Mwiyh hwuwnwennibb t, huy v -0 nw-
wwiowl hwdwhunignibp: Twuwlwb dnunbgdwl nbwpnid hwdwiunypynia-
GEpp wewnp £ pwywpwntt hbnbyw) wwydwohl' v << £,7 /A Jud

LIPS (3.5.6)
k,T

B
npnbin T -0 gpdwunhswn b, huy &, -6 Pnigdwlh hwunwwnmbp: Unyne-
uwy 3.5.2-nud Obpluywgduwéd wndtipbtpp tnpdwé 60 ubluwyuwht ebnpdwuwnh-
swih (T =300K ) hwiwp: Ophlwy, O-H Yuwwh nwunwbdwb wihph bp-
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s rme A e

Ywpnigindp 3600 ud™? £, htwlwpwp, v=c¢/1=1.1-10"4", npunbnhg
hbuinbnud &, np Av/ kT ~17: hOswbu Gplintd ¢ pwpdp hwswunipyw dnnbpp
nnipu BO plnnubdwé (3.5.6) wuwydwbh uwhdwGGenhg: <Gunbwpwp, uwhiw-
OwihO hwiwmpnibp, npp Ypwdwnwph (3.5.6) wwydwohG, Juqond L
~6 wy' = 6x10"2 4", npp hwiwwwwnwuluwand t ~200ud™ wihph Gpywpni-
plwip:

Yy bouimuwlpwt walywl thrdhnfunugyneap
{wiwwwunuwufuwl i - j -4 wunndabph uqiwd walywb nwunwinudny
wwdwbwynpdws totpghuwgh Gepnpndp 6nybwbu Yuwpbih § hwdb, wwp-
qugntya hwpdnGhy duny’
___l g —0°\2
Uugir(0,) =2 2 K38, ~65 ) (35.7)

ik

M T Y A ' ' k]
I !
- ea -
3
.6; L
c.
i3
=
= I -
3
5
g &
3
- A (| i 1 " 1 4 1
120 150 180 210 240
0

Lljuwp 3.5.2. Jwibiunwlwl witywl thinthnfunipiuG wnunkGghwip:

0
ik

-0 i) wbuwlh walnGGbph hwiwp hwunwnnGG €, 6° -

ik

npuntin K
hwywuwnuwyzeqws Yhswynid ngwy wilyws wpdbpt t: K, L 8‘1* htuuwnw-
g
wnntGObipp nuohybpuwy 6O Shwgnignuibtiph puduwiubht (wyG nuuh hwdwn:
K, hwuinwwnnl wpdbpp pGYwé t 20-170 YYuwi.on".pwn? Showluypntd b
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Ywpdwé £ nbdnpdwgdwl ndwiht hwuwnwunniblbtphg, npnGp unynpwpwn
utnwgyntd 6O dntynyGph nwunwonnywb uwtywphg: Ljwp 3.5.2-nud
OGpYwjwgywé t quithinwywt waywhd thnthnfunipjwb Ynpp:

Conhwlnip wediwdp, Jwibonwywld walywbd dup L swhp npnynud L
wlywt ququpltpnd gunbynn wuwndbbph EEYurpnGwiht opphunw btph
hhpppnhqugdwdp: RLlwpytlp Jwibownmwlywlt wilws wwpquagntyb duny
UEpYwywgiwl Yuwinbbtpp: Ywulwynpwwbu, Get Jwitbunwywd wiywb
quguwpbGtnnud gunbynn wuinndlbtnp ntbt0 shwbdwb hhpphn opphunw UEp sp,
www woynmbp Ywqind £ 180°, dhbsgnbr, ophtwy, tpt wuwnndbbpp 2pow-
wwunywé b0, wubklp, 3-sp® onpphunwbtpny, www wwnndGbph nwuwynpnt-
pintbp nlbh wphgnOwy wnbup, L Jwitbunwywl woynop Yuqdnd  120°:
Awuwynpnipintap nbuipwhtnpuy b sp® -opphunwibtiph nbupentd, b Yuwiko-
tnwlwb walynp hwjwuwn t 109.47° -h:

Lbpyuwjwglblp Gwl hwiwju oguwgnpdynn” YnuhGnuuGbph L Nunkg-

PpbnGjh wnunkGghw bGnp:
Unuhlntubbph Lunl.nbﬁghw[

m,e,(a )_ Z Uk(cos(ﬁ ) - cos(6?" )’ (3.5.8)

angles

npwnbn’ cos(6’ )———r—

ity

Nwrb-PpEntih wnunbGghwip hptohg ObpYwywgbmd £ i— j—k dnibyni-
tntd i L & wwnndlbpnyg mw;dwﬁwn{nnqwo hwpinOhy pwnwnphsp
Uppga6,) = ZK,,%"(r,k ~r (3.5.9)

yk

Bnpuhnt walywl thnpnfunigintap

Lwiupwl pnpupnl waywb pbGwpynudp, 026Gp, np Ywb 2 inhwh pnpuhnG
woynabtph hwuhwgnipinta® puywywb pnpupnt Ywd wwpquuwtu pnpupn(
(proper dihedral or torsion angle) L Ytnd pnpuhnl (improper dihedral or torsion
angle): Gpynt nGwpentd k| w)t Yuqgqiynd t 4 wuinndlGbpny: bpwywl pnpupnl
woynibp ik W jkn wwniGbpny wwpiwlwynpwsd hwppnipintbibph Yug-
dwé wblynbb £ (inbiu GYwp 3.5.3): BnpuhnG wynuinbGghwip punhwanip nbw-
pnud Ywpbih k Dbnuijgﬁb[ htunlyw) inbupny’

U pinien (@) = Z Z

ijkn  n

) (3.5.10)




Pnnpuhnl waywh totpghw

i " 1 " 1

0 90 180 270 360
¢
LYwp 3.5.3. @npuhn( woywl thnthnjuntpjwl wnunbGghwip:

npuinbn @ -0 pnpuhnG walymbo t, @, 0" hwywuwpwyzhe Yhawynid pnpuhnl
walyntbp, huy 7-p wipnng phy £, npb hptlhg ObpYywjwglnd £ wunuindwb
wnagbLph wwppbpwywinipinap (7 -h pUnipwgnpwywl wpdbipbbnl B0° 1,2,3,
npn2 ntwetpnud Guwl 4), huy U, -0 wnqbLph pwpdpnipintQl t: Swn ntwpb-
pnid @, =0 Ywd 7, htnbwpwnp, (3.5.10) pwlwadlp pannibnud § hunlywy
wnbupp’ (1 + cos(ng — )) = 1-cos(ng): Opwanpuht thwpbpltpmd U, /2 pl-
nniaymd £ npytu K, L hwdwpynud nidwiht hwuwnwunnib:

ZwjinGh £ Gwl Nhywpn-PEESWOR $niLhyghwl, npG ogunwgnpéynid t
hhiGwywOnd wiwbatph hwiwp’

U eo @) =D, Colcos(@))” . ¢ =¢-180° (3.5.11)

n=0
npuntin C,-tpp (Shwynpp” YR.any™) ndughlG hwunwunnibotnl GO L Ywpnn
O OEpYwywgywé (hob], Ywubwynpwwbuy, htwnlywy wpdbpttpny” C, = 9,28,
C, =1216, C,=-13]12, C, =-3,06, C,=2624, C,=-315 (wnbu
GROMACS nidwjhl nwawnp):
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Llwp 3.5.4. Ubné pnpupnh wiljuwl hwulugnipinion:

Ubné pnnpuhnt walyw nbwpenty, nnb bpkGhg OEpYwywglbmd ¢ ik L jkn
hwppnipintbGtph Yuwqiwd waynibp (nbu GYwp 3.5.4), hwiwwwunwujuwb
wnutGghwip Ywntith t GEpluwjwglty htinbyjw) Yepw'

Un G =5 LK G = £, 2312)

Uyl Gnylbwybu GEpluwjwgunid | hwpdnGhy winbupny, npuntin. K, -0 (dhw-
4np0 t y2.0m " .pwn®) nidwiht hwunwnndGl b, huy &, -0 hwywuwpuwlzhe
yhswyntd pnpuhnl wayndGh t:

A

tubpghus

Lluwin 3.5.5. Ywlntpwwiuwo wynuntGghwyh wnbupp:

dwanbnyuwuyuwl wminbaghuy
N3 Jwibbnwywl Juwinbpywwiywd tnluwgnbgniginiip hhdGwlwGnud
wpuwnwgninud £ dnieynyGeph YynGhnpdwghnl Jwppp:
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QUnhwOnpy wrdwdp, Gpynt’ JuibOnwywo Yuwny syuwydwséd wuinndGb-
ph thnjuwgnbignipiub thtpghwo, Ywiudws Gpwbg dhel Bnwéd hbrwynpne-
pintlhg (7). Ywpbh § O6pyupwglt) hbwlywy duny (GYwp 3.5.5): UG nbw-
png, tpp > r,, (r, -0 hwjwuwpwlyzhe dhdwynid wwnndGtph htrwynpni-

pntbG £), wunndGtpp dgnud GO hpwp, huy Bpp r < 7, wwnndbbpp Juoynud G

dhdjwlghg: Onpp htirwynpnigwl nbwpnd Juitnnnupjwl nudp wpnynibp § £-
tEYwinpnGuiht wdwtnph yepwnpdwl (Mwnighh uygpntbpp) L dhondyotnh dhol
gnnénn nudbin thinfuwqnbgnipjwh, huly dgnnnipinuip wwydwbwdnpywé t LnG-
nnlywl Ywd nhuwbpuhnl nidbpny [63]: CGnhwinwwbuy, Juwanbpduwiuulb
thnfuwgnbgnignibp hwdwpynud b Ywpdwannn nid, L hwadwplobph dwdw-
fwy wylb 2w wihqud Yupdmd | (cutoff Ywad truncate $nilyghwl): dmGy-
ghwl henwynpnipinihg Yuudwé winhnhy dednipynil t, U Ywptith £ Gepluw-
gl U, =Y f(r;): Ladwé £ $nilbghwié pwywywhG hwenn dn-
it

wnwpynd § 6-12 Lehwnn-2nGuh [64] bpywwpwdtnpwih dnbyghuynd, npp
Ywntih & bbnuijgﬁb[ htzmbjwl wbupny’

Z~ A4 " (3.5.13)
’3,«
npunbn” 4, L B, éqnqmpjum L ywlnnnipjwl gnpdwlihglbnG 6G: £ dnuly-
ghwjh GtpYuywgdwb dubphg t Gwl 6-exp Rnyhbhtih wnuntOghwip, npl n-
Op htunbyw) inbupp’

A,
=Y ~—L 1B, (3.5.14)
¥,
if
npuntbin 4,, B, C; tdwhphy wwpwdbwnntp &G L dhfuwig htn yuwlwé Go
htunlywy Yepw.
64,
= = (3.5.15)

i
<habwlywbnd gpbpt pninp Spwgpwiht dwpbptbpp wewewnpynud GG 6-
12 L6Gwpn-2n0uh Gud Pnyhbgtdh wnnbGghwibbnp, uwluyb Ywa dh wpp
wnunbOghwiabp, npnp Gnybwbu pwduwywt hwenn dnuwpyned 66 ng Juiba-
wnwywb Jubnbpywwpuwwb gnjuwqnbgnipinibObipp: dpwbp GO°
1. Grwwwnwitunpwiws Unpgbih wnunbbghwip’
f=D1-e "y (3.5.16)
2. Grwwwpwibinpwywd Nhnptpgh wnuntGghwip
f=-D(+ 4;x)e™", x= % -1 (3.5.17)

o

3. anwmwnwdbmnwﬁh nmuhuhbd-unnﬁbnh wnukighwp’
f= -.(A/ +=0)D+B,e (3.5.18)

47



L.r2r,
D= ,
QUM cp

Wuwhuny, ytpp G2dwd wnunbOghwiGbphg 6-exp Pniyhbgtidh wnunb-
ghwip wytlh hpwywo t 4wpwgpnd Jwonbpduwiwwi thnfuwqnbgnipnt-
0p, sOwjwé dhpLOwwywl hwqwnpliwb inbuwbyntbhg 6-12 LeGwnn-2nGuh
wnubkGghwip wybih hwpdwp t L wwhwbenud £ wybih phs dbpthwwywo
dwiwlwly: bpb 6-12 wnwnklghwth nbwpnd f —> o, tpp r -0, www 6-
exp-h nbwpnd f — -0, Gpp r — 0: dbpehlu ng Gh dhghywlwl hdwuwn
snLbp, L 2w nwptnpnud wju wnuinblghwih ogunwgnpdnudp pbpnud § wjbuwh-
up Yhswyltph, Gpp wewowlntd &0 qwwn dnunhy dhpwwnniwywb hwnuibkp’
wyuhlpl tOtpghwih GhGhunwih npnOnudp hpwlwbnd “wdhwaynd £ pbpt-
ind f — —oo: bhwpyt, Jwnth t Gwl dingllbl, wuwbu Ynswd, uwhdwbw-
thwynuitbp (constrains and restrictions) L thnthnjubii wnuntGghwih wnbupp
thnpn r-h nbwpnud:

Uryw Spwanpwiht thwpebplttpp b nidwiht nwawbpp oguwagnpénud GO
hwwnywwtu 6-12 LEOwpn-2nGuh L 6-exp Rniyhbhtidh wnuntlghwiGtpp, n-
pnbp dwiwbwyh pbpwgpntd thnpp hbg Yuwwnwpbiwgnpéyt ta: b nbw, thnpp
hwdwywnpgtph hwiwp Unpgth wnunkbghwip vwihu § wybih jwy GYwpw-
gnnipintl, pwl Pntyhbqbdh Ywa LeGwpn-2nbuh wynunbkGghwiOtpp [65,66):

b 6gunpwununnhly thnfuwqnbignipinta
<wiwdwyl YninGh optiGph, thgpwynpwd dwubhylbbph Ywd fudptph
dhol gnpénn nudp hwywuwin t°
F(ry)<qq,!r; (3.5.19)
npunkin g, L g;-0 i L j wwndh EdEYwnhy thgetinh &G, huy r;-0" Gpwbg dhol
htrwynpnipntGp: Nudp npwywa £, L Gpyne Swubhybbpp ppwp dgnid GO, bpb
060G hwywewy thgetp, L pwgwuwlyw £, nu dwubhybtpp hpwphg Jubynid

G0, Gpp dwubhyobpp NMGEG GnyGwlndh |hgpbn: Ynynbh Ywd talunpwunw-
wnhy wnuintaghwip nibh hEunlyw; wnbupp’

Uel = ZKeI gl_qi
i

&y

npuinkn £-p dhowdwinph nhtiGyuphy hwunweneGo t, huy K, -0 hwuwnw-
wnnth 0ESnynLG £ (YYwi/dng swhnnwywbnigywdp): b vwppbpnpin Jwo-
nepywwiuwbh, YnnGut wnuntighwip dwubhylbph dhol nwd htrwyn-
pnipjwl dESwgiwl htun Gwqgnid § nwbnwn, hash wwwndweny funphntpn sh
wnpynid oquwignndty] cutoff Yuwd truncate pnillyghwl: EEYupwutnwnhy wn-
inthghwih nGwpnid ogunwgnpéynid 6O tJwinh (Ewald method) [67] L MUE
(PME - Particle Mesh Ewald) [68] dnunbgnidGtpp, npnOg Yuwbpwnwnrlwbp
uunnple:

(3.5.20)

48



Ahtihunnhy pwdhwogbihniginbp GepYwywgynud t 2 dlny: UikGwwwng
dnunwynpnipinibp GGpwnpnud b &(r) =7 Ywd &(r) = Dr, npntin D -0 hwu-
nwunntd deénginuh £ Wu dnunwdnprupintbp oqunwgnpéynid tp wewsehG
utintnh ntdwhG nwawntiph kg, npuntn gph (Ywd nplt wyy (ntéhsh) dngyney-
0bpp ObpYwjwgdnid thG ng whGhwyin inbupny: Uintu dnunbgiwh ppowGwy-
GGpnud nhkiEynphy pwdhwbgtihnipinibp OtpYwjwgynid £ heinlyw) duny’

£(r) = De* (3.5.21)
hGswbu Lwb
e(r)=(D, +D,) (1 +de *®*Pry_ D (3.5.22)

npuinbin D, -0 oph pwihwigtihniginaa , D,, k-0 wwpwdbwpbp 66, huy
d -0° hwuwnwuinnil deénupynul:

*unpowl* L FJuynh plnhwinwgyws dninkgmdobng

Uunnpl Ypllwnytbp uinbpquuwywt L tGYunpuwunwnhy wnunko-
ghwGbph hwzydwh bpyne dninbignidGbipp: Ywpbnp £ G5, np h wwpptipni-
RINLG “Yupdwl” dbpnnh, twinh dkpnnp pwywlywh dké Sunipudp pnyl b
nwhu hwpdby htirwgnnn flYwpwunwnhy wnnbOghwp, dhasnte Jub-
nEpduwiuwl nfuwgntgnipinibbph nbwpentd, hwyyh weGkiny Jtpehblt-
phu Yupswannn pinypp, dbptlwjwlwi dwiwiwyh ubwnnnipgjwl hwdwp
wybh owwwnwlwbwndwp £ oguyty “Yupiwl” dtpnnhg:

Aninipgnth mbbG “Yupdwl” dh pwlh dnuinbgnuiGtp: Gpt dnuGyghwh
Ywpnud GGp r = a npnawlh Yeuinhg uluws, nw Yngynid & wwpqugniyl Yunp-
dwl dnuntignud L uyuwd r >a Yewhg $niblyghwih wpdtipp hwywuwnbg-
Unud £ qpngh: Upnwu dninbigdwl nbwpnd depgdnid £ a-hg b hwunywé
(a<b), L Pnilyghwl wwn uwhnil Yepwnd ufuwé r = a-hg Owgmi t L
hwjwuwpynud t 0-h r=»b Ybwhg: Uu dnunbigniip hwynGh t npuwbu
switching cutoff L ntGh jwjb BhpwenieyniG:

Ujdd nhuinwinytlp Yupdwl defuwbhqip $nibyghnbwy inbuwalyniohg: Go-
pwnptGp, nGtGp prnblghw, npp GEpwend b Jwinbpquwiywi b kkyun-
Pwuwnwinhy pwnwnphsGpp®

Uow = 2Tt (r)Us +U,,) (3.5.22)
U

npuntn T, (7;)-0 GEpYwywgynid t npubu thnfuwytpwnn nuayghu:
Mwpquagnyl Yupdwl nbwpentd, Gpp wnunbGghwip Yupynd t r > ayb-

tnhg, thnfuwybinughs $nLbyghwl Ghiplugwgyntd b hbwnlywy Yepw

L.r<a
T = 3.5.23
“ 10..r2a ( )

Uwinpdwl gintu dninbgdwt nbwpnid thnfuwytinwhs $niyghwt unwanid
t hbunlyw; wbupp'
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1;..r<a

r2 —q? 2 vt g’
T, =< 1+[b2 —az) (2(b2 _az)—3);...a3rsb (3.5.23)

LO;’"" >b

Uythuyun £, np 7, dnbyghwt hwdwuwnp t 1, Gpp 7 =a, L dnGnunb Gw-
qtiiny’ hwywuwpynud t 0, Gpp 7 -p unwGnud t & wndtipp:

Nuppbpuwlywl pooh quinuihwnp

hOswbu wpnkl 026 Bop, FiEYunpwuwnwwnhly Foepghwih hwydwb Equwnh
dnuntignuip Yppwetih t wwppbpwywb Gqpuht uwd uwhdwbwiht wuwydw-
Gbph0 pwywpwpnn hwiwywnpgtph hwdwnp: NpnGp 6O Gapuwiht ww)dwGbtpp
L hOg t Gawbwyntd wwpptpwywaniggnil: Mwppbpwywl wuwydwootn wub-
(nd hwuljwgynid t wyl, np nwuntdGwuhpdnn hwdwywpgn nbnwynpywoé t
dhwynp (Lwppwlwa) peoh dke, L Grwswih tnwpwontpiwh dke Ghpwnpyntd
£ GdwOwwhy shwynpibph Ypylbophbwytbph gnyniginibp: Npwtugh wytih
hunwy wwwnytpwgnud Ywqiklp wwppbpwywbnipjwt dwuhl, ufutdwunh-
ynpblG nhunwpybop wis Gpbswdh twpwéenpjwb dte: LYywn 3.5.6-nLd WYwwn-
yspqws t L swihwh wnwppwywb pohop tipYswih tnwpwénipjwl dte hp
YpyanipniGatpny: Grwswih hwiwywngbpp nhunwpytihu pbwnpynud © dpw-
gnp Ywd wnwppwlwl pehe (nbu Qinttu 1, wrynwuwy 1.1.1), npp phnipw-
gnynui t a,b,c swhkpny L Gpwag dhel Yuwqidws woynibbepny (e, B, 1 ):

LOQOOOQ
@ O|® O|® O

O qlr® o0 ©0
@ O% Ol® O
Ool Oof| ©0
® Ole o|le® ©

Lluwp 3.5.6. Mwppbpwywl Ywenigquép bplyswh tnwpwénipjwb dtig
tphwynp pehe L wphGunnwywb Ypybophtwy shwynpltp:
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MGwnp ¢ Gz6], np hwdwnliwl dwiwbwy gpuGgyntd 66 dhwys twppw-
Ywl poontd qunbynn dwubhylbph YnnpnhGwwnlbpp, L wt dwdwbwy, bpp
dwulhyp nhGwdhy wpddwl hbinbwbpny hwwnmd b uwhdwbp L gngpu
quihu Ghwynp poohg, wwnpbpwiwimpul wwdwoh hwiwduyl' wy
huyuinGynid t dhllnyG peoh tbe. wjuwhuny, hwaywpyh pGpwgpntd Swulhy-
Gtph phyp sh thnthnfuynid: UEGuwpwbwywo hwiwhwpgbph nuunuiGwuppnt-
pjwl dwiwbwy shwynnp pohop pGwnnynud t hGwpwynph sunh 666, npwtiugh
Yuptith |hGh juntuwiht) uwhdwbwh Ywd Bgpuuht wwydwGobph hbun Ywwg-
Yuwé pwpnnipntbltinhg: <wpy t Gwl 625], np wwpptpwlwo wwpdwoh nbw-
el “Yuapdwl” wrwyhnp unynpwpwn swtinp t gbpwquigh dhwynp pegh
You swihp (L4 ):

hOswtu hwinbh t, ponhwnip nbwpnid N dwulbhyltinhg L hwdwww-
nwuuwlwpwn r; nhpenid g, b g, thgebphg pwnwgwsé L dhwynp pogh,
dwulpyotph thnfuwgnbgnipiwi tOspghw nuih htnlywy neupp

N N (L=0,i=j) a.
v=—11 24, (3.5.24)

dre 235 o1 lr,.j +nL|
npwbn” r; =r —r;,, bn=(nL, nL nL)-ppogh hlntpu ytywnpl t Grw-

swih nhunwpydwl dwdwbwy, huy Bplswh wwppbpwywinppwo ntwpntd
n=(nL ,n,L 0): <wquwpydwl wyu dbp hupnth £ npubu gniswpdwb ne-

X

nhn dtpnn (Direct Sum method), npp hwiwlwnpgswiht hwwpyiwh wnb-
uwaynibhg pwjwwbht wuwwnwwnwp t. Ywpbih £ wubg, np 666 hwiw-
Ywngbip nhunwpybihu hGnbgpdwh jnupwpwlgnp puynid tobpghwih hup-
Junyp wypwywnhynpbls wohbwnp §:

Udd yepwnwelbwip tuynh dninbgdwlp [67), npp Owjuwunbugwé ¢
wwppbpwywl hwiwywpgbph bYunpwunwemhy mdbph hwyunplyiwt hw-
dwp: LzEGR, np wjb werwoht whqwy unwgyt) t tdwinh Ynnihg, L tnupnilp
Ywjwnid t opwGnud, np gnudwpp ybpwéynid £ 2° heewgnnn L upswagnnn
pwnwnphgbtiph:

1 N N 1 N N _
U==22244, f(r)+—ZZZq.-q,-l-——firl (3.5.25)
? ij oL L ? i j oL er )

., .
Ywpaugnnn htnwannn
wjuh(pl’ %-n OEpYwjwgynid t hbwnlywy Yepw'
1_Jf()_1-f(n) (3.5.26)
r r r

S(r) Inillghuyh &haun plunpnipiniGhg b Ywiudws dtpnnh tdEYwnhynipint-
Op: dnulyghwl, hhwpyt, wbunp b pwdwpwnh hbuinbjw wwydwGaspha
*  f(r)-0,tpp r-p daéwanmd b (Yunpdwagnnn dwu)

= (I=7()/r Iniphbh dhwipntunipinip wting £ hoh hwzqunytith L
wtwnp t 1hGh epowynp, bpp r = o (htirwgnnn dwu):
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Gnwswih nhinwpyiwl nbwpnd () Quanml} t htwnlywy Yepw®
f(r)=erfe(ar) =1-erf(ar) = — j e dx (3.5.27)

npwnbn” erfc-p L erf -p, hwdwmwmwuruwuwpwn, yndwtotaunwp L Qwni-
Wwwh uuwywbph $nibyghwlbpl 6G';

Lbpywjwgywd dnibyghwtbpp pwywnwpnud 66 ybpp G24wéd wwyiwait-
nho’

—a?

f(r) = erfe(ar) = j;w. r—

‘{ () o j% (3.5.28)

Wdd dwlpwiwultbp wnwnbkGghw) tObpghwh pwnwnphsbpp: CGnhw-
Gnun ntiwemd tquwinh pwlbwdbp pnnuanid £ hBwnbyw| intupp’
U=Ud,., +U,+U,, +U,

erfc(ar, L)
= ZZZ 94, r

i=l j=1 4/ L

"ﬂ‘ 2L3 Z -zzquqfe "

self J_ Z ql

27
U, = W(Zq, ) (3.5.29)

nptin @ wwpwdtupp ponipwgnpnud t minnuiyh (U, ~direct) L hwwnwpd
(U.,. -reciprocal) gnidwpiw0 hwpwpbpwywo Yohep: U, -0 ubthwwG taGp-
ghw( t, huy U, -0° nhwnywi ninnnudp, npp 2wwin nbwpbpnid hwiwpnd 66 0
(dwybpbuwghG (hgptipp wphwdwphyntd GG): Qnpdlwlwl  julnhpabpned
Quniywl a wwpwibwnpp pbnpdnud £ 10/ L Yupgh (hpwlwl pooh L-p
dnunwynpwwtu dhosl 100 - 1504° Ywpgh t), hbunbwpwp, a+0.1 Yupgh t:
Pwgh tipp G2qwéd tqunh pwliwdlbhg, wewownyyby G0 Gwb dh wnp wj
dtpnnltip, npnGg hhipnud pGyws £ Eqwinh dnunbignudp: Ypwbg 2wppnid
ptplu  witbwunwpwéwslbphg GG “Uwubhybtph gwlguyht® - MUE
(particle-mesh PME dwulhy-gwlg) dtpnnp, npl wewowpydtb ¢ Nwpnbih

' erf(x) OQwnywlt ujwh Prlbhghwl Gbphugugymd t hbwnlgwy Yepw® (Yepwobiny 2wnph)

x 7
erf(x)=l—erfC(x)=72;— oje"df=72;-( —"? %%‘%J‘T‘“)



ynnihg, htgwbu Gwb “Uwubhybtph hwpp guwGguht” - UnuUt (Smooth PME)
[69] dtipNNnp:
<hpwy wignphpiltipp, npnGp MGkG N -log(N) ~ N Ywng, pwydwlwbhb

wpwg 60 hwadwplotpnd, b wnwpptpnipint Ejwinh wignphpdh, npp N?
ywpgh £ L oguwgnpéynud | hwnlwubu d6é hwdiwlwngbph abwpnd:
Onpp hwiwywnpgbph nbwpentd Eduinh dninkgnidp wwwhnyntd t oGS unne-
pintl: Ladwé wignphpaltph dwOpwdwul hwitiwwnipnp penywé t [70]
wfuwinwGpntd:

Wuwhund, nhunwpltghtp wnunbOghwy tGspghwh  punuwnphsltpp L
pGlwpytghlp npwlg hwdwnyiwb dnuntignuibtpp:

h°0s t hpkOhg Gbpluyglnud nudwhl nwawnn: Miduyhl nuipunp wnunkiG-
ghwy tGtpghugh punwnphsGeph pwqiwdnibyghnbw wnnuhwiinnieinlad t,
otpweynn wwpwdtwpbph (K72, 77, Ky Ays Byse g - ) PUIQENLRINOD:

Npwbiu Yuana, nidwihG quiaunbph wwpwabGunpbpp npnyntd GG thnpdlw-
Ywh dkpnnltpny L pwbunwdbuwGhlubuwa hwyqwnpyltph dhongny: «Ud-
pnouwiywl winndwlywby» (all-atom) mdughl nwainp Gepwenud £ hp dag hw-
dwlhwnpgh nupwpwlgnip wiwnndp Glwnwgpnn pninp wwnwdabwnepp, dhig-
nbr «ihwgywy wunndwywb» (united atom) nidughl nuwwnp utpYuywglnud £
opwéOh L woéhuwéth wwnndbbpp’ npwtu dbphy L dbphitOwhlh dhwgywy
fudptin (npwtu dhwgjwi thnfuwgnnn ghwynp-wuwnnd): Mbwnp b 024, np nidw-
10 nuwzuinh wwnwdibwptph pwadnieinip Gbpwrendd t 0wl wwnndh nkuwyp:

Uwnnpl: Gbpluywgltiap dh pwnp hwnbh nedughl nwpwnbn:

AMBER (Assisted Mode!l Building and Energy Refinement) [71,72] — wyu
nidwht nuzunp wwwnpwunyws b hhibwywbnid uwhwnwymgltiph, wnihuw-
juwnhnbtiph L GriyhGwihh ppnibtph hwdwp: Wo npng ybnpwwwhniibbnny
tupnn b oguwgnpéyti Gwl wnihdtpGbph W thnpp dniEymughl dhwgnt-
pINLGOGRh dnnbpwynpdwl hwdwp: Gnegnil mbbl Gwl AMBER niduihl
nwzwnh Sh wpp wy dnphdhywghwitn: AMBER-h Gwhubwywb nwppbpwlyp,
npp Guiuwwntuynid tn «dhwgpul wanndwywls ntdwihG nuzwinh hwdwp, hb-
nwguintd thnfudtg «wdpniowlul wunndwluws-h: AMBER-h wunwunb-
uwybbphg &0°

« AMBER 2

s AMBER3

« AMBER for saccharides
= AMBER 94

« AMBER 96

CHARMM (Chemistry at Harvard Macromolecular Mechanics) [73] — nwp-
np Gpwiyty t <wpdwpnh hwdwiuwpwand: UG yuwwnwpbiwgnpaybi t ykh-

uwpwOwyws dwypninitynibbph L dinep ShwgnipintbGbph hwdwp: Uu ni-
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duyhG nwywnp ogunwgnpéynd | NAMD hwjuinGh dpwgpwiht thwptipnid, his-
wbiu Gwl Ony0 wOntbp Ypnn CHARMM [74] dpwapwihl thwpbpnid: Uu ni-
duyhU nwwnh htinhbwybbpp wwppbpwpwp pwpdwglbnud 60wy’ wdbiwglt-
iny4 Jud thnhnfubiny npnp wwpwdbupbp (Gepyw wvwwppbpwyla | CHARMM
all27).

GROMOS (GROningen MOlecular Simulation package) nidwihlG nuunp
[75,76] dwyybt t GpnGhlgtOh hwiwjuwpwbnd b Onybwbu Gwiwunbuwé
b ybhuwpwbwywb dwypninityni Gbph dnnbiwynpdwb hwdwp: Yo, hbswbu
U CHARMM nidwihG nuizunp, pwduiywb hweonn b wztuwunnid thwhnwyhb dn-
1GYny GEph hwdwin: Wu nidwjhl nwzunp Gepweywéd | GROMACS [4,5] 6pwg-
nwjhlG thwpbph dbg:

OPLS (Optimized Potentials for Liquid Simulations) [77,78] niduyhl nuwip-
wnp AMBER nwunh Odwlwwhw0 t L oquwgnpdynid £ uwyhuinwynigltiph
hwdwp:

MM2 / MM3 / MM4 - nidwjhlG nwawnbph wyu nuup Gawldtp § LRPowG
UihGotph Ynndhg [79-82] L ulyqpbwlwh 2powlnud Gwuwwnbuwé tp wéluw-
opwshwihb L Ywps opquibwywl dnityny Gbph Yntdnpdwghnt wlwihgh hw-
dwp: Wo hwdwpynid £ nbhdbpuwy gnpéhp gwépwianiblyniuwght dhwgnt-
pINLGOGPH nuuntdbwuhpnpjwl hwdwn:

Pwgh Gwéltphg, Ywo pwqiwphy wyp nidwhG nwwnbp, npnbp dwu-
Gwghwnwgywd 6O wyu Ywd wyt inhwh dniynwiht hwdwywpgbph hwiwp b
wrwownpynd &0 (nuddwb wnwpptp dnuinbgnuibbp: Canhwbpwglbing” whunp
t wubbp, np anmpnil snbh «ntbhybpuwg nidwhG nwiun», vwywyt Ywfu-
qwé nwnuibwuhpynn  hwiwlwpgh  jnipuhwinynipinibbtphg L fulnph
npdwdphg” Yuptih  pbupk) hwiwwwuwnwupuwb nidwihb nwzup, npb wew-
ytjwgnybu Yohwpwgph nduy hwiwlwngp: Ywubwynpwwby, |hwhnwih
Gpy2tpunbph L YhEhuwpwlwywt pwnwipltbnph niuntdbwuhpnipjwl hwdwp
Gwhupbwpbih b «wdpnnowlyuwt wunniwywby CHARMM Juwd «dhwgjw) wunn-
dwywlb» GROMOS nidwihl nwwnp, huy YuG-h unibynGEpp pwywywbha
hweonn dnuwpyntd 56 AMBER Yuwid CHARMM thwpbplbpp:

Snh dnnbip

hOswbu huyinGh t, onipp hwiwpynid b yehnwbh Swunbphwih waklw-
Yuplnp uniputnwibigp, npt welw t pninp YEGuwpwbwywt hwdwywngbpnud:
Uthuwpwiwywl hwdwlwpgbph dnnblwynpdwl wewehl puip Ghpwnpntd
t, pbiplw, onph wwpqugnyb dniYnith dnnbith Yud nidwhG nwawnh unbnént-
dp: ph dniGynih dnnbiwynpiwG wewehl thnpdbnp gnpwlgyby Gl nbinbku
1933p.-hb REpGGLH L dnnytiph Ynndhg [83], nphG hwenpnti GG Unbunb Ywn-
(b L dnGyniwiht nhowdhywih depnnatpny hwiwlwngsuwghtG dnnbiGeph
uintinénudp [84,85]:
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Qnh witbwwwnq dnnbiip GEpYuywglnud £ oph dnjbYnip Ynawn Yuuwt-
npnd, nph hhdpnid pOywé GO Ghwyl, wuwbu Ynsgwé, suwywsd thnfuwqnb-
gnipintGltipp: thunwipytbp oph dnibunth wnunbGghwy taepghwG’ hwadh we-
Geiny Gpw tEYupwunnwnhy’ YUngnjwt dwup b uinGpyuwiuws’ Le-
Gwpn-2nbuh wnuinbbghwiny GYwpwgpynn dwup *

v= Y k2, ¥ [-ﬁ;ﬁ»%] (3.5.30)
(k,/)=(0,0)

(i</)=(0,0), a; T  Tu
(OH)(H.H)

SPC TIP3P [TIPS[87] | SPC/E  [thnpdl.

1.0 0.9572 0.9572 1.0 0.9572
Yor»(A°)
a (o) 109.47 104.52 104.52 109.47 104.52
LHOH *
4o ( e) -0.8476 -0.834 -0.8 -0.8776 -
k]
9, ( e) 0.4238 0.417 04 0.4238 -
’
Bx10-3’(kcal.A012 /mol) 629.4 582 580 6294 -
A ( keal - Ao6 / mo l) 625.5 595 525 625.5 -
bl

Uryniuwy 3.5.3 2nh dnntifp L wwnpwdtnpbpp
wnwpptp nidwihb nuizwnbph hwdwp;

Uwnnpl GepYugwgamd BGp oph dnjbynegh dnnbip L Gpw nudughbG nwiunh
Wwnwadtunpbpp (wynuwy 3.5.3)° ogunybiny tnwipptip nudwihl nwawnbph wy-
gnphpdltphg: Uyniuwynud hwdbdwunnugyut hwdwp wnpdwé 50 Gwl thnpd-
fwywts swiwwwphny unwgyws wpnintGplbbpp: Unynuuwynid Gbpluwg-
jwd 60 dhuyl (uyt tnwpwoénd quwd oph dnnbibtipp, shbsnbr plnhwOmp
wrdwdp huywnGh t oph dnibynith dnuin 46 dnnky [86] Lbtipjuwjwgywélbphg
qwuw, huynth 60 OGwl oph, wuwbu Ynsjwd, pwrwdwulhy (4-site)
(TIP4P[87], COS/G3[88], GCPM[89], SWFLEX-AI[90]) L hGgudiwulbhy (5-site)
(TIP5P[87], ST2[91), POL5/TZ[92]) dnnk}0tpp: GROMACS L NAMD Snwgpuw-
Jho  Ghwpbpltpnd  hhibwywOnd  oquwgnpéymd &G 9ph  TIP3P[87],

SPC[93,94] L SPC/E[95,96) dnnb|Utpp:
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3.6 Nwuwlwh hwiwywpgtiph yhiwywgpwuwh wiuwip0tp

LOpwnnEGp, nunuitwuppynn hwiwywngp pwnyugwsé t m quiqywoé
ntibgnn N wuwnnidltiphg, npnbp dhdubg htwn thnfuwgnnud B0 hwiwdw)l

Udr.p) wnuinblghwih: U nbwpentd hwdwlwpgh (nhy totnghwt Ywptih £
OEpYwjwglt) hbnlywy Yepw'

H({n,pi})=z|—%+U({r;}) (3.6.1)

npunbn A -p <wohpunuwaG t, p; = mv,-0 i-pp wuinndh hiwnyub £ {dwyw-
uwniwl wewehl pwnwnphsp hptGhg GEpYujwgbnid ¢ wuwnnibtph yhbswnhy
tGbpghw(, huy Gpuypnpnp’ hwdwywpgh wnuntoghw otnghwo: Muuwywl
dnuinbgiwl ppowlwyitpnd hwiwywngh Yyhswyp nguw) wwhhl plnipw-
gnpynud t wwnndbeph ynnpnhbwunGtinpny L awpdiwl UniGOwnGtpny, npp un-
dnpwpwp woywanid 60 dagpnypdwly Grwsunh tnwpwénipiwlb dte hwdw-
Yupgp Ghwpwgpym £ 6N thnthnfuwlywGGtpny, npnbp woywbynid 6O -
Juyht tnwipwonipint .

Unnblwynpiwl nwuwlwi depnnh inbuwywt hhdpp Pnigdwh opkGpl t,
npp nwuwlwt yhdwlwgpwywh dkuwbhywh hhdGwpwn optlpGtphg vLYa
. T obpdwuinhswanud 9bpdwht hwywuwnpuwlzenipjul dbg gunGynn hwdw-
ywngh f£{r, p, ) unpjut pwziudwt dnilyghwt Ghwpwagpyntd t htnbywy
bepwy’

_Hdn.pD

fdr.pp= %e id (3.6.2)

npuinbn Z -p hwiwywngh Jhdwywgpwywl gnudwnt §, H-p° {wihwnnbjw-
Gp, huy &, -0" Pnigdwlh hwuwnwuinnibp:

Jhswywgnpwywt tkuwthywih Ywplbnp hwubugnipiniabtiphg t 0wl hw-
dwywnah Ypswlwgpwlywl wovwdpyn: Sopwnptlp, np nlbtbp dh hwdw-
ywpg pwnywgwé N wwndlbphg L tnwpwénipjwb dte 0t6 pwlwynLpjwip
GdwOwwnhw Ynpybophbwytphg, npnp pantpwgnpynid G0 Gnyld <wdhiunnljw-
Uny H{r,,p,}: Ubuwdpy Yngynud t wyn Ynybophbwybtph pwadnipynibp Yud
6N wnwnpwéwywh thninud pninp dwubhyGeph wipnnenipnibp:

Uniynuywght nhtwishy hewnwgnunignibltinh hhdGwywa Owwuwwyl t
unwlwy nwnuiGwuppynn  hwiwywpgh  hwdwuwpwyzedws  Yhdwyobph
pbninnhGwihy pGnipwgptnt nL hwwnynipynibGlpp: Pnigdwlh opblpp Ry t
nwipu hwdwywpgh dwypn wwpwitnpbpp wpnwhwunt dhypnuynuhy
$nilyghwlbph oglnipjwdp: GUpwnpttp, np nipdwé Yhiwhwagpwlwlh wh-
uwdpinud nkbp M dhypn wwpwdbwptbp, npnGp dwiwbwlyhg Yuhujwé
thnthnfuynud 6O M (¢) ophbwswihnipjwip: Wn wwpwdbunph dwiwbwyuyhl
dheohGwgniihg yunwbwbp’
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S RN N N R e

> (3.6.3)

ensemble

<M, >=limt [M@©ar=<m
a0 z— b

npp G24dwé thnthnjuwywbh ppdnnhbwdhy dEénueinLlh t:

Uyagplbwywl 2powlnd” dnjtYnijwihb nhGwdhyugh dspnnny niuntdGuwuh-
prpyntbGEph dwdwbwly, npwbu wluwdpp pGunpdnid tp, wuwbu Ynsgwd,
ShynpnlwlnGhy (N,V, E) wluwdpip, npuintin hwdwlwnpgh dwubhyltph ph-
dp, dwywip L tGepghwl plUnnGynud the hwuwnwunnia: Uu whuwdpnid,
panhwnip taGpghwh wwhwwbdwb wuydwGaEpnd, Yupnn t wnbnh nubbowy
wnuntbghwy tabpghwih wagnidp Yyhtbwnhyh L hwlwewyp: Uu wnhuwh dhynn-
Yuwinbhy wluwdpinud popwgnn wpngbuGbpp nuabl wnhwpwnhYy pinyp, bGpp
hwiwlwnpgh pninp hGwpwynp yhdwllbpp nubka dhubnyl taepghwl: @nn
np Q-0 hwdwlwnpgh dhynpnyhdwybtph phyt t (wyo Ynsynid £ Gwbl yhdwyh
pUnipwgnpwywt nibyghw), win nbwpnid hwdwbwyuwingentGh wit pwh,

np hwiwlwpgp Yawnbyh yhswybtphg dkynud hwywuwp t -g%:

LUnpdwy Yuonbhy Ywd wwpquwbu Ywonthy N,V,T wluwdpip, npp
GYywpwgnyntd t hwdwywngh dhypnuynwhy yhswybtph hwywbwywonipjwl
pw2funiiny, hpwnpnd £, np Swubhyobph phyp, hwiwywpgh dwywip L
obndwuwnh8wbp whing t |h060 hwuwnwwnnil, huy tannptpdpy L tYgnptpdhy
wnngtiubtph pbpwgpnid Yiwbynn L waownynn toEpghwl whinp t Yndwko-
uwgyh ptipdnuunwunh oglnipjwdp: Swpptp Spwapwihl thwpbpGtpntd wew-
ownyynud 6O phpdnunnwwnh tnwppbip dnunbgnuibtp, npnbghg wdbGwunw-
pwéywoéltpp REpGOnutoh [98] L LwhdlbG-nhGwihywh [99] dnunkignudbtnh
GO0:

hanptipd-hgnpwnp N,P,T wluwdpnd pbpdnuunwinnh hbuin qniquihtie
dungynid t Gwb pwpnunnwwnh gunwdwpp: Uu nbwpnid, unynpwpwp, og-
tnwagnpoynid t Ywd REptGnukGh dEpnnh ypw hhitywéd dnunbgnidp [98], Ywd
Lnqgt-<niybiph [103,104] wignphpup:

Qpwln Ywonbhy Ywd dwypnywlnthy wGuwdpip Gopwnpnud t, np hw-
dwywpgh dwywyp, stpiwunhiwip L phdhwlws () wynunkOoghwin d0nd
G0 hwuunwunna™ hbwpwynpnipintt wnwind, np dwubhytbph phdp thnginju-
yh: Uu nbwpnid phdhwlwl gz wnunblghwip pnipwgpnid £ dwubhybbph
pyh dintyunnuwghwl, wybwbu, haswbu Yubnbhly wbhuwdpnd gpdwuunhiw-
Op” tubpghuwh $intyuinuughwo:

hantOpwiwhly-hgnpwin N, P, H wluwdplp Gopwnpnid t, np dwulbhybbph
phup, &4znuip L tOpwiwhwh (H = E; + PV) d0nud &G hwuwnwwnla [100]:
Wu dnuinbgnudp wewgwnpnid £ dh 0np wwpwdbun, npa weGsgned £ huwdw-
Ywpgh swywih gnthnfunipjwl hun:

Undnpwpwp, NVE L NPH wluwdplGtph dnunbgnudGbpp Owwunwiyw-
hwpdwp st oguwgnnpét) hwiwywngp hwywuwpwyrnigjwl ptpbint hw-
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dwp, huy NVT -0 hwpdwn t, piply, Ghuyb tnwppbp ynudpnpiwghnt (Ynbdh-
gnipwghn) dnnbp unwGuwine hwdwp:

Uunple Swipwidwul GepYupughtGp pwpnunwwnh b pepdnuinwnh pb-
nntaywd dh pwlh dnintgnuibbn:

PEnbanubth pbpdnuwnunn
Lbplyuywgltp REptlnubh depnnh Ypw hhiGywd ptpdnunnwinp L pw-
pnuunwwnp: Unjbyntughl nhowdhyugh dbpnnnul gtipdwuwinhdwbp duingynid £
npuwibu hwiwywngnid wuinndGiph (Jwubhyotph) yhGhwhy tobpghwih swidp
GYwpwgpnn thehG dténieinl: <wdwywngh Yhltuinhy toGpghwl Yupbith &
abpYwwglt) hswnbjw) pwiwdlny’
N

Sy
E,=—= 364
T (3.6.4)

npntn m-p wwnth quigqywéh t, v-0° wpwagnieiniap, huy N -p° 1phy w-
wndGtph phup: Ujniu Ynndhg, hwywnbh t, np hwdwywngh Yhibunhy tokp-
ghw( gtptwunh8wh hin Yuwywé t hbinlywy wrbsnLpjwip’

E, = -32-1«87 (3.6.5)

npuntin k, -0 Pnigdwlh hwunwnnao g (3.6.4) L (3.6.5) hwywuwnniiGtiphg
unwbnud bap’

N
2my,
T =2 (3.6.6)
3Nk,
Wanihtiuinl, ShohlGwglbiny puwn dwiwbwyh, YuunwGwbp
— 1 N
T= Zdt 3.6.7
T jva (36.7)

RtnpinnhGwdhy hwywuwpwyzenipjwi nbwpnid Eopwnpynid £, np hw-
dwlwingh dheht ghipdwunhfwlp L phpdnunwnh otipdwuwnhswlp whwnp t
thO6L hwywuwn: Ungnpwpwp, hwywuwpuwlyzhe yhswynid ponmbynid t, np
hwswlwpgh tobpghwa Ywpnn & phy wybith gwop |huti ptpdnuunwinh tOGp-
ghwjhg:

Ujd§ wightiop phpdnuunwnh’ RhptinutGh dnnbih pGhwnydwop: Uu dn-
nGip hhiGywé t ng gowiht 2thdwl pwnwnphsh Gepdniddwl dpw (pwhidw
nhGwdhyuwsh dnnb)): <wdwywnpgh hwiwp dwngynid b 2hdwl qunuwithwi.
ahdwl nudp GpYuywgynid t hnbywy Yepwy® Fp =myv,;, npuntn ¥, gnNpow-

Yhgp pGUwpYms ¢ wybwbu, np 2hnip wwwhndh hwiwywngh tokpghwih
thnthnfuntpntop hbunbywy optilpny’
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dE 13 ‘
— =—=Nk,T, —E, 3.6.8
a 2 ( )
npunbn E -0 dtynuwgwéd hwdwlwpgh tepghw £, 7-6° obpduyhl nbatp-

yniwph htun thnjuwgntgnipiwl ptnipwgnuiywl dwdwbwyp, 7 -0 rtqtn-
N

ynuwph etipdwuwnhswib §, huy E, = Zm,,v,f -0 hwiwlwpgh Yhotuwnhy tatp-
n=l

ghwb: {ewnbwpwp, 2wpdiwl hwjwuwpnip (LwodlbOwo hwywuwpniip)
yntbtbw hbwnlywy inbiupp’

my,=F-F +A()=F-myy, + A() (3.6.9)
npuntin wybjwgywé pwnwnphstbpb 60° F, = myv, 2thdwd (friction) ndp L
A, () Qwniujwl unnfuwuwnhy thnthnfuwywop Ywd «wnonyh» nudp (“noise”
or “white noise"” function), npp pwywpwpnd § hbonlywy  wuydwbhG’

<A4,(1)>= 0; ) .
<V, (A (t+7)>=0,r>0]" huly ynpbjwghw

< A, (At +1)>=2my k,T,6(r): Uu hwjwuwpnuip GEpYuywghnd t dwu-
ohybtph wwppbnwywl pwziudwb tnbunigyniln, pwiunidttp, npnbg wpnynto-
pnud dlwnpynid b hnbwiwywt quq” 7, etpdwunhswbnd:

Ptpywd gnpéwyhglbpp Yud Quntywl pwfundp npnadnid B0 pney-
wntwghnt-nhuhwywuwnhy pbnptdh [101,102] hhdwh Ypw, tpp tObpghwh pw-
(wouh wwhwwbdwl wwidwabbpnid taepghwih hGwpwdnp gndinfunipinop
wuydwowynpynud b wsh ntwpnd wwunwhwywh pincyunnuwnhy pinyph
ndbpny, huly Oqwqiwld nbwpnd” wipbunpwipwht dhnudbtipny: Ogunw-
gnpdtiny ybpp Goywéd hwywuwnpnuibbpp” ¢hnpdbbp unwGuwy gpdwunhiw-
Gp GYwpwgpnn hwywuwpnop: AEpswunhiwih dwiwbwywhl Yuiugwéni-
RINLGD Ywnbih t uinwbwy 1phy uhﬁbmhu koBpghwih wowogyuihg'

3N 1
iE, Z<(2 my; (t+At) ——m,v, (1)}

—k = Jjm =
dt Ar—0
k3

Z; <( (t+ A~V (t)))

= lim 2= -

Onthnfutiiny wpwgnipjwl wpunwhwjnnpntop” Yuunwiowbp®
(2t + A = v2() = (¢ + AN =V, (D) +2v, (¢ + B, () ~ V2 (1) =
= AV? + 2(v,(0) + v, ()AL v, (£) = 27 (8) = AV} + 2v,(1)v, (1) At
wjtnthbiink, ntnwnptiiny (3.6.10) pwliwdlh o9, Yuinwlwbp'

(3.6.10)

(3.6.11)
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N

<(AV,~2 +2v, (v, (1)Ar )) IN

ddli _BE}) u=l v =§%m{ﬁg})<m’- J+Zm <v,(tWw,(t) >
(3.6.12)
<wdwdwyh (3.6.9) hwywuwpiwa’
t+AL 1+At
v.(t+ A v (t) = Av, = _[ v.(¢)dt = — _[[F(t) myv,(t)+ At
(3.6.13)
huy §jnw pwnwnphsp
1+AL v A1
<AV >= j [< vy, (") >dr'de” (3.6.14)

4 ¢

Quwihnjutiiny (3.6.14)-p L tnbnwinpbiny (3.6.12)-h 0k’ Ynubtlhwhp

om <AV > 1 '
—Z‘m’———— lim — -2——j _[<A(t)A(t)>dtdt

l

(3.6.15)
b[ﬁblnq Ynptijwghwyjh pw&wdhhg‘ ymbGGwap’

Z—< ADA(E+7)>= Z——-y,k To(r)=

n—l ' ”—l i

= kaToa(r)Z 7, =3N#,T,5(z)

i=l

(3.6.16)

Unwgywé wpuwhwjunniginiip  inbnwnpbing  (3.6.15)-h dbg”  Yuunw-
uwﬁg‘

m<Av> R B A o
—Z lim ———= = lim — j [3N#,T5(c)dt'de” = 2N, T,  (3.6.17)
t -At/2
<hdw Lhnndbﬁp ybninioty (3.6.12) wpunwhwyunnpywb Gpypnpn pwnwn-
phsp: (3.6.9) hwywuwpdwl Gpyne Ynnitpp pwqiwwwnnybing v, yYnLik-
Gwbp’
mvy, =v.F —myyv: + 4 (t)v, (3.6.18)
Stnwnpbiny 7, = 7 ° Yuunwbw(p’

Z<mv,v,> Z<vF>—Z<m7,v >+Z<A(t)v> ZVF 2)E,

i=l i=l i=l
(3.6.19)
<wyh weGtiny, np < 4,()v, >=0
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Wuwhuny,

E 3N
% =Y v,F,) - 2)E, +3Nw,T, (3.6.20)
\ i=l
Luni
{ IN
aE, _ PRTAE 2y(3—N-k,,1; - E,,) (3.6.21)
dt \ i=l 2

Ujnwu Ynnidhg, hbswtu hwgunGh £, (phy tebpghwl™ E = E, + U : WG wéwl-
gtiny dwiwlwyhg Ywiudws™ Yuunwbwip
dE dE, dU dE, _ dU dU _ & 90U or, &

dE _dE, dU _, LW UM NEy (3622
d dr ar dt at' dt S or o Z,: i )
Lwidwiudpkiny y&pp G24wdé hwywuwpnuiGtpp” Ynibbowop '
N
%—kBTo -E, = EzllkBT; ~ §2ﬁkBT = §2ﬁk,,(ro -T) (3.6.23)

nphg htwnlnud £, np gbpdwunhdwbh Ywiudwoénigntbp dwdwbwyhg GYw-
pugpyned t hbinlyw) pwOwdlny’

gz-: y(];—T)sT"—T, 1':L (3.6.24)
dt T

2y
7 -0 dwiwOwluwih( hwunwinnd0b t:

Ujnwu Ynndhg, hwdwywpgh Yhttinhy totinghuwgh thathnfunipynip hpGlhg
GhpYuywgOnid b dwdwlwyh nipwpwbygnp pugintd hwiwywpgh wwnndbtph
wpwagnipnLtebbph thnthnjunpntp’

yrr — AV (3.6.25)

At T, B
npwnkin A= \/F + —T—(m 1)] (3.6.26)

hntGhg GEpYwywglnud t wpwgnipntbltinh tpwhwywnlh gnpéwihgp, huy
-0, hoswbu wpntl 06 Gap, dwiwGwywht hwunwwnnbo £, npp 1dY-h
Ywpgh t: bpp dwiwlwyuyht hwunnwwnnibp hwywuwp t pwjth 0GontpjwiOp

(r = At), www A= ‘/% , L wyn nwypmyd PEpLLNUEGh phpdnuunnwuinh gnpdn-

nntpyntlp plpyntd b wnwanipintatph wwpqugnyl Yepwhwzywpyh:

<wny t G26(, np PEPGONUEGH pbpdnunwwnh ogugnponLip hwdtdwwnw-
pwp bé hwdwywpgtph hwiwp b Gpwp dwiwbwywihl hbntnduinud pb-
pnud £ ng &pgnhuin wipdbipGtiph: Wo, phply, jwwywo § wquunnigjwi wunh-
Swllbph ns hwywuwpwswih pwiudwt htw: b nwpptpnuegnua RepGGnuG-
Gh, wjuwbu Ynsqwd, «pniy) Ywwyws dnnbiih» (weak coupling to an external
bath — WCEB), Unqt-<nytiph [103,104], hGswtu Gwl Ynihghnt nhGwdhywsh
[105,1086) dnwnbgnLiGbpp phipmy 56 wybth 82gphun wpnynibplbph:
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Unqb&-<ntybiph pnpdnuununn

Gpt PtptUnubOh wignphpip tdEYhY t hwdwywngp npdwé obipdwu-
wnh8wlhG ptpbint hwdwp, www hwubbind hwyjwuwpwyzenigiwb Yhiwyh®
Gpw hGunwgw ogunwignpéndp pbpntd t uluwGeph: Ywplnp § Gwb G286, np
REntitnutGh pbpdinuunnwnp pwlwlwbht qquynl £ 7 -h phwnpnipywb hwo-
nbiw: 7 -h 2w gwép wpdbplbpp ptpnud 6O ng hpwywb gwép ebpdwuwnhsw-
GwihG $nynniwghwtbnh, huy pwpdp wpdtpltinh nbwpend gipdwuwnhiw-
Guighb $inyunntwghwlbpp wanud Ga: hoswtu G6ghbp, pwytht hwjwuwp 7 -
h nbwpenud, REPGGRuLh dnnbip nhunynud £ npwbu wwngq wpwgntentGbtph
ybpwhwyywpy: Unieynywiht nhowdhywh dtpnnny dnnbiwydnpiwb dwdw-
Gwy 7 -0 pounpynid £ dnun 0.1wy-h Ywngh:

Ungt-<nytpp [103] ynnihg wrwowpyywd dnnbintd hwdwlwnpgh 2wnd-
dwl hwywuwpnidbbpp unwgyned 66 hwdwdwil Llwgnpwbdiwh $npdwihqdh:
«hOwnbgpwy» pEpdnunwnh dnuintignudp 0EpYwywglnud t LwgpwGdjwbp Gnp
wquwnnipjwl wuinhdwbOtph Gpdniddwdp hbnlywi Yepw'

N
L=Z%mis2r -u@® )+Q i — gk,Tlns (3.6.27)

Utpnnh trpniop Yuywbnud £ hGinlywinud. Gbpdndynid £ dhpunnuwg Yuud
wpuwtbu Yngqwd, wphbunnwywl s thnthnpuwywl’ Yuwydws Q >0 «qulbg-
ywoéltph» hbun, npnGg wpwgnepntGGtpp Gywpwagpnud £ @ s hnhnfuwyuw-
Gp hkbg dwiwlwywht Ybpwhwydwpyh wwpwitnpb t, L hwdwdwl
UwOndwbh dbwihnfunipjwb [107,108], wylt Opyuwywgynud t npwtu «yhp-
wniwp b hpwywl  dwiwlwyGbpp  dhdwlg  Yuwwnn  dEdnipnll’
dr’™ = sdt™ : Llugpwadywth pwnwnphsGbphg wewehl tpyntup hpwywb hw-
dwlwngh Yhttwnhy L wynuinbGghw) pwnwnphsbp0 GG, huy gnu wonwidtpp
(hwdwdwylt Lngh $npdwihqihp) s -ny wuwyiwbwynpdwd Yhatuinpy tospghwl
L wnunkGghwip (npwtn” g =3N +1 — wquunipjwl wunhdwooeph phylb t
wybwgwd vkyny): <wiwdw)t wewownpyynn $npdwihqih, Gepyuywgyned t
Gpynt wbuwyh hpwywl’ {p,q} L yhpunniwy {p,,s} thnthnfuwwbbtn,
npnGp hpwp htivn welsynud GO hGnlyw) Yepw'

{4 =Lz;p=F(q)}
ms

2 P kT,
{ Q’p’ Z:(ms3 s ]}

Lnp £ ¢ = —, wwpwditwph 6Epdnudnuihg L dlwhnfunueyniGGtiphg hbunn

(3.6.28)

2wndiwb hwdwuwnnmﬁbnn YpUnniOtO hbinlyw| wnbupp’
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F,
r=——-gh
mi

s r (3.6.29)
. g _
¢-=gTe )(N T )
Qawnnbiny 7, =I_\/Q— nbwyuwghn( dwiwlwyp® ynbthwhp’

: _ _J_[ii _ 1] (3.6.30)

TnH
Wu nbwpntd depnnh S2unipintlp Yuudws £ O-h deénipywb Ynrtyun phun-
pnipintlhg: Q-h ubé wndtipltipp Yptiptl 2w un otpiwunhdwbwho yb-
nwhuynnnipjwb: Usnu Ynnihg, @-h gwén wndbplbpp Yptpkl OGS hwiw-
hwuowywo gbpdwunhdwbwihG $intywnniwghuwbtnh: Unynpwpwp Q-0
pOuwnpyntd £ npwbu = 0.1-0.2 Yupgh dténipynil:

PbnbiGnubGh pwpnuunun
A020w0 PEPEORUEGH pwpnunwnh Gnntiip Ywenigynud £ Gni)b ptpunu-
wtwwnh uyqpenibpny: Ugnphpdh 2pewbwyitpnud wrwownyyntd £ wpdiwb
hwywuwniwb gk Gnp pwnwnphsh Gpdniéntd wjbwbu, np £G20wh thnthn-
unipyntbp nubbOw hbunlyw) intiupp’
@ _E-F (3.6.31)
at Tp
npuinbn P -0 papwghly 862maa ¢, P,-0° wewownyynn &Gpnudp, huy z,-0 dw-

SwOwYuwih hwuwnwwnnGa k: 86znuip Gephuywgynid t npwtiu
P= -127(E,‘ -E) (3.6.32)

N
npintn E, =Z%mvf -0 YypGbuhy totpghwo t, 7 -0° peoh Swywyp, huy
i=l

E=-— ZrF dhnhuw pblgnnl t:

1>/
{wiwwwwnwufuwbwpwn, 2wpdiwl hwqwuwnnumbnn L Swywih thn-
thnfuntpinilp YobpYuwywgybl htunbjwy intupny’

revear (3.6.33)
V =3aV
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hGswbu huyunGh £, 8020wl thnhnfuniginup Ywiudwé t B hanplipdwy
ubniywénipintbhg htinlyw Yepw'

& gy a B
nphg hwinlnid £, np

_BE-P) (3.6.35)
37,
Wuwhuny, thrghnfudwé wundiwt hwywuwpnudGlipp Ypanniokh hGunbywy
wntupp’

F=v-— AE-D) r (3.6.36)
3z,
SwiwwwunwuuwGwpwn, hwqwnpywiht gnpdwyhgp’
n=1-22p _p) (3.6.37)

P
Nhuwpytlp Gwl oppnendphy hwiwywngbpp, npnud 8620w0 LGP
OBpywywgynid t npwytu

P, 0 0
P={0 P, 0 (3.6.38)
0 0 P

Mwpgnipjwt  hwiwp  YGpwowlwystp P, =P,P, =P,P, =P, L

htuinLwpwn, 8020w0, Yyhphwy plgnph L peeh Ublunnph hwywuwpnidGbnp
YuunwOwb hbnlyw) nbupp

( 2 =
P =—(Eka —:‘a)

a
V
Z TijaTija

I<_|

1B, = Z— mv?. (3.6.39)

L,=u,L
npwntin
la=X,y,Z

a

Zwiwywunwufuwbwpwn, hgnpbniw) ubnijwéntpjwh dnnnyp L qdwihl
ubnuywénipynilp Y houl



-

opP
KLa = —La( ) =/Ba.rl
oL, iy
Jop, 1 o, P,-P, (3.6.40)
ata ﬂaLa at r"
npwntbin
(@ =X%,y.2

Pooh ytywnnph thnihnjuntpynibp, hwiwdwyl (3.6.39) L (3.6.40), Yihop'
ééi_ Lalz _La — (:ua _l)
o A A
npunbnhg htiinbinud t°

‘La=xy,z (3.6.41)

U, =1- MO(PM ~Pla=xy,z (3.6.42)
T

P
hanunpnyy 8020wl nbwpnd 4 gnpéwyhgp Yuwpbih £ OGpYwjwglt)
htwnlywy yepwy'

_1-BM(p _
1“"1 31. (Po Pisolrop)

P (3.6.43)

Prowy =~ (P, + B, + P

isotrop = 5
hGswtu L ppdnunnwinh nbwpnid, wju wignphpip GnyGwtiu qquynth £
% hwpwptpnipwa GYwndwdp:
P

Ubntpubah pwpnuuwnuwn

UantipubGh wewownyywé dtpnnp [100] paGwpyynid t Shuylb qnyq dwu-
Ghybtph ginfuwgntgnipiwl nbwpnud: Uu depnnp hbnwgunid Yuunwnbiw-
gnnéybi b MwphGbn-Nwhdwh [109), hbswbu Gwb Ungtih [110] Yynndhg:

Uinbpub00 weweownyty t dwubhyltph r, YnnpnhbwwnOtpp thnfuby’
dungltiny p, wwpwdbnp, npb weGgynid § éwywih L YnnpphGwunlbiph htwn
hGunlyw; duny’

”

P =iy (3.6.44)

Uju nbwpnid Onpugywéd Lwgpwidjwp Yunwlw htinlywy wbupp, np-
wnkn dungynud £ Gnp @ thnthnjuwyw’

L =%Qwimipi2 - iU(QmPij)'*";'MQZ -p.Q (3.6.45)

i=l i<j=1
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Gpt Gnp @ thnthnfuwlwip wwwnlbinwgltlp npwbu V oswdwy, www we
ynndh weweht tpynt pwnwnphslbpp hblg hwiwywpgh LlwgpwGdywbh t:
Gppnpn pwnwnphsp UhGkwnhy toBpghw t, huy hwenpnp™ @-nyd wwjdwlw-
Unpywsé wnuinbkghwy totipghwt, p, L M hwunuinniGitbp t0:

Unp  Obponsqwé  pwnunphsGeph  $hahlwwl pwgwunpnipntlp
hewnlywy 6 t. Gopwnpynud £, np hwiwywpgp gunbyned § ynlGwbltph dk9, nph
Swywip uwhiwbwgwyynd Ywd nbhuwdwpdnd £ dfungh (piston) oqglnt-
puwdip: Wuwhund, Q-0, nph wndtpl t ¥ éwdwip, dfungh YnnpnhGwn( t,
p,V - p, wnunwphl 8620wb wnunklghwi( t, huy M -p dlungh qubqyuiéh t:

Swndiwl hwywuwpnuitbnb pun UankputGh Geplywjwgynud GO htunbywy
yepwy

dr, p, 1 dinV
a m, 3 dt
dp, 1 dnV
==y rUr)-—p,
> > rur) 3P
2< pl 1
AENE 2 Ulr.
=D, t (3.6.46)
dt” |4

Wuwhuny, et p, -0 wewowpyynn 862nd0 §, huy 8020w hpwywb wp-
dtpp p,. YnltOwbp’
2 & pr 1 & aUry)
—_— Y,

=— =)t 3.6.47
Pa=3y £ 2m, WS or, ( )

npp dlwihnfunipintttnhg hbun Yuunwiw htivnlywy intupp’
dV _Pa_Pe (3.6.48)

dr? M
MwnhObn-Nwhiwbh wewowpywé dninkgnidp, npp, hgwbu Lngbh ub-
pnnp, hhdGdwé t UanbputGh wignphpdh dpw, ObpYwywgbnud k unylb wign-
nhpdp Wi nbwpend, Gpp dnntiwynpynn pehep thnthnfuynid t (wGhgnupnuy
£020wl0 Wwhwwdwl wuwydwGbtpnLd):
@nn np Swywyp GEpYwywgynid t Bpkp™ a,b,¢ YtyuinpGtpnd, nph swyw-
ip Nt hewnlyw] nbupp’

V =deth=a-(bxc) (3.6.49)
UwuGhyh 7, nhppp Ywpnn § wpinwhwiundby £-h L os; d6yuinph oglnipjwdp,
nph pwnwnphsObn0 &0° k7,7, :

r,=hs,=ka+lb+nc (3.6.50)



npunbn 0<k,,l,n, <1, huy i L j GwuGhyGtph dhel hrwynpnipjwl pwew-
ynwha' r; =s;Gs,;, npwkn G -0 dkwphy ptlanpl & G = h"h: enlwpwp,
Lwbgnpuwbdiwbp Gepyuyugynid § hnlywy Yepw'

1 T e -
L=22,msGs =3 2 .Ur) +-;—MTr(h’h) — pV (36.5)
Cwnddiwl hwywuwpnidlbpp wyu nbwpntd hwzyynd 66 hwiwadw) (3.6.46):

3.7 2niquhtr UnitynywihlG hawdhyw

Jdbpohl wwphtbnhl pwqiwwpngbunpwihG L qniquhte hwadwplitph
ywwnwpbiwgnpénuip phintg qniquhtrwgdwl fuGnhpotinh (nuédwh hwdwp
dh 2wpp Gnp dbpnnGtnph L wignphpdGtiph unbnédwlp: Vwubwynpwwbu,
gniquhtin hwadwnlyutph oguwgnpénidp dniynuwiho nhGwdhywih Gtipn-
nnud howpwynpnepintl wnybg dtéwglt dnnbiwynninn hwdwywpgbph sw-
thbpp b dwiwwluwiht hbunbpquip’ npwiny huy wytith dnuntigbtiny niung-
Gwuhpynn opjtYwnlent hpwlwinppuip:
aniqwhtn hwqwnytph 20nphhy, uygenibpnptl, howpwynp £ nwnudbwuh-
nt| GhihnGwynp wwndlbphg pwnlwgwé hwiwYwnpgtp, uwywis wn dtennh
hwonnnipintlp Yuiuwsé ket (nisdnn fubnphg L ph” hwiwywngswiht épwg-
phg: dbpohtp Ywwywé t sh uygpnibph htiin, npp hwjinGh £ nputu Udnwih
optlp [111): Beb uGnhpp nbh npnwyh dwubp j,, npnip Ywpnn GO (nLéy by
dhwjs hweonprwpwn, www Stwguwip (1-j,)=j, hbwpwynp t qniqwht-

pwglby: Uuwbu Ynsuws, wpwqugiwl gnpéwlhgp (S — speedup), npp hw(-
nhuwGnid t qniquhte wpngtunpltiph hwadwpyh swihwbhy, hwibiwunwéd
gty wpngbunph htiwn, nLoh htunlywy wbupp, nputn N -0 qniquihte wpngt-

unpObph pwOwyo £ Lwp 3.7.1-nud wwwnltpdws t wwppbn ntwptph hw-
dwp wpngbunpObph pwGwyhg Ywiujwé wpwaqugdwh gnpowyhgp: (3.7.1)
pwlwdlhg bplntd £, np gniguhtrwgiwl wewybjwagnyl EdtYinhynipntlp
unwgynud t, bpp 7, =1 = (j, =0). npp ptipnud £ wytth wpwq hwzywnyh,
huy tpp j, =0 = (j, =1), hGgp GORwnNLS £, nn fuGnhpp pOnhwinwwby sh
gniqwhbrwgyntd, L woywu wpngbunpliph N, pwlwyhg’ wpwqugiwb
qnpéwyhgp hwwuwn t 1-h:

has Yepwptpnid b angaynywiht nhGwihywih Sdpwapbpht, www wtwnp §
G25(, np ShwjG dpwaph npny Hniblyghnluy dwubp &G EOpwyw qnigwhtnwg-
dwl: hGswtu huyinGh t, spwaph dnun 90%-p Swiuuyntd t mdwjhl pwnwn-
phsGbph hwaywnyh dpw: Upntu Ynnidhg, Gtap Gwb hwywuwpnudttph hi-
nbgpwghnt wignphedttinp L dmunph/Giph wyknp: hOwnbgpiwl gniquht-
nwgntip Gopwnpnud £, np dwuthylbpp pwdwbynid GO wnwOdhlo wpngbunp-
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ubph0, huy wwpwitknptph pwqdntntGp hwenpnwpwn wpdnud b wikl dh
wpngtunphb: Unwnph/biph $wyitph gniquhbrwgdwl fubnhpp, pEnLu, pwnn
t: Untnph/Giph dwjwht owtipwghw sh Ghpwnpnud gnigwhtrwgnid, b w-
dt0 woqud, bpp nplt wpngtunp hbs-np hopnpdwghw t gpnud dwyih dee, win
$wjth hwiwp wewdbwgyntd § wewbdhG wnngtunp. Gnybp ybpwptbpnud t
owb pwjthg Ywpnuwynt rbidhihl: Gpp wwppbn wpngtunpltip nhdnud G0 hs-
np dh wpngbunpntd nbnwywywsé nyuwibtpp Yupnwint Ywd gntint, uw h-
nbGhg GEpYuwywgbnd b hwenprwywl wpngtu: b nbw, Gnp MPI I uinnwGnwp-
wp wewownynid 0wk gniquhte dwjiwihls owbipwghw, hisa twywbnptl
dGswglntd t qnigwhtipwgiwl tdtYnhynipintlp’ hwibdwuwws gnjnipjntl
ntbtgnn MPI gniquwhbrwgliwb dnunbgdwhp:

64 —r T T 7 T T 1
—j =1, 100%
4
6 ----- j,=0.99,99% 7
« " [ §,=0.9,90%
= i 4
2 | j,=0.5,50% ]
————imes 3 =i 0,
g 40 |- j,=0.2, 20% 1
[ il B PR
€
g a2t JSPtienl .
3 L -7 4
S 2 -
3 “r ]
g L ”t
=R .
8 - /z’/ ........................................................... B
0 bbbk Wikl e Makiiel nbiodt s ket Wil Seiutde [iial Wskiiot dabindi- bl Wl
o '8 16 24 32 40 48 56 64

MpngbunplGtiph pwhwl, Np

Liwn 3.7.1 Upwqugdws gnpdwygh Ywtuntdp wpngbunpltinh pwiwyhg, nwpptp
ntwpbph hwiwp — 20%, 50%, 90%, 99% L pntwjwlywh 100%:

N
S= :__ N S £ 3.7.1)
j‘+—-——‘]" j’+']_p -,P+-]-‘ P
N N

P P
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Wdd nhinwnytap dpwgpwih Ynnp: Uh 2wpp fulnhpttipnud, pwgh dnily-
ghnGwy hpwgnpéniihg, wihpwdtawnnipnit | wewewlnid thnfuwibghi
nwibtp 06Y wpngbunphg Gjntup, npp dwiwbwuwihG wenwdng wwn Swiu-
ywwnwp . Onfuwlbgiwlb dwiwlwyp (latency time), npp  hunwagquynid
yiingltitp Udnwih optGph dte" wpwqugiwt wybih hpwywld wwunybp
unwbwint hwdwpn, GYwpwgnnid £ hwnnppwygdwl dwiwbwyp:

aniqwhtrwgiwl uonhptEpnLd unynpwpwn oguwagnpéyntd Gl dwulhy-
ubph Ywd tnwpwéwywl pwdwhiwl (Particle or Spartial Decomposition) wi-
gnphputtpp, npnGg b YwlnpwnweGwbp unnpl:

UVwulhlybph pwdwlmd — Particle Decomposition

Uwuthyitph pudwinudp Gopwnpnid £, np dnnbpwdnpiwh uygpnid hw-
dwlwpgh N dwubhyttpp hwywuwpwswd pwdwiynud &0 N, wpngbunp-
Gbph dhel: Gpt hwadwnpyh uygentd dwubhybtpp pwdwbynud G0 wpngbunp-
OBpntd hwiwdws pphog nwpwéwywl nwuwynpnipiwl, www wn nbw-
pntd wnwninghwwbu hwnbwb wpngbunpltipp Yuwpnibwytt hwpluwl dwu-
Ghyosph YnnpnhGwinGbpp: Geb nwunuibwuhpynn hwiwywngp dwénighy §
ywd whin, www Swubhybbph pwuwynpnipnibp pun wpngtunpbbph nno
hwyqwnyh popwgpntd Yitw hwunwwnnil, uwywyG htnnyltiph Ywd quqb-
ph nbwpnd, hhdGwywnwd, 26nphhy nhdnighwih hwplwd wpngtunpbbpp
YuwpniOwybs tnduibbp JwuGhyobph dwuht, npnip twpwéwywbnptl ht-
pnt 6O hpwphg Ywd hwywewyp: Liwh ntwpbpnid Ghodwubhywihb nidtiph
hwyywpyh hwdwp wohpwdtwn £ wpngtunpltph dhel nubtibw) wpwg hw-
nnpnwygnipntG:

Wdd topwnpbkOp, np N dwubhyotph YnnpnhGwuwnbbpp pwdwoywé GO
wewGdht wpngbunpGbph (Ywd Grnbph) dhel, L jnupwlpwbgnip wpngbunn

huwzyntd t Shwyl npnawih, wjuwbu Yngdws, inluy % pUny dwubhybbph
P

thnfuwqnbgnipiwb nudtinp: Uju niwpnd, hinkpwghnG ghbtph phup Yhwyw-
uwnyh N%V -h: <wpytiny |nlwy dwubhybbph Ghol. wqnnn ndbpp’ Yw-
P

wnwnynid ¢ heppwywl puyp, npp N, -1 wpngbunnObphl vwihu t dwubhy-
Gbph Gnp YnnpnhGwunGtn, wyuhGpl® wiu wignphpdwywa dnunbgnuip ww-
hwbonud umwgdwﬁ/mnluwﬁgdwﬁ N, -1 gnpénnnLeynLGibn (wyG hwypinbh £
npwbiu pn/npg-pnlﬁp/r htuin hunnpnuwlgnigini — all-to-all communication):

b wwnptpnipinlt hhwy wignphpih, Yw Lu dby tdEYNhY wignphed, npp
huyuinbh t npwbu dwewldwl ywd Swrwuny humnpnwlgnignta (tree-like

communication), npp Wwhwagntd t 7 gnpdnnnipjntl (2"=N,): OphGwy, b-
pb 256 wnngbunplbph welwnipiwl nbwpntd dwewliwl wignphpip ww-
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hwbonud t pbnwdkip 8 puy hwaqwpluwiht wipnne ghyp ytpowgbbint hw-
dwp, www Gwunpn dnunbgnudp Yuywhwbobn 255 puy:

bpwlwbwgdwt wnbuwblymbhg dbpnhhyw) wignphpdp pwywywOhl
myntphl t L wpwg, uwyuyt shwy pbpnipinop YuywOnd § Opwbntd, np Obé
hwiwlwpgbph nbwpntd wjt ntkimd ' hwdwywpgswht  bh2nnnipjuil
fjubnhp (hhznnnipyuit 89 dkéwpwlwy Ynnpnhlwwnlbbph  wwhwwOnu):
Lilwl nbwpbpnid ogqlnipjwilb b quihu upuwnmhly ghlyh Sninbkgnuip, npp hw-
yhpd Yuwpbih t pwgwuwnpt) hbinywy Yepw. YnnpnhGwwnObpp L nidbpp tin-
juwGgynid 6O 06Y wpngbunphg Gintup” jnipuipwbgnpnul dwdwowlunlnpuw-
wbu wwhuwwbbiny G4ws nfyuibbpp:

Vwulhlyabph pwowGiwl wignphpip 2w nbwpbpnid Onybwgymad t,
wyuwbu Unsywé, “nidught pwdwldwl (Force Decomposition) wignphpih
hGwn, nph tnpgnilp Yuywlnd |t opwbnud, np dnnbpweynpdwb uygpmd hwiw-
Yungh nidwihG NxN dwwnphgp hwjwuwpwswih pwdwOydnid t N, wpngb-

unpbtnh dhola:

Swnwowlwl pwdwomd — Spatial Decomposition

2niquhtrwgiwb wyu Bnwbwyp tnwpwdnpntop pwdwnud t dhwynplt-
ph (pndkGokph) L npwip Yuwwnd £ nwppbp wpngbunpObiph htw, wyjuhGpl
dwubhyltpp ng pE Ygynud BO YnGypbwnn wpngbunplbiph, wy| «innnd GO» th
wpngbunphg gnup” Ywtudwé Gpwbhg, pb tniw| wywhhl wwpwéwywd np
dhwynph (nndkah) dbe B4 qunGynud (GLYwp 3.7.2):

Swpwéwywl pwdwlbiwb nbwpntd unynpwpwn wiwnp t R, “Gupdwh
2wrwyhnp” pOwnpyh wjbwbu, np pwjwpwph hbnlyw; wwpdwoht™ R, < D,
npwntn D -0 nndtGh swihG £ UwlwyG thnpp swithtp nubtignn hwdwlwpgbph
nbwpentd, Gnp wpngbunpbbph pwlwyp dEdwgdwl wpnynibpnid fuwtunynd
¢ O2dwd wwydwop L “Yupdwh pwrwyhnp” gpwqubgntd | Shwynp thwppw-
Y pooh swihp® R, > D, wpngtiunpp ufunid £ hwnnpnwygyti “Yunpdwb aw-
rwynh” whpnypnid gunbynn hwplw@ wpngbunpbtph hbw, hGsh wpnyniapnud
0béwlnid t wpngbunplbph dholc hwnnpnwygnipjwl dwiwlwyp: Uunnpl w-
rwybi dwipwiwub nhunwpytap wyb nbwpkpp, Gpp R < D:

hOswbu wpnbl O2b) BOp, twpwédnipnip pwdwiOymd t dwubph Yuwd nn-
0GOOEPh, npnOgmd hwywuwpwswih pwfudnud 5@ hwiwywpgp Yuqing
Swulbhylbpp: Rwth np, wjuwbu Yngws, uwhdwbuyhl wwnndbbpp Ywnpnn 6O
wnbnwithnfuyt 0y nniklbhg Gnwip, www wwpptp wpngbunptpms Swu-
Ghyttinh thnjuwqnbgnigniap wipnnonipjwdp hwyybint hwdwp uwhiwbw-
JhG wuwndObph pninp inguilepp  thnjuwtgyntd 56 hwdwwwnwuiuwb
hwplwG wpngbunplbphG® 9bekiny Gwiulyhl wpngbunpnd wwhwwoywé ha-
Inpiwghw:
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Llwp 3.7.2 Swpwéwywh Gruswih 5x5x5 dwnphg:

Udd nhtwpyttp UWinwih optGpp’ hwpyh weGtiny hwnnpnwygnipjwb
Upw Swiuuynn dwiwGwyp: Upwaqugdwd gnpdwyhgp Yayupwgnyh hbunlyg
pwlwaliny’

§ =
J, N, +J +C(N,)
npuintn C(N,)-0 pOnupwgnnul | wpngtiunpOtinh Shol hwnnpnwygiwl dw-

dwowyp' Ywhujwsé wpngbunpltiph pwlwyhg (N,):

Uwnnpl: 0tpyuywglbop hwzquwpyh dwiwlwyh dto hwnnpnwygiwh dwu-
Owpwdhbp (pwnwnphsp) wwpptn dnunbgniibtph nbiwpnud” Glpwnptiny, np
tuGnhpp tnhy qniquhtirwgdti t (j, =1)

(3.7.2)

C(N,)=(N, -4+ -]5—) ::all —to - all
g (3.7.3)

logy{N,) (n—l)x
C(Np,).=log2(Np)/1+ Z ::tree — like

n=| P

npwntbn, hoswbu wpnkO G2ty tGp, A -0 thnjuwlgiwl dwiwlbwyl t (latency
time), huy y wwpwakupp pGnipwagpnid £ gulgp L hwlnhuw(nd t gulgh

pnnLawynipjwl gnpéwyhgp:
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<wny t G26|, np N, -h thnpp wpdtpGbnh nwpnd Ywiudwoénipinibp hw-
dwnyw qéwyhb t (3.7.2-h kg C(N ) -h tbpnnnuip s0shG t), huy N, -h GGéwg-
dwl nbwpnd C(V,) -0 wand t qéwht opklpny: Unynpwpwpn, 4 thnfuwlg-

dwl dwiwGwyp thnpp dkénueinLh £, huy wagninnt wewybiwgnyl pnnNLOwW-
YnipjniGp” Gigabit-h nGwpntd 1000Mb/s, Myrinet-h welwnipjwl nbwpntd’
4000Mb/s:

Unisyniwyhb nhGwidhywih depnany fubnhpttiph ntédwa dwdwbwy, pbn-
hwontp wedwdp, wpwg gwigwiht hwnnpnwygnipnibp 2w Ywplinp nbp £
fuwnnid: Vwulbwynpwwtu, Myrinet wd InfiniBand wpwagwagnpd gwagwhl
hwdwlwpgtph oqunwgnpénidp papnud | hwaqwpluyhl dwdwbwyh Fwyw
pbwnnnipjwl, L hGwnbwpwp,  qniquhtrwgiwb wnnnLbwybuinnipynilbp
unpniy dkswbnud &

Jdbpontd G26Gp, nn vwpwéwlpwl puwdwldws Sninkgnudp nith 0wl npn-
2wyh ptpnipnLbbtn, W Gpw qniquhtinwgdwl wpryntbwybuwnnipinitbp wadh-
owlwonptt Ywwyws t nwnudbwuhpynn hwiwlwpgh htuwn: Unweowlnid t,
wyuwytu Yngyws, wpngbunpuwihl hwadwpydwh uwpunntd (load imbalance —
different computational cost), tipp niuntiGwuhpynn hwiwywngh hwdwp we-
Yuw 66 °

* ng hwywuwpwswih dwubhylbph pwztuntd

e thnuwgnbgnipiul ng hwdwuwpwswih pwfujwénipintl, ophlwy,
thgpwynpywé/stiqnp, enip/wy (ntényp L wil

s  Jhsdwywgpwywo ntyunniwghwdtp

3.8 Utipnnh wrwytinipntaGtpp b ndjwpnigyntbGtpp
(Pros and Cons)

Pros

Zwiwywpgswht dnnbjwynpdwb dtennh wikbwywplnp wewdbinient-
Op YwywOntd £ Gpwlnid, np wib, b nwpptpniegni hpwywo tinpdtiph, dwiu-
uwwnwp sk 2h wwhwientd (wpnpwwninp pwiywndtp uwnptp L uwppwyn-
pnLibtn, thnpdwnie, wwwhnyned t dwiwbwyh d6é fubwnnnipnth: Conw-
dtOp hwiwywpghsp (Yud hwiwywpgswht Ywuwnbpp) L hwdwwwunwu-
fuwl dpwgpuyhl wwwhnygnidp pepnud 66 julnph (nuédwl dwiwbwyh L Gyni-
pwlwh rbuntpubtph hufwjwyws fubwynnnpjwd:

Bpypnpn Yuplnp wewGdtwhwwnynueintat wit t, np wyu dGpnnny Yunt-
(h t unwlw; hwiwywnpgp GQupwgnnn wjbwhuh  wwpwdbnptp, npnbp
nbrLu hwuwbbih s50 $hahywywt thnpdh hwidwp: Ophbwy, wju dEpnnh og-
Gnipywdp Ywpbh b hwdbp hwdwywpgh Gbp- L gbpdniGyniwiht Ywenig-
Jwépp GYywpwgnnn Juiwjwywl wwpwdbnp b wunndwywo L g’ dnieynt-
fwih0 dwywpnwybbnnud:
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Gppnpn Ywplnp wewybintentala wil £, np dbpnnp hGwpwynpnipintl §
pGébenid  nwnuiGwuhpt)  wpnibwyuywl  Yud nhGwdhy  wpddwl
(Continuous motion) wnngtiup, wjuh(pl™ hpwwbwglty dwiwlwyh gwbyw-
gwd wnbnnnipjwidp dniayntuwhlt nhbwihy hGunwgnunipynibbtp: ®npéh dw-
SwowYwiht uwhiwGwhwyndlbnt wiu wwpwguynud Yuwdws 60, ptpluy,
dhwj0 hwzqwnlwihb rbuntpultiph heuwn:

Cons

@hpLu dbpnnh phpnLeiNLGENhg wewglwhtpp hwpy £ G26] dGennh ufuw-
(woph swihp (guilywgwsd dnnbi L wnbuwyuwl nuunudGwuhpnieyntld Yuunwinjug
560 L wptuwnnud GO hOg-np utuwwbpny):

Uyqplwywl wwpwdtiptph ng £2aphun pbunpnuggnibp Yupnn ¢ hwbgbg-
by 066 upuwieph’ hwyh welting Gwl wjt thwuwnp, np gnpé nlbkGp huyw-
jwywl pyny wwpwdbuntph L thnthnfuwwGtph hGu, npnlg pownpnieinlbp
Shwpdtp sh L Ywhujws b pwqiwphy gnpontatiphg: Npwtuah hGwpwynp (h-
Gh funwuwihty GdwGwuinhw fuGnhpGtphg, unphnipn t tnpynud pbwnpty hpw-
ywh thnpdhg unwgldwé wwpwiknptn, hbsweu Gwl dhOgk pril dnnbwyn-
pnuip hwulbip hpwgnpdty phunnwihG thnpatip’ hwitdwwnbiny  unwgywo
wpryntbpltipp hpwywt thnpdh wpnynibpltiph htwn:

Bpypnpn nddwpnieiniip Yuywanid t Gpwlnid, np dwypn-wwpwibnnt-
ph &2gnhwn Yhdwywgpnipini unwbwint hwdiwp wohpwdtwn b uunwnb
dh pwlh, 2wwn nbwptpnud Gnythuy pwaqdiwehy thnpdtp, npn(g wpnyntbplt-
np htinwquynud dhohbwgltiny’ Yptipdtl hpwywb thnpdh nuibbph hbuin
hwibdwunbihnipjwh:

dbponud GGG, np dniaynuwihb ahbwdhywih dbpnnp, hlswbu wpntl
pwqihgu pbOwpyty Gop, wluwuwnid t nuuwywl nbuntpiwG 2powlwybt-
pnud” hwpyh sweGbiny pywGunught Bplinypotpp, npp pGpnud £ dh wpp
kplinypatph ng thwndtip L ufuwy pwgwunnnLRjwl:

* Unibyniwyhb nhowdhuh wpnyntGpatph npwyp, phnhwinn wedwop,
Yuiujws b uyqpowlwl wwydwhGtnhg Ywd ywrenigywéphg L ndwjhG nwp-
tnh pOwnpnigintling, npp dhwwbwynpt uwnwgynid t hpwywb thnpdhg, L
thwuwnnptl, dnabjwdnpnidp haplha hwiwnynid ¢ ¢npd, npintin thnthntub-
(ny wwyiwalbpp” unwond Bop hpwywa thnpdh htwn hwdplbylnd:
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4. GROMACS L NAMD épwgnpujht thwpbpltpp

GROMACS

GROMACS 6pwgnpwiht thwpbipp [4,5) Gwuwwnbudwé t dnGYniwhlG nh-
Gwishyuwyh b tGbpghwh ShGhshqughwih hbwn uwywé fuGnhpltiph (ntodw
hwiwp: W hwiwpynud § wikbwunwpwéwé thwpbpltnhg dtyp L hbswtu
unbnénnUbnG GO G2nud, «wikGwwpwg» (fastest MD) gnpénn épwgnwiht
thwpbROtnhg t: Wu thwebpp d2wydti t @pnihGgblh hwdwuwpwOnud (Lh-
ntnwantn) 90-wywl pYwywbibnhb, L dwiwwbu gnywé |habiny Fortran-
77 spwgnpwynpiwbl (kqyny’ htwnwaguwynud 6pwgpwiht Ynnp thnjudby £ C
Spwgpwynpiwb Equh: Npwbu wiwndnpd wewjntd Gl Windows L Linux o-
wbpwghnG hwiwywpgtpp (04), uwluyl wytih hwiwtu ptplu oguwgnné-
yntd t Linux O< htitph Ypw gnwé GROMACS-h tnwpptipwlyp, npp hwadtdw-
wnwpwp wpwgwagnpsd t L ntah gniquihtiewgdwl hawpwynpnippnb:

Wdd YwonpwnwreOwbp spwanpwihls thwetiph (GROMACS  ver. 3.2.1)
dwlpwdwul sEYawpwbnLRjwp:

4.1 Ununph L Giph duwyjibip

Ununpuyhtl puyiinp

Npwbu dntnpuwht wwpwdtitnp wu 6pwgpuihb thwpebep ogunwgnnéntd
b (wy tnwpuwonud gunwé pdb (inbu wwp. 1.1) dnpdwunh duybn, wyuhGpl np-
wbu uyqpawywl dntinpwiht wwpwdbwpbp Ytpgynid GO hwdwywpgh dwu
Yuwqdng wwnnitbph Gewswh YnnpnhGwwnbtipp: <wpy £ Owl G26(, np opwg-
pwjhG duwihnfunipyntGobph wpryntpnid thnfuynid unpjwd uyqpowywh
$wyth pOnwybnidp” nwelking .gro, npp uwywjl gptipt GnyGwgynid t .pdb
$npiwwnh htin' hptithg GbpYuywgbting ASCIE pwyl, npp Gnylbwbu wwpni-
Gwyntd £ hwiwywpgh dwu uqinn wunndbbph nbuwybtpl ne ynnpnhbwwn-
Gbpp’ Ytpenid tnwiny Gwb wwppbpwywo pegh swihtpp (Glwp 4.1.1): Lywn
4.1.1-ntd ObpYuwpwgywé b .gro dnwinpwiht $uyihg dh hwuindwd, npp wwipnt-
Gwynud £ wwnniGtph L dnpyni0bph pwbwyp (ophbwynud™ 1132 wwnnd L 252
dnibynty), inbuwyp (C1, HWA1,...), nph dwipwiwul pwguwwnpnipintlp wnpyntd
t tnnwninghwlwb Swyh ok, hiswtiu Gwl tnkntynpINLs wWwpptpwywh pegh
swnbiph yGpwpebnjw:

b nbw, npwtu hpdGwywt shwynpbbp wju 6pwgnuiht Yhwpbpntd ogunw-
qnpéynud 50 Gwandbupp (G0=100), whynywplwop (wy=10"2y), ytyhlp
(K), tieyuipnbh (hgep (€21,60217*107°C) L wuniwhwl qubgywop
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(u =1,6605*107 4g): Uswagjuy dhwynptinG &6° tekpghw’ (E] = ydn(”, ni-
dp’ [F] = yQany'6d", 40znudp” [P) = 4Rin( 68, wpwgnipjnip® [v] ad.wy™
=1000 O/}

DPPC bilayer

1132
1DPPC C1 1 2337 3503 2191
1DPPC C2 2 2278 3275 2.163
1DPPC C3 3 2507 3.337 2157

.......................................................

65SOL HW1 570 1.497 2902 2.067
65SOL HwW2 571 1.579 2997 1.963
66SOL OW 572 2553 3.733 2.140

.......................................................

252SOL OW 1130 1.024 0.920 2.841
252SOL HW1 1131 0.990 0.977 2.766
252SOL HW2 1132 1.038 0.977 2922
4.23270 5.07740 6.48670

Luwin 4.1.1. gro $wythg dh hwuinywé:

Pwgh YnnpnhGwinGbinp GYwnwagnnn Snunpwihl .gro dwiihg, dpwaphl
wGhpwdtzw 60 Gwl, wuwbu Ynggws, hwiwywngh unnwninghwb deYyhwpw-
Gnn dwyitp, npuntin qtitntnywé GO wnbintynepyntbltin wwiniltph nbuwyot-
ph, thnfuwgnbgnipinibbtinh b nidwihG nwwnbnph yepwpbnju:

Snwninghwl plnipwagnnn .atp (atom type parameter file) uyipp wwipni-
Gwynid GO wwnndbbph wkuwybtipp, b Opwogntd, Ywiudwéd nidwihl nwawnh
pOwnpnippnLihg L thewunniwuwb Yuwh wnbuwyhg, shunyt wwnndp Gunnn §
abpYwjwgywdé (hatp wnwpptp dubpny: Uwutwynpwutu, GROMACS nidw-
1hGo nuwh wwndbbpp pOnpwagnpnn duynd ppywship OepYwywgqwé £
htuinlywy dutpny™ O — YwppnOhiughl fudph ppywséhl (C=0), OM - Jwppnp-
uhy fudph ppUwShG (COY), OA — hhnpnpuhy fudph prUwShG (OH), OW — onh
dnieynth prYwshh L wyl: UGhpwdbunnipjut ntwpentd, uwyw)l, ywptih &
wibpwgby Yuwd thinthntutp wnndbtiph inbuwyh GEpYuwywgiwh dup: Lwlh np
hp panypny GROMACS nidwjhl nwainp «Shwgjwi» nwaun k, ntuwnh Gpwaned
onpwélh wwnnittipp GEpYuywgywé &0 Opwog htw Yuwh dbe qunbynn wo-
huwéth wuinndbtph bt Shwuh(® npwbu dhwgjwi dhwynp (CHy — wih$wuwnhy
CH tuntiip, CH, wihpwinhy CHz funidp L wyl0): Qpwéth wwnndbbph wngwibt-
nh htlpp wwhwwbynud t ff***.hdb puwyntd, npp wwpnibwyntd t hodnpdw-
ghw, pt hGswbu t pdb2gmx dpwghpp Yuiyntd (wwOwp, wnknpwhbnpwy, b
wyl0) opwéth wwnndbbpp gjntu winndbtph hwn:

Jdbpowynp Ywd wnbpdhtw C- L N - fudptph dwuht hGHnpdwghwl
wwhynid t f***.tdb puyinid, npl hp d6Q wwpmOwynid t wbnGynientl, pb

hGswbu 60 Yuugynud Yepgwynp wunndbtpp b thwyntd 2npwa:
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Mwpwibtpwywh rtp (residue topology file) $wyibpp hptibg dbe wwpnt-
Owyntd &G wwnndwywh |hgpbipp, hoswtu Gwh Gywpwgpned GG wwnndGeph
dhol. yuwtnp, uibbnwywi b pnpupnb walynlbbbnp:

top (topology) pUmwyldwdp dwjbnp gtltpwgymy O GROMACS
pdb2gmx hwwnnly thwpteh ogUntpjwdp L hwGnhuwbnud B0 uwnn onwy
atp, rtp L itp dwyitph L nuntibwuhpynn hwdwywnpgh dhol: UWu tnhwh duwyib-
np Yupnn GG wwpnibwysb], wuwbu Ynsquws, hnhs wjibp” ogunwgnpétiiny
#include dnillghwt, ophGwy, nwuntiGwuhpynn hudwywnap, npp wwpniiw-
ynd t, wuklp, SPC whwh oph dntynibtn (Gnntth  GYwpwgnnRnLGp
wnpywd b spc.itp puynud), wyn nbwpntd wnnwninghwjh npjwdé top pwyinid
gpwreyntd t’

: Include SPC water topology
#include “spc.itp”

cwwn nbwpbpnid wohpwdtunnpnil | wewgwbnid hwiwywpgp GYw-
pwgpt] Gpynt wwpptp” hpwphg wolwiu wwpwitupepny: LIwb nbwpt-
pntd GROMACS Spwanuht thwpbpp hGwpwynpnipintl t tnnwhu oguwignp-
8t viwppbp wwpwaibnptp oty dnyngh GYwpwannipjwb hwiwp® GeprbG-
(4 duyth dbe #ifdef Hnilyghwl: Ghpwnnptlp, nlbthp wnyjwy dnieynih hw-
dwp Gplnt tnwpptp wwnghwy (hgptiph wndtipttinh pwgdnientl: Uju wwnuw-
qujntd G26iny (define = Approach1 or define = Approach2) wwpwdituintiph
pwqintpnlGatpp .mdp duyinud YnGynpbn wintbtpny’ wnnwninghwih Swjih
[atoms] pwdtntd $nibyghw Yatpywjwgyh htiinbywy yepw’

[atoms]
#ifdef Approach1
1 C 1 DPPC C 1 0.78

1 C 1 DPPC C 1 0.55

Jdbpp Oywo #ifdef pnibyghwt hhibwywbnid ogquwgnpduynud £ onh
wwppbp GnntiwhG dn(eyny 0bph phunpnipwl dwiwbwy:

: Include water topology
#tifdef FLEX_SPC
#include "flexspc.itp"
#else

#include "spc.itp"
#endif

Ujdd winpwnwrewie dwitphl, npnig dte qnbnywd Go thwanwu-
2hn JhAwynud wwh Bplupniginibitinh, Jwitounwywb L pnpuhnl wbynib-
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ubph wpdbipltpp, hoswbu Gwl, wuwbu Ynsdwsé, suwywsd pwnuwnphsbtpny
wuwydwiwynpyuwd wwpwitwptpp, Juitnwywo L Ynynljwt hwunw-
wntalbp: Wu wnhwh duytpp nwpwiowngwsd 66 pun Yuwyws b shuw-
Juwé pwnuwnphsbbnh (f***.bon.itp L ff***nb.itp), npnGp Gzdwé GO ff***.itp pOn-
hwinip puwyned:

Uwwyws pwnwnnhsbbpp’ hwywuwpwyzhe Yuwh 77 Bpupnienbos-
no. K,.f hwuwnwuwnnGOtpp, $nibyghnbwy wnbupp, yuibbnwywb L prpupnb

whygnGOtpp b hwiwwwwnwuiwh ponpuwé  wnnkbghwip G4wé GO
ff***bon.itp dwyth dbe: Ywwh GpUwpnipjwl nwwnwbnudp pGnipwgptiine hw-
dwp wyu dpwgpwihb thwebpld wewewnyntd t -

»  Muwpqugntit hwpdnohy wnnkaghwy (nbu pwa. 3.5.2)

s 2nppnpn Yupgh hwywuwpnidobph wbupny’

1 0
U (ry) =52K;(r:j2 _",]2)2
i

s  Unpqth wnuinklghwy (nbu pwo. 3.5.4)
lunpwlwpnuwiht tnwppbpwy’

1 o cu o
U ()= 2K (ry =) + KJK (= 1))’
iJ

. 1 o5 o ry
* FENE wnunblghwy UFENE(r,-,-)=—5K;’r,flog(l—r%)
i
Juibonwywo wiyws wnwnwidwdp wwiiwbwynpyws pwnwnphsn
dpwgnnud GEpYujwgywé t hinlyw) wynuntbghwittpny’
= LwninGhy wnunklghwy (wnbu pwl. 3.5.7)
«  YnuhOGniuwhl wynuintOghwy'

1 0
Uangles (9';" ) = E Z K ::?k (cos(oaf_\k ) - COS(elfk ))2

ik

* Nwebj-Rptinth wnnbbighw)™ (ntu pwb. 3.5.9)
M
*  PwnwyniuwihG wnwntbghwy® U, M.Mg,“(ea) = ch(oi -6
ifi

prd i ik
hulwlwt L Yend prpuhnt woynihbbpp nhunwnpydned GG htwnbywy duny’
= bpwlw prpupnG. wwnpbpwywb (nku pwa. 3.5.10)
= Ybinéd pnpuhnl. hwpinthly wnuntoghwy

Um (5:’/‘”} = %ZK.;: (‘:,,u - 60)2

*  bpwlwb pnpuhnb. Nhywpn-REEIWG (intu pwo. 3.5.1 1)

Loqwé wnuinbOghw) btipp Gepqujwgywé ta ff***bon.itp Puwymd’ Gzhsbbph
wbupny (ophbwy Ytnd pnpuhnl: func=2, FENE: func=7, Nirt)-Pptinty func=5
L wy6): Unnple GepYuywgywé t Gwl ff**bon.itp pwyihg dh hwwdwé (Gywp
4.1.2):
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[ bondtypes ]
;i j func b0 kb
C N 1  0.13300  418400.
C NT 1 0.13300 376560.

[ angletypes ]
;i j k func thO cth
HO OA C 1 109.500 397.480
HO OA CH1 1 109.500 397.480

[ dihedraltypes ]
. | func q0 cq
cC O 2 0.000 167.360
CcC OM 2 0.000 167.360

[ dihedraltypes 1]
v k func phiO cp mult
C OA 1 180.000 16.736 2
C N 1 180.000 33.472 2

[ dihedraltypes ]
CP2 CP2 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
CH2 CH2 3 9.2789 12156 -13.120 -3.0597 26.240 -31.495

Llwp 4.1.2 figmxbon.itp dwyihg hwinywéd:

UGhpwdtizunnipiwb nbwpnd uptih t wytjwglti Gnp Yuwdws punwn
phsO5n Gnp whwh wwndbph hwiwn: Lnp Yuwdws pwnwnphsbbph wyb
(wgiwl ntwpentd Gnp whwh wwnndlbpp whunnp b oEYowpwlyth f/**.atp dwy
[ned:

[ atomtypes ]
; hame mass charge ptype c6 c12
O 15.99940 0.000 A 0.22617E-02 0.74158E-06
OH 15.99940 0.000 A 0.22617E-02 0.74158E-06

[ nonbond_params ]
v i j func c6 c12
O O 1 0.22617E-02 0.74158E-06
O OA 1 0.22617E-02 0.13807E-05

[ pairtypes ]
;i j func cs6 cs12
O O 1 0.22617E-02 0.74158E-06
O OM 1 0.22617E-02 0.74158E-06

Lljwip 4.1.3 figmxbn.itp pwjihg hwindwé:
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Qquuwdwé pwnwnphsbtipp (quintpyuwwiywo thnfuwgnbgnipwa 4, L
B, hwuwnwwnnibtn, thgetp L w)ib) tEpwedws GG f**nb.itp uyinid, npuntin
wrwOdhb-wrwbdht G2wd GG wikl dh wwnih L wwnndwlwb qnygh hwu-
wnwwnntGbtpp, hOswbu Gwb Yw nbnbynipynid thgptph Jepwpetpjwg: b nbw,
jubnbpuwiuwb thnfuwgnbgnipinibp depluywgynad £ LeGwpn-2nGuh Gpy-
wwpwibinpwoh $nibyghwyny (nbu wwp 3.5, pwG. 3.5.13) L Pnyhbhbdh
wnuwkbghwiny (wntu pwb. 3.5.14): Unnpl 0tplJuywgCtiop Gwl figmxnb.itp-hg
uph hwwnwé (GYwp 4.1.3):
MnuntGghwy | Lohsp | Mwpwikwnpbpp
bwwh tnwanwbdwo
Lwninbhy nwnwbdwb 1 r? (), K,.f (URdn( 062
Sgnnnnn Ywpgh hwjwuwpnid- | 2 ry (Gd), K, (420n"6d*)
N
Unnqbh wnunbOghwy 3 ry (), D; (4Rin"), a; (05™)
tunpwGwnpnwihG wwppbpwy 4 r; (66), C,_p 5 (U007
FENE wnunbGghwy 7 vy (00), K (4San"087?)
Ublywl tnwnwdwl
Lwninbhy wnuntibghwy 1 0° (wum),K;k (4in " nwn?)
ijk
UnuhUnwuwih( wnunbOghug 2 6° (wuwn), K,-fk CEND)
ijk
Nuetj-Pntinitjh winunthghwy 5 6° (wum),K,;iB udn™. ri;’{Bo (Gd),
ifk
Lwrwyntuwht wninkGghwy 6 6° (wuwn), Cg, 55, (U0 own’)
Ppwywl pnpubn. wwnppGpw- 1 @, (wuwn), U, (UQdn™), n-dnypun.
Yuw
Utiné pnpuhnG. hwpdnbhy 2 & (wuwn), K & ydn; 'rwn?
' bpwyw pnpupnb. Nhywpn-RLL- | 3 c,.C,,C,,C,,C,,C(uin™)
dwh
Qhunydwo thnfuwgnbgnipiniGobn
Ywbnbpdwwuw/yninbjwl 1/2 99, Aij ,B,-,- K, (42dny)

Unyniuwy 4.'1<.1 Ywwyywé L sjuwywé pwnwnnhgbbpp Gywpwanpnn
wwpwdkuptpp, wnnkaghwitph dnbyghnbuwy nbupp b
hwdwujwunwufuwb Gzhgbbnp:

ConhwOpwglbiny® GEpYuywgltap yuwyws L shwwyé pwnwnphsbbpp
GYwpwanpnn wwpwdtunptpp, wnnkoghwibtph nibyghnlwy wbupp L hw-
! dwwwunwupuw G2hs06pp (wynuwuwy 4.1.1):
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Wuwhuny, 0tpYywjwgntghtp dntinpwhG wihpwdtain duwjitpp L d0nud ¢
dhuyb ObpLYuywglty G2qwé spwgnwihl thwpetipntd weyw ntdwihh nwwnbpp:
GROMACS 4.0 vnwppbnwyp wrwownlynid £ hbnbywy ndwihl nwawntpp, n-
pnlp OEpYuywgywé &G FF.dat puynud’

figmx GROMACS forcefield

ffgmx2 GROMACS forcefield with all hydrogens (proteins only)
ffG43a1 GROMACS 43a1 forcefield

ffG43b1 GROMACS 43b1 forcefield

ffG43a2 GROMACS 43a2 forcefield

oM

ubnyujugywd GROMOS nidwihl nwzwinh 5 tnwpwiintiuwlobpp welw G0
GROMACS 6Spwapwiht thwpbpnid” winwninghwl  ponupwgnnn figmx.itp,
figmx2.itp, ffG43a1.itp, ffG43b1.itp L ffG43a2.itp dwytph Suny: Pwgh pnih
nnwninghwwo .itp dwyinhg, wiks dh twpwwnbuwy nbh bwb wrw(dhh
wwnnibbph wbuwylbpp L wewbdh pinyttpp pintpwagpnn .atp, .rtp, .hdb, L
tdb puwyibip: <wply b 0wl G26(, np gwlynipjwl ntwpnud Yuntih & thnthnfunt-
piwl LOpwpytp NudwihG nwawnp’ wyblwgltiny Yud thnthnjubiny njwy ni-
dwh( nwzwnh Wwnwdbwnnpbpp:

Unnbiwynpiwl hwiwp wohpwdbzun Ynbdhgnipwghnl - wwpwibunpw-
Ywh .mdp duwytiph dwuhl Yunugh wybih Swipwdwul wwp. 4.2-nLd:

Gipwyht puybnp

Unynpwpwp dnyniughl nhowdhyuwyh depnnny  nwunudGwuhpnipjwl
dwiwlwy npwbu b pwiht wndtip unwgynid 6o dwiwbwyh phpwgpentd hw-
dwywpgh dwu Yuqing winndatph YynnpnhGwnbtpp, wpwgnipintbbepp b nt-
dtipp: _

GROMACS spwagpwyjhl thwpbpntd wjt hpwhwlwgymd § .trr L .trj ) b-
nh dhengny’ Gwfuopnp nwiny pwjh tb gpwbgkint puyip: Mwpwdtnpw-
Gwo puyind whnp t wpyh, pb pwih hGwnbgpwghnl puyp dtY Gpwaghpp
qpwigh YnnprhGwwnGbpp, wpwagnieyntbGbpp L nudtpp’

nstxout = 100 / YnnpnhGuwunGtiph gpwGgnud jnip. 100 hGunbgpwghnl pusyy
nstvout = 100 /wpwgnipntltph gpwagnud jnip. 100 hGuintigpwghnl puy
nstfout = 100 /nidtiph gpwlgniy Jnip. 100 hantignwghnG puwyj

LEwnwigsh trr Yud trj duyikpp hpbGghg Gpluywglnud GG ng intpuunwih
$wpbn, npnGg hgnuwy wwunybpdwl hwdwp wihpudbun GO0 hwunny
spwaptn, ophGwy, ngmx dpwgpwiht pinyp (GROMACS thwptiphg) L VMD
huyuinGh Spwagpwiht dhwpbipp: <Gwnwqéh Glpwiht Swjitnhg pwgh, épwghpp
hGwpwynpnipinib £ tnwihu gpwogt) Gwl tGepghwlbpp’ hwunnly log wntiup-
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nwiht L .edr duybpnud: Wa anylwbu gpwagymd £ hantigpughnG pwyiny,
npp gpynid | puginud’

nstlog =100
nstenergy = 100

h ntiw, .edr L .log dwytpnud gpwbgyntd Bb tGtpghwih pninp pwnwinphs-
OGpp (Jwonbpquuwuwo, fEyupwunwnhy, Yuwwh Spuwpnipyub nwunwi-
Jwdp wwydwawynpdwdé b wyib):

hos ybpwpebpnud ¢ Gpwiha Swyitph éwywibtphl, www G6Ge, np wib
wOshowlwOnpblt Ywhujwé b bpwihg, pt nppwl hanbgpwghnb pwjp dky t
Yuwuwnwpynud gpwagnud: <tinwgsh bipwiht puybpp unynpwpwn unwgynid
GO pwdwlwoh d66 dwywyh, L hbnwquyntd™ yepinudnpjul dwiwbwy, w-
npwowlntd B0 futnhpbbp 066 dwlwth dwytiph htwn: Gpb wihpwdtuinnip)nth
b wewowOmd wybih dwopwdwul yepinidt niuntibwuhpynn hwiwywpgp,
wyn wwpwguwyntd Ynnpnhwwnbbpp b wpwgnipnbbbpp gpynd &6 jnipw-
pwlgynip puyip 4Gy, dowgwé nbwptpnid gwoywih t gptiy YynnpnhGwwnltpp b
wpwgnpntbltpp, wutbp 10.000 Ywd 100.000 hGwnbgpwghnb pwjihg htun:

L2thp Gwl, np thnpdh wdwpunhg hbwnn hbunwagsh dwybpp Ywptih t y6-
pwgnpwigt) L unwOwy swywiny wytih thnpp pwyitin: Yw Yuwfudwo t, pb hag
wnhwh wwpwdibwpbp G0 wihpwdtn unwlw] thnpdhg: Vwulwynpwwbu,
Gpb funupp qOnud b Ywwh Gpywpnipintbbbph yhppwghwbbph dwuhb, wwjw
wlhpwdtun t unwlwy hEwnwagsh Blewht dwytp, npntp wwpnibwynd GO
hu$npdwghw YnnpnhGwunbbph L wpwgnipntGGbph dwuhb jnipwpwbgnep
pwyinid, huy tpb nwuntdbwuhpynn wwpwdtuph nhndwi dwdwlbwyp Gwbn-
Juyplywltph Ywpgh £, www gwoywih £ gpwogt) dh pwih 100.000 pwyip
aty:

4.2 UnOGdhgnipwghnl-wwpwaidtinpuwa mdp uytp

UnGaphgnipwghni-wwpwitnpwywb .mdp $w)tnt hpkag dbe Gepwend
GO dnnbjwynpiwl hwiwp wihpwdtun hdnpdwghw Giph L dntnph dwy k-
ph, hownbkgpwunnph, spdwutnhgwbh, 8620wh L wylbh dwuhG: Uwnnpl GGpYyw-
Jwglbklp YnGdHhgnipwghnl-wwpwibunpwywls .mdp  pwytiph  hhdbwywh
hwunynipyntGGapp:
Duyp uuynid £ 4bplGwgpny, nphb htwnlind ¢ hGunbgpwunnph dwuh ho-
$npdwghnl tinnp'.
title = dppc MD
cpp = [lib/cpp

; RUN CONTROL PARAMETERS
integrator =md

6 U Mnnnuywa, U. CwhhGwa 81



Opwgpnud npwtu hbwnbgpunnp upnn 60 Yhpweyty dnjynuywhG nh-
Gwdhywh (md), unnpuwuwinhy nhiwdhywh (sd L sdl), ppnnibjwlb Y
(whdlblwt nhtwihywh (bd), hbswbu Owl tGtpghwih GhOhdhqwghuwih
huyuinGh wunh8wOwihG (steep) L pwrwyniuwghG (cg b I-bfgs) dtpnnltnp:
Apwlghg quun Yw hGwpwynpnipinih Ywwnwpby Gnpdwy Gnntph ytpntént-
pinth (normal mode analysis):

Unibyniuwshl, uwnfuwuwnhly L ppnntljwl nhOwdhyugh  ntuypbpnud
npynud GO puytht L dwiwlwyhG Yepwptpnn htunbjw; wpdtiplbnp’

- Start time and timestep in ps

tinit =0 ; ulgpiwlwl dwiwbwyp

dt =0.002 : puwnbgpwighnG puyp wy-Gbpny

nsteps = 500000 ; pwjibph pinhwOnp pwbwyp

init_step =0 ; nwy Ywnhg 2wpnibwytint hGwpwynpnipinil

Gipwih L dntnpwyhh $uybph pwgwwnpnipiniop wnpynid £ hbwnbywy
ytpw. thnpdh dwiwlwy wihpwdbn pninp duwyitpp wpynud GO plpwghy
prrwwwiwyntd, b Gayntd § Gwl gpubgiwh puyp (wnbiu wwp. 4.1 Geuyhl
Duylén):

Epypwswithwywl owwhihqughwh ntiwpntd wignphpihg quuwn (steep,
cg Y I-bfgs) whitng t G240 Gl htinbywy wpdtpltpp’

: ENERGY MINIMIZATION OPTIONS
: Force tolerance and initial step-size

emtol =10 ; Shohdhqughuih wjwpwnp, tpp nudp thnpp £
wpywé wpdbphg (Shunpp Uing'oa™ )
emstep =0.01 ; uyqphwywb puyh wpdtipp (Gd)

.: Frequency of steepest descents steps when doing CG
nstcgsteep =1000 ; pwjth hwiwhuwlwOnipinlbp
nbfgscorr =10 ; mnnnuip I-bfgs-h nbupnid

HiBYwpwutnwnhy L Juinbpyuwiuwb thnfuwgnbgnieintblbpp nhuwp-
Ybthu Yuptih ¢t oguwgnpét “Yunpdwl” deluwbhqdp L tdwinh dnuinbignidp pp
dnnhdhywghwbtnny’

; OPTIONS FOR ELECTROSTATICS
: Method for doing electrostatics
coulombtype = cut-off, Ewald, PME 4wd PPPM
rcoulomb-switch = 2.0
rcoulomb = 2.5 ; yunpdwl wnwyhnp
Gpp Yhpwrynid GG Ewald, PME Ywd PPPM wignphpdlting, wuww hwyb-
pwi wpynud | owly’
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; Spacing for the PME/PPPM FFT grid
fourierspacing =0.12
; FFT grid size, when a value is 0 fourierspacing will be used

fourier_nx =12
fourier_ny =12
fourier_nz =7

: EWALD/PME/PPPM parameters

pme_order =4 ;tpunpwwniwghwh Ywngp
ewald_rtol =1e-05 ; hwnpwpbpwywb g2unnipynilp
ewald_geometry =3d

epsilon_surface =0

optimize_fft =no

dwintGpuuwiuywb dgnjuwgntgnigjwl Yupdwl wewypnp GGpYuywg-
ynud t hbuinlywy duny.

; Method for doing Van der Waals

vdwtype = Cut-off, Shift jud Switch

; cut-off lengths

rvdw-switch =0.8

rvdw =1.2 ; Yupdwl wewyhnp

Nuwppbpwywlnigintbp L hwplwb pehelbph hbwn  thnfuwqnbgnieinlbp
Ywpgquwdnpyntd GO hbnlyw| wpdtpltpny.

; NEIGHBORSEARCHING PARAMETERS
; nblist update frequency

nstlist =10
; ns algorithm (simple or grid)
ns_type = grid

; Periodic boundary conditions: xyz (default), no (vacuum)
; or full (infinite systems only)

pbc = xyz, no Yuwa full
: nblist cut-off
rlist =1.0

domain-decomposition =no

Pninp ninnnpinulbpny wwppbpwywbnieyniaa hpwywbwgynud £ pbe =
xyz hpwdwbwiht wnnnny, chagntr hGwpwdnp t Gwb nwy ywpptpwywone-
pINLGp npn2wyh ninnntpynlGatpny, hoswtu Owl Get hwpy t fubnhpp nhuwp-
Yt quyninuinul, www wbunp b wiowwnb] wwppbpwywbnipgintbp hpwdw-
Gwht wnnh  oglnipjuwip:  dwyninudinud  nhwwpybihu - wbhpwdtn ¢
“Yunpdwl” 2wrwynhl tnwy qpn wpdtbp: LakGp, np 866 hwiwywnpgbiph nbw-
pnud gwOywih t Yhpweb] Grwgwth wwpptpwywGnipynibp:
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Opwghpp wewsownynid t obpdwuwnhdwth L 800wl wwhwwbdwl
htwnlywy dninbigniiGtpp: Npwtu phipdnuunwunn Ywntih £ Ytpglty Rtntilnub-
Gh, Lnigb-<nuytiph Ywd wpwgnipintabeph Ytpwhwaqwnyh (v-rescale) wign-
nhpdtbpp: Lpqwé wignphpiltph dwuhl dwopwdwul funudty b wwp. 3.6-
ntd, huy hos Ybpwpbipnud £ wpwgnipyntGGbph Yepwhwzywpyh deennhl, w-
ww G2t0p, np wis PEpkOnuElh pEpdnunwunnh wowingl t: hGgwbu wpnbo
b1 GOp, Gpp duwlOwywiht hwunwwniop hwywuwnpynud b pwyihl, wujw
PEPGORUELh pEpdnuunwnp Ybpwéynid b wpuwgnipintbbtph wwpqugnyb yt-
pwhwqwpyh: LeEpswunhiwbuwhl wwhyweiws dninkgnuip gpwlgynd
ynGdhgnipwghnb dwyinud hbinbyw) Yepwy

: OPTIONS FOR WEAK COUPLING ALGORITHMS
; Temperature coupling

Tcoupl! = no, berendsen, nose-hoover LJwd v-rescale

; Groups to couple separately

tc-grps =dppc sol- ; GpYujwgywd wrwbdhi judptip
: Time constant (ps) and reference temperature (K)

tau_t =01 0.1 s dwiwlwyuwiht hwuwnwwnnil
ref_t =323 323 ; wwhwwiowb gbpiwunhswip

Qbpiwuwnhdwp wipynid  ref_t hpwdwbwihO winnh ogOnipjwdp (dhwyn-
pp’ Kelvin, K)' wrwGdhG npnaybinyg hwiwlwpgnid wwpnibwyynn jnipw-
pwhgnip fudph hwidwn (ophbwy, ihwhnbtn L (ndnyp):

Npwbu pwpnunnwunn dpwgpwiht thwpebenid welw 60 Pepkinutoh L Mw-
phGtin-Nwhdwih dnuinbgnibtpp: WnGdhgnipwghnb dwjind npwbp gpwlg-
ynud G0 hbwnlywy duny.

; Pressure coupling

Pcoupl = parrinello-rahman Ywd berendsen

pcoupltype = isotropic, semiisotropic, anisotropic Yuui surface-
tension

: Time constant (ps), compressibility (1/bar) and reference P (bar)

tau_p =1.0 ; dwiwOwYwiht hwuwnwuinnel

compressibility = 5e-6

ref-p =1.0 ; WwhwwOdwb 8G2nudp

Nwp. 3.6-nd npdwé t E620wl Wwhwywbiws dwipwdwul pugwwnpnt-
pInt0p: Opwghpp htwpwdnpnipnid t tnwihu 8020wl wwhwwbntdp hpuyw-
Gwglby pgnunpnyy, hasp GOpwnpnud t Gptp ninnnupintabtpny 8620wl hwyw-
uwp wpdep’ P, =P, = P, , Yhuwphqnupny, npnbn tinpnynud 66 8020wh Gp-
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Unt wpdtip® x L y ninnnipjwdp P, =P L z nqunlpjwﬁp P,, L wipqnun-

pnyy, npp Gopwnpmud £ 8G0wl 6 wpdbip, hwiwwwwnwuliwbwpwn,
PP PP P L P, : Uwybpunipuht jwpywdnipintbp (surface

w2zt xylwxf xzlzx yzlzy *

tension) wipynud £ pcoupltype = surface-tension hpwdwbwiht wnnnh oqbnt-
pjwip’ Gopwnntny 8020wl Py OGnpdw| pwnwnphsp z nnnupjwop L x/y
dwytpunipwiht jwpywénipinila: Wu nbwpentd ref_p-0 wwpniGwynd £ dw-
ytpuntpw)hG (wupqwoénpiwb b z ninnnipjwdp £620wb wpdtplbnp:

Npwtu Ywwh GpywpnepntGbbph b quibunwywt walyniabbph uwhdw-
Gwihwydwb dbpnn, 6pwghpt wrwowpynid t LINCS L SHAKE wignphpdbb-
np (wnbu wwp 3.4): UnGdhgnipwghnt puynd wyl gpweynid § hbnlyw| duny.

; OPTIONS FOR BONDS

constraints = none, hbonds, all-bonds, h-angles Y all-angles
; Type of constraint algorithm

constraint_algorithm = shake Y lincs

; Do not constrain the start configuration

unconstrained_start = no Jwd yes

; Use successive overrelaxation to reduce the number of shake iterations
Shake-SOR =no

; Relative tolerance of shake

shake_tol =1.0e-5
; Highest order in the expansion of the constraint coupling matrix
lincs-order =4

: Number of iterations in the final step of LINCS. 1 is fine for

; normal simulations, but use 2 to conserve energy in NVE runs.
: For energy minimization with constraints it should be 4 to 8.
lincs-iter =1

: Lincs will write a warning to the stderr if in one step a bond

; rotates over more degrees than

lincs-warnangle =30

; Convert harmonic bonds to morse potentials

morse = no Juwd yes

LytGp Gwl, np épwghpp hbwpwydnpniginea b vwighu Yhpweb) fEYunpuw-
Ywh nwywn (Electric fields), hwyyt| wquwn taGpghwh (free-energy), Ywunw-
pb; UUN wowhq (NMR refinement) L OnyOhuly dpwgpnud Yhpuwebp oguw-
gnpénnh Ynnihg gpywé Ynntip (user defined thingies):

Gapwihwytiny’ G260p, np wpdtpltph deéwiwubnipntbp wnnbb G24wé
b dpwgpnid npubu hhdowywh wpdtp (default values), L htnkwpwp, Ywphp
Yw gnbint wyb nbiwpnid, tpp wpdtipp nwnptpygnud ¢ hhdGwywh wpdtphg:
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4.3 <Gunwqéh ytpgnuonieynil

GROMACS Spwgpuiht thwpbph wrewybineinibltphg dtyp Ytpinidni-
piwl hwiwn wewewnlyynn dh pwih nwuljwy dpwgnpwihG ynntpl &GO, n-
pnip Gwiuwwnbudwd GG hbinwgdsh duwybpp dtipnustiine hwawp: LEpywywg-
060p wrwyb] hwiwlu oguwgnpdinn 6pwgpwihG Ynntinp L wwbp npwig
pwgwwnpnipinebp:
= g_energy Ynnp hwuntd t ntunuiGwuhpynn hwiwlwnpgh tGGpghwa, nw-

thu t pwnwnphsObnt wewGdh-wewldht: Unnbiwynpdwl pOpwgpntd

utnwgywé .edr pwyitipp dwewyntd 5O npuytu dnunpuyhG $uyitn, huy np-
wbu bipwyht wpdtip utnwgynid 60 nbupwnwihlG .xvg paniuwbdwdp duwy-
ttn: Pwgh tabpghwyh pwnwnphsOtiphg, wju Ynnp hwaynid £ 0wl wqwn
tobpghwl, YnnpbjughnG gnpontp L hwdwwpgh  dwoénighynipntbp:

LiwGwuinhy hwaywpllbp Ywunwpnid t 0wl g_enermat 6pwagnpwjhl dn-

nnup: Ywénighynipiuit hwzdwplotph hwiwp Juptih ¢ ogunwgnpdty

(0wl g_teaf dnnnyp:
= g_traj dnnnip hGwpwynpnipinib £ iwihu hbitnwqsh dwytinhg unwiiwg

wunndbbph L fudpbph wpwgnipniGtpp, YnnpnhGwwnbbpp L nidbnp: Np-

wbu dntinpwiht dhwidnp pOnnibbiny htuinwgsh trj Yud .trr dwyibpp” inw-
thu t G pwyhb .xvg ntpuinuwihG uwy bip:

« g_analyze dnnnip nwipu b wgunynptiwghnt $nibyghwa, dhehl pwnw-
yntuwghb 26nnudp, twpptp pwziudwéentpintGitp, haswbu Gwb Gpw dhen-
gny Yuptih t unwwy Lnequip — 2winibph Yhokuinhy ytpnudniggnibp:

s g_lie dnpnyp hwayntd £ wquun tObpghwt™ thnpdh wprynibpntd unwg-
Jwé ener.edr bipwihl duwyihg: Uquinn tabpghwh, tGnpnuwhuwh b EGunw-
whwih hwaqwplotph hwiwp épwghpp wewgwnynd § Gwl g_sham dn-
nntp:

s g_sdf L g_spartial dnnnultipp hwyuntd 66 tnpdwé wunndbbph nwpw-
Swywl pwpiuiwh $nilyghwh: SpYwd wwnndwlwl fudptinp wtup § n-
nnautlt L npwtiu dnunpught duwyp wewnp b wpdbb dnnnihl index.ndx
$uwyitinh intiupny:

= g_rms dnnnyp hwitdwwnnd ¢ yuenigwéplbnp b tnwihu b wpdwunwh
dhohl pwrwyniuwhl 2nnuip (root mean square deviation — RMSD): Un-
dnpwpwn, uwhunwynigbtiph ntuntdGwuhpnipjwb hwdwp hwayynid t 0z-
qwé wwpwitiinpp' hwibiwwnbine uygpowlwh L thinpdh wpnniopnid
unnwgywé tnpynt Yuenigywdplbipp: Ywulbhybtph htrwynpnipnibp npn-
26(nt hwdwp Yupnn b Yppwedty g_rmsdist dnnnup: Ywenigywépwih
hwibiwuwnwiwo 4bpimdnippult hwiwp dpwghpp wewewnynid ' Gwb
g_confirm dnnnyp:

* g _cluster dnnqnyp npnanid £ hwiwywpgnd welw Yiwunbpbbph Y-
rnigwdplbipp, huy g_clustersize dnnnyp wwihu b dnityntuwht Ywd w-
wnndwlwl Ywuwnbph swhbpp L pwfudwdnipnibp:

» g_mindist dnnnih oghnipjuidp upbih b hwadb) 2 fudptiph dhel htinwyn-
pnuegnilp: Liwlwwnhy hwywpytsp Yupbih £ wobp OGwl g_dist L
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g_bond tinnniGtph oglnipjwidp: g_dist dnnnup hwaunud t Gpynt fudptph
swapnLpjwl YEGwnpnbotph dhele htrwynpnipnibp, huy g_bond dnnnyp’
wwnnibbph dhol hirwynpnipjnibp (-averdist owghuw):

g_mdmat dnnnup Ywenignid £ Bpynt dngeyniwhG dhwdnpbtiph dhel
Gqwqugnyb herwynpnipjwlt dwunphguwl, hbswtiu Owl gwiywgwé wunn-
Jwywl YnGuwyunught herwynpnipintdp” dnnbjwynpiwl dwiwbwyhg
Ywhuwd:

g_polistat dnant(p hGwpwynpnipintd £ nnwihu hwayti wnihdGnwiht dshw-
Jnptph 6h 2wnp wwpwibuptn (Guunwpnid  Gwb dhehGwgnud)' dnnb-
jwynpiwl dwiwbwyhg Ywiudws: Wu dnnnith oginupjwdp Ywpbih &
unnwbwy, dwubwynpwwtu, wynhdtpwiht dnieynuybbph dwyptiph dhol &-
nwé hrwynpnipiniop’ Ywiudwé dwiwbwyhg b wnihipwiht Yshyatph
wrwyhnp (Yuntlh § hwquwpyt) Gwl g_gyrate dnnnih ogintpjwdp):
g_msd tnnniyp hwyyntd b uyqpowywl nhpphg dwubhyltph dhohl pw-
rwyntuwihl 2tnnuip  (mean square displacement — MSD): UWu wwpuw-
dtwpp hGwpwynpnieinit £ tnwihu unwwy nhdnighwih gnpéwyhgp:
g_rotacf tinnntp hwpynid t dngeynt0Gph wununwywl wpddwl Ynpbiw-
ghnt $nibyghwt: Spdwd dnbynyh (ijk) Gpip wuwndlbpp wbwp §
gnpwigytb index.ndx dwynid’ ij b jk yhinnpGtinh wntiupny:

g_vanhove unnnyp hwaynd t dwGwn <nddh Ynpbjughnl pnidyghw:
hOswbu huyinbh t, wyn YnpbpwghnG $nibyghwb gnuyg b nwhu hwywbw-
YulnipntGl wyl pwGh, np uyqpowywh 7, Yawnnd qunbynn dwulhyp

yhwyinGyh 7, + 7 Yewnnud dwiwlwyh ¢ wwhhG: Mwpptipwywoneinithg

nnipu Swuhyotph pwjtpp wphwdwphynud G0:

g_bond dnnnup, hoswbu wpnkb G26; Gop, GYwpwapnid £ phihwywl Yu-
wtnh Bpywpnueniattnh pwzfudwénipgnibp: Unnnyp (-d owghw) hwpw-
Jnpnipintl £ tnwhu hwzyty shedwulhyw)hG pngnp htrwynpnigynbatpp’
Yuwhugwé dnnbjwynpiwb dwiwbwyhg:

g_angle tnnnyp hwyynid £ prpupnt Ywd Yuwibiunwywh waynbabtph
pw2tuniip” wwiny howpwynpnipinth uinnigtine dnnGiwynpdwl thnpdh
gyunnipgnibp: Unnnuyp (-ov owghw) hwaynud t wewGdhG fudpbph dhel
Ywquiyws dheht wllynibttpp’ Ywiuws dnntijwynpiwb dwiwbwyhg b
wwihu t ShohGwgyws wpdtipltn pninp fudptiph hwiwp (-all owghw): -of
L -oc owghwlbpp ytpwptpnud &G ppubnG woynGObphG: Uwlwib
wtitnp t G261, np papuhnh wolyntGobph Yepinuonigjwl hwdwn hwpdwp t
oquytf wyth Swywynib g_dih dnnnihg:

g_hbond dnnnyp hwaynud L dbppneéncd £ hwdwywpgnid opwélwhl Yuw-
wbpp' npwtiu G pwiht wpdbp nwiny, ophbwy, onwoétwihG Ywwtph ht-
rwynpnipintGOtph L walyntabbph pwzfuntdp:

g_sas dnnnip hwayntd & hhapndhy, hhnpndnp (ndnyplbiphh pwdwiiwa
Jwybptup, hGswbu Owl’ swydwip b unnipnibp (-tv owghw):

g_order dnnnip hwyynid t wotuwopwébwihl wnsbph  twpwowywb
ynndbnpnz0wh wwpwdbipbpp' npwtu nipnnpnyws Jeywnp uwhiwls-
(n i—1 wuwnndhg nbwh i+1 wwnip nipnyué Yshinpp (Wwpwdibwpp

87



hwzyynid t onpdwih GYwwndwip Yuqiwd woOywl dhongny): <wynid §
Gwb hpwywh thnpdhg unwgynn Sy ntjuntphnudwihl ophtiGuwghnl
wwpwdbupp (-od owghu):

g_rdf dnnnup hGwnwynpnienil £ phatenud hwyt) 2wewynwiht (Pw-
nhwy) pwpfudwd $nibyghwl:

g_sorient dnnniip hOwpwdnpnigiml § wwihu hwauty (nuonypmd dnib-
ynuGtph Ynndanpnaqwéntpintlp L npwbg Ghole Yuwqdywd whlynbbeph
puwpfuntip: WG, hoswbu L g_h2order dnnnyp, hwpynud £ oph dnityntbt-
nh twpwéwwb YnndGnpnzniip Gnpdwih Ohwwndwdp’ nwiny 9ph Gn|t-
ynt Gtph nhwnibtph L Gnpdwih wewbgpeh (2) vhol Yuwquiqws whlywh Yyn-
uhlniup:

g_kinetics dnnnih ognipjuip htunwgsh Gipwiht dwybphg Yuptih t
unnwOw| gwblywgws wnbnkynipinib hwiwywpgnid popwgnn nhGwdhy
wpngbultiph Y&epwpebnjwi:

g_potential dnnnip hwaynud | hwdiwwpgh tEYunpwunwnhy wnnt-
ghwip, nph hwiwp hwiwywpgp pwdwbynd t 26puwnkph L win 2tpunbnny
gnuiwntiiny dwubhybtph |hgptpp’ ywuwwpynd £ ypybwyh hGunbgpnid
(lhgptiph pwifuntd) puwnn 2tpuwntiph: Npwbu Gipujhh wpdtipln oguiw-
gnpéynud BG hwiwywngh wnwnbGghwip (-0 owghw) L Ihgptpp (-oc ow-
ghw):

g_dipoles dnnnip tnwihu b hwiwywngh dwubhybtph nhwny dndkGunGt-
pp L Opwlg pwptumdp’ Yutuyé dnnblwynpiwt dwiwbwyhg: Uju dnnb-
th oqUnLptp Yupbiih § unwbwy Owb dhowdwynh nhksyunnhy hwunw-
wntlp, hGaswbu Gwb nhwnibtph wywnynpbiiwghnb $nilyghwt: LztLp,
np GdwOwwhy hwaqwnpyGtp Ywpbih £ ywuwwnt| bwl g_dielectric dn-
nntih oglntpjwdp:

g_chi tnnniyp tnwihu b wihGwpeeniotph dniynyGtph @, @, ¥ L 8 pnn-
uhnG waOlntGOtpp: W Ywpnn £ hwadb Yuiwjwywh prnuhni walymG
Ywiugwdé dnpbwdnpiwl dwiwbwyhg: -corr owghw( hwpynid t pnpuhn(
waynitGebph wywnnynnbiughnt pniblyghwt, huy -r owghw( gqblbpwg-
anud £ 8 wolywo Ywhudwénpgnbp @ Ly wlyniblbphg:

g_helix dnnnip ytpwpetpnud | uwhunwynigushG wwpnyph (qwiwnbtph)
hwwnynipynibbpht: Wo hGwpuwynpnipinil wnwihu hwyybp wwpnynh
owewyhnn, wwnywinh puyp, swihtpp, hOsweu twb C, -C, pnpuhnG
wOyntGoepp (win pUnd b @, wGymGlbpp): Uwhuwwynigh wwpnynh
nwpwéwywl Ynndbnpnznuip Yuptih £ unwbw g_helixorient dnnntih
oqlntpjwidp: Mwpniyph wewlgpdtnph Ytpininipinilp GEpywjwgynid £
g_bundle tnnniiny:

g_rama dnnnip hwaynd t NwdwswoOnpwl Ynpbipp (/v pnnuhnl
wllyniabbph Yniphbwghw' Ywiudwé dnnbijwynpdwl dwiwawyhg):
g_density tnnnip hwpynid t wipnng hwiwywngh Ywd hwiwywpgnud
welw npdwé nbuwyh dwulbhyobph wwpghw (Gwubwyh) fuwnnipynlp’
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kg/m® GhusinpUtpny, hoswbu Owl dwubhyltph pwiwywyht L t[bumnn:.
Owght fuwnnipniblbpp:  EGGupnbwghG fjuwnnieinibp uwnwlwint huuju_'mf'
whwnp b nitow) jnuipwpwignip wwnndh ntuwyh hwdwp tiGYupnGOGEPH
pwlhuwlp electrons.dat dwylh duny (-ei electrons.dat): hwnnipiwulb Gpyswdh
pwpunbqOtp uptih § utnwbwy g_densmap dnnniih oqlnipjwip:

» g_h2order dnnniip hGwpwynpnipinib £ wnwihu hways onh dnikynybGbnh
tnwpwéwywl Yrndtnpnzqwénipiniip hwiwywnpgh Gnpdwih OYwundwdp:
Wo hwyynid £ oph nhwnibtph L Grpdwih Shel walyw ynuhGnwuh shehl
wpdtipp:

Upwlp tht hwdwp ogunwgnpdynn Ytipniéwywl ynntpp, npnbp
npywé GG GROMACS Spwgpuwjhl thwpbiph dbg: Jdbponud Gp6Gp, np
Spwgpuwiht thwpebeh wdks dh Gnp twnpbpwy pwpdwgyntd £ ytpniont-
piwG Gnp Ynntpny, npnGp Guituwwntuynid G0 tnwpwnbuwy wwpwitu-
ntph hwqwnpydiwb hwiwn:

NAMD

NAMD épwgpuiht thwpetep [6], hGswbu L GROMACS-q, whuwwnbudws t
dnYnywihl nhowdhy hunwagnunnignibGtph L owwnhiwiwgiwt fubnhplt-
ph (nédwl hwiwp: Uu 6pwapuwihl dhwpbpp drwyyby t 90-whwaGtph
uyapht hhonjuh hwdwuwpwind (UUL): Uu Spwgpuyht thwpbiph hwdwp
gnntpintl nLGtG Windows L Linux owtinwghnb hibph ypw w2juwiinnn nwip-
ppwyltpp: Pwg Ynnny wju thwpbpp gpywsé t C++ 15qyny:

Udd dwlpwiwub ObpYujwgltap spwgpwiht thwpbph hwuinyntp)in -
Gtpp:

4.4 Ununph L Gph duyitip

hoswtu L GROMACS 6pwapwihl thwpbph nbwpnts, NAMD-nui OnjG-
wtu npwtu dnunpwihlt Swjitn ogunwgnnpontl GG .pdb pUnuwytdwh dwytpp,
npnlp pOntpwgnymud B0 hwdwywngp Ywaqinn wwnniGbph wpwéwywl
ynnpnhOwwntpny: NAMD  thwpbiph hwwnynipntbltphg, pbpLu, wibkbw-
ywpunpp X-PLOR L CHARMM &pwgnpwjh( thwpbpltnh htwn hwdwwntnbihnt-
pINLOG t, wyjuhlpl' Owé Spwgpwhl thwpbpltph nitnpwiht puntpp Yuw-
pnn GG dwewjb) npwbu NAMD-h dntinpuwjhl duwytip: Lnyop Yepwpetpnid t u
Giph $uytiphl, npnp Gnylwtu hwdwwnbnbih GO 02qwé thwptpltinh Hwyt-
ph htwn: Un hwdwunbnbihnipinbp GOpwnpnLd £, np dwubhyotph unwgywé
htunwadétph Gipught duyitpp Yupbth t Jbpnuoty Gwb ginwu thwpetipltph
ynnihg wewewplynn pwqiwphy dnnnyGkph ogUnipjwidp:
Pwgh Gqwé pdb Ynnprhlwnwih $wjihg, hwiwywngswihG thnpdh hw-
dwn npwbu dnwnpugh dwyitn wihpwdtaun kG Gwl hGunbywy Swjibpp
o Spwgpwihl wwnwdtnpuywa b wnnwninghwywa dwjp X-PLOR
L CHARMM $npdwwnbtpny
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e YJuwrnigywépwihl .psf duybip
*  UYnGPhgnipwghnl — wwpwibunpwywl .conf uwybp

Opwgpwihl wwpwibunpwywi b tnnwninghwywo dwjitipp (unynpwpwp
.prm Ywd .inp pnpuwyGiwa) hpkag vk Gtpwenid 56 nudwihG nwawntiph pninp
thnthnfuwwotpp: Wn panyph puyitpp Gepwedws GO thwptiph dbe L nw-
nbguwnh pwpdwgyntd L hwdwipynd G0 GnpwGnp dngynuyht dhwgnt-
pInLOGEPh nidwhl nwzwbnny:

Onwgpuyht  wwpwibnpwywo  (Ytpght  wwpptpuyls  §
par_ali27_prot_lipid.prm) dwytpt hptlg Gb9 wwpnibwynd GO nidwihG
nwawnbph painp pYwiht  hwunwwnnibbtpp: Sugh uygqpenud pepdnud GG
dEYGwpwnRINLOGEpp L hnnqwistbnp, npnGg Upw Ywunwpyws G0 hnnuddtn,
wjinthtint phihwywt  Yuweph  Bpywpmipginibttpp,  JwiGtunwywi
pnpuhn( walynibbtpp, Jwintpquwiuwb b Ynynbut tghinfuwqntignteinibGt-
nh wwpwdbnpbph wpdtipttpp: Ywwh Gplupnigjwdp wwydwlwynpywé
wnwntGghwip nhtnwpyunud ¢ hbnlywy wkupny™ &% (r-r°)*, np0, h nbw,
twpptpynid t Gwjuyht dhwpebpnd  GepJupugyws (nbu pwb. 3.5.2 -

1 o .
U ponas (7)) = EZK; (r, —r7)*) nwuwlwl hwpdnGhy nibyghwihg, wjuhGps
ij

B

6pwgpuht thwpbpnud Gbpweywéd k® hwunnwuniop’ hwywuwn —Kz—-—h:

LbOp, np npubiu swhiwh hhiGwywO ShwynpGtn NAMD dpwapwihl
thwpbpnid ogunwgnpdynid 0. waquunntiip (1wlq = 107'°9), whynywjplywap
(1wyy=10""%), YbhGp (K), tabnpghuyh Shwdnpp® Yyuwy/dng, tiEYwnnGh thgen
(e=21,60217*107"°C), wuinndwlwl qubgqywép (nwinnt — Da, KDa), b 80znt-
dp (pwp, 10p0. = 1.013bar):

Zwiwywpgh wynuntoghwnd Juibiwnwywo wayntbbtnh nwnwbnudt-

pny wwjswowynpywsé pwnwnphsp dpwagpnud GEpluyugywé £ 2 duny’™ wwip-
qugnylG hwpinhy (nbu pwh. 3.5.7) L Net)-Ppbnth nkupny (ntu pwo.
4

3.5.9), tpp npwbu £ hwuwnwunnl gepgdned £ 52— GGonipyntlp, hbOswbu

Gwjunpn 6pwgph nbiwpentd, huy Gywé wnnbGghwil nibh htinbjwy wntupp’
k°(0-6°)*:
MnuntGghwih™ prpuhnG walyniGatph wunyunGtpny wwydwbwynpdwé

pwnwnphsG moh httnbjwy wkupp” Y. Y U, (1+cos(np - @,)) . npwnbn, hos-

ijkn n
wbu huynth t, 7-0 hptGhg GbpLuywglnud b wuundwh wpgbiph wwpptpw-
Yulbnipynilp (pOnnibbiny 1,2,3 wpdbpltpp) — “multiplicity”: Lzywéd pwbwalp
GYwpwgpntd t hpwywl popubnt wOyws Jwppp, dhagnte Ytnd pnpubnl
wOlywl nwinwinudp dpwgpntd Gywpwapymid § Dk, (£, —£,)° pwlwdlh

wnbupny:
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*>CHARMM22 All-Hydrogen Parameter File for Proteins and Lipids <<

BONDS
IV(bond) = Kb(b — b0)**2
|

IKb: kcal/mole/A**2, bO: A
|

latom type Kb b0
c C 600.000 1.3350 | ALLOW ARO HEM

ANGLES
IV(angle) = Ktheta(Theta - Theta0) **2
!

IV(Urey-Bradley) = Kub(S - S0) **2
|

iKtheta: kcal/mole/rad **2, ThetaO: degrees
IKub: kcal/mole/A**2 (Urey-Bradley), SO: A
!

iatom types Ktheta Theta0 Kub SO
CA CA CA 40000 120.00 35.00 2.41620! ALLOW ARO

DIHEDRALS
IV(dihedral) = Kchi (1 + cos(n(chi) - delta))
1

| Kehi: kcal/mole, n: multiplicity, delta: degrees

!

latom types Kchi n delta

CA CY CPT CA 3.0000 2 180.00! ALLOW ARO

IMPROPER
IV(improper) = Kpsi (psi - psi0) **2
|

iKpsi: kcal/mole/rad**2, psi0: degrees

!

latom types Kpsi psiO

CPB X X CE1 90.0000 0 0.0000! ALLOW HEM

NONBONDED
IV(Lennard-Jones) = Eps,i,j [ (Rmin,i,j/ri,j) **12 - 2(Rmin,i j/ri,j) **6]
' -

iepsilon: kcal/mole, Eps.i,j= sqrt (eps, i * eps.j), Rmin/2: A,

latom ignored epsilon Rmin/2 ignored eps, 1-4 Rmin/2, 1-4
C 0.000000 -0.110000  2.000000! ALLOW PEP POL ARO

Ul 4.4.1. par_all27_prot_lipid.prm dwyip:
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quwywd wwnndibbph  thnfuwgntignipnibobpp oEpywywgynmy &O LbG-
Gwpn-2ntuh (uontpdwwiuywb) wnunbighwih b ynuynywb thnfuwgntignt-
pynLbbtnh wnbupny: Mwpwibunpwywl dujip dtpowlnid t END hpwdwbwih
winnny (Gywp 4.4.1):

Opwagnpuiht wnwninghwywl dwyttipp wwpnibwynd Go wnbnbYnipinLh
wwnndltph wnbuwyotph, dniaYnyuht dhwgnuentbtnnid dhowunniwywh
Yuwuwtiph L Ywenigwépp pOnipwgnpnn npng thnthnfuwywGabph, woyntGot-
nh, opwébwht Ywwsph L wyGh Ytpwpebpuwy, npnbp wObhpwdtn 60 Yw-
pnigwépwht puylbp unbindbinu hwdwn: duwjp ubuymd £ hnnywébtnh
hnnuittpny, tipynid £ Gwb twnwninghwywb $wjh wwpptpwyp, nphg hbun
Gywpwgpynud 66 wwnndbbnh nkuwlyotipp, quigywsbtnp L thgpbpp™ Ynhy-
pbun wikl dh dneynith Yud wunndwywG udptph hwdwp (04wp 4.4.2):

*>>>>>> Combined CHARMM All-Hydrogen Topology File for <<<<<<<<<

.....

1H 1.00800 H ! polarH
MASS 2 HC 1.00800 H! N-ter H

MASS 20 C 12.01100 C ! carbonyl C, peptide backbone
MASS 21 CA 12.01100C! aromatic C

DEFA FIRS NTER LAST CTER
AUTO ANGLES DIHE

Llwp 4.4.2 par_all27_prot_lipid.inp $wjihg hwuindwé:

Uwhwnwyniguwht L wnihdbpwihG shwgnipyntbibip Yurenigbint hwdwp’
wbhpwdtunnipgntl | wewowbnud G2t Gwl hwagniguwiht onwy hwbnhuw-
gnn wwnnilbpp, hiswbu Gwb uwhiwdt “uyqph” L “dbpgh” qunwihipp, nph
hwiwn wnwninghwywl $wjinud gpynid £ '

DEFA FIRST NTER LAST CTER
Qwiwwwwnwuuwbwpwn, npdnud 60 Gwl phihwywo Ywweph Yuqiwsd

Juitioinwywl L pnpuhnb woynibGtpp, npnle wywnndwin ytnpwny qgtbbnwg-
ynud &0 opwanuwyht thwetieph Ynndhg'
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AUTOGENERATE ANGLES DIHEDRALS

dbpp G24wé dnibyghnbwy wnnntphg htiinn ptipdnud 60 hwdwpnjw pninp
hwjinbh pwpdpw- L gwspwinGyniuwht shwgnipgynbbtph (Ywd dhwynpb-
ph) dEYOwpwONLRINLGGEPR, npwtn Gaymd GO wdkh 6h dhwynpntd phdhw-
Ywl Ywwbpp, wwnndGbph nbuwlybpp L wwpghwy thgpbpp: NAMD dpwqgpw-
Jh0 thwpbph yepetwywh tnwwnppbpwyb hp dke GGpwrenid t pnpnp wohbwppnt-
Gbnp, Gndyshbught peniGtipp, tiwpptn whwh thwhnbn b wy Shwgntpjnil-
GGp: Snwyninghwywt duginud Gynud t owb Ypylwyh Yuwwbph welwynipnt-
Gp (DOUBLE C C) L 9pwiétwyht Yuwtph dwuny nnGnp/wygbwunnp dlwybip-
wntip:

Ltibp Gwl, np wnnwninghwuwb uyined Ywb Owbl oph innwpptp dnnti0b-
nh, haswtu Gwb npnwyh hnGotph dEYGwpwOntRINLGGEND ( wbu GYwn 4.4.3):

RESI TIP3 0.000 ! tip3p water model

GROUP

ATOM OH2 OT -0.834

ATOM H1 HT 0417

ATOM H2 HT 0417

IBOND OH2 H1 OH2 H2 H1 H2 | needed for shake
BOND OH2 H1 OH2 H2

ANGLE H1 OH2 H2 | required

ACCEPTOR OH2

PATCHING FIRS NONE LAST NONE

RESI SOD 1.00 ! Sodium lon
GROUP

ATOM SOD SOD 1.00

PATCHING FIRST NONE LAST NONE

RES! CLA -1.00 ! Chloride Anion
GROUP

ATOM CLA CLA -1.00

PATCHING FIRST NONE LAST NONE

RESI MG ~ 2.00 }Magnesium lon
GROUP )

ATOM MG MG 200

PATCHING FIRST NONE LAST NONE

Llwn 4.4.3 par_all27_prot_lipid.inp dwijthg hwuwndwé:
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Wdd nhuinwnytop .psf Ywenigqwépwht dwyibpp: UntuinpwihG .psf dwy -
np gtGtpwgunid GG psfgen dnnnith dhongny’ ogquwgnpébiinyd wnpjwé hwiw-
Ywngp Ghwpwagpnn prinp wwpwdknptpp, npnlp Ytngyntd 66 dpwgpwihl
wnnwnnghwywt L wwpwiknnwywo puybphg: Lodwé Jurnigwépwihl
$wjip pwnlwgws t hhGg hhibwlwh dwutphg’ wuwnnibtph pGnipwgphsbtphg
(i), Ywwtph GpywpnieintGsph dwuhl wnbnGYnieintbbtnhg (i), ywGaunwuwb
(iii), hpwywo (iv) L yend (v) pnpubnG wayniaGtphl ybpwptpnn thnghnfuws-
Ywobtphg:

Yuwrenigywépughl $with wewehl Swuntd hwiwpwywiynid GO nuunuiOw-
uhpynn hwiwywnpgh dwu Yugdnn wunndtpp L G2Ynd G0 Opwlg wonubOb-
np, nbuwybtpp, wwpghwy (hgetpp L wunndwlwl qulgywétbpp: Uu nbint-
ynipintbGbpp 6pwghpp ghlbpwglnud t dpwagpwihb wnnwninghwywb .inp
$wyihg, npuwntin, hbswbu G26] GG, wwhynud GO wwnndbbpp pOnLpwgnnn wWw-
pwuibkwinptpp.

PSF

7 INTITLE
REMARKS original generated structure x-plor psf file

16386 INATOM
1BIL1 SDS S SL  1.340000  32.0600 0
2 BIL1 SDS 0OS1 OSL -0.300000 15.9994 0

UwnndGbph GYwpwapnipjwlp hwenpnnud 66 phdhwywt Ywwtpp plnt-
puwgnnn tnnkpp’

128 44 INBOND: bonds

1 2 1 4 1 3 2 5

5 6 5 7 5 8 8 9
npnGg hwenpnntd b6 Ywibbnwywl waynb0tpha yepwptipnn dehowpwbnt-
pinLbOLpp’

15318 INTHETA: angles
1 2 5 2 5
2 5 6 2 1

5 7

8 2
3 2 1 4

bpwywo L Ytné pnpubnt waynibOspp OnyGutiv GEpYuwjugyws tG .psf

puynd htinbywy hwenpnuwywbntpjwdp’
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16768  INPHI: dihedrals
1 2 5 6 1
1 2 5 8 2

N

0 INIMPHIL: iitipropers

Lzk0p Gwl, np sGwjwé X-PLOR, CHARMM L NAMD épwgnuihl thwpbp-
Gbph hwdwwnbnbihnigwbp, Gpwig Ywenigwépuyhl .psf dwytpp hpwnhg
twwbu vnwppbpynud Ga:

O1eh puyibnp

NAMD &pwagpwihl thwptiph tipwht $uyitinp tnpwidwpwGnptl Yuntih t
pwdwit) 2 whwh: Uewehlp' unwanwpwn biph nbpunnwhG dwykna GG, n-
pnlp hptitg Gb9 wwpnibwynd 50 dnnblwynnpiwl dwiwbwyhg Yuiuywé t-
Gepghwih twpptp pwunwnphstinp (Inhy t0Gpghwo, Juintpdwwyujwo, Yne-
(nlywl infuwgnbignipnibbpny, Yuwwh Gplwpnigniabbpny, 802many, obip-
dwuwnhdwGny L wyny wwpdwbwynpdws teepghwltnp), hbswbu bwl intnk-
ynipinil dwiuujwé hpwyw L wpngtunpwht (CPU L Wall time) dwiwGwyh
Jbpwptnjwy (.out tnbupuwnnwihl pwyibpp): Skupunnwihl $npdwwnny tnpynid t
Gwl dnnbwynpiwl dwiwlwyhg Ywhudws hwiwywngh wwppbpwywl
pogh swihbph thnthnfunipinilp (.xst Giph pwjibp) L dwubhyttiph phpwghy
ynnpnhGwuwnOtpl nu wpwagnpntGbbpp (.vel L .coor dwyitinp):

Ptnlu, tpypnpn nhwht wWwwnwinn wpbih b hwiwnt) .ded ng nbup-
wnwyht (phGwp) wytpp, npntp wwpnibwynud G0 hwiwluwngh Yynnpnhtwwn-
Gbpp, wpwanipyntbGtpp L nudtpp dwiwbwyh Jpcpupwbgnip wwhha:

hGswbu L GROMACS 6pwgpnty, wyu thwpbpntd Gnybuwbu wywpwdbunpuw-
Yl puyinud inpynud £, pE pwlh hGunbigpwghnb puyip dEY Spwghpp wtwne £
gnwbgh GwuGhyttph YnnpnhGwwnGtpp, wpwgnipniGOtpp, ndtpp L dhw-
gwdé thnthnjuwywGatpp’

dcdfreq 1000 / ynnpn., wpwg. gpwagnid 1000 puwyp dtY

xstFreq 1000 /wwpptpwywa peoh YnnpnhGwwinGtph gnwbgntd

outputName Lipid_Bilayer / Gl pujhl $wyh wlnibp (wjuuntin

k hl;ign?nhq onphGwybtpp ptipYwsé GG dnudnihuthnwihl Bpltipintiph
wdwp ;

outputEnergies 500 /tGtpghwlbph gnwigned 500 puyp uky

outputPressure 500 /A&Gynud

outputMomenta 500 /undtOwn

outputTiming 100 / dwiwlwy
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Grewhl duyitiph Swywibtpp, hoswbu L Gwhunpn thwpetph nGwentd, wo-
dhowwlnpbt Ywjudws 60 pbunbgnwghnt puyth gpwigiwl hwiwfuwyw-
Gnipintihg: Vwtpwidwul nuntdbwuhpnipgntbbbp Yuwnwpbinme nbiwpntd funp-
hnipn & inpynud gpwbgly painp tnthnfuwlyubOtipp Jnipwpwbgnip puyip dky,
dhlgntr plnhwlpwwtu plnnibdwd b gpwGgnuit hpwywbwglty dh pwlh
hwpnip  whyndwypwoh  Yupgh  hwiwjunipjwdp:  Uwluyb,  hOswbu
GROMACS-p, wju thwpbpp Lu htwpwynpnipinta b wwihu hwdwywngswih
¢hnpdh wywpunhg hiun yepwgputgt) uybpp b unwbwy swywind wytih
thnpp pwybp’ hnwguynd wpryntapabph ybpinuonipiwlb heun uwywéd
pwpnnLRntlOEphg funtuwthtipnt Owwwnwyny: <Gunwgéh Gipwiht dwyitph Y-
pwgpuigiwG hwiwp Yupbih t ogunwgnpét) catDCD dnnnuyp, huy Yhgniwy
ObpLuwpugnudl hpwwiwgbbin hwiwnp® VMD dpwanwhb thwptpp:

dbponid  GpkGp, np hwidwywpgsuwyhl thnpdh wnkinqnipynibp (hpwywb
Swiuujwd dwiwbwyp) washowywinptl Ywiujws t Gwl bpwihG $uwytph
gnulbgiwl hwdwluntpintbhg, uwyuyl hqnp hwiwhwngswhb rtuntpulBph
welwynpjwt wwpwguynd wit gpbpk nbp sh juwnnud: NAMD 6pwapwihl
thwpbpny gqtGbpwgpwé .ded Gipwiht duybpp hwiwwinbnbih GG X-PLOR L
CHARMM énwgpwih( thwpbpltph hbuwn, huy dh wyiwiht swpunwpwwbunt-
pintihg Gjnwuh0 wigltine (Windows, Linux, wubklp Sun, SGI L hwiwnrwyp) b
yepwpnpiwunwynpdwh hwiwp oguwgnpéynid t ApDCD dnnnip:

4.5 UnG$hgnipwghnl wwpwiibinpwywb .conf pwytpp

UnG$hgnipwghnt wwpwdtunpwywb .conf (Yud .namd) dwytpp wwnpni-
Guwynd &G pninp hpwdwOwiht winntpp (gpwd Tel dpwgpuwihlG npdwnny),
npnGp pUnipwgpnid GO dnnbjwygnpdwl thnpdp:

Wdd dwhpwidwul paawnpytop hpwiwbwhl wvnntnp:

duwyip uyuyntd t dmunpwyht Swybph vbyowpwinpwdp” wwiny nwuntd-
Gwuhpynn uyqpowlwh hwdwywngh ynnpnhbwuwnwhb .pdb L Ywenigwd-
pwyhl .psf duyibpp’

structure bilayer.psf
coordinates Dbilayer.pdb

Cwpnibwlwywi wndnud wwwhnybpnt hwdwp (wuhbpd Yuwdwpwywl
ytuwhg 2wnnibwyti hnpdp) wtiinp t upybo henbjwy hpwdwbwihG tnnbpp’

set inputname DPPC_bilayer
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binCoordinates  $inputname.restart.coor /upniOwywyws wpdiwb

hnhg

binVelocities $inputname.restart.vel /;wpniowlwywG wpdiwh
hnhg

extendedSystem $inputname.restart.xsc /;wpnilwlwyws wndiwh
hnhg

hOswbu Owl, wbunp b vnw] dwiwGwyh wb wwhp, nphg 2wnnibwlyyned
Ywad uyuynid t thnpdp:

firsttimestep 110000
numsteps 90000

BlpwihG wytpht wtwnp £ wnipdh waduwond, npp gpuGgynid b hGunbywy
wnnnnud’

set outputname DPPC_bilayer_en

hOswbu wpnth 024Gy £, wbwnp t wnpydbl Gwl taepghwabph vwpptp pw-
nwnphgbtiph, dwdwGwyh, gtpdwuwnnhswlh, YynnpnhbwwnGbph, wpwgnipynil-
Gbph L wy| Wwpwibupbph Bpwht dwybph gpwigdwl hwiwpuwywbne-
pIntbGEpp: Ppwywbnd dpwghpp gpwagnid b G4wé wwpwdtupbpp jnipw-
pwlbgntp pwjip dGY, uwywys fjunphnipn t npdnud dwdwOwluwiht fuGwynnme-
piwG, hOswbu Gwbl hwiwlwngswiht riuntpultiph owwnhdw] ogunwgnpdiwl
Gwywuwwyny gpwbgk| wwpwidtuntpp dh pwbh 100.000 puyip dkY (nku 4.4):

Unuinph L Giph duyibipp G26ntg heuinn wbwinp b wbglt) nudwihl nwauwnbph
dEYOwpwlnip)wlp, hbswbu Owl wnw| vwhiwbwdhwynuiGbph, Yupdwh pw-
rwyhnOtpht L hawnbgnpwghnl puy hG Yepwptpnn hpwdwbwjht wnnnbpp.

# Force-Field Parameters

paraTypeCharmm on

parameters par_all27_prot_lipid.prm
exclude scaled1-4

1-4scaling- 1.0

cutoff : 12. ; / yupdwl wrwyhnp
switching on

switchdist 10.

pairlistdist 12.5

# Integrator Parameters

timestep 1.0 ; / hGwnbgpwghnO pwyjip

7 U. MnnnujwG, U. CwhhGjwG 9



rigidBonds all ; / dhwgynud t, Gpp pwyip pGupynud £ 29y
nonbondedFreq 2 ; / pwgqiwndtp pwy — qubnbpyuwwiujwb
fullElectFrequency 2 ;/pwquiwpdtip pw)| — Ynynlywb
stepspercycle 2

h0s Jepwptpnud t hounbgpughnG puyhl, www wit sgpubgbim ntiwpnid
hhdOwyw( wpdtpp npynid t 19Y: Un wpdtipp Ywptih t thnfuwphbi 2 ud
39y (Qwun nbwptpnd GnyGhuy 4-5%4), vwywyb npny jubnhpGtiph dwiwbwy
pwyih dkswgnidp Yupnn b hwogkglty uluwih (nbu hOwnbgpwghnG puwyp):
Wu spwapwihG thwpbpnid hpwywlwgywd k' pwqiwndtip dnnbjwynpiwl
pwyih dnintignuip, nplG wewgwnynud £ hGunbgpwghnl puwjth pwdwind’ «w-
pwa» b «quanwn» thnthnfuynn wnunkaghwih pwnwnphgGbph hwdwn (ngwi
ntwpnd Juontpywwiywl b ynynwl pwunwnphsbbph hwiwp wnpdwé § 2
wpdtpp):

hos Ybpwpbpnud b nidwghG nwaunbphl, www wtwnp b 026], np dpwgpw-
1hG thwptipntd hpwwlwgywd 60 rnwppbp nidwihl nuawntp, npnbp, pbplu,
hwintu G0 quihu npny uwhiwbwdhwynudGhpny:

Npwbu nidwhl nuizwun Spwgnpned Yuptith £ pbuntg”

CHARMM (hhilwlw( nudughl nwunp)
X-PLOR

AMBER

GROMACS

hPOON=

CHARMM nidwjhl nwaunny (npG, h nbw, hwinhuwimd t NAMD épwq-‘
pwihG thwpbph hhiGwyw( nidwht quzwnp) thnpdtp hpwywbwgltint hw-
dwp wlhpwdtwn t 626 hbunlywy hpwdwbwhG ninntpp’

- paraTypeCharmm on
parameters par_all27_prot_lipid.prm

Jbkpnhhpjw) hpwiwbwiht wnntpp npwtiu nudughl nwawun dtpgbnud 6o
CHARMM nuwizuinp hp wwpwibunpwywb .prm Juwd .inp dwyny:

X-PLOR ndwiht nwaup wywnhydwgbbinu hwiwp wbwnp £ O2dh
hGwnlywy tnnnp’

paraTypeXplor on
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Unybwtu Yupth t oquwgnpdty AMBER nidwyht nwaunp, hwidwuww-
nwuuwbwpwp, hp wwpwitnpwywt PARM L YnnprhGwwnwhat COOR
duwytpny © 426Ny hbwnlywy hpwiwbwht wnnntpp’

amber yes
parmfile parameters.parm / Spwagpwht wwpwdbnpwywb wip
ambercoor coordinates.coor / SpwgnuwjhG YnnpnhbwwnwihG Swyip

Uztiap, np NAMD Spwagpwyht thwpbpp wju nidwjht nwzwnh hbn wpluw-
wntd ' npny Jepwwwhnuittpny: Vwubwynpwwbu, dpwgpnud hwyh sh
wrOywé AMBER nidwjh( nuwh dh 2wpp $niblghnbwy tnwppbn, hoswhuhp
LG® 10-12 wnuwbkGghwip, PARM Juwd YnnpnhGwwnwiht pwynd wwppbpw-
Y peoh swithtpp, “switching” Yunpdwl huwywnlh dGluwihqip L wyl:

Npn2 depwwwhnuitepny Ywpbih £ ogunwgnpét) bwlk GROMACS nidw-
JhG nwwnp’ npwbu dnunpwihl wwnwibwp nwiny wnnwninghwlw .top L
YnnpnhGwuwnwhG .gro duyitpp’

gromacs on
grotopfile lipid.top / inuuinpwjhl wwpwdtunpwlwi Sw)p
grocoorfile lipid.gro / Gnuinpwyht Ynnpnhbwwnwihl w)ip

fwih np dwytpp wdipnnendht panipwgpnid B0 hwidwywngp, wwjw
GROMACS nidwjht nwpwp oguwgnpdtint nbwpnid structure L parameters
hpwdwGwihG winntpp pwg G0 pnnGynid: NAMD dpwgnnid hwayh s6G weG-
yntd GROMACS nidwjhl nuwzunh htiwnlywy dnibyghnbwy tnwppbpp’
-  GROMACS pairs
- Exclusions
- Constraints, restraints L settles
- GROMACS-n1i weyw npn phihwywl Ywwh Gpywpnipiul wn-
wntOghwiGbp
- Mwnppbpwywb pegh swithtpp .gro YnnpnhGwunwiht puynud
Nidwih0 nuzwinh dELOwpwOnEwlp hwenpnnud ¢ Yhdwywgpuwywl wo-
uwdpih GEpywjwgnuip: Ophbwy, npwtu pEpdnunwin L pwpnunwwn Yuptih
t ogunwignpdti| hEuinlyw) dnunbignuilbpp’

- lwodlbGuwl npouwdplw (Langevin dynamics) — gtindwuuinh8wbh

wwhwwonuip hpwywGwgyntd t (wadubiwo nhowdhywih hwn-
Gh dtpnnny:

99



langevin on

langevinTemp 310
langevinDamping 5
langevinHydrogen off

- bplwunhSwiughl wwhuwwontd (Temperature coupling) — obip-
dwuwnh&wih wWwhwwbdwi hwdwn dungynid &G Gnp nudtip:

tCouple on
tCoupleTemp 300
tCoupleFile Bilayer.pdb

- Rbplwunplwlughl wwpqugnyl ybpwhupdwnly (Temperature
rescaling) — hwiwywpgp dwu Yuaqdnn wwnnibtph wpwagnepntl-
0Gpp wwpptpwpwp Ytpwhwdwnyynud 60 wjlwbu, np hwiw-
Ywpap ptnpyh 24wé etpdwuwnhswha:

rescaleFreq 20
rescaleTemp 300

- Rbpdwunpsuwlughl Jbpuwpwipfund (Temperature reassignment) —
wpwagnpntbibph yepwpwziudwh dnwnbignidp, npp unynpwpwp
oquwgnpdynd £ hwiwywngp dhohdnidh panptint hwdwnp:

reassignFreq 1000
reassignTemp 25
reassignincr 25
reassignHold 300

- Blyowl wwhywiiwl PepkOnuELh vepnnp (Berendsen pressure
bath coupling) — 4l dwl wwhujwadwl PbEpkanubah huyunth vbpn-
np wbu (wuwp. 3.6)

BerendsenPressure on
BerendsenPressureTarget 1.01325
BerendsenPressureCompressibility 4.57e-5
BerendsenPressureRelaxationTime 4.57e-5
BerendsenPressureFreq 4

- Slpuwl wwhwywodws Umql — <nidbp LwadL&a whuwnnt d6pnnp
(Nose-Hoover Langevin piston pressure coupling) — 8020wl wwh-
wwOdiwh hwdwnth depnnp [112]:

langevinPiston on
langevinPistonTarget 1.01325 ;# in bar -> 1 atm
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langevinPistonPeriod 100.

langevinPistonDecay 50.
langevinPistonTemp $temperature
SurfaceTensionTarget 50

UzbGp, np gbpdwunhswap wpgnud b ytdhany (K), huy 80pntdp” pwpny
(1bar ~ 1atm): dwiwlwyhg Yuuyws’ obpiwunh&woh L 8020w wpdtiplb-
np gnynd &G .out duynid: abpiwunhdwih L 8020wl wwhwwlnudp ww-
hwbenid § hwdwywpgh wwpptpwywl tqpwyht Ywd uwhdwlwihG wuwydwl-
ubp, npp wpyntd £ hinlywy Yepuy

# Periodic Boundary Conditions

cellBasisVector1 1545 0. 0.
cellBasisVector2 0. 145.6 0.
cellBasisVector3 0. 0. 1524
cellOrigin 63.9 244 116
wrapAll on

EiGYupwutnwnhy b quinbpywwiuwl thnfuwgnbgneintbGEpp nhuwn-
ytLhu Yuntih b oquwgnpéti “Yunpdwl® dGjuwGhqdp L Edwinh dnuntigniudp hp
wnwpptpwytbpny: “Yunpiwd’ dbuwshquhl wpnto wonpwnwnpdt) Gop, wydd
nhinwpytap Ggnw 3 hhibwywo deennltpp, npnlp GEpnpdwdé B0 dpwagpwihl
thwpbph dke: Npwtu thnfuwqntignipjwl hwyupywiht dbpnnGbn welw o
DPMTA, PME L Full Direct inuntgnuiGtipp, npnGp aGpYyuwywgynud 6O htunlyuwy
wwpwibnpepny’

DPMTA
FMA on
FMALevels 5
FMAFFT on off
FMAtheta 0.715

PME |
PME yes Jwy no
PMETolerance 10e-6
PMEGridSpacing 1
PMEGridSizeX 64
PMEGridSizeY 64
PMEGridSizeZ 64
useDPME yes Jwd no
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Full Direct
FullDirect yes Lwu no

NAMD 6pwapwihl dhwpbipnid ppwywiwgyntd 60 OGwl uwhiwlwihw-
yntibkpp, npnGp gpuwnynid GO hbunbywy auny’

Constraints on

rigidBonds none, water Jwd all

rigidTolerance 1.0e-8

useSettle on Ywy off / gph UniynLubph hwdwnp SETLLE

Pwgh Ytipp G2qwd dninkigniiGbiphg, spwahpp htwnpwynpnipinil b twihu
yhpweby hwutnwwmG mdtiph (Constant Forces), wpwnwphl tiGYwnpwywl
nwzwnbnh (External Electric Field) dnunbgniibbpp, hoswtu Gwb Juwuwwpt) G-
ywywpynn L bhwnbpuwynhy dngtynywihl nhowdhy htwnwgnunntentblbp
(Steered Molecular Dynamics — SMD [113] L Interactive Molecular Dynamics —
IMD [114]): Lpw6 Snuinbignidlbipp gpuinyntd G0 Swynl’ hbinlyw) yepuy

Constant Forces
constantforce yes Jwu no
consforcefile force.ref / wnyw G0 hwuwnwwnna ndh wpdtpitpp

External Electric field
eFieldOn yes JwuJ no
eField 0 0 0.001 / nidh ytyunpp (x,y,2)

UbGuwpwlwywl hwiwywngtph niuniOwuhpnipiwt nbwpnd Yabuw-
pwlwywl dwiwlwyp, hbswtu Owl tupghugh dhahdhqughuwih puwjlpp
nnynid B0 Yapgnud” hawnlywy hpwdwbughG wnnbpny’

minimize 5000
run 1000000

dbpenud G2E0Op, np hOswtiu Owfunpn Spwgpwihl thwpetph ntiwpnid, wju-
nbn Onylwbu wpdbipbtph dEswiwutnuniop wpynid t npwtu hhibwyuwo
wpdbp, L htnkwpwp, hdwuwn nbh nnwop gnpwigt], terb wwpptnynld rif]
hhdbwlwo wpdtiplbbphg:

4.6 Upmyntapatiph Ybtpinionipjnil

b tnwpptpnipyntt GROMACS thwiptiph, NAMD thwpbipp ¢h wrwgwpynud
njwittph htwnwash depimdniejwl unwOnwpun dnpnuGep” wiu ywd wit
wwpwdbinptipp hwzqwpytiint hwdwp, dhisnbn twihu t hGwpwynpnuentd
Tel Spwgpuiht (Gquny uinbndtint wpnynuipGtnh d2wydwl L yepintsnipiwl
Spwagpuwihb dnnnybbp: y
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haswbu wpntl 026 Gap, Glpwht utpp (out L xst) wwpnibwyned GG
puwdwywoho swdwinis hadnpdwghw hwiwlwpgh Swywih, wpwanippnt-
utph, etpdwunhdwlh L taEpghwih pwnwnphsbbph, huy Gpyniwywl ded
wybpp’ dwiwlbwyh Yuwdwywywh wwhh0 wpwgnepyntbbbph U Ynnpnhlwan-
atph wpdbp(xbnh ytpwpetnjwy: NAMD dpwapwiht thwpbph wwwnbwywh
Ywjphg Ywpbh t GppbeGt Tol spwgpwynniwG (Gquny gpywé npnz Gn-
nnybbp (npwip dwiwbwyh pUpwgpnd gpyti GO ogwnwgnpdnnGtiph Ynn-
8hg), npnlg thengny Yunbih & hpwlwlgty Guwé bipwihG uyitinh Jenint-
SnipInLG: Npwb qniquhtin® VMD pwgpwiht thwptipnid, npp hhiGwywbnd
Gwluwwnbugnd 60 hwdwywnpgh dhgniwy wwinytpdwl hwdwp, welw G0
hwdwnw pninp utnwGnwpun dnnny GGpp: Zwdwywngh .pdb Ynnpnhbwunw-
JhG L htitnwgsh .ded dwyitph dhongny, thwptiph oglnupjwip, Yunbih t hwp-
Jb| hwiwywngp GYwpwgpnn hbwnlywy $nLblghnluw] wwpwdtnptpp. tosp-
ghwsh pninp pwnwnphsOtpn, obpdwuwnhdwbp, &0znudp, Swywip, RMSD
(Swubhybtph nhpph dhohl pwnwyntuwih( 26nnudp) (pph hwiwp oguw-
gnpdynid t namdplot Gnnniyp), NwiwswOnpwb Ynpbpp, Yuwugh Epywpnip)ntl-
atipp, pw2tudwénipnilp, nwpwintiuwy herwynpnipyniblbp Lowyb:

Udthnthtiny' Gpt0p Gwl, np VMD L NAMD épwapwjht thwpbpltiph Gnp
twppbpwlbnp pwpdiwgynid GO dbpinisnipiub Gnp Snnnybbpny, dwulbw-
ynpwubu, VMD 6puwigpwjhl thwebiph ytpehlt wwppbpwyl niGh wpntl
ubpnpdwsé dnnny’ Owfuwnbudwé uwhuwyniguhl shwynnbtph wnwpwnb-
uwy wwnwdkwptph depgnienteiul huwdwp, hGswbu 0wl dnpnubtp’ Owfuw-
inbuywé |nudnypltinh L YsOuwpwiwywl punwiplbph wwinpuuwniwl hw-
duwip:

NAMD épwgpwihl thwptiph Swipwdwul wignphpdwywa Yapnidntpjnt-
ap L ogunwgnpénnh dtrtwnyp hwuwabth 56 NAMD wwaunnGwwl Yuwypntd:

4.7 GROMACS L NAMD thwptipltiph hwitdwunwlw ytpnednupynil

Lwjunpn  wwpwagpwdnid wnpwnwpdwlp  dpwanpwyihl thuwpbpltnh
dwlnpwiwut deYGwpwlnpuip U abpyupwgnbghtp thwetipttiph, puwn tne-
pjwa, hhdbwywa hwwnynipynialbpp:

Ujdd hwibiwwnbp wn Gpynt thwpbpGbpp wwpptn wnbuwGyniaobphg
(wntu wrynuwy 4.7.1): BEpLy, nnwag hhibwywa wnwppbpnupintlp nuduwihl
nwwtph GG t, L puwn Enipjwd, NAMD thwptipp wybith &4ynb £ gnpé nok-
Gwiny oh pwGh nudwhl nwawnbph  htwn  (Gwl GROMOS), uhlsntin
GROMACS thwpbipp wzuwwnntd t dhwjl GROMOS niduihl nwwnh htiwn (hp
nwpwuntuwy snhdhyughwbbpny): Lzbbp G, np GROMACS Spwgnuwyht
thwpbipp wfuwwnnid t “Shwgjuy’ mdwyhl nwzwntph hbwn (epwidth b wéuwo-
Gh wwnndGbpp OGpYwjwgynd GO npwtu dbeh Ywd StphitOwyht Ghwgjwy
judptn), huy NAMD-p, hhiGwwny, “wdpnnowiuwl’ nwwtnh hwn:

* NAMD wjwaunnlwluo Ywiph hwugh htp:/www.ks uiuc.edu
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Awpwdbunpbp GROMACS NAMD
Ndwiht qupwnbp | GROMOS hp tnwpwwnbuwly- | CHARMM, AMBER, X-PLOR L
Ubpny GROMACS
tlayunpwunwnhy | Ywuwywo twinh gnuiw-  [MUE (PME), FMA (DPMTA — tip-
pnud, MUE (PME), PPPM, Og- | 9hl wnnwpptipwih dte pwgwlw-
wnwgnpsnnh Ynnihg npdwé | nud t), Ninpn hwzquinly (Full
(User defined) L “Uunpdwl” 8k direct) b “Uunpdwl” dtluwbhqd
tuwlhqu (Cut-off) (Cut-off)
dwintnquwwiuwb | tetwpn-2ntuh wninkbghwy Labwnpn-2nbup ynuintbghwy (Cut-
(Cut-off, shift L switch) off, shift L switch)
UnityniwihG Shtw-|  tatipghuh GhGhdhquighw tGtpghuwgh dhUhdhqughw
Shiuyh owghwibp [(wuwnhgwbuwiht yuypkeph 8-{qrignpnywé gnwnhtinbtph Gt
pnnp (steepest descent), qnt- |pnnp (conjugate gradient)), EGbip-
gnpnywé gpunhblwnbtiph 86-) ghuyh/obpdwutnhdwbh/dt0wh
pnnp (conjugate gradient), wwhwwbodwb wignphpdatip,
Shell MD, Eubpghugh/stipiwu-uwwppbpwywb tqnpuwhlh wwydwo-
inhdwlh/800wh wwhww- | Gep — PBC, MGjwywnynn L ho-
Jwl wignphpdltn, wwppk- [ wnbpwyunhy dnibntiwihl nhGw-
pwwb Ggpuiht wuydwbbep | dhyw — (SMD L IMD), Uquiin
-PBC tGbpghwih hwaywpybtp
sMbpnednpiwl Ynnbp Uybih pwb 20 dnanig Ns th uunnwinwpwn Unn
Uwhdwbwthwydwh LINCS L SHAKE SHAKE L SETTLE (oph tnjbynyy-
wiqnphpdlbp (bph hwiwp)
dnunpw)ht .gro .pdb L Glpw- | dninpw)hb .pdb .psf L GypwhG
Unwnph / Giph duwy- JhG.trr trj .ded
{6p
Qbtptwunhdwbuyh | PEpLOnutGh L Lnigb- {ntyb- [LwGdLbwo nhbwdhyuh Geenn
wwhuwwbnid ph dkennbn
020wl wwhwwimd| PEptOnukGh L MwpphOtyn- | REpGOnuLGh L Uniqb-{niytip-
Nuwhdwbh depnnltn Lwbdlb-whuwnnbh dbpnnlbn
Pwqdwndtp pwiih N Un
dtipnn
Wy dnuinbgnudllp  |UUN, Uquiwn EGbpghwih pwy- | dhpudwd wunndObp, Ynawn onup,
tuntd, biEGunpwut nwwnkp, | Upwagnipinibltbph tpwpwphu-
Fubpguih b 8020wl manmuy, | 0wl L Yspwhwqwpyh dnunb-
Oguhwgnpdnnh Unnihg gnibtp, hwpinGhy vwhiwbw-
wnpywdé dnnnyGbp L Ynnep  thwynudbtn, Unpunwpht bbGunpw-
Ywl quawn
Opwgpwynpynn dn- Ng Tel spwgpwynpiwb hbuinbnpdtiu
nniiGhp
MNwwndpnpdttp | Windows, Linux, Mac OS X, L |Windows, Linux, Mac OS X, L wiji

wiy] UNIX wjwwndnpdltp

UNIX wwwndnpdlbn

Uryntuwly 4.7.1 NAMD L GROMACS thwptpltiph hwitdwunnipnibp:
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EeR— Y

Canphhy nudwjhl nwzwnh “Ghwguy” panyph wanwd | GROMACS thwptiph
wnwaguwagnpénieintbp, npp GYwwnGih £ onybhuy gniquhtrwgiwl wwpwgquw-
jnud:

Npwtiu wwwndnpd Bpynt Spwagnpwiht hwebpdtnh hwiwp swewjnul &0
Windows L Linux owtipwghn( hwdwywnpgtipp, uwluw)b hbswbu pwqdihgu G26;
GOp, hhdawywbnid gnpéwéynid GO Linux owtpwghnG hbbph ypw wfuwwnnn
wnwnppbpwybtEpp, npnbp h wwpptpnpintt Windows-h nlOGt gniquhbrwg-
dwl hOwpwynpnipnth:

Ubtpnnbtph L wignphpdltph pbwpnipjwl hwpgntd Gpyne wpbpdtpo Gt
npnbgnby 60 GnyGwunhw dnuinbgnud, L Gpyne wpbpltpnd | weyw GG
hwjuinGh dbpnnbtip L dnuintignudbtbp™ gbpdwuwnhdwbh, 8020wl wwhwwGow,
tatnghwih dhohdhqughwyh, uwhiwbwihwyndtbph L hGnbgpdwl hwpgt-
pnui: GROMACS L NAMD spwgpwht thwpebpttpp gpyby G0, hwiwwwunwu-
juwbwpwp, C (YGpwanyty t Fortran77 -hg) L C++ dpwgpwynpiwG (Eqnilt-
nny (GpYntul £ tpynud B0 pwig Ynnnd): Spwgpuwht gwpbpltpp Ywpbih £
wbyswp ObpptrOt] Wwunnbwywb Yuw)ptphg:

{hiw winpwnwrliwGp dpwanpwihl thwpbpltph hwitdwwnnipgjwbp qnt-
qwhtrwgdwl wntuwbYynibhg:

Pwqiwuwpnngtunpwiht L gbphwdwywpghsGph qupgwgnuip  pliptg
opwgpwiht hwpbplttph gniquwhtrwgiwl wihhpwdtunnipjwap, hGsp hGw-
pwynpnipnt inybig twywlnptl dtdwgll] nunudbwuhpynn hwiwlwngbph
qéwihb swihtpp L YehuwpwOwlwb thnpdtph nbiwpntd hwaqwnyynn Yehuw-
pwiwywb dwdiwlwyp: Uignphpdwlwl wbuwlynibhg gqniquhbrwgdwl
hwpgbpp pGGwpyyt) 60 wwp. 3.7-nud: Wdd nhuwnpytbp L wwlp Spwgnw-
JhG hwpbpltbph hwikiwunwywop® hhibywé win wignphpiwywl dnuntignid-
Geph Ypw:

GROMACS L NAMD 6pwgpwiha thwpbpltpp oguwgnnpénd &6 wywo-
nwywl MPI unwOnwpup, huy wignphpiwywb hwpgtipnid GROMACS-np
qnigwhbrwgnuip hpwlwbwgtnd £ hhpphnwiht SwubhyuwyhG/nnikawha
pwdwbiwb wignphpdh dhengny, dhasntr NAMD thwptipp oqunwgnpéntd k
hhpphnuwihG nudwht/nwpwéwywl pwdwlndp: Qwpbplbph qniquhtnwg-
dwh wpwgwgnpénipntbp uwnigbint hwdwp nhrwpytbp wpptp hwdw-
Ywpgbn, L nnmbuizunhdwﬁ dhwynp ybpglkop dty Gwinuiplywlb hpwywh
thnpdh ypw Swiuuynn dwiwlwyp (Ywd 1 opnid thnpdh wnbkinnnieintbp), hbs-
wbu Owl wpwgugiwl gnpdwlhgp: Npwtu thnpdbwywl hwdwywpgtp
pbupyby Ga.
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Mpngtiunpbbph pwGwyp

Llwp 4.7.1. UtY opnud dnnblwynpiwh thnpdh Yeluwpwlwlywl dwiwbwyp’

Ywhujwsé wpngtiunpltiph pwlwyhg (Gpynt tnwippbip dpwapwihl thwetpltn —
GROMACS L NAMD; ntunudGwuhpynn hwiwlwpgp — 128 WMdu/onp;
Yiwuwnbpp - W1 “UPUYLUUSEN):

Gpynt Spwagpwhl thwebpltnh wpwqwgnpdnientip unnigtint hwdwp’
uygpnid thnpdwpyyty t 128 AMdu/onip hwiwywpgp b Gnys Phahyuyw
wwdwbtbpnud  (MUE - EEywpwunwnhy,  JuonGpuwuwo  1.204
“Yunpnud”, 19y hGunbgpughnt pwyy) npyty 66 dnnbwynpdwh thnpdbp® qnt-
qwhbrwgltiny 1-hg dhbsl 48 wpngbunp: Llwp 4.7.1-ntd tipqwsd § 1 opnud
thnpdh wbinnnpynitp” Ywiudwd wpngtunplbph pwlwyhg: GROMACS-ny
wpywé thnpdp gnyg b wwihu, np wypngtunpOtph pwiwyh wybjwgnuip pb-
pnud t wpwqgwagnpdnipjwb Yupniy wah 6hogl wpngtunpbtph npnawyh pw-
Owy (indyw nwpenid 16 wpngbunp), nphg hbun nhunynid t hwgbgnid 6hosl
hwiwpnw 24 wpngtunn:

Uwluwjl wpngtiunplbph pwowyh hbinwgw wytiwgnidp ptipnud £ wpu-
qugnpéntpwlb Gnybpwl Yupnly GywqiwGp: NAMD SpwapuwihG thwptipny
unwgywé wpnyntlplbpp gnyg GO wnwthu géwiht ws wpngbunpbtph pwiw-
4p wsiwb qnigplpwg, uwyuwyb GnyGhuy 48 wpngbunph weywynientbp (Gn-
wnwynpwwtu 1.704 thnpd 1 opnud) gnyg t uvnwihu hwdwpjw Gnyb wpnynubpp,
his GROMACS épwgpwiht thwpbph dhengny 2-4 wpngtunph oguhwgnpé-
dwl nwpentd: Upwgugnpénipjwb wentding, woywuyws, GROMACS 6pwg-

107



41 128 ShwwishwnhpnupwinhnhifunihGh (YMdiu) dnyni0bnhg pwnyuguwé
tiplztpun’ opuihG showyuwgpntd (hwiwwwwnwuluwbwpwp, 27546 wunnd -
“wdpnnowlwl” dnnby)

42 128 M3l dntyniGbphg pwnyugwsé tiplgbipunn’ epuwihlb dhowdwypnid (hw-

_ dwiwwunwuuwGwpwn, 17506 wunnd - “Ghwgju)” dnnb)

43 72 WMdtu dnibyniGbphg pwnbugwé tplabpu’ gpughl dhowywypnud (hwdw-
wwnwufuwOwpwn, 16539 wwnnd — “wdpnngwlwl” dnnby)

44 512 Lwunphnd whinwnbghunydnbwwnh dnitlnybtiphg pwnlwgwé Gpy-
2tipun’ onpuight dhwowyuwypnud (hwiwwwunwupuwlwpwn, 53808 wunnd - “wi-
pnnowywl” dnnki)

¢ Lhwhnuihl bpyzpun Gpnpdwé thwnwpninbhG A1 uwhunwymgny enwih
showywpnud (hwiwwwwnwuluwlwpwn, 92224 wwnnd — “wipnnowlwl” dn-
nb)

46 512 WMdlu inkynyOtiphg punyugwé tpyztinn’ gpwjhl dhowduwypmd (hw-
dwwwwnwufuwbwpwn, 112640 wunnd - “wipnnowlywl” dnnki)

&7 322 Lwuphmi nnntghiunii$winh dnibynyitiphg punugws hwywnwné Gh-
gblwiht hwiwlywnpg' wnnbl/wtinwng (ntonypnLy (hwiwwwunwujuwbw-
puin, 213583 wunnd - “wipnnowlwl” dnnby)

{8 Uwphwwymgh Gnynyp epughl dhowywipnd (hwiwwwuinwupuwbwpwn,
327506 winnd ~ “wipnnowlwl” dnnbi)

{9 Opuwfununh Snquihy Yhpniu — Satellite tobacco mosaic virus (STMV) (hwiw-
wwunwufuwGwpwp, 1066628 wund - “wipnnowywl” dnnby)

Loywé hwiwlwnpgtpp punwynnpyty 66 NAMD L GROMACS 6pwgpw-
jh0 thwpbipltph thengny, huy npwtu hwiwywpgsw)ht runtpu Swewjt| 6o
wryniuwy  4.7.2-md  wpywé  Yuungplbn, npnGp  pongpyyws &G
“uruanrhn” hwiwywpgnid:

Uoquw- fpngtunnp Owbpwuwnhy Uwyp Swlg
gnudp <ponnnupintl wjwunw
Y1 Dual Intel Xeon | DDR PC-2100 | Intel Myricom M3F-
3.06GHz 4x512Mb SE7501CW2/ | PCIXD-2 Myrinet
32bit/ 2000
533MHz
y2 Intel Quad Core | DDR Il PC- MS! X2-108- D-Link DGS
Xeon E5420 2.5 | 5300 ECC A4M/ 64bit / 1216T (GB
GHz 8GB 1333MHz Ethernet)
U3 Intel Quad Core | 8x1GB DDR2 | HP ProLiant Infiniband
Xeon E5405 2.0 | 667MHz BL460c G1/ interconnection
GHz 64bit /
1333MHz
U4 Dual Intel Quad | 8x1GB DDR2 | Dell PE1950 D-Link DGS
Core Xeon 667MHz Il Additional 1216T (GB
E5420 2.5 GHz Ethernet)

Uryntuwy 4.7.2. <wdwwpgswihl YiuuntpObpp:
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]
1

puyhG thwpbpp gntgwpbpnud £ jwdwagnyl wnpnyntbp, shogntr wnngbunpbtph
pwlwyh wybjwgnuip ptpnud & hwywrewy tptYinh: GROMACS spwagnuwjht
thwpbph 00wl Jwppp pwgwwnnyntd t htwlyw) Ytpw. hOswbu GG Gap,
Jwuhyujht pwdwOdiwh wignpheip, npb oguwgnpénid t GROMACS dnwg-
pwhl thwpbpp, GOpwnpnud £, np thnpdh uygpnid hwiwywngh N dwulhy-
Gbpp hwywuwpwswd pwdwlynud 66 N, wpngtunplbph dhel: Mpngkunp-

o6npp pwlwyh wybjwgiwh htwn gniqplpwg wpngtunplbpnid wwhynn w-
wndbtph phyp Gquqnid t, L hGinkwpwn, wybih 2w dwiwbwy b dwhuu-
Jnud wpngbunpltinh dhol hwnnpnwygnipiwl Ynw (winnd-wwnnd thnfuwgnt-
gnipintQ) L pwwn nbwptipnd Gnybhuy Yuuwwd thnfuwqnbgnipinibbtpp hwg-
Jupytint dwiwbwy wpngbunpbbph dhol. hwnnpnwygntejwl tulnhp § wew-
owntd [115]: NAMD thwpbpp, npp gniquhtirwglnid £ ogunwgnpotiiny wnw-
pwéwlwl pwdwlnuip, wpngbunnbbph pwOwyh wybjwgdwl htwn Gdwlhw-
whw tubnhpteph sh ptpnid, uwyuwgl wpngbunpltiph 066 pwlwynipinlbp
onybwbu pepnud b wpngtunnGtiph dhel hwnnpnwygntpiw dwiwbwyh wah,
hGsp, ponlu, twywh wanbgnipintl sh nbbGnLd wpwgwgnpdnipjwl Ypw:
Bpypnpn Yuplinp nhuwpynuip Yuywanid t dnntih pOunpnigwb L Bpynt
Spwanuwiht wpbpltph twpptn dnuinbgnLittph (NAMD — “wipnnowuwl” L
GROMACS - “dhwgw)”) udkg: TOnphhy niduwyhl “Shwgjw|”  pUnyph
GROMACS épwgpuihl thwpbpnd 128 Mdlu/onip hwiwywngp wwpntow-
yntd § 17506 wunnd, dhOgntin Gowbwunhuy 128 AMdtu/onip BpYytpunp “wid-
prnowyw(” nuawnny GtpYuywgltihu (NAMD thwpbp) Ywqinud t 27746 w-
wind: wlwuwn pwlwyh wunndlbphg punugwo hwiwywpgbpp hwibiw-
bt Gwwwnwyny (GROMACS thwpbpny unwgywé wpnyntbpltph htiw)
nhinwpyyt; 66 “wipnnowywl” 72 HMdtu/gnip (16539 wwint) L “dhwgjuwy”
128 NMdRu/onip (17506 wunnd) hwdwywnpgbipp: Lywn 4.7.2-n1d wnpquid
024wé hwiwywnagtph ytpimenpinelp’ Yuiujwé hwiwywngswihl thnpdnud
oquwgnpéywd wpngbunpltiph pwowyhg: hoswtu bplunud £ Ynpbphg, “0hw-
giwy” pGnyph nwawnh nbwpnd 128 AMBu/onp L “wipnnowywl” panyph
nwzuwh ntwpntd 72 AMdlu/ontp hwiwywpgtph wpwgwagnpdnipntbp Gny-
wbu wand £ qowylnpbl, uvwyuyb wu ntiwpntd “wipnnowlw” L “Shwgjwy”
pOnyph nwawnbpp wpmynibpnid wwihu &GO thnpdh inlinnnipulb wnwpprGpnt-
pING" dnwn 2 whquwd: LnyGhuy hwdwuwn pUYny wuwnnitbph hwdwp unwg-
Jwé wpryniapbtnh hwikdwwnipnibp gnuyg t trwihu, np GROMACS thwipt-
pD Uh pwih wogquwy wybtih wpwq t dGpnwentd luGnhpp, pwt NAMD thwpb-
pp: GROMACS épwapwihl thwpteny unwgywd wpwagnipjwlb wewybiw-
gnyl wpdtipp (Unun 4Gy GkY opnid), npp hwuwObih t 16-24 wpngbunplbph
welwntjwl nbwpnd, unwgyntd £ owl NAMD thwpbpny, uwyuwyb ysnpehlu
dnun 40d/op wpryniOphl hwuGnud § wewybiwagnyb 48 wpngbunph nbwpentd:
NAMD 6pwagpuyht thwpbeny “wdpnnowlwl” L “Ghwgjuwl” pGnyph nidwjihl
nuwwnbph ntwpnd unwgywsé Ynptiph hwdtdwwnnidhg yuptih £ Glpwnpb,
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An thnfuwgnbgnipiwb “wdpnnewlywt” pinyph nbiwpenid (Gpp thntuwgnbignt-
pINLGGEND hwadwpytihu hwayh GO welynid hwdiwywpgh pninp wunndbtpg’
Ubpwrywy 9pwéhtp) dnun 2 wlqwd paybnd § wpuwgwgnpénpntip, b
htwnbwpwp, pt GROMACS, L pt’ NAMD thwpbipltnp “dhwgjuy’ nidwjhl
nwwnbpny wtuwntihu gnuyg tb tnwihu {wywagnylb wndtip:

M L] v 1 v { v t M ! AL v Ll M )
4.0 - - -@-- 128 NVMDBhU/enLp - 17506 wnnd NAMD 1
- A 72 AMDlU/onLp - 16539 wunnd o]
3.5 | _.g-- 128 NMDIU/onIp - 27746 wnnd .’ 7
& 3.0 - =
-~ -~ ,.’ 7
CAN 0"
S5t o .
c X e A ]
s 20F e A 7
g -® AT =2
S 15} K2 AT v L A
% " I/ A_.-.-"'“ ' .... ' """
E 1.0 - /’.,". """ ' ---- B
e | .4 ,.v""' 1
05| A w7 .
B
0.0 ‘V 1 . | " 1 A 1 N 1 R 1 . 1 L 1
6 12 18 24 30 36 42 48
ApngbunnGtph pwiwyp

LYwp 4.7.2 UtY opnid dnnbiwynpdwh thnpdh yhOuwpwbwywh dwiwlwyp’
Ywiujwd wpngtiunpbtiph puwlwyhg (6pwapwihl thwpbp ~ NAMD; nwunuibwuhpynn
hwiwlwpgbpp - “wipnnowlw(” 128 VMdlu/onip — 27746 wunnd, “wipnnowywl” 72
AMDhu/onip — 16539 wunnd b “Shwgjwy” 128 YMdhu/gnip - 17506 wuwnnd;
Yiwunbpp - Y1 “UPULLUUSEN"):

Wuwhuny, utnwgdwé wpnyniaplbnhg Ywpbth t Gapwywglby, np qniqw-
htrwgiwl uGnhpatpnd Yuplnp Gawlwynientl ntOh nidwih0 nuawnh pny-
P, hGswbu Gl wpngtunpltiph dhel hwnnpwygnipniap: Wuwbu, U1 Yiwu-
wnbpp, npp qhOJwé t wpwgugnnd owunhyw-dwintiuwh Myrinet guguihG
hwiwlwpgny, gnyg ¢ wwihu pwjwywih jwy wpnip: Onpdwnpyyty t
Owl pwqiwpdbp puyph thnthnfunipjwl wanbgnipintip wpwaqugnpdntpjwi
dpw, uwluyl Ytipghlu twlwl tnwppbpnigntl sh wybi:

Lwiwywpgswiht thnpdh Yypw wpngbunpbtph dhol hwnnpnwygnipjwl
wqnbgnignilp uwmabint wwwnwiyny thnpéwpyyby 60 vwpptp dhahyw-
Ywo wwpwibwntp L guGgwhl hwdwywpgtip niitgnn Yiwuinbpbbnp (u1,
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U2, U3 L U4): Npwtiu thnpdbwywh hwiwywng Ybpgdty £ epuht dhowywy-
pnud (hwhnwht tpyzepnn” Gepnpqué (hwnuwinninthG A1 unhwwynigny, npp
wwpnlowynud £ 92224 wnnd:

-A T 1 L] T T T Y T T T R 4 T
45

40 |

35

30-
25-.'
20-
15-

10

104 thnpdh wkinnnipinibp opkpny, op

Mnpngtiunpltiph pwOwyp

Ll 4.7.3 ULY Gwlnquiplywl thinpéh inkinnnipinibp tnpdwé optipny Yuipugwé
wpngtunplbph pyhg’ tnwnpbp Yiwunbplbtph nbwpntd (nbu wnjniuwy 4.7.2).

Yiwuwnbpbbph $hahljwlwi wwpwdbunpbph b gwoguwht hwiwywpgbph
pOinipwgphsGbpp ObpYujwgywé B0 wryniuwy 4.7.2-nud, L hosybu bplnud
Yrwuwnbplbtpp wwppbpynud B0 wpngbunplbph  hwswlunipjwip (2.0GHz,
2.5GHz, 3.06GHz), owtpwuwhy hhnnnipjudp, wwpwbpwOyny ppblnny
(HP, DELL, MSI), hGswbu Gwlb gwiguyhlt hwiwlwpgbpny (Myrinet,
Infiniband, Gigabit Ethernet): Mbtwp t GL), np wpwqwgnpénipjwl wnb-
uwOynibhg witbwnpwuwip, pbpbu, wuopyw utnwlnwnunbtpny hwdwp-
yniud t Infiniband hwdowlwpgp, huy Gigabit Ethernet gwlguwht hwdwywpagp
wpwqwgnpdnipjul nbuwlyniohg ghentd | Godwé Gpyniuht, uwluyG ywyl
wnwpwénd £ qunty 20nphpy hp tdwl hopbwpdtiph:

OnpdwnYuiwl wpnntbpnud unwgywé Ynptpp (GYwp 4.7.3) gnyg G0 twihu,
np wnblubninghwwbu Gnp ubpGnh wpngtunpbtpp, (2.0GHz L 2.5GHz), sGw-
Jwd nwyunwght thnpp hwswunignibGtiph, gnigwptpnud B0 pwywywhG
(wy wpmynibp (G6Y wpngtunph Ybpinuénigiub hhdwb Jpw): Y1 Gpyhhdp
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(Dual Core) hwiwlwngsuwht Ywuwnbpp 1 wpngtunph welwynipjwl nbw-
pnud (gnigwhbrwgnid slw) dwiuund t dnwn 46-47 op 1 GyY-h hwubbint hw-
dwp, dhOgntr Gnp ubplnh pwewhhip (Quad Core) wnngbunpGtph hhdw
ynpw wfuwuwnnn Y2, Y3 L Y4 Yuuwnbplbpp 164 thnpdp inbkinnntpjub hwuk-
(Nt hwiwp wwhwGond 6O dnuin 20-250n, wyuhGpl™ wpwagquagnpdnipnbp
ynybwyh wanud t: ubnhpp, vwyuwyt, wu wwpwguinud ng Shuyo wpngbunp-
Geph nwyunwghh hnpn hwdwliwywbnigncbbbpb 60, w) Gwl wb, np h
wnwnptipnpntd Y1 Yiwuwntph, Gnp ubpbnh wpngbunpbbpp wnwppbpynud GO
phpwihG wrendny (64 phe h nwpptpnueinua 32 phpwlng wpngbunplbnh),
hOswbu Gwb wwhnwuunwha (Yud wjuwbu Ynsywé gbpowbpwunhy — caching)
hh2nnnipjwdp:

NnngbunpOtph hbunwagqw wybjwgnudp, uwyw)l, gnyg t wrwihu, np G24wé
$hahjuwywl wwpwitnptphg quun, hhdGwywbnud d6é nbpwywunwpnpintla
nlbh Yiwuwnbpbbph gwigwyht hwdwlywpgp:

hGswbu Gpunud t GYwp 4.7.3-hg, wpwguwgnpé Infiniband (43) L Myrinet
(41) gwlgwyhl hwiwywnpgbiph nbwpnid, wpngtunpbbph pwiwyh wybjug-
dwlp (dh0sk 48 wpngtiunp) gnigwhte Yunpniy wand t wpwaguwgnpénieynp,
L npw htwn dEyuntbn, wybhwnn t Gwbl Infiniband L Myrinet gwlgbkph Ghol
wnwppbpnugynbp: Infiniband guwbguiht hwdwywpgp thwuwnwgh wybh wpw-
qugnnpé t° 20nphhy G666 pnnnibwynipjwt L owunnhiw) thnfuwlgdwl dwdiw-
Gwyh (Infiniband — pnnnibwynipywb y gnpéwyhgp hwywuwn t 20Qphr/Y-h,
huy thnjuwlbgdwl A dwiwGwyp 1.07-2.60hyndwyplywl; Myrinet ~ pnnntbw-
Ynippwl x gnpdéwyhgp 29php/Y-h, thnjuwlgiwd A dwdwlwyp 2.3 dhyn-
Jwjnlwalh): Gigabit Ethernet gwligwjht hwiwywpgbpny (pnnniGwynipjwl
Z anpdwyhgp 1Qphp/d) Yiwuwnbiph nbwpntd wwuinytpp Yupniy ginfuynud t°
uluwdé 16 wpngtunphg, L hwnnpnwygnipjwl Ypw dwiuudnn dwiwGwyh w-
&p ptpnud | wpwagwanpénipjwl Gwqiwbp. thwuinnptlb wypngbunplbtph pyh
hGunwgqw wybjwgnuip pepnud | pwgwuwywb tpynh L wihiwun hwiw-
YwpgswhO rGunipuGtinh Juwnbdwp:

Wuwhuny, Ywpbih t wonby, np Gigabit Ethernet gwlgwihG hwiwywpagny
qhGywdé Ywuwbph hwiwnp gnnipinta ntth owwnhdwy wpngbunplbph pw-
Owy Ywjujwsd hwiwywpgh wunndttph pyhg: Npwbugh unnnigkbp Gigabit
Ethernet gwlgwht hwdwywpgny Ywuwnbplbph wpwqwgnpdnipynibp” Yuwtu-
qwé hwidwlwpgnid wuinndbbnph pyhg, thnpdwnyyty 66 twpptp swihtph hw-
dwywpgbp: Lwp 4.7.4-nLd Wwwnybpdws GO0 44 (Gnin 54hwq. wunnd), {5
(Gnun 92hwq. wwnnd), <7 (Unwn 210hwq. wuwnnd), £8 (Gnun 330 hwq. wwnd) L
49 (Gnun 1 ShthnG wwnnd) hwiwywpgbph 1 04 wnbinnmigwb Ynptipp® Yupu-
qwé wpngbunpGtph pyhg: hGswbu Gpunud t 44, £5, {7 L 48 hwidwlywngbph
nbwpend Yw wpdtph prhspwdl thnthntunipntl, wjuhbpl’ wju nGwpnd Lu
16 wpngtunpp Ywpbih t hwdwpk] npwbu owjnnhdwy wpdbp dhisk dnun
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330 hwq. wwnd wwpnibwynn hwdiwywnpgbph hwaiwn: Uwlywyl wpngtunp-
teph pYh hwnwgqw wybjwgnuip gnyg b nwihu, nn prhspwdl. wagnuip Yb-
pwand t L wbnh £ nbGond wpwqugnpdnipjwt ws wnpngtunpbtiph phup
dhtsk 48-h hwuglbihu: Upniu 4nndhg wbwnp t ([, np 16-hg 24 wnngtiunplb-
ph unnwgywé wndbplbph nwpptpnipynLlp qOwiny G4wgnud t: Gpt 44 L 45
hwiwlwngbph atwpnud wt Yuqintd § ~1.9 L ~2.2op, www 47 L 48 hwiw-
ywpgtiph wwpwauynud wylb Gdwagned t hash ~0.7-10op: Wu thwuwnp yyuwynid
b w0 dwuhG, np wwnndbtph Ywd dwubhybtph pyh dbéwgnuip pepnud t 16-hg
dhGsb 24 wpngtunpbpny unwgywsd wpdbpbtph nwppapnipjwl Odwqiw-
Op, L wikGwt hwywbwlwanupjwip, dwubhyttph puh hbunwgqu wybtwgnt-
dp whwp b piph dh Yewnh, Gpp 16 L 24 wnngbunpbtnny uwnwgynn wndtplt-
pp Yhwywuwnpytl' gnyg wnwiny wpwqugnpéniejwlb Gnyb wpdtipp: Upw
wwwswrep phpbu Ywwyws £ NAMD spwgpuwihG thwpbph gniquhtrwgdwh
nwpwowywi pwdwhiwd L guwaguwh hwiwywnpgh hGuwn: LwyinGh £, np
unyb spwapwiht thwpebpp ogunwgnpéntd t hhpphnwihG nudwjhb/nwpwow-
Ywo pwdwbiwh depnnp, npp GOpwnpnd £ hwiwywngh nwpwéwywl b ni-
dwjh0 pwdwlnid puwn wpngbunnltiph: {wdtdwwnwpwn thnpp hwiwlwpgb-
nh ntiwpntd thnpp pyYny dwulbhylbpp pwdwlynid &G 066 pYny wpngtunplt-
nh Ypw b wewewGnud &0 hwnnpnwgnipjw( huwn Yuwywé (nipg ulnhpbbp,
hwiwywpgswyht thnpdh ypw dwiuuynn dwiwGwyh qquih dwup Ynpgnid ¢
wpngbunptiph Shel tjwibbph thnfuwbgdwb Ypuw: Uwlw)t wpngbunnbtph
pyh htwnwagw wéh ntwpnid unwgynn wpryntOplbpp gnyg &G wwihu, np
wpngbunpGtph pUh htnwqu dtdwgnidp wybith tptyinhy £ wannud wpw-
qugnpénipjwl Upw, pwl nwpwunbuwy gwlgwiht hwiwywnpgtph ogunw-
gnpénLdp:

dbpp Oqwé wnryniplbipp unnigbint Gwwwnwyny' dwubhylbph pyhg
ywhuywsé hnpdwnyyt) t owl Y1 Yuunbpp (UpuuLuuUSENR), npp ghtywéd
t wpwgqwagnpd owunhyw-dwinijuwiht Myrinet gwlgwjht hwdwywpgny: M-
untiGwuhpynn hwdwlwpabph swihtphg Ywhuws’ hwpywpyGtpp OGpYw-
jugywé BO GYwp 4.7.5-nu8: Uju nbiugpnid wpngtunpObnh pyh wsh htwn qni-
qpUpwg GYwwnyntd b wpwqwagnnénipjwl wutnhswlwywl wa, L hwiwywp-
gnud dwubhylbph pdh deswgnidp sh popntd prhspuwiht nput thnthnfuntpjwa:
b nbw, Gyl pwlwyh wwnnibtph ntwpentd “Shwgjw” nidwihlG nwauny wip-
juwuwnnn hwiwlywpgbpp wybh wpwg 6o, pwo “wipnnowywl” nidwihl nuiz-
wny gnpénn hwiwywngtipp: Uw, wikbw)b hwywlwlwanipjwip, wwjdw-
Gwynpywé t hwiwpuw hnbwiwywl owwnhyw-dwintfuwht Myrinet gubgu-
jh0 hwiwywpgh wpwqugnpdnLpjwdp:

Uunwgywé ophbwswihnipintbhg biobiny” thnpdkGp wrwowpyty tdwhphy
dh pwowadl, npp pwdwpwp Suinipjudp Yoywpwgnph wpwqwagnpdnipinlbp’
Ywludws wpngtunpitph puhg: Npnzwyh gnpéwyhgltinhg Yuiujws™ gy
GwandwinwG thnpdh hwadwpyuyht wknnniginibp (E,) Ywpbih b 0Gpyw-
Jwglb} hewnbywy Yepw'
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E, =

N
-+
NP

4.7.1)

npibn @ L B gnpdwyhgltipp hwiwwwwnwutuwbwpwn GYwpwgnned G0
Ywuwnbph (hwdwiuniegnh, wpngbunph nbuwy, L wyb) L gwbgh (pnnntlw-
Ynientbp, thnuwlgiwl dwiwbwy, L wyl) $hahluwywl wwpwdbnptpp,
N -p hwiwywngh dwu Ywginn wwnndbbph phyl £, buy N, -0 wpngbunplt-
ph pwiwlo t: @ gnpéwyhgp Ywpnn t pnnilt) htwlywy wpdtpbtpp’

-

a =a,
a,=a,+2

a, =a,, +

2

a,=a,+2 ,n=N%

4.7.2)

wjuhpl’ @ qnpéwyhgp Ghpyuywgynid t npwtu @, = @, + Duality npwntin
a, Gbpyuywgynid t npuwbiu wpngtiunph hwswpuntpinta (41 Ywuwnbph nbw-

pnud a, =3.06):

7 WA T ! AN
24 [ 3 ; : u2 '
_-;: : % --0-- {4 S54hwq. |
=l ."": _______ 'E"' —a— {5 92hwgq. i
& . L4 o a4 L7 210hwig.
%J E N -4 £8 330hwq.
: ' : \."‘ : : —_— -
£ 16k ! SH 4-- €9 1 8hhnl -
[ S [ : :\'\-.,
= ¢ L * - ~'."--
c i ' ! ~»-\\
2 2f| 4 f : T
== M 1 1 \‘
< ] ] 9
e ) 1
c ] ]
S 8 : X -
=
1‘2 _\*. _____________ *-: .......... Wt ea e m e o -%
YUY Y TP UTOUOIPPOT T PR PRD A
4 + ,-"‘-T ----- ‘ --------------- '
’ L
0 ! bl bt i ' Lt
0 8 16 24 32 40 48
MnngtiunplGliph pwliwlp

Llwp 4.7.4 Uty Gwinyuiplywb thnpdh wbinqnipgnelp wpdwé opbipny” Yutudwéd
wpngtunpGtiph puhg twppbn swihtiph hwdwywngtiph nbwpnud (Ylwunbpp - Y2):

8 U. Mnnnuyw(, U. CwhhOjwh
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s

T T T T T T
y1 - upUuLuuseEn ._
—%— &7 210hwq. \ y
—e—¢6 110hwg. .| 1
—A— <5 92hwq. N ]
—<4— <4 54hugq. r\ ~ ]
—v—{41 27hwq. °f \;‘
—e— 43 16hwgq. T~ ]

o\ n
—a— 42 16hwq. \ — ]
2 '\ g

1G4 thnpéh tnknnmpynilp, op

% ' '\v\' 4-1

8
6
4
2
0

4 8 12 16 20 24 28 32 36 40
Mnngbunpbtph pwlwyp
Lywp 4.7.5 Ut OwOnywyplywh thnpdh wnbinnnipgntbp tnipqwd optipny” Yuiuws
wpngbunpltph pUhg” wwnpptip swintph hwdwywpgtinh nbwpentd
(Ywuwntipp — 41 -UPULULUUSEN):
Swigwiht A qnpéwyhgp tnwwpynid | htwnljwy duny’

(2,4, N,,N),.N, <N,

= / p IV, (4.7.3)
{0+1},..N, >N,

npwntn N, -0 wpngtunph yphunhyuwiywt Ywy owwnhdwy phyl £ L Ywhuywé t

gwlgh wbuwyhg: COnhwlnp wedwip, B u f(x,A,N,,N) $nioyghwl

yufuywé b0 guibgp GYwpwagnnn dh wnp wwpwibtwntinhg, win pyntd gul-
gh z prnntGwynipintGhg, thnfuwbgiwa A dwiwlbwyhg, hGswbu Owb dwu-

ahyatph puUhg L wnngbunnatinh pUhg (N ,): Utip thnpdwinYuhl hwzyuiplot-
pnud wyG dungynud £ npwbu nuanned ( p=0)
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unuuLuUsSen £7 — 210hwq. | £6 — 110hwgq. | <5—92hwq. | <4 - 54huiq. £1 - 27hwq.
fangbunplbbp | pbun | pwlGwob | pbun pusGwdl | pbutn | pwlwdl | pbunn | pwlwdl | pbun puilwdt:

4 31.4 § 40.16 21 21.03 12314 17.59 114 1032 § 5.58 5.16
8 14.65 | 16.6 10.5 8.69 6.34 7.27 5.83 4.26 2.75 2.13
12 9.48 | 10.29 13 5.39 - 4.51 4.02 2.6 1.85 1.32
16 7.81 7.43 5.2 3.89 34 3.25 3 1.91 1.41 0.95
20 6.02 58 43 3.04 - 25 244 1.49 1.13 0.74
24 474 | 476 3.6 2.49 2.16 2,08 2.02 1.22 0.97 0.61
28 414 | 4.03 2.8 2.1 - 1.76 1.77 1.03 0.85 0.51
32 367 | 349 2.5 1.83 1.67 1.53 1.54 0.89 0.76 0.44
36 328 | 3.08 22 1.61 - 1.35 14 0.79 0.71 0.39
40 289 | 2.76 2 1.44 1.34 1.21 1.29 0.71 0.64 0.35

Unyntuwy 4.7.3 Upwiquignpénipjwl pliunuhl L pwliwdlny dnunwnyywé
wndtpltpp (S =0):

(4.7.1) pwlOwadlny dnuinwpyywé wpwaqugnpéntpjwl wnpdtipttipp dinp-
dwplwiht  wpdbplbph  hwibdwwnnipjudp Obpyuwgywd GO0 wnynuuwy
4.7.3-n10: Ubpluywgdwé wyniuwyhg wyhuwyjn t pwywywOha pwy hwiplby-
Gnd 16-48 wnpngtunpltph uwhdwGabpnud, uwyuwyb dh0sk 16 wpngbunpp
oQuuwnbih b unwgywd wndtipttiph 066 wwppbpneintd, npp Yuwyws ¢
f(x,A,N,,N) pnibyghwgh dhaun pGunpnipjwl hbun: Onpdbwywlb Gwwunw-

uny thnpdwpyyti b 0wl dnuin 8&Y GhihnG dwuthyotp wwpnibwynn €9 hw-
dwywpap L 40 wpngbunph weywjntpjw ntwpntd wpwaquagnponipjwl gni-
gwlhzp nhwndty t 13.16 op/Gy, npp |wy hwiwwwunwupuwonud t (4.7.1) pw-
Gwalny unwgyws nuuith (13.14 op/y) hbu:

Upwd puwGwdling thnpdwnydty 60 Gwb 42 Ywuwntph dpw unwgywdéd
wpdtpltnp: <wiwwwunwuuwliwpwn, a b B anpSdwyhgttnp phwnpdby GG
hwdwawyl (4.7.2)-h, npinbn a,, = 2.5, L £ =1: 49 hwiwywngh thnpdwpyw-
oL (4.7.1) pwuwéunq dnunwnyyuwé wndtiplbinp tndwé B0 Gywnp 4.7 .6-nwd:

Quithiwl Gopwyw Gin wwpwibnpp wpwaqwgiwa S gnpowyhgl t
(nbu wwp. 3.7), npl, hbswbu hwywnbh t, hwnhuwOnmd t qniquhtinz wpngb-
unpObph  hwadwpyh  swihwbhy® hwibdwwwé deY wpngtunph hbwn, L

htunbwpwn, hwaqupyynd £ hbunbywy yspwy’ S=T‘TN. npnbn T, L Ty
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thnpdh nbinnipjwt dwiwbwyb £, hwdwwwunwupuwbwpwp, 1L N, wpngb-
unplbph wewynpjw nbwpned:

L2
m 49 1dhhnl
— hwiwdw)s pwlhwdlh -

[ ]
(=]
I

r

N
o
i

10

104 thnpdh nlinnnuppnilp, op

0 A 1 " A A L. " 1 " 5. N i
0 8 16 24 32 40 48
MpngtiunpObph pwlwyp

Llwin 4.7.6 Upwqugnpdnipjulb pbunught L pwiwdliny dnuinwpydwé wpdbpltpp
<9 hwiwywngh nbwpntd (Yjwuwnbpp - Y2):

Llwp 4.7.7-nud GbEpYyuywgdwéd b wpwqugdwb gnpéwygh Yuwhujwénipynt-
Op wpngbunpObph pwGwyhg nwppbp Yiwunbpbtph hwdwp: Ljwpnd O6p-
Yuwywgqws t Gwl pnbuwqwywa gqriquwhbrwgdwl ntwpep, tpp wnbnh t nbb-
Gnd 100% qniquihtirwgnud, b fubnph (ntédwl wpwagnieinibp ninbn N, wo-

qud dbéwlnd kb hGswbu Gplnud £ Ynpbphg, Infiniband (43) L Myrinet (U41)
gwlguwiht hwiwywnpgtpny odnjwé Yiwuwinbpbtpp gnigwptipnid 60 hwdwp-
jw pnbwwlwbha dnun gniquhtinwgnd, vwlwt hGswbu L Gwjpunpn GYw-
pnud, Gwé hwiwlwpgtph wpnynuaoplGtph dhole Gnybwbu Yw fwlywa nwp-
pbnpnigntl;
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Upwguwgdwl S gnpéwyhgp

MNpngtiunpGtph pwOwyp

Lluwn 4.7.7 Upwaqwgiwb gnpdwlgh Ywiunid wipngbunplGtiph puhg™ vhwppbp Ywu-
wnbiph nbwpnd (inbu wnnuuwy 4.7.2):

Gigabit Ethernet gwlgp dhGsk 16 wpngbunp gnigwpbpnud £ hwdwpw h-
nGwjwywbht dnunn gniquhtrwgnl, uwyuwyt ufuwé 16 wpngtunphg wyG
yupney Gdwqnud £ dbwnyg hwuwnwunnnis dhosk 48 wpngtunpp: “hw, wikOw-
10 hwywliwywbmpjwdp, yuwwywé t Gigabit Ethernet guwOgwht hwidwywpgh
thnpp pnnniawynipjwl L qquihnptb 46§ hnjuwbgiwb dwiwbwyh htwn, ha-
sh htwnlwGpny fubnpph (nuédwh pbpwgpntd pwywwb Gplwp dwiwbwy t
Swiuuynud wypngtunplObiph dhob wndywG6ph thnfjuwbgdwb Yypw (gwédn pnnnt-
Gwynipintp uinbinénid £ hepptp, nph Ynpw £ dwiuuynud £ dwiwGwyp):
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5. YbGuwpwlwlwb L thnupnu hinnuy pyneptinwywb
hwiwywngtph dnnbjwynpnud

5.1 YLluwpwlwywid hwiwywngtp

Unyl wwpwagpwdnid npubu Yeluwpwliwywt hwiwywpgbpn nhunwply-

ynd 50 opuwihlt showdwipmi $nudnhwhnGeph Gpyztpuntpp L npng Yhouw-
pwlwlwl pwnwopbbp:

Utl inbuwlyh pnupnipushnhg puntpugws bpljpbpuintn

UpntG puy 80-wyw( pywluwbibphl, hGdnpdwghnb wnblubninghwlbtph
quinquigdwl htwn qnigplpwg, t66 pwih uyubg unwiwy dpwagpwihlb thwebe-
G&ph Yhpwenipinibp dnjtyntwiht $hahlwih, YEGuwpwbnipiwb b wy ngppun-
G6pnud, wyn pynd, ytpeht dwidwGwytbnu Gwl Yetuwpwbwywb punwbplb-
ph L htnnuy pynupbnwywb hwdwywnpgbph dnnbjwynpdwb L hwdwlwpgsw-
Jh0 thnpdh ogqlnipywip hpwywowgynn nwuntiGwuhpnipinubtph pbwquyw-
pnud [116-137]:

Uygplwywb 2powanid hwiwlwpgp Ywqinn “Gpyutie® (amphiphile) nu-
$nihwhnuyhl onjbYyntGEpp Gephuywgynid tho dwinpwdiwubnptb (phihwywh
Ywuwbph &2gphuin Bplwpnpinibbtpny, Juibbunwywt L gnpupnb wolniGGh-
pny), uwluwyb dnibyniGtph plbirwihG giluhyltipp OGpYwjwgynid thl qlnhy-
Gbph duny:

<wdwpyuyhlt rbunipubbph hgnpugdwl htinn uyudbght wpnklh wybih
pwpn hwiwywnpgtph, dwutwynpwwtu, tpyube Gniehg L 9ophg Yuwqdywo
dnnblwiht pwnwGplbnh [116-126] nwunwiGwuhpnipnubbbipp: 6e 90-wlwl-
Gtiph uyaphl <Gj1Gph L Gpw wziuwwnwyhgttph Ynndhg Yuunwnyuws watuw-
wnwbpnid [127] nhuwplyt) tp wyt dwiwbwlyyw hwiwp pwjwyut swyw-
inth 0h hwiwywpg' Yuwqidwds 200 nudpnipwhnuyht dntynibbphg” “gl” L
htnniy pinipbnuiyub thnybpnud: <wdwywpgp pwnyugwd tp dnunn 27000 w-
windhg L dnntjwydnpyby tp 2nipg 263w, huy hwiwywngh géwjhG swihbpp
dnun 854°x1004° Ywpgh tp: MhnGGpwlwl wju wuwwnwbpnd npubiu nu-
dnihwhn  Jbpgdby tp 1-wwidh-2-otihi-sn-gihgtinn-3-pnudwinhnhifunihp
(MOdIu Ywd 16:0/18:1 dhu), L nuuntibwuhpyty tha Gplztpunh dwu Yuaqing
16:0/18:1 dhu dnibyniibbph wéuwepwstwht wnstph Yunguynpywdnipiul
wuwinhAwlp, nwwppbp wunndwlwb judptph pwiudwsniginibn Gplztpunnh dw-
Jwind, Gpyzbpuinh dwybpbnypht d6Y dnjtUnih qpwnbgpwé dhohh dwytpb-
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up L wyG: Canhwhnp wedwdp, pwdwlwihb 666 pyny niuntdGwuhpnipintl-
Gbp 60 Ywuwnwpyb hwnuwtu unghGuihG gluhy nibbgnn thuhnwihlb dnt-
yni ebphg pwnyugwé tpyepw/enip hwdwlwnpgph dnpw [118,124-126], hGg-
wbu 0wl Ybpgyti 60 vnwpptp wéfuwopwsbwiht wnsbp wwpnibwynn pnu-
$wuwnpnhituniht/onin hwdwywngtip [128,130]:

Nwntibwuhpyt) 60 Gwlk wlwhuh hwdwlywpgbp, npnGp pwnlugwé GO
shwgbigwsd wéluwepwstwywd wnstp wwpnibwynn dnudpnihwhnughb dnit-
ynyGtiphg [128-131], npwnbn hhdbwywl nwnpnipintip YehupnGbwgyby &
wéluwonwdbwywl wnsnid sn-2 ypyhwlh Ywwsph ypw, hbswbu Owbl nh-
nwnlyty t Gphbpinh dwytipuh ypw hhnpuwnwgdwé eph dniyne Gbph
ynndGnpnznidp Snudnihwhnuyht dniiynyGtiph plbewihb gifuhlbnh Own-
dwdp: CGn npnud, gnyg b wpdby, np giiuhyh 2nipe hhnpwwnwgywé onh dnyt-
ynih O-0 Ynnidnpnzynud £ nbwh plbirwihG giiuhlyh N -p: PLGrw)hG qifuhylt-
ph 2nipg hhnpwwnwgywsé oph dniyniGtph GnyGwwhy nwuwynpnienid
nhunyby b Gwl nw wptuwwnwGpbbpmd [130,133-135], npntiny oph unyb-
ynith nhung dndkGunh Yeyunph b EpYztipunh dwytptuh Gnpdwih Shol pOYwo
dhohl wayniOp (wolywh cos -p nwnwibynd t —0.4+0.4 dhowywypnid):

Npnaybl £ Owl Bpyzbpunh pOntpwgnuiywb dkY wyl wywpwdtuip, npb hpk-
Ghg GEpLYuywgGnud b dnudnihwhnh nhwniwht giiuhyh (P — N Jtywnnph)
Yuqiwé woyniap bpyztipunh dwyspunyph Ghwundwdp: UhentywihG dwqlh-
uwlywl rbqnOwbuh dtpnnnd gnyg t wipdwd, np nhwnih Ynndanpnadwh
wiGynbp pOyws £ 73° +80° dhowluwypnid, U Shehl hwauny, nhwn(wih
qiluhyp gpwyntd t Bpyztnpunh dwybpunyphlG qniquihte nhpp [136-142]:

Ubp Ynnihg Yuwuwpywsd wiuwinwbpbtpnid Gnylwtiu GEpluwywgynud §
$nudnhyhnuyhl Bpltipu/enip hwiwywpgtiph nwnwibwuhpnigynibp dnpb-
Ynywyhl nhowdhywih dbenny: Npwtu nuunuiwubpynn hwiwywng ytpg-
gty &0 “Ghwguwy” pOnyph 128 nhwwidhnh$nudwnhnhitunihl (MMdhu)
(Yo 16:0/16:0 Dhu)/3655 gnip Bpyztinunp L iphy hhnpwunwgyws “wdpnnow-
Ywo” panyph 512 MMdhu/ onip tipltipintipp: <unwagnunnipintblpp Yuunwp-
ybi 56 GROMACS L NAMD épwagpwihG thwptipltiph oglntpjwdp:

128 AMdlu/onip hwiwywngh nidwiht nwaunh wwpwdtnptpp Yepgyb
G [143]-hg, huy wunniwywl wwpghwy thgptipp npyti G0 huwdwdéwl [144):
Npwtu oph dniYoth dnnb| oquwignpdyt £ SPC dnnbip [93,94]: bpdwu-
nh&wlp L 862ntdp, hwiwwwunwuuwbwpwn, apdt; G0 325K L 1dp0, L Gp-
yniub b wwhwywayt) G0 PeptGnubh dtpnnny [98]: Npwbu phihwywl Yw-
wbnh GpYwpnienibOtph wwhwwOdwh dkpnn pbunpdt b SHAKE wignphpip
(53): dwinbpywuwiyws b ynyniwl hnfuwgntignipntbbinh hwiwp oguw-
qnpoyty b “updwl” dluwlhqdp, huy updws wewyhnbtpp npyt G0, hw-
dwuywwnwuuwbwpwp, 20 4° L 14 A°: Unnbjwynpiwh YEGuwpwlwywh dw-
Jwlwyp wbby £ nuin 364" Ypdwhwgnulywh NPT wlbuwdpinid:
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Llwp 5.1.1 128N diu/gnip hwiwlwngbph wylpwnpwiht wwunytpp
thnpdh wiwipunhg htiwnn:

Lluwip 5.1.2 5129 M%tu/onip hwdwywpgbph wylpwppuwihG
wwwnytpp thnpdh wdwpinhg htunn:
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5120Mbhu/onip hwiwywngtph nuunwiGwuhpnipintbGtpp Yuwnwpyb GO
“wipnnowywl” pinyph NAMD SpwgpuihG thwpbph oglntpjudp: Nudwyhh
nwainh wwpwdbnpbpp Ybpgyty G0 [6] wztuwunwlphg: Unnbjwynndwb
thnpabipp Ywuwnwpyby 60 ubOwywiht ghipdwuwnhdwbnd, huy S0Gondp npudbg t
10p0: <wiwlwngh 9tpdwunhAwhh nu £62nuip wwhwwOyb GG, hwiwww-
vwuluwlwpwn, Lwodlbt nhGwdhywh [99] L LwhdltG-whunnbh [112] uG-
pnnUtpny: 2hihwywl Yuwwh tplwpnipnibbtipp wwhwwbyby tit SHAKE wi-
anphpth [53] dhengny: Yninjwh thnfuwgntignipinibbtph hwdwp oguw-
gnpdyti t MUE dnuinbgnidp [68], huy Ywanbnywwiupwl thnfuwgqnbgnipyntbGt-
pp Yupytiy 60 14 4° wewynny: Onpdh Yehuwpwliwyw dwiwbwyp NPT
whuwdpinud bt £ 1004:

128"Mdiu/ontp L 5129 Mud/entp hwiwywngtpp GEpYuwywgyws Bo Oywp
5.1.1-nud L GYwp 5.1.2-nui:

-22.5 v T T T T T y T T T
s
-23.0 | -
E
x
E 235 -
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- i b !
g | { |
3 ] |:pi ' v .
g 40 TR (LN (k) | ‘ M | il
o WI ‘ 'l i ! "i AL ' ! ' ‘[
5 ] | ‘ [ B gL | A
(=) o it o . It 1
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245 |- W Hh i Jia "
-25.0 N L l . i o 1 . 1 L
0.0 0.5 1.0 1.5 20 2.5 3.0

Unnbpwynpiwb thnpdh tnkinnnipyntbp, 0y

LUl 5.1.3 128 tipyipun/enip hwdwlwngh iphy tuGpghwih
YuiugwénipyntOp dnnbjwynpdwl dwiwbwyhg:

121



NiuntdGwuhpnipjwl wprynihpnud uinwgyti| B0 dh 2wpp wwpwdkwnntn,
npnp hwitidwwnyty 66 gpuywinipwi dbe weluw hpwlw thnpény uunwg-
qwé unywiteph hwn: Jwlpwdwul nwuntdbwuhpyty 60 BpYyzEpw/onip hw-
Jwlwngh YwenigdwspwihlG b nhGwdhy wwpwatnpbpp, npnlghg npwtu o-
phUwy Yuwnbih ¢ pbipt) Gpyztnunh dwysplnyehl $nudnihuhnh dey dngeyneh
plbnwihG qluhyht pwaehG pGylnn dwykntup, hwiwlwpgnid ShohwppnLejnt-
GuyhG hrwynpnipnibp, Gpyztnuih swlwip, thnuwgnbgnipywl tatpghwh
wwnpbip pwnwnphstbp, hoswbu Gwb $nudnihuhnuyhl dniynih giiubbp b
woluwepwobwiht wnstinp, U Gwl gnph dniEYnLh nhbwdshy Ywppep pintpwg-
pnn wwpwakunbpp:
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Unnbiwynpiwa thnpdh wbinnnipynin, 04

Llwp 5.1.4 Uty dnitynt h0 pGYyGnn dwytinbuh Yuiujwoénipynbp
dnntiwynpdw dwiwbwyhg:

Lywn 5.1.3-hg wwpq tpuntd £, np hwdwywpap hp hwywuwpwyzhe Yh-
Swyh0 t hwulnd dninwynpuwbu 400 wy-h pUpwgpntd: hpwywh gnpdhg
hwyunbh t, np MMud/gnip hwiwywpgnid tpyzGpwnh dwytptuht pnudnhwh-
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e — i g

s — e e

P e ————

nh 0kY dniYnLhh plybnn dwybnbup Yuqimd b ~ 62.94°°[145); <wiwlwng-
sWwjh( thnpdhg unnwgywé wnnnbpp gunbynid £ ~ 63.424°% +64.864°% Gh-
owywypnud (Ohwp 5.1.4): ULY dntyneha poyonn dwybpbup hwdwpymd £
ywenigywépwiht  hhdibwyw6  wwpwdbwnpbphg  ObYp:  LiwGwunhy
wnmyntbpbtp gnwagyty 60 Gwb dnGYnywiht nhbwdhywih dbpnnny Ywuwnwp-
Jwéd wy| wluwunwbpbbpnud [146,147]: bpwlwb thnpdh wpmyntGpltph hbwn
OGywunynn sGshG wnwipptpnepyntbp, witbw)o hwywowlwinipjwip, yuwywsd
E tiGUwpwutwnhly nudtph “Yupdwl deuwbhqih” YhpwedwO htwn, pwOh
np Onyb 512 dnGyny IMdlu/onip hwiwywpgtph nwunuiGwuhpmpjwl nbw-

pnud MULE Gninbigdw Yhpwenuip ppnud £ ~ 62.74°% wpdtph[148):

12 —

F
-
-

1 F 4

10 |- -

P- N nhwnih dhohG walynibp, wuwn
~

T
A

w
I
1

2 i ] 4 l N L 4 ] L ]

0.0 0.5 1.0 1.5 20 25 3.0
*UnnbGpwynpiwb thnpdh inbnnnipynilp, Gy
Llwp 5.1.5 Yhwynih dhohl walywt Yujudwénipinubp dwiwbwyhg:

NuntGwuppyty t Gwl WMl Gnynybeph PO, - (CH,), - N*(CH,),

nhwniobph’ Gpy26punh dwytipbup GYuwndwdp Yuqiwd dhoht walywh Yuwju-
quénipniap thnpdh dwiwbwyhg (GQywp 5.1.5): Ljwphg Gpund £, np dnnb-
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twynpiwl thnpdh Ytpenid wyt hwywuwpynd £ 7°-h, huy thnpdh plhpwg-
pnud wil twinwiGynud t ~ 2° +12° dhewluypnud: Ywiudwd gbipdwunhdw-
Ohg L $nudnihwhnh Ynogtbinpwghwihg” Ydlu/onin hwdwlywnpgbph hwdwnp
uwnwgyby 66 0p4wd dhohl wiywh htnbywy wpdbplbbp™ 5° [149], 8° [150],
9° [151], 15—18" [152], 15° —30° [153,154], 17° [120}, 30° [155,156). UdL-
Guwyt hwdwiwywbnipjwdp, wu nwppbnnpinuaGtipp wwydwbwynpywsd 60
plbirwiht gijuhyh wununnwywt L Yynndbnpnnuiwht wqwwnnigjwdp, hGswtu
Gwb puduwywtht Ywps dnnbjwynpiwl dwdwGwyny: Onpdny wujugnig-
Jwé £, np nhwnip sh gpwiynud YnGypbuin Ynbdnpdiwghnl nhpp [157]: PLubnw-
1hG qiiuhyh gnigwhtie nuuwynpnipintip bplnid t Owb junnippub (z wewig-
pny wuwnndGbph unniginuap) Unptphg, npuitn £ U & wunndGtph whybpp
pwywywbh( dnun 5O Shdjwtg, npp fjununtd £ uyO dwuh, np plewghG gfuhy-
Obpp nwuwynpywd G tGpytipinh dwybpbnyph GYuwuindwdp hwdwpjw gnt-
quhtin: PLutrwiht qiupyh Gdwlh nwuwynpnipnibp, wWwitiw)o hwjwbwyw-
Gnugjwdp, wwjdwGwynpws t PO; L N(CH,); tudpbph squwydws thinfug-
nbgnginublbpny: Sphubphiwidnthmd N(CH,); junuipp 2pguiwunnymy t
oph dnayniGtpny, npnGp hptilig heppht prywglnid GG fudpbinh dhol. gnpénn
yniinywb nudbin thinfuwgnbtgnipintip dnunwynpwiwtiu dhowduwyph nhkiGyun-
phy hwunwwnniOh dednepubp (£ ~ 80) hwldwuwn wbqwd [158]: YUnynbwb
thnfuwgnbgnipintibbph pnywgnidp phipmad § wétuwenpwébwht wnskph Ynb-
Pnpiwghnl ntdnpiwghwGtnh wahlt L hbunbwpwp, Bpytpunnd wquitn dw-
Juwih daswgdwbp, nph hp hbppht GwlOwynid | dbY dnikynyh pGybnn vwp-
pwywl pooh Swyuwyh dbdwgnud: dwuwnnptlG, 9ph htin  thnjuwgnnn
N(CH,); |hgpwynpywoé funuipp pgwwjwinynid t oph dnjymyGbpny, L gmi-
OGowinyd wunungbinte hGwpwynpnueinil” nuieGnud t wdbih Ynawn, huly npwb
hwywrewy wewy GO quihu twwnwannuywt pinyeh intyunuughni wp-
dnuibtp b wwunwonlibbp (L Gwl thnjuwgntgnipnibatn), nph wpnynuapnid
anwlwl thgpuwdnpwé N(CH,); funipp manynud ¢ abwh PO, funuipp:
dnudnihwhnh dniynyGeph plbrwih( judpbph hbinwgéh nuunwdbwuhpne-
pintbbtnp (x -y hwppnigwt 4pw) gnyg G0 unygb, np welw G0 (wpbpuw
Iintyunuwghwtbp (Yphppwghwibp), hOswbu Gwl dniymyh hnphgnbwlw(
wipdnudbbn (Yngynd &G “protrusions”™), npnlp, wdbtbwyl hwywlwywlbn-
piwdp, wwpiwbwynpywéd 60 Yhuwluwinil ebipdwihl Ynauinnigguide [159]:

124



NuunuiGwuppyby b owl Gpyatnunp bEYunpnGught fuinntepintop b uinwgyty
t whywht Dy, htrwynpnignilp (35.1124°): Unwybiwanyl funnginilp
gpwigyty t N L P wuwnnilbph dhowlwpnid ( 0.37e/ A°*): Lpblp Gwlk, np
wrew b pwduiywiha wy bwdpybnd whywihG Dy, htrwynpnipjwl’ hpw-
Ywh ynpdhg unwgyws wndtph hbin® 36.44° [160], hbswbiu Gwb wii w2tluw-
twbpbbpnid pepdwd antaynijwiht nhGwdhywih dtprnny unnwgywé wn-
dtipltph hGu:

LhwhnuwihG pyztpuinh Yuplinp ponipwaphgltinhg G0 Owl Gpwbgmd thg-
pbph fuwnpmip L tlehunpuutnwnhy - wnunblghwip: Ytpehtu  Ghwnw-
gnyntd £ MnuwunGh hwywuwpdwdp’

w(z)-w(0) = —--81- 22 ]'dzz 0(2,) (5.1.1)

npunbn w(z)-p tEyunpwutnwnnhy wnwnbbghwia t, huy po(z)-p° thgptiph
fuwnnipyniOp:

T =T 1 ( Ml L} L} v Al
5| ]
D o, ]
4 - ]
—inhy hwiwlwpg -, 1
3 S e Lhwhnltp n
........ ?nln e

b tYwnpwuthwnhy ¥(z) wyninkGghwip, V
o
v S AN LA DL

-2 \
‘\
3 \\
I . AN
-4 - N e+ e cm e mcn e —————
| 1 | i i
0 1 2 3 4 5 6

z wnpwlgpp, 04

Lljuwp 5.1.6 tibYunpwunwiinhy w(z) wnunbOghwyp Bpltpuinh
Gnpiwh GYwwndwdp (z wewbgph):
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Uwnwgywé wpmnibplbinp pny 60 tnwihu opwnpty, np $nunihwhnlbnh
dnibynuGeph nhwnibtpp Bpyzepunh hhnpndnp Swjwinud werwewglnid vif]
pwgwuwqwi bEhunpwunwnhy wnuntkoghwy, chogntie gph dniaynybbpp wn-
tnblghwp npwywt t (0Ywnp 5.1.6): dnupnihwhn/onip pwdwbiwl uwhdwlh
Ypw welw GO 0wl ponpwgpwlwt wpgtipltp (pwphbnlbn), npnbg pwpé-
pnggntlp dnun ~ 750m¥ L dnudnihwhnh L oph dniynybtiph plnipwgpw-
ywl wpdbpitpp, hwiwwwunwupiwbwewn, -4,1F L ~4,7V G0, huy bBpy-
26pwnh hhppndnp swywmd wnuinkGghwip” ~17':

UtYGwpwlbin hwiwp wétuwepwstuyhh wnstph UnGdnpiwghwl’ hwy-
Jupyyby 60 Gwl Gh wpp wwpwdtnpbp, wn pynud Gwb wngtph ynnitn-
pn20wl wwpwdtwnp, onpdwih Ghundwde woluwepwdlwihi wnsbph ptp-
dwl wiymp L Gwl gGwhuwwndty £ hhnpndnp dwywind wnsgtiph Sheb htinw-
ynpnipynibp L OGpwig gpwywéd dwywip:

i v 1 v 1 v 1 ' 1 ’ i ! 1 '

0.22 - . —e—sn-1 . .
+ = = - O--- 8N-2

0.20 | ] nndGwlwl -

o OB hrnafutiu
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g

i

P

[o2]
t

UnndGnpnz0wl wwpwadkinpp, S
o
=
1
fof |
i i

0.12 ,
0.10 | .
0.08 |- -
0.06 | N 1 . i " 1 b 1 " 1 i i i
2 4 6 8 10 12 14 16
Usuwébh hwiwpp

Lywn 5.1.7 dnupnihwhnuwghb dngaynyh wnstinh YnndGnpndwl wwpwibinpp:
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ZwyinGh t, np hpwlwl thnpdhg unwgynn wéuwenpwsbwihl wnskph
YnndGnpn2dwl wwpwdtunpp hwwpyyned b heunbguwy pwlwdlny’

Sml = _;. <cos? 6, > -% (5.1.2)

npwntn 6,-0 C,_,-C,,, ytyunph L z -wewgph dhol Ywquiywé wayntOl &,
huy dhohGwgntdip Ywuwnwnynud £ punn Yhdwywgpwuwh wluwdph L dwiw-
Owyh: Onpdtwywl Swhwwwphny unwgynd ¢ S -0 (nGpinGphnudwh(
ynnuibnpn2dwl wwpwdbuip), npp hwadwpywht S +h htn welsynd £
htwnlywy Yepw' - 285, = So, Gopwnnbiny ubquibGunuwhh 2wpdiwl uhdibw-
phw woéluwenwétwiht wnsh wewlgph Ghuwndwdp:

Llwp 5.1.7-nud tnpqwd b dnudnihuwghnuih dngeyne b wnstnh YnndGnpnzdwh
wwpwotwpp, pepqwd GO Owl hpwywo thnpdhg unwgywd wpnynibplbp
[161] (thnpdbpp Ywuwnwnyby &6 UUN depnnny, T = 323K ¢tpiwumnhswbnud):
UnndGnpn2dwl wwpwdtwph Guqugnyl wpdtpp nhunynud | wétuwopwd-
Guwyhb wnstph Ytipebwdwunid (| S, = 0.07), huy wnwybwgnyt wpdtplbpp
(| S¢p 1= 0.17 +0.19) gthgtipniwjht puiph dnwn gqunbynn wwnndbtph 2powiywy)-
pntd: Lwphg wybhwpnn Gplinud £, np welw £ 2wn (wy hwidpaybnd hpw-
Juo b hwdiwywpgswiht thnpdtph wpmynibpbtph dhol: Rwlh np WMdiu-h
wéuwepwshught wngkpp pwgwndwy Gnyl &0, www kGpwnpynid t a priori
OnyOwlwo Ynopnpdwghwlbn’ sGwjwd Gnnbiwynndwb pGpwgpntd GYwwnbth
&0 npnawlh nwppbpnugnLGObn:

Ahunwpyyt] 66 6wl wéuwepwebtwiht wnsknh pUnipwanhs W) wwnw-
dbwnptp, npnlp ufubdwunhynpbl GEpYuwwgywo GG GYywp 5.1.8-nud, npunbin
¥ -0 wngh hwuniwl (Ywd Yupdwéph) dwytpbul t, 4 -0 Gphztpwnh hhnpn-
$np dwuh hwuwnnientl t, npwtiu dnkyntth woluwenpwdtwywt wnsh 1, bp-
Ywpniintl yepgynid t Opw wewehl dbphitowght fuiph woluwsth wunndhg
ybnpohl womwoﬁwjhﬁ wwnndh dhol hGrwynpntpynibp:
<l >=<z,>-<z4>, LD l-h wpntyghwa t z wewGgph ypw, 6-0° wo-
juweopwéluwght wnsh phpiwl walymilp, huy d_-0" dniyniih tipyne wngtph
dhol dhohl htrwynpnipnibp: tipp G2Ywé wwpwibupbpp UGY dngeynihl
pOYGnn Swytntuh (< 4 >) htwn webgyntd &0 hunlyw) yepw®

<A>cosf=2-Z (5.1.3)
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LYwp 5.1.8 Ustuwepwdbwihl wngtinh pOntpwagphs wwpwibwnpbph
ufuGiwwnhy GEpYwjwgnuip

Anupbnwywt  Yypsdwymd Yupdwéph T dwybpbup wnwunwaymd
18.5~214° uwhiwoobpnd L Yuiuws stpdwunhswihg b wéluwgnwdlw-
JhG wnsh Gphwpnigntahg” Yuwipnn b thnthntugty [162]: dnudnihwhn/entn huw-
dwlwpgh hbnniy pynipbnwywl thnth hwdwp, uwluyl, syw ng dh ¢hnpdhw-
ywt i, L wi qhwhwwnynd t Ghwy hwiwdwya (5.1.3) pwlwdlh
(=25 A4°%): Swiwywngswiht tnpdh wpyntbpnid wyn wwpwidtunph hwdwn
unwgynui t £ = 27.74° wpdbpp:

Annbnwywl  yhdwymd Yupdwoéph T dwytpbup wnwnwlymd
18.5~214° uwhdwbbspnLd L Ywiugws gbpdiwunhdwihg L wétuwepwsbw-
JhG wnsh BpYupnintahg” Yuipnn & tnthnfudt [162]: dnudnihwhn/ontp hw-
dwywngh hbnndy pneptinwiywb dinth hwdwn, uwywit, shw ng gh thnpdlw-
ywo vy, L wyl gowhwwnynid t dhuyl bwiwdwl (5.1.3) pwlwdlh
(T=25 A4°): <wiwlwpgswihG tgnpdh wpnynGpntd win wwpwdtunph hwdwp
unwgynud t 2 = 27.74° wndbpp:

<hdw nunuiOwuhpbtp wétuwenwebuyhb wnstiph nwuwynpnipyntbp’ nh-
wwpytiiny bptp hhibwywo nbwp’

1..d,>1, - wéuwenpwshwiht wnstpp hpwphg htinnt GG

2. d <1,- wnstnpp GGppwhwigntd GO hpwp dte:

3. d =~I_-wnsknp hwiwnjw hwywuwp 60 nuuwynpyws,
npwbn 1, =1, +1,,, 4, U L, -0 I.-h wpnyghwG t Gplztpuwnh JnhG L OGp-
ph 2tpwinbiph Ypw: Lywp 5.1.9-mo OEpYwywgywé B4 4, L -h Ywpujwéni-
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pnLip  dnnGiwdnpdwl gnpdh dwiwlwyhg: boswbu Gplmd t GYwphg,
|d, -1 |-0 wwwnwGynid £ 0.01+0.224° uwhiwbObpnud (ShehGp qUwhwn-
Jby ¢ |d, -1 |20.124°), wuhGpl® Ywpbih t hwdiwpbi, np wnspp qunbynud

GO fuhuin nwuwynpnipjwb Gt (close packing configuration)” dwuwdp Ghppw-
thwlgbiny hpwp Gbg:

2.95 Y T Y T LI | v ¥ v |

2.90 - d -

2.85 '.-.'251‘: ..'.Z
2.80
2.75

2.70

Uheohl hinwynpnipintlp, A°

2.65

2.60 | | i

1 1 N 1 2 - " 1

0.0 0.5 1.0 1.5 20 2.5 3.0
Unntwynpiwh thnpéh inbknnnipyniGp, Gy

Lwn 5.1.9 d, L I_ -h Yuugwéniginiop snntjwynpiwt dwiwbwyhg:

GnYy2tpwnh Bpyne nwipptip dnGnbpuinbph hwiwp quwhwuwnyby b Gwb wo-
fuwopwshwiht wnsbph pbpnipwt @ waynibp Gnpdwih GYwwndwdp (/, J&Y-
wnph Lz wewGgph thol Yuqiwd walyntbp, wb'u Ghwn 5.1.8): Gpynt dnGn-
2Gpuintph hwdwn b} pbpiwl wolynGp unnwgyb) t 27° +39°, huy wolywo
dwiwbwyuwyha shehtp hwywuwp bt ~ 30° (GYwp 5.1.10): POwYwo t Glpwn-
pt, np wolws nwunwondbtpp wwpiwbtwynpwd 6O wnsbph obpdwha
pUnyph vwnwbnuibtpny: <witdwwnniewt hwiwp GepYwjwgbbp Gwl h-
pwywb thnpdhg unwgywd wpdtplbpp: tielunpnt uwhb rtgqnbwbup (EUN
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Ywd kleYunpnt wwpwidwgbtinhy rtiqniwbu ~ £MNY) dpnnny wpywé ghnpab-
npp plipnipywt wiwl hwiwp nwihu B0 @ ~ 30° wpyniapbbpp [163] (Ghbg-
ntr “gty” tnynud pEOngbt nhppwlghuwgh dtpnnny wyG qUwhwunyty ¢
31.6°[164) wy 30°[165]): UL wy hbuinwgnunnnh Ynndhg [166] YMdtu/onip
hwidwuwngtiph hwdwp (7 =15°C nbwpnd) dmbynyh phipnippul wolymbp
unwgyby t hwywuwn 32+0.5%: UhontyuwihG dwqGhuwyw( nbqnGubuh —
uun depnnny wpywsé thnpdtpp gnyg 66 indby, np phipnipjwa waynup po-
Ywé b 27° Shbgl 34° wnhpnypnid [167], huy whus uwtyunpnuynwhy thnpétipp
wwuwgnignd B0, np wngtiph pbpnipubt woyniop 25-30°-h ungh ¢
[(168,169]:

Uuwhuny, wbubmd tbp, np dbp Ynndhg hwiwlwpgswht ¢hnpdny
unnwgywo wnpynubpltinp tnwihu 60 pwywlwGht jwy hwapbyGnd hpulwl
thnpdbiph wpnynuGplbph htun:

40 T T -1
38 -
36 |

34_

soget Tl ’ W R
oy e N S

4| PIE NS (B L

32 f: ; A
i f Y ¢ N b v
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30 nd

28 -

UstuwepwslwihG wnstph ptipiwG walynGp, wuwn

— i — i " | " 5 -t A

0.0 0.5 1.0 15 20 25 3.0
Unnbjwynpiwh thnpdh inbinnnipynulp, Gy

Llwin 5.1.10 Gpym ztpuntiph hwdwp wngbnph pbpdwl wilgmop’
Yuwiujwé dnnbpuynpiwl dwiwbwyhg:
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Llwp 5.1.11 2-pn, 5-pn, 10-pn b 16-pn (Ytipghl) utiqitibinbbph
wéfuwdhbbtph hel htrwynpnigintbltpp” Ywiuws dnntiwynpiwb dwiwlwyhg:

Gyu ki pontpwapwlwl wwpwitup, npp GYywpwgpnud £ dnudnthwh-
nuht dngayniGbph wdtuwepwdtuwyht wnstiph nhGwdhy uppp b nwuwyn-
pnupintbp, dnityntih wnstiph Gheb tnwd hbnwdnpnieiniGh £: Lwp 5.1.11-nid
wnpywé B0 2-pn, 5-pn, 10-nn L 16-pn (Ybpght) utiqitlunlbph wstuwshGbtph
dhol herwynpnipintGobpp” Ywiudwé dnnbjwynpiwl dwiwbwyhg:

hpwlwh thnpébphg unwgywé phpnipiwlt @ woynibhg L [, wotuw-
onwhuwyhl wngh Gphwpnpinihg quwhwunyby t (d,, =2/, sin8) Swipwihl

tudph wétuwéhGotph hel htrwynpnupinilp (~134°), nnp pwywywlh jwy
hwdpGyanud t hwdwywpgswht thnpdny unwgdwé wndbpibph htwin (Gywn
5.1.11):

Zwiwywngh opwiht Ghowdwph nuntdGwuhpnuentlp hawpwynpnieynta
t vwhu wwipgty BpUztpn/enin pudwbdwh uwhdwth ypw onh dniayniblinh
nhGwdhy dunpep L nwuwynpniiniap, hoswbu Gwb oph dnitUynG6ph™ Bpy-
2tpunh dheny, wagnnnibuwynipiwl hbun Yuwdws fulnhpltpp: Un wwuinw-
4ny GbpLuywgltop oph dnibyntbbnph thnfuwnwnd nwuwynpniniop GYw-
Pwgpnn wwpwsbwpp, npG hpkihg Gpluywgbnid t enh dnisnih nhuwng dn-
gk L py2tpwnh Gnpdwgh Gheb uqiws wilywl YnuhGniup:
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UGlyw YnuhGntup, cos(B)
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‘Lywp 5.1.12 ph dnitynih nhwng GndtGuinh L Bpyztpunh
Onpdwih wolgws Ynuhbniop:
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Llwp 5.1.13 Lpuiht shewduynph tnwpwbgwnniip — w) wquin,

P) Pyl Yuuwywe L ) nidtin Yuwyws gnup:
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Unnbiwynpdwh thnpdh tnknnnupnilp, 0y

Lywp 5.1.14 ph dntynyittph pwwyp gpushl Ghewywph wwnptp
hwnywéttpmd” Yuwiugwd dnntjwynpdwl dwdwGuwlhg:

Llwp 5.1.12-nud wwinlbpyuwé § wotyw ynuhGnup’ Ywiujwsé z wewl-
pny oph GnjEynyObph” Bplyztipunh dwiytpunyphg ntbgws hrwynpnipintihg:
Lywnhg bplinid £, np oph dneynith opwslh wwnnitbpp ninndwd 50 nbwh
ANDIu Gnibynybtph $nudnpp, hul eph dniEynih pRYwéth wunnldbtpp’ nb-
wh WMDRU dnkynt GEph wanunp: Wnwhuh nwuwynpnipjwl wwwnswep, huw-
Jwlwpwp, 066 pyny 9puwolwhl Yuuwbph weywniemi0s £, Bpp oph Onib-
yntbbpp dquinud 60 Yspwynnidbnpnzybl wjbwtu, np unbnéytt epwdtuwhl
Juwtbpny Ywwlwé hGwpwynphbu 2wn fudpbn: Upmynibpntd, opwidbuyhl
Yuuwtpny wuwydwbwynpdws, pnudnihwhnh quuhybtph 2nipe Slwynpynid
GG nuinnnpnywé oph dntyniGbn: Ldwowwnhy nwuwynpnipintd nhuyby £
Guwb hwiwywnpgswiht wy dnpdtipnd [130,133,170, 171]:

LuywnCh t [172-174], np punn $nudnihwhnwihl pyztinnh dwybptuh htwn
thnfuwqnbgntpiwb ntch, epwihl 2Gpwp pwdwbynid t Gpbp nbuwyh’ w) w-
qun 9ntp, npp gunbynd tipyztinung swytptuhg qqwih htrwynpniginttltiph
dpw, p) pny; Yuwyws enip, dhehl htirwynpnipintoGtph nbupentd L g) nidtn
Yuuyws gnip” dnun htnwynpnipintbbbph nbwpntd (0epyuwywgyws t Gywp
5.1.13 -nud upubiwnhy duny):

Qnuywanipiwt dbg hwnth 6O Owb $nudpnihwhnuihl bplztpunbnp
nowwwinnn opuighl dhowdwyph® puwn hwunyniniaGtiph twpwbguindw
Wy, albp, Swubwdnpuujty, dhoqwdbiwh enuyhl dhewquypp Ywnbip ¢
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wnwppbpwyt) suwesnn (nonfreezeable) L uwrsnn (freezeable) oph [175] Ywd
wwnquuwtiu dhowdbiwihb (interlamellar) L wquwun (bulk) onph [176]:
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<Grwinpnipynilp, G4 p)
Llwn 5.1.15 Nwnhwy pwptudw $nibyghugh Ynptinp tnpydwé oph dngkynigh
pRYwOLHh L opwidGh pwtuntdp plbirughl qiuhbh wanunh GYwwndwdp (w) b

onh dnitynuyh ppYwélh L opwéth winndlbph pwzfuntdp thyhnwihG njynyh

qltuhyh Inudbnph Ohwindwdp (p):
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Utip Yynnihg Yuwuwnywéd nuunudbwuhpnueniGGbpp gnyg G twthu, np ne-
dtin Ywwywsd hwwndwsénud dnudnthwhnh deYy dngbynih plbiewght gifupyp
ynndhg dhoht hwadnd Yuwdmd £ dnin 2 opwht dnkyney, pnyp Yuwywé
hwwndwdnd pnudnihwhnh gty dniynih hwdwpyny Yw dnun 4-10 9ph on-
tEYynyy, huy dbwguop wquwwn oninb £ (Ghwp 5.1.14): LYwd wprynubplbpp
vnwhu 60wy hwipbynd UUN-h dbpnnny unwgywd wpryniGpatiph hbwn
[141,173,174):

dnudnihwhnh dniynih plrwhl giiupbh 2nipg oph Bnityny GEph nwuw-
ynpnipntbp wwpgbine bwwwnwyny” hwagwpyyt t wl $nudpnph L wgninh
2ntng onh uniayny Gbph rwnhwy pwziudwb ntbyghwd (NRD):

Lywn 5.1.15-nud wwwnlyepjwsé &6 NRD Ynpbpp' inipdwéd oph dnikynih
prUwdsbh L opwélhh pwptunidn plbnwihG qiupyh wgnunh GUuwundwdp (w) L
oph dnityntth prdwdébh L opwsih wnndlbph pwituntdp (hwhnuwhG dngbynt-
th atiublh Inudnph Ghwindwdp (p): POswEY Bplinud | Ynptiphg, wanunwywi
L $nudwuinught judptipp qquipbnptl hhnpwuiwgdwsé GG dnudpnph 2nipg
GYwuwblh &0 Bpymt whytp, hwiwwwwnwuuwbwpwp, =2.9-3.04° L
~3.9-4.04° hbrwynpnipjwl Yypw, huy wgnunh 2nipg gpubgyty £ plnwdtop
a6y why = 4.4 - 4.6 4° hbrwynpnipjwt Ypw, npp bu Gh wlqwd wwwgnignid
E wib drwunp, np Yw oph dnibyniyGtph huinwy ninnnpnywé Ynndbnpnymd
plbErwihb qfuhyh GYwwndwip: b nbw, Gdwiwwhy Wwnybpbbp unnwgytg
GO Gwb wy wuwwnwbpbtpnud [134,152,177], uwhuwa whytph wpdtpUbph
sh thnpp 2Bnnusbbpny, npnbp puwn Gplunyphl Ywwyws GG onh twppkp dn-
ntiGtph pbwnpniwl htw (SPC, TIP3P, TIP4P, L wyih):

128" Mdhu/onip L 512N dlu/onip hwdwlwpgbph uygpowlwh L YEpebw-
wo YnnpnhOwunGbpp, hoswbu Gwl wpdiwl hbunwash dwibpp Yuptih ¢
UbpptirGb; OGp (wenpuwwninphwh Yuiphg hitp://bicinformatics.sci.am:

LupnGh £, np Ystuwpwlwywl pwunwipttpp pwnlwgwd GG dh pwbh
wnbuwyh pnudnihwhnbbphg, uyhunwynigttphg, pwpdnpw- L gwdpwdinibyni-
(wih0 wyy Shwgnipntbbbphg: Wuon htwnbluhy niuntiGwuppymd &6 tnwpptip
$nudpnihwhnltiphg pwnyugws pwqiwyndwynlbbln hwiwywnpgtp [178-191]:
Uwubwynpwwtu, ybpoht 2powtnud hwiwywngswihG thnpdh dGpnnny hb-
nwgnunynud &0 gypuinbphnwiht (dnupwinhnhifunht - dhu) L ppywihl
(Pnupwnhnhiubpht - dYU) uwebnipnbbphg Ywqiywéd hwdwywnpgbn® dnit-
UnObph  wéluwepudlbwlwt  npwlbph  hbnlywy  poniewanphsbtipny.
(16:0/16:0 Bhu/16:0/16:0 DU) [192], gyhinbphnluwiht L YuwnhnlwhG [193],
gyhuinbiphnbwihl L wohnGwiht (Yhoithidnudwinhnhifunihl/Iholthidnudw-
wpnhigthgbpht — HOD/N0DB)[194], L wy fuwebmpnuyhl hwiwywpgtip
[195-198], npnGgnud dnudpnihwhnbtpp tnwppbpynud G0 pE dnjGynth plbnw-
IhG giluhyh wbuwyny L pt wétuwepwébwiht wnstph Eplwpnigjwdp b hw-
gbgywéntpjwl wuwnhiwbny (Ypyhwyh Ywwbiph pdny L inkinny):
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Puwquwpnupnihuhnughl bplpbpinbn

Uuwtiu, ophGuwy, dtp Ynnihg nwunuiGwuhpyby 60 fuweGnipnughl Yhih-
phunnhidnudwinhnhifunihl — Wdhu(14:0/14:0 du)/AMdlu/onip fuwnbnipn-
Gbphg Yuwqdyws  tplztipwintp,  dnudnihwpnlbph  YnGgbhupwghwitph
htunlyw) hwpwpbpwygnipjuidp' 25%, 50%, 75%:

Nwydwlwynpywé hwiwywpgh thnywiht yhdwyitpny® huynbh 60 tptp
wnbuwyh fuwrbnupnbbp

) tnunbilinply luwnGnipnltn, Gpp pwnwnphsbtpp s60 fuwetynd hwdw-
Yuwngh “gt)” yh&wyntg,

) ~Ppbuywlyws juwunbtnpnlbn, Gnp pwnwnphsOtpp (npnbp puwn dnikyny-
Gtph Ywenigwéph dnun 60 hpwp, ophwy "MUdu/IMDU, Wdlu/ANdlu, L
wyt0) fuwrbynid 60 hwiwlwpgh L “ghl”, W henniy Jhgwyotpnud,

W) Ng-pnbuyuwilwt (Yl rbgniywn) fuwranipnbbp, Gpp gnywht nhwg-
pwdnud weyw &0 shwdwdwbwy U “gly”, W hennuy gnytp:

lowrelGnipnGepnud nudbnihwhnbbph  dniGynybph  nuuwynpniggnuap
- Onybwbu Ywpunp Gwlwynigynth niGh, L wju inGuwbymbhg hGwpwynp &G
Gh pwlh nbuwyh nwuwynpnipgintatbp’ Ywhiujwséd Yiwuwnbph swhtphg: Un-
Ynpwpwn Ywuinbphqughwih gnpéwlhgp (Ywd  Yrwuwnbphqughwih C,
duwyunpp) hwidwpynid § hwiwywpgh hhdGwywb panipwagnhsbtiphg dtyp, n-
pp GEpYuwywgynud b hinbyw) Yepuy'

1
C, =
Cs N,
npintin C, -p Ywuwntiph swhG (cluster size) , huy N, -0 wuwnbtpOtiph puw-
dwliwh uwhdwbbeph (interfaces) phyl t:

WNE0e WR0E00 W0Enan
882560 BRGAGE BGAQ4d

w)aywquugn ) pywwnwhwlwh q) thwuwpwgwch
Pwuqw
Llwp 5.1.16 vwnGnipnuiht Shwynpbtph Gptp hhibwyw nuwuwynpnipynGGbpp:

(5.1.4)

Glpwnpblp, np nibblp luwebnipy’ pwnlugwé tpynt nbuwyh $nudngh-
whnlbphg' M L P: <wyh welbiny dnisynt bbph dhel gnpénn nudtiph dgnnw-
Ywh L JwOnnuywl phnypp’ nhunwplybbp Gpbp hhdGwywl hGwpwynp pw-
uwynpnipgnibbbp’
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1) Oydwquagnyl (G4wp 5.1.16 w)), tpp dniaynt GEpp Yepwnwuwynpyned
G0 wyhwtu, np NGGGwG Jhijwag hbwn 2wl witGwihnpp uwhdwGp
L hGwpwynpht swih utié C, (C, =0, C, - x);

2) wuwnwhwlwa (GJwp 5.1.16 p)), tipp dnudbnihwhnh dnibyntibbpp nw-
uwynpynud B0 ywunwhwywbnnbl;

3) hwywuwpwsunh puzfudwd (G4wn 5.1.16 ), tpp dnudnihwhnh dnit-
yni 0bpp nwuwynpynud 60 “Qwiudwunwihlt pwnwunwinwyh” duny,
npp hwiwwwwwufuwomd b wewdbjwgnyt pyny pwdwbdwl uwh-
dwhotph weywnipjwp (C, =1, N; > o)

0.3

- Whhu:NNdhu=3:1
-2 WY Mdlu=1:1
=4 Wbhu:NMdlu=1:3

o
[\
o

e
)

015 [

o
-

Tngtiph Gtippwihwigiwb gnpdwihgp, d,
&

0 1 2 3 4 5 6 7 8 9 10
Unntiwynpdwb thnpdh tnknnnipinilp, 0y

Llwn 5.1.18 WUl Gniynt0bph wéluwenwébwiht wnstph
ObppwihwOgiwh gnpédwlgh Ywiuntip dwidwlwyhg:

Uuop gnnupintl niabgnn $hahwphdhwywl depnnlbnp hGwpwynpnt-
pINLG GG wwihu panupwignt] U hwpyty hwiwywnpgnid $nudnihwhnbbph puw;-
funudp: Mg t 026, np hpwywh peewiht pwnwbptbpnLy $nudnihwyhnltpp
pwpujwé GO wuhdbunphy alny® pwnwiph Jtp- L GEppoowihlt dwubnnud:
<uytnGh b Owl, np hnbwwywo uweGnipnltn hennty dh&wyotipnid nhunyby
B0 dhuys wyb nbwpbpnud, tpp uwebnipnmd Swulbwygnn $nudnthwhnltiph
dnieynL Gbpp wwpnibwyned 66 ShuOnyb plbrwihG gilubyp, L GpwGg vnwppb-
pntinLGp hhiGwywOntd wéliwgpwstwhh wnstiph dtg t [178-182):
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Lywin 5.1.17 A0k dngbyniGbinh wotuwgnwéluhl wnskph
abppwhwigiwh gnpswygh Ywiunuip dwiwbwyhg:

Apw hbun dbywnkn, wouwenwébwiht wnsbph tnwpptpnpjwb (gpuyw-
Gnpjwib ik huwpnlh ¢ npwtu — hydrophobic mismatch) dkéwgnidp pbpnud ¢
$nudpnihwhnlbph ng-hnbwiwywl tuwebnipntph wewwgdwbp [199], huy
wyn nbwpnid nudbnihwhnbtipp, npnbp hnwphg wnwpptpynd &0 dnjGynt GG-
ph pubrwiht giuhyttph wbuwyny L wouwepwétwht wnskph hwgbigyw-
ontpjwdp, pOnhwOpwwbu Shyjwig s60 fuweGynd, bpp hwiwlwpgp gqunb-
gnud t “gtii” yhdwynud [182]: Wuwhuh juwrGnipnOtpnud nhunynud £, wuwtu
ynsyws, “Yuuuntpwiht nnibbGbph” wewewgntd [200,201], L htunLwpwp,
$hahywlwl inbuwbynibhg htnwpepphn & niuntSOwuhptp win Yrwunbpwih
nnikGatph wewGdbwhwwnynipnialbpp b wwpqbl” wpnynp dnikyni Genh wé-
fuweopwébuwh wnsbph Gpywpnipjwdpe b hwabgwénipjwdp b wwjdwbwynp-
qué Pnupnihuhnwht tpbzepuinud wnsbph® hpwp kg Gbppwiwignidp
(huynbh £ npwtiu partial or full interdigitation), b ng:

Unwhuh Ywuwnbpbtpp wpbnp nbp GO fuwnnd pwnwOpltpnd phpw-
gnn wnngtubtpnid [202-204]: Ujn huy wwunswreny nuuntibwuhpnipiwb hw-
dwp ybpgyby § 14:0/14:0 dhu/ 16:0/16:0 du/onip Bpyztpunp:

Wu hwiwywpgh hwiwn pwqihgu unwgyt) G0 thnijwiht nhwapwdltpp
dnpdlwlwt bnwlbwyny [183,184,186,188,189,205-214] otniwuwnhswbwihh
L YnGgbOwpwghnt (wjt whpnypibpnd, uwyw)l dniynuuhs nhowdhyuwh
GiwGwwnhw nuunuiGwuhpnuintbitp shwb, ptipby, Yuptih § O25] kY wluw-
tnwbp [197], npnud dnjbyntwhl nhbwdshywh L UUN dbpnnny henwagnuybi
t MODu/NIDIU/9NLp hwdwlwpgp:
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Utn nwunuiGwuhpnipinGbpnud gepgyt) 66 fuwrGnipnuihl 1hwhnGbph
wnwppbp YnGgtbunpwghwobn' 25%, 50%, 75% hwpwpbpnignuGbbpny: Ni-
unidlwuhpyty G0 fuwebnipnuwihG thwhnGbph wnstph §h 2wnp nhGwdhy
hwunynipynibbtn, dwopwdwul pGGwpyyty 66 wnsbpp hpwp Uk GEppw-
thwlgtint fulinhptbpp:

Thunwpydb] G0 Gwl fuweGnipnbbph Gpkp wnwppbn nbwptp, Gpp ghin-
thnfuytiy t Gplztipunnud dngGyny Genh phyp®

(i) 32 dnjiyny Wdlu L 96 dntynt, MMDIu (Wdhu:NNdhu=1:3) + 4234

onh dnityny

(if) 64 dntyny Wdtu L 64 Gnityny Y MDu (Wdhu:NNdlu=1:1) + 4253

onh dngtiyny

(ii)) 96 dnityny Wdh L 32 dnynty MDY (MWdlu:NNDU=3:1) + 4248

onh dnitynty

L L T A

Wdtu:¥MMdlu=3:1 _

75 Wbl:NYMNDHhu=1:1

——

Ut dnitynt G pwdhb plyang dwytptup, A

) |
0 8 10

Unnblwynpdw thnpdh wnkinnnieynilp, Gy

Llwn 5.1.19 Uty dniynt hl poylnn dwybpbuh Yustuniip dwiwGwyhg:

Pninp GBpkp hwiwywnpgbph uyqpiwywh sunhbpp Ybpgdwé &G dnun
62x63x774°, hul wyu nbuwpnLd bplztipunh dwybplngpht dby nudpnhwyp-
nhG pOYOnn Swybpbup hwiwlwnpgsuyht tnpdnid Ywqdnd b~ 614°%, npp
hwywuwp b phghyuwijwl thnpdny Gyl wwpwibnph hwiwp unwgywé dh-
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ohG wpdtiphl: UnuunnG-Nwdunth wignphpdny (Gnwn 5000puwyy) tGbpghwih
shohihqughwihg htiunn hwdwywngp dnnbiudnpdty § NP, yT wluwipnud’
300y dnnbiwynpiwl wnknnnip)wdp:

Npwbu 6pwapwihl thwpetp oguwagnpéyti t NAMD thwptipp CHARMM27
“wdpnnowiywl” nidwiht nwzwiny: Sph dniaynh hwdwn oquiwgnnayty t
TIP3P dnnbip [87): {wiwlwnpgsuyh thnpdh 9bpdwuwnh&wlp pninp Gpbip hw-
dwywpgbph nbwpnud Yepgyty t 323K L wwhwwoysy ¢ LtwOdlubOh nhGwdh-
Yuyh dtpnnny [99]: dhahywywh thnpdhg huywnGh O Gl qwé fuwnbGnipn-
Obpnud “gby” — hbnniy pyniptn thnwiht wogdwo (L, — L,) etipiwuuinhdwl-
Gtpp’ AW dlu:MMdlu=3:1 - 27,5°C [188,210], AUD:INDIU=1:1
— 32°C[188,210,215), Wdhu:WMdlu=1:3 — 36,5°C[210]:

Wu wnuiGbiphg bloiny, Yupbih b Gopwnpty, np hwiwywngswiht thnpdny
htwnwgnuiynn hwiwywpgbpp wewnp § gunbyto htinnuy pintpbnuywb yhsw-
ynud: Bpbpuntph dwytbpunipwihG jwpduwénipinilp ¥ ybpgyt) ¢t hwywuwp
50nh0/ud-h, huy £Gznudp dnwn 16R0., npp wwhwwiyb Lngb-<nutip Lwidlbn
whuwnnGh depnnny [112]: UnynOuwl thnjuwgnbgnipnibbpp hwqwpybint
hwiwp Yppwedti t MUE dnuintignudp, huy quintpquwwiuwl ghnfuwgnbignt-
pINLG0GRh hwdwp oguwgnpéyty & “Yupdwd” dbpnnp’ 12 A° Yupdwl w-
pwynny: 2hihwywl Yuwwtph GplwpnieniGGbph wwhwwoiwb hwdwn og-
wnwgnpdyby £ SHAKE wignphpdp [53]: <wdwlwngtipp dnatiwdnpyti &0 qni-
quhtr 24 wnpngtunpltipny: Uwndotph uyqpGwywl b Jtpolwlwl Ynnpnh-
Gwwnbbpp Yupbith § 0bpptirGb] http:/bicinformatics.sci.am Ywjphg:

A

J ! |
L t T i

L

[l
¥

-
—y

=

%;

1544

Y

w) uyqpiwlws  p) pugdwé  g) dwuwdp Ywd iphy 1) pEpYwd &) wwinwhwlwh
. Obppuwthwignd

Lljwp 5.1.20 Onjuwnwpd nwuwynpnipjub dh pwlh nbiwe” puwgyws,
dwuwdp Ywd iphy GEppwihwibgnd, pbipdwd Yuwd wwnwhwuw:
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Ljwp 5.1.21 Npnz YUdlu L IMdhu dnbyn bbph qnugtip yepgdwé
AU D IMNDIU=3:1 hwiwlwpghg:

4
A
y

Udd Obinlyujwgltop hwiwywpgswiht hnpdny unwgywé dh owpp hho-
Owywl ywpwibwnptp, wn pdnmd’ $nudnihwhnh deY dnibyni hG pGyGnn dw-
ytipbup, hwdiwywnpgh funneiniop, $nudpnhwypnwiha dnieynGeph wéfuwe-
pwéltwiht wnsbph nwpwéwlwa Ynndnpndwl wunhiwlp, hoswbu Gwl
wnstiph’ dhiywbg dk GEppwihwhgbint wunhiwbp npn2nn gnpéwyhgp:

Spypunnud  hwwnhp  dnGnapinbph - dnudnihwbnuiht  dnikymibtph
wohuwonwslwywl wnsbph dhdjwlg dto Obppwihwbgbine wuwnhdwbp pont-
pwgpynd t gnpéwlygny (overlapping coefficient), npp OYwpwagnpdmd t
htwnlywy Yepwy'

2], -d,

l

npuintin d. -0 Bpyztpunh hhnpndnp dwuh hwuunnieynuaG £, huy /,-p" wétuwe-
pwéGwywl wngh Gpywpnieywb wpmbyghwt pyztnunh dwytplnyph Gnpdw-
th dpw: dbpohGu hptibhg Geplwpwgbnud b wngh Ytpehww L uyqplhwlwb
wépuwéhGlbph’ z wewlgph mnnnwgiwdp Ynnpnhbwuinbbph nwpptpnig)nt-

Gp* /, =|< z,>-<z2, >| (ntu GYwp 5.1.8): POswtu wpnbo G2ty top, gnyni-
BNl nob0 wnstph nwuwynpoipwl Bpbp hhdbwlwo dukp® |d.|>|27,],
ld.| <[21,) Ywd |d,| = |24,|:

d, = (5.1.5)
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80 . . . - . ;

Uty dniynihG pwdht pGYyGnn dwytkptup, A%

o L | ]
60 r 3
55 | .
50 ; L : L . ! . ‘
0.00 0.26 0.50 © 0.75 1.00

AUD: MU hwpwptipnigyniGp

Llwip 5.1.22 Uty dnibyny bl pOylnn dwhbpbup Yuilugwo MU Dh:
NNdlu hwpwptipngjnubhg:

Bnpbp wnwpptp hwiwywpgtph hwiwp Gywp 5.1.17-md L Gywp 5.1.18-
nd Obplupwgywéd B0 Inudpnihwyhnlbtbph dnEYnOph wéuwenwdhwlwi
wngbnh” dhdjuibg dbe GGppwihwigiwh gnpéwyhgltpp GYwpwagnnn Ynptpp
AUd L MMdlu dnbyn bbph hwdwp: hOswbu Gpund £ gpwdhuhg, GEppw-
thwagiwlb wrewybjwgnylb swbhp nhunygnud t 304 thnpdhg hbwn, Gpp fuwn-
Gnipnnud WMdlu dnjtynyGeph pwlwyp gwop t (MWD ANDIU=3:1), L npp
wwjdwlwynpywé t wybih 2wwn wéuwébuyht wwnndbbp wywpnubwynn (16)
wngtpny dniGynt GGph thnpp pwlwyny: Yw, hp htippht, wtwnp t ptiph tiny-
2tpwn-onip-tiplypunn hwdwlwpgnud  dhohwpenupintbwiht  herwynpnipjwl
Gjwquiwbp L dky dnibynyht poyonn dwybptuph dGdwgdwlp, hosp wybhwy-
uninpb0 htwnlnd £ hwdwlywnpgswiht bhnpdh wpnynubpbbphg (Gywp 5.1.19):
<Gwnwpnphp t wwpqgb) Gwl dnieynybbph wéuweopwélwywlb wnstph ynG-
Inpiwghwl L thnfuwnwnd nwuwynpnignilp pyGpunincd:

SGuwywanpbl Yunbih § Gpwnpty dniGynbEph thinfuwnwpd quuwyn-
patpjwl dh pwih wwppbpwy pwgywé wnstpny, dhdjwig GGy dwuwdp Ywd
inhy GEppwihwbgnn, phipywéd Yud wwunwhwlwbnptl qwuwynpdwé (GYup
5.1.20): <wiwywpgswiht thnpdh wpmynibpnid  unwgywéd  wwwnysplbnp
(GYwp 5.1.21) Jywynid 60 wylb Gwuhb, np syw gtph2lunn nwuwynpnieinl, b
hwiwwpgnud weyw GG dnpgyneyGeph thnfuwnwpd nwuwynpnipjub hwiw-
njw pninp dubpp:
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Z wpwibgpp

Ulwp 5.1.23 t[hqmnnﬁwjhﬁ fuinnip)wil Ynplipp wwpptp ntwptph hwdwnp:

Wdd winpwnwneiwbp tpyztpinh dwytplnyph Ypw, $nudnihwhnh dby
dnyniih plbirwihG glupyhl plyann dhehl dwytinuhl, npp pyztpunh hho-
Owwh panipwagphsbbphg 064G £ L Yupnn | swihygty Owb hpwywl thnpéh

oqunipjuidp: Wa Yuntih § obphujugbby hunbyjuwg Yepuy'
. S<x-y> _ 14 _ 4VCH2

"N/ “ g N/~
Vy ANy A
npuintin V' L V', hwiwwwwnwutuwbwpwn, wotuwonwdtwht wnsh L bpw-

OnLd OGY ObphGOwhG fudph dwyw)GbnG GG: UGY dniaymuhl pGyann dhehl
dwytptuh wpdtplbnp, Ywhugws dnudpnpwhnh Ynbgthunnwghwihg, nnpdwé
5O OYwp 5.1.22-n18: LLwphg tplned £, np dhehl dwiytiptiup 86 § wyl dwdw-
Gwy, Gpp thnpp t M3l dniYynylbph  YnGghlGupwghwb:  Unnwgdwé
wpnyntoplbpp Ywpbih § dEYowpwit) hbnlywy Yepw. MMdu L WD dnib-
yni Gbph wnstinh Gpywpnienubltph dhel tnwd wnwppbpniuginbp pbipnud
NUDK dntynt 0tph, wiuwtu Yngdwé, “Yuunbnuwiht nniteltnh” wewowg-
dwap, np0 hp hbpphl, pOwywlwpwn, wtwnp t ptiph Gpbzbpunh hhnpndnp
dwuntd “nuinwipy” (void) swywibtph gnugdwp: Uwwyl, hogwtiu hwjnGh
£, nuunwpyniginibp tobpgbunhy wnbuwaynibhg dtrGunne sk, L hGunLwpuip,
Yupblh t GGpwnpby, np wuwbu Ynsdwd, “nunwpynipiniGatipp” wewp £
(pwgyth bnl2bpunh hwlwnhp Yeutpnud qunlynn pnudnihwhnwihl dnitiyng-
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abph wotuwenwaluht wnstiph Ynndhg' win “nuwwnwpynieintbGtiph” uko dw-
uwdp Ywd |phy Obppwihwbgiwdp: Lekhp Gwl, np wju Yupgh nbEpEYuinGEpp
hGwpwynpntpntl 66 unbndnd dnudnthwhnuyhl dnkyne btiph wiyhjwywo
wnsbphl (ht| wytith 2wndnih [216], wuhlpl® whnp & Ghwungh dnudnihuyh-
nwyhG dngeYnyGtph YnGpnpdwghnl thnthnunteinlGGtiph wa:

A P = i
Doy AR 3 . . w‘.}. '!"’;?&a«'
TR ,r{.l & (‘}fff" fg
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X '“, ' \;\ 4

L 05

L & ot B

kY 1":‘,(
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Ve
3% T AT
S Y W

DY, XA
Coi. A ey

oy 2

P

b&wn 5.1.24 <wiwywpgh uyqplwlywi(w) L Ytnpgbwlwi(p) wybpwppwihl wwwn-
ybpGbpp: Mwnqripiwl hwdwn oph GnitynyGtipp pwg GO prnlywé:
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dhahywywl nbuwaynithg wu Gplnypp wbuinp t ptiph Gpytpwh npn-
2wyh dwutpnud Wty dnibyny bbph dhol uwinnwywo punyph nidtiph nudt-
nwgdiwlp, ophlwy, dnitynybbph putirwhl gifuhyltinh dhol, npl hp htpehl
Yptph hhnpndnp thnfuwgnbgnipyntbbbph nudbnwgdiwbp, hGsp Ghpwnpnud
np tpbtninh hwywnpp Yhubpnid qunGydnn $nudnihuhnuwihb dnibynybeph
wéuwenwdtwywl wnsbpp wewnp b OGppwihwbglt dhdjwbg dbe:

Ntuntdbwuhpyb) b Gwl $nudpnihwhnwihb dnibynyGtnh nhbwdhy Jwppp
BpyzGnpunnud, dwutwynpwwby, hwadwpydt) 60 dnisynGtph 2wpddwh (w-
ptpwy(lateral) L Gnpdwy (normal Ywd transversial) nhpnighwih gnpdwlhgbb-
pp: <wiwlwngswihl thnpdbpnud nputp hwaqwnyynid GO Gpyztnpunnud dngt-
ynibiph dwapnipjwl YEGunpnGaeph dheht pwrewyniuwihG 2tnnuihg (MSD),
npp GEpYuywgynid b hEwnlyw) Yepwy

all

MSD = <|r,(t)-r,(0)[*> (5.1.7)

npuntn 7 () -0 ¢ wwhhG i-pn dnieYnith nhppl t, huy gnudwpnuip Ywnwp-
dnud t puwn pninp dnjeyney Geph: <wdwéwyt YUl L AMdlu dnbndnudnih-
whnwjhl bpyztpwntph hwiwn hpwywo ghinpdtiphg unwgywé wpryntbptph,
nh$nighwih gnpdwlgh wndtipp nhudnid b~ 6-30-107° ud®y ihpnypnt
[217]: Utp Ynndhg unnwgywd wpnyniGpatpp tnpdwé G0 wnynwuwly 5.1.1-nud:

Nh$nighwih gnpéwlhgp, ul“/iy NMdly NUD
NUD:NMDU=3:1 51107 5.8-10°°
AUD:NIMDIU=1:1 58.10" 5.10°°
AUD:NMDU=1:3 4.4.107 8.9-107

Unyntuwy 5.1.1 WUD L AWMl hwiwywpgbph hwiwp hwiwywpgswiht
thnpany uinwgyws nhdnighuwh gnpswlgh wpdtipltinp:

Uythwyn £, np hwdwywpgsught thnpdny unnwgywé wpnyntopbbpp pw-
Jwywoh jwy hwipbyond 66 dnbndnudnihwhnwihl Bpytipuntinh hwdwn
unwgywdé wpmynibpttph htw, wuhtplt’ Yupblh t GGpwnpkl, np dnudnih-
whnltph fuwrGnipnGtph nbwpentd dniEyny0tpp hpbGg wwhnd 66 wbwbuy,
hGswbu GnGndnudbnihwhnwiht hwiwywngtpnud: Nputugh wybih hunwy
wwnybpwgnid Yuqikop $nupnihwhnwihl dnieyntGbph 2wpdiwb Jepwpb-
pwy, GEpYuywglttp dh NMMdlu wewGdhl dniEynyGtph 2wpdiwb nhwdh-
yuyh wpntlghwt x—y hwppnipjwl Yypw: Vwubwynpwwby, Ghwp 5.1.25-
nd OEpujwgywé t nip wewbdht NMdl dnGYnGbph wndiwl wpnjby-
ghw( x -y hwppnipjwh ypw 100y-nid:
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Liwp 5.1.25 MMy wihwwinwywl dnitYynystph nhGwdhywo
x—y hwppnipjwi ypw:

NMdiu kY onptynyh hwiwp unwgywé nhdnighwh dhoht puwylp x—y
hwppntpjwl Ypw Ywaiby t =~ 274°, huy o6y niphz oneynih awnpdnuip uwh-
dwowthwyynid £ 2powlwgény, nph wewdhnp dnin 54° t: QGwhwwndb t
Gwl z wewlgph ninpjwdp dniGyntGEnh 2wndnudp, nph nbwpentd dnit-
ynith nhdnighwih Gheht pwyih deénipntlp nhunynud § ~10-154° dhewlwy-
pnud:

<wpquipyyty t 0wl WUDU L AMdlu dnynt Obph woluwepwsbuht wn-
stph Y4nndnpndwl  wuwnhdwbp, npp dwopwdwubnpbl OGpYuwjwgyws t
[218] wluwunwbpnty:

Wuwhuny, hwdwwngswyht thinpdh dhengny gnyg £ wpdty, np dkyhg w-
Ubih wnbuwy $nudnihwhnltp wwpnibwynn plztpintpnud dnudnihwhnot-
nh ynGgbbunpwghwtph hwpwpebpnipinuap thndhnfutiint niwpnid wtinh £ ni-
utOnud Bpytpunh nhowdhy Ywenigwdépp Gywnwagnnn wwpwdtivptph gin-
thnfuntpintG: ®nihnfunieintd 66 Ypned Bpy2tpwnh hwuinnipinlbp, dwytpunyph
Ypw dkY dngynyht poyann sheht dwytptup L bhnpndnp Gwywinid Hnudn-
thwhnwihG dniynyOtph wéuwepwdbwiht wnstph Ynbdnpdwghwb: Thn-
gnid £ Owl Bpyztpunh hwywnhp Yeubpnud nbnuyuwywé nudnihwhnbtenph
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dn(Gyny O6ph wéluwenwebwywh wnskiph Geppwihwignid Shijwhg vk, npp

yupnn t pbpti; wewGdh0 thnybinh wewowgiwp:

(Bt dnGndnudnihwhnwihl, L pE" pwqdwdnudnihwhnwhl Bpyztpuntph
hwiwwngswihG thnpdh dhongny utnwgywé wpnynilpltipp pwywpwnp Ytip-
wny hwdpGyanud 66 phahywyw hnpény utnwgywé wpnyniGplbph htun:

Ephpnnghunuyhl puwnwiopGEn
Roowyhl pwnwlplbph wewyb] hpwwnbuwywd dnnbGbp unwbwint hw-

dwp® pwqdwdnudnihwhnwihl tpytpntphg qun, Ywenigyt) t6 Gwl pwg-

dwdnudnhwhnwihl pbztipntn® Gipnpdwé uwhunwynigabipny:

Nnwbu poowihl pwnwiph hpwunbuwlwh dnnbl nwunuibwuhpyty b dwp-
nnt wnjwl tnhepnghinh wuhdtnnhly punwipep:

Unlhumlh Usfuw- Bunwlph fdunwbeh |Uhehlp knhe-
s Wnbuwyp oPWdE. wpLw- aGppeowyht | pnghunh wid-
npw poowjha dwunud, % | pnng puwnuwl-
dwuniy, % . pnil, %
uphlgnihbitht 24:0 - 14:0 19.8 23
udhlqndhbihl 16:0 — 14:0 20.6 2.3 21.8
$nuduinhnfubph 8:0 — 20:4wé 0 9.9
Pnudwinhnhiubpht 18:0 — 22:6w3 0 10.8 10.7
nupwnhnhpwlngwdha | 16:0 — 18:1 1.6 18.3
1.
Pnudurnhnhipwlniuisht | 18:0 - 20:4 33 18.3 214
Inudwunhnhifunihl 16:0 - 18:1 14.9 7.6
226
$nudwinhnhijunthl 18:0 — 18:1 . 15.7 7.6
funjtunntipnt 241 229 23.5

Unyniuwy 5.1.2 Uwpnnt wpyw( tphppnghunh wuhdbuphy pwnwiph
dnnbth onGYnuught Yuqdn:

NunuiGwuhpyty b dwpnne wpwo tphppnghinh punwbeh wewyb hpw-
inbuwlwl dnnbp’ Ywqdywé 256 dnjtyntGtphg, nnb hp dte Gpwenud ¢ h-
pwlwl pwnwOph 0k wrwyti hwiwiu hwinhwnn 4 wnhwh nudnihwhnui-
_ JhG dniGYni O, funibuntpng L 0bpipdws Qihyndnpht U uwhinwynig:
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Lljwp 5.1.26 tphppnghunp dnnGiughl punwGpp, 256 tnjbynibbphg punugwd
Gpyztpun opuwihG dhewwypnid Gepnpdwé Qihyndnpht U uwhnwynigny:

{uyunGh t, np opqubhquind EphppnghuinGtpp 2wuin wplnp nbp GO fuw-
nnud” Juqubind wpwo wipnng dwyuwih dnun 45%-p: Lpwlg dhengny Yth-
nwih opqubhqdind Yuunwpynid b ququihnuwOwynipntb, hGswbtu Gwl hn-
OuyhG Ywqoh wwhwwntd: Ephppnghuinh pwnwbpep, npp Ywqdnad § Ephepn-
ghinh wdpnng dwywih 10%-p, wwpnibwynid £ dnudbnihwhnuhlt pwnwieh
htiwn hanbgpywd dnun 10 uwhwnwynigbbp, wn pdnud” gihyndpnppt, uwklyunn-
phO L wyG: Ppwywh thnpdtpny wwpqyt | dwpnne wpw tphppnghtnh pw-
nwiph dnyniuwihG, wn pynd” nudnihwhnuyht Yuqop® pwgwrenipiudp
uwhuinwynigbbph (nbu wynwuwy 5.1.2) [219], hwdwdwyl nph L uemgyby §
Owé pwnwlph dnnbip: 3ntpwpwGgnip nnpwh $nudnihwyhnuyht dnjtyne-
GGphg ytpgyb) t Gpyniwywl wnbuwy wwydwlwynpdwé dnkyniGbph wé-
jwopwsluwht wnstph wnwpptp Gpwpnipnitbpny L hwgbgywénipjwl
wuwnhiwiny: Npwtu pwnwph dnnti yepgyby £t 256 Ynudnhwhnuiht dnib-
Untihg L funiGuntbiphlihg pwnlugwsd Bplztpun’ opuhG dhowyuwypnid™ Gpy-
26punnud Gepnpdwié Qhyndnpht U uwhwwynigny, npp dnnblwydnpyby t
NPT wluwdpinid 2nipg 800Y: {wdwlwpgswiht thnpdp hpwywbwgytip £
310K -nud: 2bpiwunhdwGh hwuwnwwnnianigyntip ywhwwoyb) b lwbdlbh
nhGwdhywyh [99] dbpnnny, huy S020wlp (19p0) LwldlLEG-whuwnbh UG-
pnnny {112]: UnnGywh thnfuwgnbgnipnthbbph hwdiwp oqunwgnpdyti £ MUE
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[68) dGpnnp, huy Ywinbpdwwiywh thnfuwgnbgnipinibbtipp Yunpgty GO
124° —=144° wnwynny: Rhihwlwl ywwbpp $hpudt) G oquwgnpotiiny
SHAKE [53] wignphpip, huy oph dnjbynith dnntijh wenigdwO hwdwp og-
vwgnpédyty £ TIP3 [87] unnbip: <wdwlwngnid oph YnbGgtlunpughwl hwg-
Jwpyyty £ npwbu 33 oph dnikiyny dBY dnudnihwhnh hwayny, npp hwiwww-
nwufuwbnid £ wdpnnenipjwip hhnpuwnwgywd dnudpnihwhnuwiht Gplztn-
wntd 9ph pwlwyh hwn: Unwin 15000 puwy tGtpghwsh dhGhdhquighwihg htun
Bnuztpwnh hhnpndnp 6wywinud wntnwnpydtl t G hyndnpht U uwhwnwynigh
GbppwnwOpwiht dwup, npp pwnbwgws t 40 wihGwpepywhl dbwgnpnitiphg
(91hynpnpht U dnjtynip wipnnentpjwip pwnbwgws t 131 wihGwppyuwht
dGwgnpnltphg L 16 olhgnuwpiwnphnwihl npwtphg): Wanthtuinl hwiw-
Ywngp Gnphg ptpyby b hwywuwpwyzhe yhswyh: <wiwlwngswihl thnpdp h-
pwlwoOwgyt; t NAMD Spwgnuwiht thwpbph oglnipgjudp “wipnnowyuwl”
plnyph CHARMM27 nidwjht nwawnny: Ukp Ynnihg unwgywsd tphppnghunh
pwnwaph ptpdnnhOwdhynpblt hwywuwpwlzewé wwwnybpp GepYuywg-
Jwé t Gywp 5.1.26-n10:

- Y EE——————
B

92
90
88
66 |.
84
82

80

UhohwippnipintGwih( herwynpnipinibp, A°

78 N U SRS MU TP SR RO S
0 10 - 20 30 40 50 60 70 80

Unnbjwynpdwb thnpdh knnnipintbp, 0y

LYwip 5.1.27 tphppnghwunh dnnbiuihl punwieh dhohwppntpjnthuyhl
herwynpnipntip” Yuiuwénipiniap dwiwbwyhg:

Zwiwywngswyht thnpdh wpryntpnud uinwgdtiy 6O dh 2wpp njw bbp, n-
pnGg dh dwup unwgynid t bwb hahulwh thnpdh dhongny:
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Llwp 5.1.27-nd GEpYuwywgywéd | hwiwlunpgh dhehwppnigntbwihb he-
rwynpnipjwl Yuwiujwoénipintop hwiwlwpgswiht thnpdh dwiwlbwyhg: Lyw-
nhg bplntd £, np 8hosk 50-6004 wtinh nibh ShehwppenipntbwihG hbrwynpni-
pwl ws Yuwiujwd dwiwbwlyhg, huy wjbnthbnb wyn dGénpjwb hwywuw-
pwyzhe wpdtpp hwuwnwwnynd t 93 £14°-h 2powluypnid: buy Gpyztpuinh
hwuwnnip)ntlp thnpdh yepentd hwubned £ 51£14°-h, npp pwywywbha dnun t
hpwywo thnpdny unnwgywé wndbpht™ 55+ 0.54°[ 220):

GpL2Epuinh dwybplnyehl dGY dnibyn bt pbyann Shoht dwybntup hwp-
Jupytihu wybwhuh pwpn, pwgqiwyndwynobiwn hwiwywpgbnntd, hGswhuh t
tphpnnghunh pwnwipep, unynpwpwn oguynud &G Unpnbngh [221] dGpnnhg:

Ubtpnnh tnipynibp Yuwywbndd | htinlywinud. Gopwnptbp, hwppnipjwb ypw
nOtOp Yewinbph hweonpnwwbnipintb: Snipwpwbgnip i-pn Yennh hwdwp
yupbiph £ ywenigh) plwibtp wjbwbu, np Yewnkpp, npnGp qunbgnud &0 i-pn
y&uwha dnun, hwyinbyta pelywitepny Yuenigwé puqiwblywl dte: Gpt nn-
wbu Ytwnbph Ynnpnhbwwnbbp yenpgbtap Snudpnihwhnibph dnitynyGeph plt-
nwihG gifuhyatph Pnudnph Ywd wanuinh wwnndbbph Ynnpnhbwwnbbpp, www
pwqiwiywl dwybpbup Yhwiwwwuwutuwbh induy dnityngha pbyann gh-
oht dwytptuhl: Lwlh np nwunuiGwuhpynn pwnwGpp wuhdtuphy £, www
OGpw wpunw- L 0GppeowihG dwubph hwdiwp Ynubtowbp deY dniGLynypa poy-
Gnn dhohl dwybptiuh hwdwn twpptip wpdtpbtn:

0.025 A ' AJ I

L} v | v ' v 1

0.020

o
o
—h
o
T

huwnnipjnibp, 1/A%
o
2
o
|

0.005
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20 30 40 50 60 70 80 20
z wpwigp

0.000

Llwp 5.1.28 tunjbuintphGh dnjGyntiGbph fuunnigniOp:
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Nwunuibwuhpnipjwt  wpyniGpntd wewOdhlt pnudnihwhnbGtph hwdwp
unwgyti| 0 hbunlyw) wpdtplbpp™ 24:0/14:0 UU ~ 67 4A° (wpunwpeowih() L
57 A° (UGppoowyh(), 16:0/14:0 UU - 654° (wpunwpoowht) L 554° (Gkppoow-
jhab), 18:0/20:4 DU — 68A4° (Gtinpoowyht), 18:0/20:4 DU - 534° (Ubppoouush(),
16:0/18:1 dt — 58A4° (wpunwpoowyhb) L 534° (UGppoowihh), 18:0/20:4 dt -
~ 55° (wpunwpoowihG L GEppoowyhb), 16:0/18:1 dlu — ~ 704° (Wpunwpowi-
Jh@) L ~ 644° (Ubppoowiht) L 18:0/18:1 dhu - ~ 58° (wpuwpoowht L Gkp-
poowjh(): haswbu wpnbl UG} Gop, pwnwiph wpww- L GGppoowiht dwubi-
pnud dwytipbuh wndtipbph wnwppbpnieniap pwgwuinpynid | pwnwoph wup-
dGunphynigjwidp L tnwpptp Pnudpnihwhnbtph Ynogebinpwghwbtph tnwppb-
pnipjwip, hOswbu Gwb GGppwnwipwiht uwhwnwynigh htwn Jnuqpwhwwnney
thnfuwqnbgnipjwdp:

Caunhwlnip wedwdp, dhoht dwytptulbph hwdwp unwgywd wndtip-
Utpp hpkbg dESnLRWUp (wy hwiopbyand GG hoswbu dwpnip Pnudpnihwhnw-
Jht BpYy2EpwnEpnud unwgywé thnpdbwlwl wpdbpltph, wibwbku £ tphppngh-
nwjh( pwnwGplbpnld unwgywd ngjwibtph htw:

55 v ‘ B ‘ A [ v l L ‘ L ' L l

50

45 |-

40 |-

35 gyl I .

Mwpnypltiph dhel Yuqdiws waynibp, °
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Llwp 5.1.29 Qhyndnpht U uwhinwynigh wuwpnynbtinh dhob
Yuqiws walyniop” Ywiudws dnpbiuwynpiwl dwiwlwyhg:

151



<waquwpyyty 60 Gwl pwnwbph Gbpuntd werwGdhl dnudnihuhnbtph nh-
$mghwih gnpéwyhgttipp: Aninp $nudnihwhnbiph hwdwn nhdnighwih gnp-
swlhgtinp unwgybl 66 4.3+14.3-10° ud?y Shewlwypnid: <wpy t Owl
0,61, np thnpdlbwywt swowwwphny unwgyws nhdniqhwih gnpswyhgltpp
(wy hwipoyanud GG dep Ynndhg hwiwywpgswiht thnpdny utnwgywé wp-
dbplbph htun:

ZwyinGh £, np unibunbphOh weluynipiniOp pepnud t Epyztpwnh Unzunni-
plwl dkdwgiwlp U pwnwlph hwiwp fuwnnd t Ywplnp wuwwwlwywh
nbp: Wu inbuwalynibhg Ywplbnp £ nunudbGwuhpb) funiGuwintphbh dngtyne Ot-
nh nhGwdhy Jwnpp b tnbnwuyiwb ophbwswihnipginiGatnp pwnwapnd: Un
Owwunwyny nwunuiGwuhpyty G0 funjbuwntphh dntynebeph pw2funtip pw-
nwlpnty, L funjbuinbphGh dngeynuGanh 2nipe oph dnibyniGtph pwfunuip:

Lywp 5.1.28-nud GbpYuywgqws t funibuntphoh Gniyntbtiph tunnient-
Gp tphppnghuih wuhdbinphy pwnwoenud: UYGtpwnpwihl wwunytnttinhg
wwnq Gplnud t, np fungGuntphth dnieynyGtipp inbnwynpynid 66 hhdbwlw-
anud pwnwoph hhnpndnp dwunud, hosp wythwyun b owl 0hwn 5.1.26-hg: fun-
uinbphGh dniGynybEph fuinnupjwG - wewybjwgnyb wndbpatnp, hbswtu
Gplnud | OYwp 5.1.28, unwgynid b0 pwnwlph dwytpbuhg ~ 23A4° funpnt-
pIWG Upw, huly pwnwlph nwppbp dwutpnud funituntphbh dniGYnibEpnid
quynn pRYwSGh wunndbnh dhel htrwynpnieintlp thnpdh dtpeonud hwyw-
uwpynitd t ~ 374°-h: Uu tnwpptpnipynibp, poplu, wywjdwbwynpyuws t Gpw-
Gny, np JuniuwntbphGh dnibyniabph ppYweéth wuwnndbtpp (hhnpopuhy OH
fudptpny) ninnywé GG nbwh $nupnihwhnltinh pltirwhl giiupyitnp, dhos-
ntr funibuwntphbh dniynt Gpp hhdbwywbnud guinbyned GG pwnwbph hhnpn-
$np Swywinud: ununbphth dniaynytiph htii oph dngtyntiGEph thntuwg-
nbgnipjwl ophGwswithnieintbltphg Gplnud £, np onh dnibynyGenp wnrwybjw-
wbu hwywpynid GG funitunbphGh dngbynimd qunlynn ppywsth wuwnnibb-
phg ~34° htrwynpnipjwl Ypw, npb k| pny; b wwihu Gopwnpby, np Ghohl
huyny funibuinbphth dnibyniGph pRYwsth wunndbtpp wtiwnp t gunbytl
pwnwlph dwytptuh opwjht 2tpunhg dnunnwynpwutu 3A4° hGnwynpnipjwl
Ypw: Bwnwlpnid tunibuntphGh dnieynyGiph Gdwo nwuwynpnipimbh £y,
hwlwOwpwpn, wwwnswe Yupnn ¢ hwinhuwGwy wit pwah, np 20nphhy fun-
(GutntnhGh pwnwlpp nwrantd £ wdbih dwonighy L phy pwihwlghy gwonu-
dniYnwiht dhwgnipnibbbph hwdwn:

<Zhdw wiglblp pwnwpnud GEpnpdwé Qthyndnpht U uwhunwynigh ni-
untiGwuhpntpynLip: Shyndnpht U uwhuiwynigp, npp wwwnuwbnid t qlb-
gnwpninthnGbph nwuhG, hp GEpewnwlipwihG dwuntd Yuqdnid t Yuygnil nh-
dbn: Qthyndnphl U uwhwwynigp punipwagpnn hhitwlwo wwpwdtuptnhg
b Gpw Bpynt Gopwshwynpltiph (Ywd wwnpnypGtph) dhol Ywqiws whbiynbp:

hpwywh thnpdhg hwynGh &, np du dnibyniobphg pwnlwgwsé Bpyztn-
wntd hyndnpht U uwhunwynigh wwpnypGtnph hel Ywqowé wolyntlp
39° +46° £34wpgh t [222]:
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Gly” L Val* dhgl hewynpnigjntlp, A°
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Unnbtiwynpdwa thnpdh inkinnnipnibp, Oy

Llwp 5.1.30 Qihyndnphl U uwhunwynigh wwpnypttph Gly™ - val®
wihbwppywiho sbwgnpnbbph dhel hbrwynpnigimip” Jwjuwé
dnnblwynndwl dwiwbwyhg:

{wdwlwpgswyhG thnpdh dhengny unwgywé Qihyndnpht U-h wwpnyp-
Gtph dpole wOYwb Ywiudwénipnilp dwiwGwyhg OEpYuwjwgywé t Gywp
5.1.29-nu0: hGswbu wnbubnd Gap, nhundntd £ Gqwé woywl nwwnwbnid
33° - 53° £ 2 dhowyuwypnid, huy thnpdh ybponud wyl hwubnwd § ~ 43° —44°-
h, npp pEpku pwywywbhl dnwn £ Phahywywb thnpdny unwgywé inyjwibt-
pha [223]:

Uun nwntdbwuppnigntbbtpp hwuwwwnnd B0 0wk, np BpyzGpunnd
Ynudnihwhnbbph OnpeYniph hwgbgwdnipulb wunhdwbhg Yuwpugwd
thnihnfuynid b uwyhuwnwynigwihb nhakph dhob Yuqdywéd walynibp [222-224):

ahitph  Yuynianpgniop wwipgbine Gwwuwnwyny  thnpdttp  ghwhwwnt)
Opwbnud Bnwéd wwpnypbtph wihGwppywiha sGwgnpratph dhob thnfuwqnb-
gnipinthGbpp: UUN thnpdtphg huyunGh £, np @ihuyndnphth widhbwppyuwihb
d0wgnpnltpp Ywplnp nbp 60 uwuwpnud uwhunwynigh nhibphquigdwb
0k, hwwnwuwtu 20nphhy opwéstwywt Ywwbpny dhijwbg hbwn thnfuwqnnn
Gly™, Val® L Gly*® wihtwppywiht dhwgnpnttnh: Snyg t wipyty, np nhdtph
Yugnianipintip hhdGwywand wwwhnyynid £ Gly™- Val® wihGwpepyuihG
qnygh dhongny: Utp Ynnihg qhwbhwuwnyby t Gpdwd Gpynt wihbwppyuwih
d0wgnpnibph Swapnpywt YehunpnbGtph dhel herwynpnipnibp’ dwiwbw-
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yhg Ywiujwé (GYwp 5.1.30): <wiwywngswihl gnpdh pOpwgpntd Gwo w-
dhowppywiht dGwgnpnbbph dhol tnwd htrwynpnipinibp twuwnwayntd £
5—7A4° whpnyentd, hogp pnyl b twihu Gopwnpti, np ShyndnphGh anGyne-
th @ LA wwpnypbtpp Shijwag htiwn Yuuyynid &0 hhdGwywonwd h hwzhy
GxxxG L GxxxV wihtwppywihl dawgnpnbtph thnfuwgntigntgjuw:

Guwplnp £ Owl pwnwOpntd Gthyndnphl U uwhuwnwynigh L Opwhb 2pow-
wwunnn nupnihwhnttnh b junibuntphbh dniEyni 0tph dhol thnfuwgntigni-
pintlp, npp hGwpwynp b wwnqbl nwunuibwuhpbiny  uwhwwynigh 2n0ng
Gqwé dnbyniObph pwziudwl ophGwswihnipnt0tpp, npnGg 20nphhy £
Ywpbth Yhth unwbwy uwhuwynig-pnudpnihuhn L uwhuwynig-funjtunt-
phG gnjuwgnbgnipiwl npwywywo pwgwuwnpnLpnLbp:

5.2 Lhnunpnw htnniy pyntptinbtin

Uwlybpbuughl wipnpy dhuwgniggniGGbiph (nionyplbpn

b twppbpnipinta $nudnihwhnotph, dwytptiuwht wynhy dhwgnipynt-
Gbnhg 2wwbpp, hOswtu ophwy AwpwwihG eenlitinh wnbpp, wiyhi-
uni pwnbtipp,  wiyhpunydpnbwnlbipp L niphz0bpp hntGg dniGynyGpnud
wwpnibwynid &0 shwib oY woéuwenpwsLwihi (hhnpn$np) npw, huy plb-
puihG gifuhh nhwniuyht fudph thnfuwptt gpntd nhungynn funtdp:

BloGiny G24wéd nupwhwinynipinitbhg™ Ywnbth GOpwnntl, np wjuwhuh
Qnupbph fupui opwihG (L ng dhwyb opuwyhl) nonypUEpNLY unwigynn (hnw-
pnw henniy pniptnbtpnud (QuidkiughG tinynid) wewewgnn Epyztpuinh Y-
pnigwépp L hwinynipynibbbpp wbing t qquihnpb wnwppbpdet dnudnih-
whn-gnip hwidwywngbphg:

SwppbpnipintGltph  hhdbwywl  wwwndwep, witowyo hwywlwywbnt-
plwip, whwp t Yuywlw opwinid, np Gplztpunnud (Ywy dhgtntd) wewybi
hhnpndnp dniynyGtpp (Snudnihwhnh dnitynibtinp) thnfuwphlynud 60 wo-
hwibdwwn wytih phs hhnpndnp dnieyni GEpny, nph htunlwGpny (hgpwshl
Juwonquyws L Juinbpuuwiuwl dgnquywl nwdtph hwywuwpwyzenipjnt-
(p 2tnyYnud t hogniun JwGnnuiywah:

Ut pyny wluwwnwopitn Ywh yhpdwé Jtnnhhzjwy hwiwywpgtiph nt-
untiGwuhpniewip [121,122, 225-230]: Uuwhuh hwiwlywpgbpp oguwgnpo-
dnud 50 nputiu YEGuwpwlwywb pwnwlpltnh wwpquwagnya dnnbbtn [228-
230], hOswbu Gwl 066 Yhpwenipntl nlikl pdayntpjwl [231], Gwypwpnynt-
Gwpbpnipjwl [232,233], wgnnphihwih [234] L wy pOwquywrbbpnid [235):

Qpnid Gwwnphnush anntghjuniydwnh (LIU) L Gwuphnuih wkOunwnb-
ghiunt $nluwwnh (LMU) dniynLGtphg pwnlwgws tnyztpunbpp L gwdn Ynh-
gbOnpwghwlbnh ntwpend® dhghiGtpp, poply, hOowntGuhy nwuntiGwuhpyby
GG twppbp ghnpdbwlwo depnnbtnny [236-246], win pUynLl Owl hwiwywpg-
swiyhl thnpdh oglnipjwip [240-246):
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Uty dnlnuyhl pwdhb poLtng dwibpbup, 6o

Ut dngblnuyht pudhl plyGng dwipbup, b0

Unntiwynpiwd thnpdh tnbnpnupymbp, Gy
0.407 v T v — . v r

0.404

Ut dnjbynyh pusdhl plytng dwitnbup, 6o°
(=]
8

Unnbiuninpiwl thapdh wknnneinbp, Gy

Lywp 5.2.1 G1, G2 L N1 hwiwywngtiph dtY dniyniha pbyann
dwybpbup Ywijujwoé dwiwbwyhg:
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Uhghwnpntpntbwhl heruynpniginuip, 06
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6.150

6.145 -]

Uhehwppnipinibughl hbewynpnigynilp,

6.140
6.135
8.130 N 1 A 1 . 1
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Unnbjwynpdw( thopdh inlinnnipgmp, 04

Llwin 5.2.2 G1, G2 L N1 hwiwlwnpgbph dhehwppnigntbwih( htrwynpnieyntip
Yuiuwé dwiwlbwyhg:
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Lwiwywngswihl thnpah shengny niuntiwuhpybi 60 Shgbiwih [nénijp-
ubp YnGgtUwpwghwlbph (wyl whpnypnud [241-245]: Ophbwy, 60 dniGynyy
VNU/onip ihgbiwiht hwiwlwnap dnpbijwynpyty b (Gnwn 504 wnbinnnipjwdp)
epyniuh L wpluwinwlyhgtiph Ynndhg [240,243], npnid Swlpwdwulb nwntd-
Gwuppyty GG 9ph hwinynipnLblbipp wwppbp ElG4unpwutnwwnhy nwwnbpnid,
hOswbu Owb phbwpyyty 66 dhgtibph hhdbwywl hwuwnynipntbitiapp: Uty wy
w2luwnwOpnud Jtpgdt) £ 42 dnityny LAW/enip dhgtjwhlt hwdwywngp
[244], nphg htiwnn hwiyuwipyyt GO hwdwywngh hhdbwyw( wwnwdatwptpp b
hwitdwwnyt] hpwywl thnpdny unwgywd ndjwittph htiwn: Ywl Owl wy-
fuwinwpltin® Gyhpwé LAU Gnln2tpintnh [246-248):

Ubp Ynnihg Ywunwnywd [249] wiuwunwbpnid dniyniwh0 nhowdhyw-
jh dtpnnny nunuiGwuhpytiy 56 LAU/NLP hwiwywpgnd wrwgwgnn LIU-h
tnyztipuintpp:

Jwiwwngswih thinpdp hpwywowgyti £ NAMD L GROMACS dpwagnw-
1hG thwptpltph dhongny: 512LU/150009ntn Gpztpunh plnhwGnp thnpdh
nbnnnipintlp Ywqot) b dnuin 13004:

Uwnwgyt b6 tpgtpunh dwytplingeht dey ongtiynyhG plybnn dwytptuh,
Bpl2tpwnh hwuwnnipjwl, tpyzEpnh dwiyplnyph Ynaunnepiwl L dngyniybph
nhdnighwih nhbwihy ophbwgwihninbbtnp: Lwitdwuwnnipintd £ Juunwip-
gt hwdwywpgsuwghl thnpdh L pbONgLGWh nhdpwyghwih dtpnnny unwg-
quwdé wpmyniGpltph dhol:

Oguwgnpétiiny nwipptp nudwh( nupwbp” bptip thnpdbwywi hwiw-
Yungtiph (G1, G2 L N1) hwdwp Yuwnwnyt 66 nuuntdbwuppnieintbabn uhGsh
1300y wlnnnipjwidp: Bpkip nhiwpntd pGwnpytt b Onya 512070 dnibynt bbnhg
pwnywgwé tpyztnuip gpuyht dhowywypnid: Urwehl Gpynt thnpdtpp (G1 L
G2) uwnwpyby 60" oguwgnpétiny “Shwgjwy” pinyph GROMACS 6pwgnw-
Jht thwebpp hp GROMOS87 nidwihl nuinnny: Urwohl ntwpnid G1 hwdiw-
Ywpgp (512LWU/~15000 9nh dnisyney) nwunuiwuhpyty £ NPT wlhuwipnud
dnun 5004 wlnnnugjwdp,  huy  Gpypnpn nbwpnd G2 hwiwlwpqgp
(512U"WU/~15000 9ph dnitynty) hwnnwgnunytiy t ~2004 NP, yT wlhuwdpney,
npuntn dwybplinipughl jwpyuwéntpynap thndinfuyb t 50-200nh0/ud: Gppnpn
nbwpentd N1 hwiwywpgh (512UNU/~15000 oph dnjtynty) nwuntdbwuhnnt-
pintip Yuuwnwnytl £ NAMD spwanpuiht thwpetph oginupjwip CHARMM27 ni-
dwjhl nwawnny: _ &

Vwiu Ubpywjwglkp dnnbiwynpiw dwipwdwubtpp, nphg htitnn Ywig-
akGp bpUzBPWE OYwpwgnnn wwpwdtinptnh hwzdwnyhl:

G1 L G2 hwowlwngbp: Npuwbu ndwihl nwawn Oqwé hwiwywpgbiph
hwiwn oguwgnpdyty £ “0hwgyu” pOniyph GROMOS87 nidwyjhl nwaunp, huy
oph dnyni bbph hwdwn pGwpyty & SPC [93,94] dnnbip: 2Epdwunhswip
(T = 298K ) wwhuwlyti t PEpLOnutah [98] phpdnuwnnwinh ogqntpjwip, huy
&0nudp” (14p0), hwdwwwwnwufuwbwpwn, Mwpnhobjin-Nwhdwh [250] pw-
pnutnwwinh oginLpjwadp: fhdhwywl uwu{hnh wwhww(iws hwiwn oquw-
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gnpéyty t SHAKE [53] wignphpip: Ywintpquiwiujwi thnjuwgntgnipintb06-
np $hpuytiy 66 204° Yupdwl wewynny, huy Yninbjub thnfuwgntgmpyntb-
Gbph hwdwn oguwgnpéyty £ MUE [68] dnwnbigniudp: Unntijwynpdwl G1 L G2
thnpabpp Yuuwnwpybl 50 UPULLUUSER hwiwlwpgswihl Ywunbnh oqlnt-
pjuip’ oguwgnpdtiny dhbslk 50 wpngbunp:
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“Lywin 5.2.3. G1(w), G2(p) L N1(g) hwiwywngtiph wytpwppwihl
wuwiunytipltpp dnnbwynpdws Ytpenud:

N1 hwowlwpg: Uy nbwpnd nputiu nudwhh nwin éwewyty £ NAMD
thwptpnLl weyw “wipnnowywl” ponyph CHARMM27 nidwjhG nwaunp, huy
oph dnityny Gbph hwdwp ogunwgnnéyt t TIP3P [87] dnnb|p: Sbpdwunhdw-
0p Jytpgybt & T = 298K L wwhwwiybi LwGdlbl nhGuwdhlwh [99] dbpnnny:

158



hOswbu L Gwhunpn nbwpend, 80znedp pbwnpdtl £ onun 10p0 L wwhwwOyb)
LwGdlbl-whuinnOh [112] dbennny: YnynOpuwb hnfuwgqnbgnupinlbGtph hw-
dwp oguwgnpédyt| t MUE [68] dnuntigniip, GhOsnbr Jwinbpywwiuwb thn-
juwqnbgnipntGuEph hwdwn Yupdwb wewydhnp Yuqat £ 124°: Npwtu ph-
Ghwywb ynpbph wwhwwbdwb Gnwbwy, wu nbwpnid Gnybwbu pbGupyb; ¢
SHAKE [53] wignphprdip: ®npdtpp Yuwuwnwpybp 0 UPULULUUSEN hwdwywp-
gh ypw® ogunwgnnstiiny dhtsl 30 wpngtunp:

35

T v T ’ T v T
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15) | ' .

Ununnipuil $nilyghwb &, A°

10} |: -

05 | i

0.0 i | 2 1 i ] N I
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Zerwynpnipnilp, A’

Llwp 5.2.4. G2 L N1 hwiwlwngbiph Ynzuintpjwl
Unpp whuwé hbrwynpnipinibhg:

Npwbu hhitwywl wwpwdtnpbp, npnGp ownwgnpéytip 60 hpwywa thnp-
&h wpnynubptbph hewn hwidtdwwbint hwdwp, ybpgyt 60 Gplztpwnh dw-
ybplinypht G&Y dnikynyht poyonn dwytpbup L hwdwywnpgnud shehwpent-
pINLGWh0 htrwynpnupyntbp: NEOngLOwWO nhdpwlghwih dEpnnny unwgwé
wnyjwibnp [228], hwuwnwunnd 66wyl thwuwnp, np htinniy pnipnuiywa yh-
gwyntd (6pp UNU-h YnbgtiGinpughwl ~20-2342r.% £) LIU-h Bpyztpunbph
dpw okY oniynLhG payann Shehl dwytipbup Ywaqdnd t 0.40600°% <wiw-
YwngswihG thnpdny ytipp G2qwé tinkip ntiwptinh hwdwp tp hwaqwpyyt t
024wé wwpwibiph thnginfuswb nhGwdhyw: Lywnp 5.2.1-nd GepYwywg-
Jwé t G1, G2 L N1 hwiwlwpgtinh hwidwp d&Y dnityntht poyonn dwytntu-
Gbph thnthnfunteiniap’ Ywiujws hwiwywnpgswihG thnpdh inbnnnieintihg:
Lywnhg punid £, np G1 hwdwwngh hwiwp thnpdh YEpobwdwuntd dh dn-
(6YnthG paYyann Ghoht dwybpbup hwywuwp £ ~0.217500%-h, npp uwlwl sh
hwdpGyantd hpwwl thnpdhg utnwgywé ngywih htwn:
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Uwybpunipwihl (wnpywénipintGp hwpdh webbint nbwpntd (G2 hwdw-
Ywpgh hwdwp) aby dnibynihe pbYylnn dheohlh dwibpbup wéntd t dhosh
0.308002, uwhuwyl uw Gnylwbu sh hwiwwwnwuwins PEongELWH nhd-
pwyghwih dGpnnny  unnwgywé  wpmyniophl:  lwdwanylt  hwdpbylnmudp
gnwigyby bt “wdipnnowlwl” pinyph N1 hwiwywpgbph nbwpnuy, tpp 100y
¢inpdh wpnyniopnd hwdwywnpgp hwubnid | hwywuwpwlyzhe yhdwyh, L oGy
dnieYnLhG pOYyann Shohl dwybpbup hwywuwpynd t 0.4060%, npp wlhwdk-
dwiwn wybih dnuin | hpwlut thnpéh ndjwibbph hun: Uwnwgynn wpdtipbtph
whhwiwwwwnwupawbnigynilp, ptply, Wwjidwliwynpywsé t G1 L G2 hwiw-
Ywpgbpp nbwpnud oquhwgnpéywd ntdwhlG nwzwnh “Shwgywy” pbnypny:
“Uhwgjwy” C - H udph ogunwgnpénidp, wikowyl hwywlwywbnipjuip, pt-
pnd t C-H qnygh quinbpjwwiywl wewynh thnppwugiwbpn, npb hp
htipphl wwwswne § nuelnud a6y unltYnyht poyonn Gwb dheht dwytptup
thnppwgdwlp, wyuhlpd ubnhpp Ywwyws £ thnpdh dwiwbwy epwdth
wunnilbpp hwyyh webbn Ywd hwyyh swethbin htuw:

UhohwppnipyntbwihG hrwynpnigjwl (hwplwl Gpyztpintiph dhol tnwé
onwjhl 26pwnh hwuwnnigynobbph gnudwpp) Ywiudwénipinibp dwiwbwyhg,
npp pepdwd £ Gywp 5.2.2-nud, OnyOwbu yYuwynd t wyba dwupl, np G1 L G2
hwiwywpgbph hwdwp wyu dE6NRjwoO wndtpp sh hwiwwwwunwujuwonud h-
pwywl thnpdhg unwgywéd ndjuih hbwn: Lykap, np rEGingtlwl nhppwy-
ghwh dbpnnny [158,228] dhehwppntpintbwihG htrwynpnipintap utnnwgyned
t hwyjwuwn 4 = 5.6 Gu:

“Uipnnowywl” panyph hwiwlwpgh nbwpnd hwiwywpgswiha thnpdh
ghengny uwnwgywé dheohwppnipintbwiht htrwynpnipjwb dhohlt wndtipp
(~6.14(10) pwywywoht jwy hwipbyond t ppwywb thnpdhg unwgywd
wnjuh heun:

GnYytpwnh Yuenigwéph dwipwdwulbtph yepwptnuwy wytih huwnwy
wwwnytipwgnd Yuqdbine hwdwp® G4wnp 5.2.3-nud ptipdwd G0 G1, G2 L N1
hwiwywpgbpnud Gpytpuinbph wytpwppwiht wwwnytnbtpp hwlwlwpgsw-
JhG thnpdh gbponud, npnbgnud GYwnbih £ Bpytpuintnph dwybpunypGbphi
funpnnipnpnneegnLlGlph weuwynepyntap: <wyinbh £, np dwytpunyph funpnnt-
pnpnntpintip  GYwpuwignynud £ Gpw Ynauwnugyuit $ncbyghwny, npb nubh
htiinlywi tnbupp’

ER) =< (z(r)—z(r+ R))* > (5.2.1)

- > -

npinbn z(r) L z(r+R) GpYybpwnnh wpuwpht Ywd ObpphlG Ybubph dw-
Yepunyplbph 4pw dwybnpbuwht wynnhy dhwgnipjwb dnieYnih pbbrwihl
gtluhyh $hpuwéd wunndlbph Ynpnhbwunbbpt 66 z wewbgpny: <wiwwyw-
nwufuwbwpwn, G2 L N1 hwdwlwpgbph hwiwp hwdwlwnpgsuht thnpdh

oqUnipjudp hwqwnyyty t Gpltpuintph Ynzunnugywlb $mlbyghwil, npp L Obp-
Juywgyweé t Ghwp 5.2.4-nud: <wpy b O26, np wbuwlwb hwqwpybbphg

LNV tphotpinh dwibptiup ynaunpjwid $niGyghwt hwdwuwnp § ~2.4 4°
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[251], dhGgntn hpwywb thnpdny wil unwgynid £ hwywuwn 2.7 4° - h [252]:
Utin hwaywplbbpnid G2 L N1 hwdwywnpgbph bwidwp Ynanmpjwo $nuby-
ghw( unwgymd t, hwiwwwwnwupiwbwpwp, E(R = ©) ~2.64° L ~2.5 4°:

hOswtu wbubnud Gop, wpnynubplbpp 2w (wy hwipayond 66 hpwlwh
thnpdh inwbbph htiwn:

20

15|

10+

Nuwnhw) puziudwl nllghul

0.0 A 1 i 1 i 1

LeewynpnipyniOp, G w)
35 v T M il

30 -

20 -

15 |

10

Nwnhwy pufuiwG $nebyghwl

SGnwynpmpnilp, 00 P)

Llwp 5.2.5. G1 L G2 hwdwlwngtph tplztpuintinh dpw eph (w) L Na’ hnGOGph (p)
pwnhw| pw2iudwh $niblghwbbpp:

11 U. Mnnauywo, U. SwhhGyws 161



UNU -h bplzbpunnh dwybpunyph dpw dnibyny bph nhungiwl hbuinbwi-
pny wneweowgnn hwywhnlGtph (Na*) pwppunuip wwpgbint Gwwwnwyny’
hwqwpyyty b Gwb U -h dnieyni 06ph plbrwhl gijuhybtiph =SO,” wlhn-
Guyhl fudptiph 68dph wwnndbbiph 2npe oph dnkynt0bph L Na* hnbGkph pw-
nhwy pw2tudwl $niblyghwl (Gywp 5.2.5); hOswbu wnbubmy Gop, G1 L G2
hwiwywngbph hwiwp rwnhwy pw2fudwb dnbyghwbtph wndbpbbpp gnpé-
Gwywbnd bwdplbyonmd 6G: Ujnwu Ynndhg, d6nudph wunndh 2ntpg oph dngb-
yniiGbph pwitunidp GYywpwgpnn Ynphg wnbulnud LBOp, np oph dnitYyniGeph
wnwybjwanylb phyp nhwynud L 66dph wwnnihg ~0.38604 htrwynpnipjwl
ypw (Glwp 5.2.5 w):

<wiwlwpgswyht thnpdny utnwgywé inyuibbpp dnun 50 Owb wy] wfuw-
nwlbplbpnd uunnwgywd nuibbph hbuw [242): Uu hwdwywpgbpnid Onyo-
wbu nhunynid £ Gpybpunh dwykiptuht guinbynn oph twpwbowwnnud”™ nudtin
Juwwywd oph, npbt hp wrewybjwgnyl wpdtpht t hwubnd dwybpbuhg
0.386G4 hbrwynpnipjwl Ypw, pny Ywwyws oph’ 0.6670G8 hkrwynpnipjulb
ypw L wybnithbwnb wqww 9ph:

O6dph 2nipe hwhwhnbObph pwtunuip OEpYujwgywd t GYwp 5.2.5 p -
nud: Uu nbwpnid OnyOowbu G1 L G2 hwiwlywpgbph dhobl shw bwywl wnwp-
pepnipinul, L Bpyme nbwpnid £ Na* hnGObph wewybjwgnyl wpdtipbtpp
nhunynud 5O 66dph wuwnnilbphg, hwiwwwunwuluwiwpwp, 0.3-0.3300 L
0.6200 htnwynpnipinbOtiph Ypw: Mbuip t G26g, np Na* hnGbtph dnuin 70%
quniynid £ dnun 0.4-0.45040 hbrwynpnipjwO Ypw, wyuphGpl, thwunnptl, nhun-
ynud § hwywhnOObph Yninwynid uwwywsé oph wnwohb 26pwnncy:
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Llhuwp 5.2.6. G1, G2 L N1 hwiwywpgtiph LU dnjtyniiGbph
wétuweopwotwywo wngbph Ynndlnpndwlh wunhgwip:
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Puplujwsnipynilp

4
80 0 18
¢, wolymop
Llwnp 5.2.7. G2
hwdwlwngh pnpuhnl

wbymbGsph
pw2fuwidnipynibp:

-1 0

AwunudGwuhpyby £ Gwb LAY dngbyne O6-
nh woéluwepwsiwlwh wngkph YnndGnpny-
dwl wuwnhdwlp (nbu pwh. 5.1.2-h), npp
OEpYuywgyws t Gywp 5.2.6-nud: Lyl GYQw-
pnud - hwiwywpgswiht thnpdny  unwgywé
nuibph hbwn shwdwdwwy GepYwjwg-
qwsé GO Gwl hpwlwl thnpdhg unwgywéd
inuwiltpp [253]: Mwpq tpbmd £, np G1 L
G2 hwdwywpgbpnd  wéluwgpwotwywl
wnsbnph Ynndlnpndwlb wuwnhswih wndbp-
GGpp qqwih hGent GG hpwywl thnpany
unwgywé wnpdtiplbphg, pwgh N1 hwdw-
Ywnghg, nph nbwpntd hwiwywngswiht b h-
pwywl ¢hnpdh nuwibbpp hhwowh hw-
dplyonid 6O Shdjwbg hbw: Yhunynud £ thnpp
tnnud - ppwlwl  wpdtplbphg  wngbph
¢, -Cy wnppnypntd, npp, pbplu, dnnGjw-
ynndwh upuwih wpnyniGp t:

Mnsbph wrwbdhb hwuwnywélbph
wuwnywnbbpnd  wuwpdwbwynpwsé Ynadpnp-
dwghnl thnthnfunipintblbpp  wWwnpqupwt-
(nt Gwwuwwyny” nwunwibwuppyby b dngEyne-
th pubrwihG gifuhlhg dh0sl wnsgh dwypb po-
Ywd pninp pnpuhnl woyniGGbph pwfuntdp:
Pwpfudwl Ynpbpp® @,-06p0 GO (i =1...10),
hwiwpwywnuip uyumd £ qiuhyh O-hg
(¢, =0-C, -C, -C,): Bnpuhnl wolynibOk-
nh pwzfudwl Ynpbpp  GEpYuywgywé &
OGYywn 6.2.7-md: Unptiph uhdGuphynieyntlp
wwydwbwynpgws t hwiwlwpgh' hwywuw-
pwyzeqwé hdwynud qunbytint hwaquiwa-
pny, Gpp nhunynud b wéhiwepwébwiha wn-
s&nhG pUnpng quppwaghé: Thunyb) 66 Epun-
peinuiaep +60° gauchet+ L 180° trans
ynGpnpdwghwibph Yewnbpnid, sowywd wn-
Yw GO thnpp gauche tnnuibbp (Jwpuhdne-
dp 26nyb) £ £5%): Uw Lu o6y wogqwd www-
gnignud t L dniynGeph wdluwepwé-
OuyhG wngbph ng Yupquynpqwé dhswyp:
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Llwp 5.2.8. bityunnlwih( fjunnnuegywil Ynptipp:
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Npnzyby £ Gwl Gpyatpunnd dnibyny Geph wéuwepwdtwiht wnsbph duy-
ntph dhehb htrwynpnipynilp, npp G2 hwiwywngh ntwpentd unwgyt t hw-
uuwn 12.8 4° -h, huy N1 hwdwywngh ntwpnd” ~11.2 4 ° -h: {Lwobdwwnnt-
piub hwdwp, wynstph 6wynptph dhohl hrwynpnipynibp gGwhwwnyb) b juwnnt-
pwl ynptiphg, wyn pynd’ hpwlwh thnpdhg unwgywd wndtpltiph htun
[254]: ®npatwywh Gnwbwyny UNY-h dniynbbph wétuwepwéltwywl wn-
$&nh dhehl htrwynpnipgjwl hwiwp unwgyt) t /= 11.64° wpdtipp, npp (wy
hwipGybnud £ N1-h nbwpnid hwdwlwpgsuwhO thnpdny unwgywé wpnynil-
ph htwn: Wuwhuny, wéuwopwdlwlywb wnsbph YnGHnpdiwghnl hwwnyne-
pintbbtpp wybih £2gnhun GYwpwgpynd B0 “wdpnnewywb” panyph ntdwihl
nwwnh Yhpwrdwh nbwpntd:

<wdwywngh titYupnbwihG fuunnigyniGp, npp switynud £ Gwbl thnpdOw-
Ywi Gnwlwyny, hwdwpynud t Gpytpunh pinpwgpwywO wwpwdakuptphg
dbyp: Lywp 5.2.8-nd ptpdwé GO Gplrbpunindd LAU-h, oph, Ma™h L SO,”
aiiuhyp tiEYunnbwyhl funntpjwb Ynpbipp: Pninp nGwptpnid £ GYwwnbiph &
hwidwlwngh uhdbunphy Ywenigwépp, wnwpptpnienibp, ptpby, dhuylt wé-
uwonwdluhb wnsbph thinfuwnwnd nuuwynpnuejwb kg k:

G1 hwdwywpgbph fuunniegywb Ynpbipp vtnwppbpdnid 60 gjnwu Ynptiphg w-
nwyt] Jwe wpunwhwynywé whytpny, npntp hwywlwpwnp dwytptuh® db6
ww hinninny fjunpnnupnpnnueintbGEph wpynubp Go:

ElEYuwnpnGwyhl fuunnepywb Ynptinhg Yuntih t qawhwwnty Gwl quhlGtph
dpholi hGrwynpnipinilp:  <wiwwwwnwuppwGwpwnp, w)ot G1 hwdiwywpgh
hwiwp unwgyt) § ~309, G2 nbkwpnud’ 2.2504, huy “wdpnnowlw” ponyph
N1 hwiwywpgh hwdwp unwgyt) § ~200: Geb plnntap, np LAU-h dnik-
ynip gnbynid t phy dqwé yhswynid (all-trans conformation), www Ywfu-
Jwé dnynynud wétuwepwébwiht fudptph pdhg (7)) dnikynith Gpywpne-
pintOp GYwpwgpynud t hbnlyw| pwliwdling’

[ =(1.265n+3)A° (5.2.2)

npuintn 34° -6 UNU dnynuh pubrughb giiuhyh géwihl swhb t: LIU-h nbw-
pnud, Bpp 7 =12, dngeynih BpywnpnipntOp unwgymud £ 7 = 1.9 60: ROwywb §
Lapwnpby, np dtp Yynnihg nwunudbwuhpynn hwidwywnpgtpnid nhunynid G0 pE
phipywé L pb’ hpwp ke Gbppwihwagnld wnstip, npp Gplndd ¢ 0wl wylpwn-
pwihG wwinytntlphg (whu Ghwp 5.2.3): OnpdGwlwl tnwlwyny wwpayty
t, np bphybpw/onip hwidwywpgh ShehwppnipiniGwihl  htirwdnpnieinilp,
Ywhudwé oph YnbgliGunpughwihg, twwnwGynid £ 2.8046 thasl 1000:
Zwiwwpgh dnynyGeph nhbwshy Jwppp nuunwdOwuhpbine hwdwn
hwywnyyty &0 onpph L LAY dnityniGtph nh$nighwih gnpdwhgltinp: Lw-
Jupyytiny (hwowadwys pwb 5.1.7-h) dheht pwrwyniuwghl 2nnudp” unnwg-
Jti 60 nhpnighwih gnpéwygh hbunlywy wnpdtpltpp’ D& =4-107 ud?l,

165



DS =2.6-107 ud*y L hwdwwwinwutuwGwpwn, oph dnynyGtph hwdwn
DS =2.5-10"ud*, Dyrr =233-107 us?/y;

Onpdbwywl Awlhwwwnhny unwgywéd onh dniynilbph nhynighwh
gnnpéwlgh wpdtpp ~ 5-107 ud?y Yungh t: Ghwhwunyty § owl hwywhnlos-

nh nh$niahwih gnpéwyhgp (~ 5107 ud®y): 2ph dnybynbinh YnndGnpnant-
dp GpYzEPwnh dwytpbuh Oywndwdpe wwnpqytt thwadting enh dnitynbenh
nhwniobph’ dwytiptivh Gnpdwih OYwwndwdp Guqoiws wblywl ynuhbneuh
hwpdwpyhg: <wiwywngswiht thnpdhg unwgynid £, np wjn wllywb wpdtip-
0bpp hhiGwywontd gunbynd 66 ~ 30~ 50° inhpniyenud:

Wuwhuny, hwiwluwnpgswhO thnpdhg wwnqg £ nwrebnud, np “widpnnow-
Lwb” pOnyph nidwihG nuwntnny wpywé hwiwywngswihl tnpdh wpnynubp-
Gbpp wytih dnwn G0 hpwlwb thnpanyd wpywé wpryntapbbphl: Ywubwynpw-
whu, “wipnnowywl” dninbgnuip pwywlwl hwenn OGYwpwgpnud £ wétuwe-
pwotwiho wnsbph Jwnpp, hOswbu Gwb 82gphun dnunwipyniud £ Bpytnpunh
dwlbpLnipwiht t$EYNGEPP: Npnwyh uuwih wwwndwep, pbplu, hwdiw-
Yupgswht gnpéh Yups dwiwbwyh §, ptgwbu owb ntdwihb nwwnkph “pb-
ph” 1h0G|p, npnbg hEwnwgqw Yepwdwynudp b uuwnwpbiwgnnpsnuip weng §
pbph hpwywl wwunysph wybih 82gphun Yenwpunwnndwp [249]):

Uudibptuughl udpnfrd Shuwgnigind6/unihobn funlnipnuwihl hwdwlwngtn

ZuywnGh t, np wnihdbplbph weywniegntbp (hnunpnuy henndy pinuptin G-
pntd pbpnud £ hwiwywnpgh hwnynipinbtph ginthnfuntpjwibp: Uju Gplnypp
g6 hwnwppppnipintt £ GepYwywgbnug, dwubwynpwuty, pdbntpuwl L
OwypwpryniOwptpnipjwt powqwywebtnh hwdwn [255]: LUwujwd wnihdk-
ph wbuwbhg wil Ywpnn b nisyty Bphztinnh hhnpndhy ud hhapndnp duw-
ubpntd [256-262]: Uu tuwrebnipnbtnp pwqdhgu niuntdbwuhpyty 60 wwppebn
thnpdGwywa depnnitpny, ophGwy, owwunhbuwlwl Yuwad tieyuinpnbwghl ohy-
pnuynwtiph dhongny [258,259,262] L rtininghwlwl [263] dGpnnUtnny,
rbOngtOwh nhdpwyghwih [258-260] L UUN [264] depnnitpny L wyl
[265,266): Utinght 2pewntd swywinil wfuwnwbpltn b hpwywbwgynd
dwybpbuwht wywnhy dhwgnipiniG/ihgpwynpdwd wnihdbn hwywdwpgbiph
nuntibwuhpnipjwl powqulwenid [266,267]: Uwubwynpwuwbu, UGunbht-
tnwih L hwiwhtnhbwybtph Ynndhg nuuntdbwuhnyty t wnhwyphiweenitbnh
L wnihnhwihinhdbppy wdnGhnudh pinphnh (MAUAUUR - polydiallyldimethyl
ammonium chloride — PDADMAC) wgntignipnip LAU-h hwpe Ghgbittph
(6pyztpwtph) L dhypntdnyubwotph Yuehitph  hwnynuntGatph Ypw
[268,269]:

NAUNJULLNU hwiwywpgtph nunudGwuhpnuegnibp dwbpuwdwub Gbp-
Yuywgywsé t Yningh wfuwwnwpbtipnud [236,258-262], npuntin nhunwnyub &
wnihtiyupnihinh (MIUAUUL) wantignipinttp LU Bplztipinbph Ypu: Nt-
untiGwuhpnipwl wpynlpttpp gnyg 60wy, np thgpwynpywsd wniht-
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(64inpnihunp Jnipnyh £ wgnnid Bpbztpnh swywih thnthnfunippwt dpw: Uwu-
Gwynpwwbu 2-3% MIUWUL-h welwnppub dwiwbwly thnpdny nhuynud
E Gplztpu/onip hwdwywpgnid shohwpenipinibwht herwynpnipjwl dhw-
dwidwbwly Gpyne wndtip, npp wikiw)t hwywtwywonpudp Wwplwbwynp-
jwé t dhwdwidwbwy Gpynt tnwpptp pwdkjwht gnyp gnpnupjwdp, npp hi-
nwgquyntd Owb wwwgnigytp t dbp Ynndhg [270] hpwywlwgdwéd hwidw-
Ywpgsuyht thnpdtiph wprynibpnud:

LUIwWG julnhpbbph nbwpnd hwpnth £, np dngBYniwiha nhtwdhywh d6-
pnnp wewewnynud t pngnpndhb Gnp dnunbignud” twiny hGwpwdnpnipintl w-
dtth dwopwypyhun nwunudbwuhntp hwdwywngh dniGynyuwiht Yuenigwépp
L GpwGnud pbpwgnn wpngtubtpp:

hOswtu wpnto G285 GOp, dwybplnipuwiht winhy GnpeUUL)Yontp hw-
dwlwpgbph hwdwp (hbnny pintpbnuiut b dhgbiwght dhnytpnud) dnibynt-
wyht nhGwdhywyh dtpnnny Yuwnwpdwé 60 pwqdiwphy nunudbwuhpnipynil-
Gbp [245,248,249,271], dhUsgnbr UUL-Gph pwpn juweGmpnuyht hwidwywp-
gbpp (wy nwundbwuhpywé skG: <wpy £ GG Shwyl [272] wluwwnwlbpp, np-
wntin dnGyniwiht nhGwishyuwih L Unbwnb Yweinh depnnbtpny niunwibwuhp-
gt 50 MIUNUUL-h YnGpnpdwghnlG hwinyniginibbtipp opuwihl (nudnyplt-
pnuy:

Utp Unndhg thnpd t wnyty nunudGwuhpbi thgewynpdwé wnihdtph
(npwlwl thgpwydnpdwd MIUIUUR) wanbgnipnip LAU/MEYWEN/ENtR hw-
dwywpgbph Ypw: Uwnnpl Obphuywgltop hwdwlwpgswihl thnpdh npn
Jwipwdwubtp: 512UAU/MGJWONY/enp (1.18:1 — onip:LAUINEYWON] hwpw-
pbpnipjwip) Bpytpwh Gpynt Yeubpnud Gepapdty & 30 dnGndtp (2.6% wnih-
dbpwyhl YnGgkOunpwghw) wwpnibwynn MMUAUUR dnikynip: ®npdh gbip-
dwuwnhswop (T = 298K ) wwhwwdby £ Lwidlblh nhGwdhywh [99] dGpnnh
oqUnipjwip, huy A0nwip (10R0.) wwhwwiybi Lwbdlbb-whunnbh [112] d&-
pnny: UnynOjwl hnfuwgnbignigintGltiph hwdwn oguwgnpéyty t MUt ob-
pnnp [68], huy Ywintpywwiywh ghinfuwqnbgnipinbltpp Yunpysy GO 124°
ywewynny: ehdhwlwl Ywwtpp dhpuydti GO° ogunwgnpdbiny SHAKE [53]
wignphpop, huy npwtu onh dniynih dnnty pGupyb t TIP3P [87] dnnbip:
Unwn 1000 puwy| tGtpghwih Shohdhqugnidhg htun (Linunnb - Nwdunbh db-
pnnny) hwiwywpgp dnnbjwynpyt t 5004 NPT wGuwdpimd: Nputu 6pwg-
pwhl thwpbe ogquwgnpdyty t NAMD-p  hp “wipnnowywl” pOnyph
CHARMM27 nidwjhl nwawnd: Lzbhp Owl, np thnpdbpp yuwuwwnyb &GO
UNUYLUUSEN hwiwlwnpgh dpw' oguwgnnébiiny dhbgl 40 wpngtunp:

<unyuwpyyty 66 hwdwlwngp pOnipwgpnn hhdOwlwl wwpwakupkpp,
npnlghg” kY dnikYyniht pGYyGnn dwytpbup L shohwpentpntowihl hbrwyn-
pnupgntGp hwitidwunyby 60 thnpdbwlwl nyjwibtiph htiwn [236,265):
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Unnblusynpdwa thnpdh nbnnnepsnibp, Gy

Lywn 5.2.9. UkY dnitynehlG payGnn sheht dwytpbup Ywiujwé dwiwGwyhg
MAUNUUL-h weywynipjwl b pugwlwnipjub ntiwpntd:

Uhghwppnipinibught hirusdnpnipyniap, Gd
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Unntiwynpdwb thnpdh inbnnnuginilp, Gy

Llwip 5.2.10. UhghwpenieintGwiht hrwynpntpintlp Yuwhujwé dwiwbwyhg
MAUNUUR-h weywnipjwl b pugwyuynipjwl ntiupntd:
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O6dph wwnndbtiph dhel hrwynpnipynilp, G4

| " i ” | i [

0 10 20 30 40 50
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Lluwp 5.2.11. GpYyztipunh tpyni Yeubipnid 660ph wuinndGtiph dhel hrwynpnipiniGp
Yuwiuwé dwiwbwlyhg MMUNJUR-h weyuwynipjwl b pwugwuwinipjwb nbwpnid:

Liwp 5.2.9-nd GEpYuywgdwéd G GpYybpuinud 0BY dnjynyhl pGytnn
dhohl dwybpbup® Ywdwsé thnpdh wbinnnipinibhg: baswbu wnbubnid Gp,
MIUNJUL-h welwnipjwb nbwpnid dkY dnitynihe payann Shehl vwytipt-
up nwwnwiynid t 0.27460% Shigk 0.28808% thnpdh wywpunhG hwulbbiny
0.28100° wpdtiphl: Mnhtitywnpnihinh pugwlwniput nhwpentd LAU/SNLN
hwdiwywpgbpnid, hoswbu hwypinbh £, d6Y dntynyhG pGyonn dhehh dwybpk-
up nhunyb t Gnun 0.4001° [158,228):

®npdh ybpgnid, htirwglbing MMUAUL-h dnitYnyp tipytipwinhg L thnp-
dp 2wpnibwytbiny Lu 10GyY, gnyg bt wpyty, np Sphy2tpunh dwytplnypeht dky
dnitynith pbbrwihG qiuhUht pGYyonn Gheohl dwybpbup Gdwqnid £ Shosk
0.27600% UyOhwyn t, np tplztpinh Ypw qunGynn wnihdtpp, thnfuwgnbiny
UAU dnibynyGeph plbnwha giluhybbph hbui, pepnud b oty dnisynihl poy-
Onn dhoht dwytpbuh wshb: {wonpn wwnwdbnpp, npp hGwpwiynp £ swit)
Gwb hahwywl thnpdny” Gpyzbpun/enip hwidwywnpgh dhehwprnipintbwihG
hGrwinpnipntGh £, nph™ hwiwywpgswih thnpdh oglnipjwidp unwgyws Yn-
nEpp Wwwnybpywé 66 GYwp 5.2.10-nud:
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Llwp 5.2.12. LW dnibynu0kph gifuhybtiph 2nipe hwywhnGotph (w) b
oph GntyntGbnh (p) Rwnhuwy pwziudwl $nibyghwa MMUNUUL-Hh
wejwynipjwt b pugwywinipjul nbwpntd:
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<wiwluwpgh shohwppnipyntbwiht htrwynpnigntbp MU UR-h wrlw-
jnpjwl nbwpnd thnhnfudnud £ 8.1+8.6 4d whpnypnud™ dnpdh  Ybpgntd
hwulbny 8.3500 wpdbphl: Gpytpunh dwybptiuhg wnihdbpp htrwglbint
nGwpnd GYwwnynud t wndtph Yupny Gduwgned dhbsk 7.704, nphg htiunn On-
nhg Yupniy wé dhoglk 8.2104: Onpp wlynibltph wnwy rtlungbljwd nhd-
pwyghwjh dEpnnny wwnqyty t, np LYY/REYWLN/onLp (1:1.18 Ynlgblunpuw-
ghnb hwpwptpnigywip) hwiwywpagh shehwpenipintbwiht htrwynpnipintbp
Ywaqunud £ 604, huy 8Gd wndbpp unwgynid t shuwyb oph pwpdp YnGgblhuinpw-
ghwlbph nbwpenud [265): <tunwppphp t Gwl, np MU UL-h GEpYwynipnt-
Up ptpnid b dhohwpenipntbwiht hbrwynpnipjwb Gpynt twppbn wpdtiplt-
nh* thpwé (swollen) — 604 L sthpywd (non-swollen) — 440:

T T T T J ) ! )
—— NUNUUL-h welw)nipjwip
20 L e NAUNUUR-h puwgwlwjnipjwdp]

1.8 f -
16} { | | -
14 |

1.2 +

. . oa
Sl

ALYwangh 26pwnh hwuwnnigyntbp, G4

08 |- -

0.6 . ] . ] . i A ! )
0 10 20 30 40 50

Unntwynpdwa thnpdh wkinnnigynilp, Gy

Liwp 5.2.13. Muwbnih 26pnh hwuinnipyniGp Yuiudwé dwdwbwyhg
MAUNUUL-h weuwynipjwl b pugwwinipjwl ntiwpnt:

NNUNUUL-h wrywnipwl ntwpntd tpyztinunh hwuwnniginiip ghwhw-
wnbint hwiwp' 0ywp 5.2.11-nd pepdwé t Opw Gpint Ytubpnud qunbynn
UNU-h dnibyniGtph plbirwght giuhybotph 66dph wwnndbbph dhol. htrwyn-
pnipintbp: Lywphg Gplunud £, np Bplztpunh hwuwnnpntp twnwbyned
3.6-4.300 uwhdiwGobpnud, huy thnpdh Ytipgnid wyt hwywuwndnud £ 3.8500-h,
huy bpyztpuinh htn Yuwdws gph 2Gpunh hwuwnntpjntbp Yuqdnud £ 4.500:
Uuwhuny,
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Lwn 5.2.14. Mnsbinh( qniquhtiz nuuwynpduwé nbywlngh dnieynyGiiph tinynuwh
pwlwlp (w) L Gpybpwnp Gnpdwih GYwndwdp nElwonth Yuqiws walymbp (p)
Yuiujwé dnnbjwidnpiwl dwiwbwyhg MAUWUL-h welwnipjwlb nbugpnid:
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Bpyztpunnud wnihdbph pwgwyuwnipiniip pepnud £ Opw hwunnigywb wah
dhosk 4.0508-h: Gpyzkpunh hwuwnnipiwl wah tplnypp wwydwhwynpyws t,
hwywGwpwp, wt pwond, np LAY dnynylbph gifubyttpp (pwgbnud GG
MUNUUL-h pwgwluwinipiudp tpytipnh dwytpbuhG wewowgnuwd nw-
nwpynipintbp: Uinwa Ynndhg whwp b Gp6¢, np LI bpltpunh dwytplingpp
funpnnipnpn £, L MUAUUL-h weluwnipiwb nbwpntd wnihdtpht hwpnn dw-
ubpnLd nhungnud £ Bpyztpinh 8hogk 2.208 hwuwnniginil, wiuhlpt’ wyt dwub-
pnud, npunkn wenwlywyws t MAUIWUL-h dnikynyp, Ghuunynid § 2Gpunnud
hwinhwwlwg LA tnGYnLGERh wéluwepwshuhl wngbph® dwuwdp hpwp

gt GEppwihwbgniy:

0.08 | 4

2 / ' i i / l
< ‘\ r/ ' i 3 ,' \\ i
) 3 ' Vg v v
2 \ Vv Vo
g 0oor ¥ y j—lhy
g i [ v W RRREE LU
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Z - wewbgp

Lljwip 5.2.15. <wdwlwpgh fuunnipjub z wrwligph nipnntpjwdp
AUSUL-h wrlwnipjwlb ntiwpnid:

Npwbuqh qUwhwunblp hwiwywnpgh opuyht Swuntd hwyuwhnGGbph puz-
tuntdp, hwaquipbdy & UNU dniblnyGbnh gliuhlGeph 2ntng hwlwihnGGtnh
pwnhwy pwyfunidp, b hwiwdwl rwnhwy pwzfudwl pnbyghwh (NRD) Yn-
pbph (OYwnp 5.2.12w), nhunynid § dhuyb dkY dwpuhdnud, dmbbnyh aifuhlhg
0.404 htrwynpnipjwo Upw, b hwywhnbGbph dnwn 75% wnbnulywjdws § htbg
wyn hwwngwéntd, wyuhlpd® hoswbu b Gwfunpn juinpnud, welw t hwywhno-
Gbph Yntnwiynud Bpltipunh dwytipbuhb wikihg dnwn gunliynn L Gpw hbwn w-
pwyb| nidbn thnjuwqnnn gph wrwghl 26punud: MMUNUUR-h pwgwluni-
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pIwl nbwpntd dwpuhdntdp nhundnid t gifuhyhg 0.300 hirwdnpnipjwb Ynw L
wpntl hwywhnbGtiph dnun 80%-0 t Yniunwyynid onh hilg wyn wewehb 26n-
tnd: Ljwp 5.2.12 p-nud OGpluugdws £ UNU dnitunuybtph gifuhlh 2nipe
onh unynubbph pwnhwy puwpfunidp: Apwdphlhg wwng tplnd £, np
MAUNUUL-h weywjnipjwl ntwpnid oph dnitUny Geph dwpuhdnudp gunbynid
t pubrwyhl giiuhyhg ~0.508 hbrwdnpnipiwl Ypw, huy MIUIUUL-h pugw-
Yuynipywt nbwpntd wyb bjwqnid t dhogh 0.2040:

QOwhwwblp Gwb tpytpunh OGpuned nElwngh 2tpwnh hwunnieinubp:
Lywp 5.2.13-nud wwwnyepdwéd ¢ nblwinh 26pinh dhohl hwuwnnienip’
ywhiujwé hwiwyuwpgswiht thnpdh wnbnnnigintbhg: LYwphg tplndd £, np
NAUNUUL-h weywnipjwl nbwpnid ntywnth 26pwnp thnpdh dwiwbwyhg
Ywiuwsé 1.806-hg helnu £ 1.200: Uhlgnbr tnpbatinunnhg wnihdtiph htiewgnt-
dp (thnpdp uyubinig 1004 htwn) ptipnud t nblwnih 26punh hwuwnnypjwl
thnppwgdwbp Ghosh 1.05008: UdkGwyt hwjwlwywbnigjudp, ntlwanih 26n-
wh hwuwnnipjwi odwagnudp wuwydwawdnpywé t nblwnth dniGyny bbph yb-
punwuwynpnipjwdp, Gpp uygentd hnphanbwlwl nwuwynpywsd nblhwinih
dniEYnLGEpp thnpdh popwgpntd ninnnprdned 66° wbnugnpytiingd LAU-h dn-
(tYni GEph wpwopnud, hosp U pepnud £ nEywangh 2Gpnh hwunnijwl 0Ywqg-
dwlp: ®npdh Ybpgnud, MMUNUURL-h welywjnipjwl nbwpentd, nbywanth dnib-
ynt 06ph Gnun 60%-p (GLYwp 5.2.14w) Yepwnwuwynpynud t LI dnityny Gt-
ph wétuwepwéwiht wngtpht qniquihte: LakGp Gwl, np wnstnht qniquhtin
ynnibnpnqwé ntywangh dnayniGbph ppqwdlth wunndbbpp hhdGwywbnid
ninnynud 66 nwh LU dngbynybeph pubewihl grluhybtipp, Ghigntie nblw-
Gnip oniaynuh wouwepwstwlwh fudpbpp qunbyntd GG hhnpndnp swyw-
ny:

2wihyty b 0wl atlwanth dnigynih’ LAIU-h 2Gpunnh dwytiptuh Gnpdwih
OYwwniwdp Ywqddwd walynGp, npp hwiwdwG 5.2.14p-h GYwnh nwnwii-
yntd £ 30° -15° uwhdwobpnud: bOsuwibu Gplnud b unwgywé nguibbinhg,
hwiwywpghg MU UL-h htrwgnuihg htinn htunwgw 100y thnpdh pl-
puwgpntd inbnh t OGN UNU-h dnitynuG6pht qniquhte nuuwdnpywé
nbYwonh dniynyGtph pdh wa, nph hbwlwGpny nbywinih Shasl 67%-p
wntnwihntuynid £ 2Epunh deg, L hwiwwwinwuiwbwpwp, thnppwnud t 26p-
wh dwysplnyph Gnpdwih OYwwndwdp nbYwbnih dnynyltinh Yuqoiws
wiynbp:

ALLwonth 26punh L LAU-h Bplztpuntnh hwuwnniewb Ynptinhg qhwhwin-
by & Gwl 2tpuinnud LU dniaynibeph swyptiph dhel bnwid hirwynpnipgnibp:
NAUNUUL-h Gbpjuyntpjwl L pwgwlwynipjwb ntwpnid LAU-h dniEYynybaph
swipbph Ghol bnwé htrwdnpnipintbp Yuqib] £, hwiwwwunwutuwbwpwn,
1.3500 L 1.500: UhGgntin huyinGh t, np hwiwdwyG pwlwdl 5.2.2-h (phd
dqywdé Yhswyntd LI-h dnitynih Bplupnipgnibp Yuqunid t ~1.900, niunh
wju wwpwguyntd, Gpyne nGwptpnud £ nubbp nbywingh  dngyniGtph
dninqwé L shwpqudnpyué wotuwepwdluyht wnsbp:
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Llwp 5.2.16. Unwldhl pwnwnphsGbph uinntpjwb Ynptinp
NAUNUUL-h wrlwnpjul nbupntd:
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AtYwanih dntyniGbEph wnstph Ynndnpnznudp wwipgbiine Guwunwyny
swihybl t onpdwh 0Ywwndwidp wéuwenwdbuht wnseph Ynndlnpnzdwl
Scp wunh8wlp L wwnqyty £, np wib pblws t C, = 0.345 dhisl C,, =0.29
wnhpnypnul: Unwgywd wpdtpltpp dnun Bpyne Yuwpgny pwpdp 6O nbluwlnh
pwgwywynipjudp LIU/onip Gpytpunbpnud LAU-h dniGynybbph wétuwg-
puwdtwywb wnstph Yupquynpywénipiwl htinn: Usluwenwdbwywb wnstph
ynndbnpnadwl wunh&wbh Ynptphg Bpunid t, np €0 = Cn wéfuwsth w-
wndltph whpnypnud Ynndanpndwlh wunh8wbp d0nd | dnunnwynpuwbu
hwuwnwuwnnil (plateau), nphg htnn Swipwiwuwih C),-pn wuinndh hwdwp
Gywunynud £ ynndonpnqwénipiut pbplwyh Gywagnud: Swynp, Sq,-h ytinw-
ptpwy $hahywywi thinpéh nwilsph pwgwywnipjwl wwuwndweny hbw-
pwynp st unnigl) hwdwywnpgswhG thnpdny unwgywé wpnynibpbtinp:

huwnnpywb Ynpbpp (CYwn 5.2.15) gnyg 6O tnwihu, np MMUNUUR-h wnlw-
Jnpiwib nbupnud wewybjwgnyl wpdbplbpp nhuymad 56 LYY-h giiuhy-wng
pwdwOiwl uwhdwth Ypw, huy oduwquagnyl wpdbpbbpp, hwiwwywunwu-
juwGwpwp, Gpyztpunh bhnpndnp dwywinid, npunbn nwuwynpywé &0 nblyw-
Gnih dniYyne bbpp:

L v ) M I

r Y v
— Muavue U

----- nUNUUR P

Pinipugpwiwl C hwpwpbipnugimbp

Unnbiwydnpdwb thnpdh nbingnepinibp, G4

Llwp 5.2.17. GpYyzkpunh tnwippbip Yeubpnud gunGynn AUNUUR U L
AUNUUL £ wnihtitynpnihinltiph pontpwgpwywt C, hwpwpbpnipintlp’
Yuwhuqwéd thnpdh dwdwbwyhg:
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Llwp 5.2.16w -nud wwwnltpgwd MUNUUL L LU tnikynybtph 660ph
wwnndlbph funnigiwit gpwdhybbnhg tpknud £, np AUAUUL-H dnikynip
hhdGwlwontd wnbnuynpgwé t LU Bptpunh dwytiptuh ypw, dhognte pin-
ph hwywhnbGEpp gunbynid GO wquwin oph 2Gnpwined (Ohwp 5.2.16p):

Llwip 5.2.18 MMUNUUR U “glnwal” ynbPnpiwghwl
tinbztinunh dwybplnyeh Ypw:

Apw hbwn deYwnkn, pinph wewytjwgnyb wpdtipbtinh 2newlywpntd Gwuwn-
phnuih pwptudwa ynptinp vwhu 6 0wl pwipwht whytn: <Gnlwpwp, Yuu-
pbih t Ghpwnpty, np wewowlmd GO, wuwtu Ynsdwd, tiEYunpwunwnhy
“GuiinpeGbp” Gwwnphnuwh L pinph wwnndtph Shob, wjuhbpl’ pwgwuwywl
thgewynpywsé pinph wwnndlbpp “prOynid B0” npubwl thgpunnpywé Gun-
phnwih wwnndltpny, npnbg deéwdwubntpinlp qunbynud tpL2Gpunnh dwyt-
nphuwhb wh wrwehl 26puinud: Swypwdwuwhlt €, wuindh funnipjul gpw-

$huhg Yuptih t ghwhwwnti neluwlnih 2Epnh hwunnignulp, npp huwiwuwn
t 1.300 L hwdpGyond t Gwpunpn  hwdwpybbph wnrynibplbph  htwn:
MNAUNUL-h pwgwlwyntpiwl nbupntd suwjpwiwuwh wéluwéth wnndOt-
ph tuunnipywl ggqwépltbnh (whytph) dhob tnwé htrwynpnipntip hwyw-
uwp t 1.108-h, hosp Bplnud £ Ohwp 5.2.13-hg: ANUNJUL-h pwgwlwynipjwl
nbwpntd fjutnnigiwl Ynpbpp npuwlwubu hwdwnjuw OnyG 66, sGuywd bhnpn-
$np Swywnid nhuynud t thnpp 2tnnid’ hwibdwwwé Gywnp 5.2.15-h hti:
Lwuwnphnuih  hwlwhnOGtpp piph - wwnindbtiph pwgwluwnpjwt  ntiupntd
awindynid O ntiwh wquwwn 9nph hwunyws, huy ntjwlnih pwnnpjub wewys-
[wqqu’wno‘bpﬁbnn fununtd &G wyl thwuwnh dwuh0, np ntlywanih dntyn bb-
pp 26puntd hhiGwywanid gunbymy GO hnphqnOwywb nhppnd, BhGgnte n-
pn2 zwywnq nhungnud £ Gwl Gpwbg” LU dniyni 0Gph wéuwepwshwywl
wnsbnphh qnigwhtre YnndGnpnznid: :

Wdd dwipwiwulb nuntibwuhpbOp wnihkieywnpnihuinh dnlblmqh nhOw-
§hy qunpp' swihbiny wnihtynpnihuh panpwgpuiwl C, hwpwptpnt-
LD’ hGbnghwyh pwewynn, hGswbu Gl wnihtelnpnihip dnGyauh

12 U. MinnnuywG, U. CwhhGywh 177



Swipnhg Swyn’ htrwynpniginelp”  hwdwlwngswihl  thnpdh mhnqmp}m&hg
Yuuywé: ‘ »
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Unnbpwynpdwa thnpdh inbknnnippnulp, G4
Lljwp 5.2.19 Spyztpinh twppbp Yhubpnud gunGynn nUNUUL UL MUIUUR P

wnihtyupnihinGlnh hoepghwih 2wewybnp’ wiudwé dnnbjwynpiwi dwiwlw-
UYhg:

Pumpwgpwywl C, d6npntip hwinhuwlnd £ wnihdeph nhGwdhy
Juppwghép GYwpwgpnn hhiGwywt wwpwdtnpbphg dtyp [273] L nbh
hGwnlywy wnbupp *

2 .
c, =<l 2 (5.2.3)
nl
npwtn 7 -p LAU-h dnitynuh 6wiphg nGwh uyhqe ninnywé Yeywnpl t, #-p
npwyntd dnbndtipught fudpbiph phyl &, huy /-p° npwlg Gplwpnipinilp:
LotGp, np wqwwn-hwiwygqwsé npwknph hwiwp 7 -h Yuiwjwyuwl wpdtip-
Gtph ntwpmd C, hwpwpbpngniip hwywuwp £ 1-h, huy wybih pwpdp

yungp (<r*>,,<r®>,, L wyl) nshunwpytithu  hwiwywnwuws

(<r*>, /n** L wyl) welsnignibOtpp, h twpptpnigna C, -h, Ywhuws
GG 7-hg L n-h waLNLG qnigplpwg dguntd b6 wuhdwunnunhy wndtipbbnh:
Lywp 5.2.17-nud Gepyuywgywé b ponipugpuiwt €, dténipiwl Ywiudw-
" 6nginilp thnpdh dwiwOwyhg: Lwphg tipunud £, np Bphtpnh dwybpbuhl
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weyw &0 Gpyne nwppbp Ynbdnpdwghwbepny weihstpbbp: Bphatipunh dw-
ybptuht nbnwywwsé U YnGhnpiwghwih wnihdbph pbnipwgnpuywa C,
dbonipjwl wndbplbnp uyuws 504-hg Gdwqnid &6, L MWUIUR-h dnjGynip
(U ynGpnpdwghwyh) nwrtnid t wybih A4ywé (wd Yeyyws): Onpdh depenid
(500Y) U ynGpnpdwghwh MWAJUL-h GnibyniGGph swipwidwuwhl fudpb-
pp Syynmd &G L pOnniond gOnh 8L (Ohwp 5.2.18): b wwpptpnipintl
NUNUUL U-h, MUIUUL R wnihtityupnihinh YynGdnpdwghnb plnipwg-
pepp hwdwpjw  $60 thnfugnmud: POwlwl t GOpwnpbl, np R wbuwyh
NAUNUUL-h dnityniyp Bpytinuinh dwytipbuhb praynid £ h hwzhy LA dn G-
ynith quiuhyh pwgwuwlywt thgpwydnpywd 66dph L MIUNUUR-h npwlwl
thgpwynnywé wanwh wunndbbph dhob nidbn thnfuwgntignipub: Ynbdnp-
Jwghwih nbuwbynibhg twywo nwnpbpnigint plnd b owl GYwn 5.2.16w
-ntd ObpQuwgywd gpwdphyhg, npntin hunwy Gplinud £ Bplztipunh twppbp
dwubpnid nbnwlywwé wnihdbntbph ququpetnh wnpdbpltiph L (wjOnyp-
O5ph wwpptpnueyndap:

Uwypninitynibiph hotipghwih (s) 2wewdhnp Gnybwbu Yupbith b hwdwpb
Gpw Ynadnpdwghwl panpuwigpng dkénLpintl, nph puwewyniuhl npnzdnud £
hbunlywy dund’

s? =(n+1)"}":s,? (5.2.4)
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LYwp 5.2.20 bpytpwh tnwnppbp yeubpnud gunGdnn MMUAUUL UL
MAUNUJUL R dnikynt Gph wanunh winndGbph b hwdwywngh
Swlpnipywl YeGunpnlh dhel tnwd htrwynpnieymiOp:
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npwtin s, -p i -pn wuwnndh L dngeynith Swopnpjwa YehuinpnGh dhol Gnwé hb-
rwynpnipintGb |, huy »-p° dnOndbpbbph phyp: Ljwp 5.2.19-n1y Wwnybp-
ywd bt hGbpghuyh wrewypnp’ Ywhugwéd thnfdh ibinnnipinibhg: boswbu L
Gwfunpn wwpwdbnph nbwpenid, hbbipghwh wewdhnp Gnybwbu gnyg t
wwihu, np webw bt fwhwb vnwppbpnigynth Bpbytpunh Bpyne Yeubpnud k-
nuyuyyws wnihtitYupnihinGbph dhol:

Gpuztnpuwnh 4G9 wnihtibywnpnithunh dnieyny 0bph pOynidwb wuwnhswip L
Gpyztpuinh dwybpbuh Gnpdwih (z wewGgph) OYwwndwdp dwypndntynp
YnGpnpdwghwih thnthnfunipintbbbpp qUwhwwnbine hwdwp® hwaqwpyyb) k
hwiwywpgh dwOpnipjwl YEhunpnGh L MMUIUURL-h dnibEYynih wgnunh w-
wnndltph dhol hErwynpnieynibp (GYwp 5.2.20-nud): U inbuwyh MUNUJUL-h
dniEynith wgnwh wwnndbbph L dwypndniEynyh swipnipyul Y5hwnpnGh dhol
z wrwlbgpny htrwynpnipintbbtph wewybiwagnyyb L Gjwqugnt wpdbplt-
nh vwpptGpnupgntap Yuqond 7, =2 04, higp Gwbwyndd £, np MIUNUUR
U dn(bynyp dwuwdp plyndqwéd £ Gpybpwnh dbg, dhGsntn MIUNUUR R-h
nbwpenid wpdtpltph nwpptinnipyntbp Ywuqdned t pbnwdkGp 7, =104, wu-
Ghpl™ MAUNUUR R dnitiyntip wnbnwluyywé £ LU Bpytpunh dwybpunyph
Ypw:
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Llwp 5.2.21 Uwytipuntpughl Ynzunnipjuib $ntbyghuwih Ynpbipp hwqwnpyywé bpym
wnwnpebip 2tpuntph hwdwp MUNJUL-h weluwinipjwl b pwgwwnipjwl nbwpnd:
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Lwip 5.2.22. <wiiwywngh wiybpwppwihl wwwnytnltph MWW UL-h
wreyuwyntpjwl (w) U pugwywinipjwl (p) nbwpntd:
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Ujntu wwpwdbwpp, npp ponpwgpnud t Gpyztpnh dwytnlknypp, Gw-
yepLntpwihG Ynaunntpiub $nibyghwh b (pwh. 5.2.1): Ljwp 5.2.21-n1d wwuwn-
yepywsé GO dwytplnpughG Ynaunipiub $nibyghwyh Ynpkinp MU UR-h
wreYwnipjwt b pwgwywynipjwb nbiwpntd: Lk N, NIUNUUR U dn(bynyp
nbnwluwywé t Stpn U-h Jpw, b hwiwwwunwutuwGwpwp, MIYUIUUR L-O
cbpun P-h Ypw: <wpquwipltpp gnyg GG wwihu, np Stpuin P-h hwdwnp ynz-
winpjwl $nilyghwt hwulnd £ E(R = o) ~ 2.74° wndtiph(, huy Ctpwn U-h

nbwpentd unwgyntd t dnuin ~ 44°:

MNUNUUR-h wlhowwnip tpytpinhg phipnud ¢ BpYyztpunh dwytptuh
ynzuintjwl rilyghwih ~ 3.24° wpdtiphG: Ywpbih £ Gopwnpbl, np ynaunnt-
pInLOp wwiwiwynpdwé b wnihtyunpnihunh wrwnipjwip, npp Owb wyo-
huytn Bplnud £ hwiwywpgh wylpwppwht wwwnytipbbnhg (4w 5.2.22):
Spywé wybpwppwihlt wwunybpltphg tplnud 60 Gwb wnsbph” dwuwdp h-
puin 0k Ghppwthwlgtip, nEYwanih L oph dnitynybGnh ynnoanpnnudp:

Llwip 5.2.23 LU/gnip Ghgbiwyhl hwdwywpgp-wehnwiny/unintk (nuenypned
NUNUUR-h wnlwynipjwl ntiwpntd:

182



UdthnthGiny™ Gp6Gp, np d6p Ynnihg wrewohl wiqwd hwidwywnpgswih
thnpdh  ogUnipywip  wwuwgnigdbp t, np LAU/enip  hwiwlwpgbpnid
MAUNJUL-h npnwyh pwlwynigynibp pbpnud £ Gpynt tnwipptip thnybph ((w-
dGwht) wewewgdwbp: <wpy § G626, np gintGph wewowgniip wadhowyw-
Gnpt0 Ywhuwé b wynhitph Ynbgtlunpwghwihg b hwiwlwnpgh obndwuwnh-
AwlOhg: Wu L wy juGnhpbbp qunbynd G0 wyunhy nwuntdGwuppnipgjwb thne-
(ney:

Jdbponud Op60p Gwl, np pwgh Gpuztipuinbphg dnityniwihb nhbwdhywih
dbpnnny nwunudbwuhpynd B0 wyp hwiwYupgbn, win pymd Gwb Yhpwew-
Yl 066 GwOwynipynth nibtgnn Shypntdntuhwatp (nbu GYwnp 5.2.23):
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